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CHAPTER 1. INTRODUCTION 
 

   This thesis has been structured in eight chapters. The first one is a 

general introduction, where the state-of-the-art of the topic is 

presented and the second chapter is dedicated to the experimental 

part, including catalysts synthesis, characterisation techniques and 

the devices used for the analysis of the catalytic behavior of the 

prepared materials. Chapters 3 to 7 present and discuss the 

experimental results, focusing on the capability to accelerate soot 

combustion and to control NOx emissions. Chapter 3 is dedicated to 

macroporous strontium titanates and the effect of copper doping in 

their behavior as soot combustion and NOx Storage and Reduction 

(NSR) catalysts. Chapter 4 studies macroporous ceria and the 

mechanisms of soot combustion with and without copper. Chapter 5 

is focused on the comparison of macroporous ceria and praseodymia 

as soot combustion catalysts and chapter 6 discusses the performance 

of macroporous praseodymia, both bare and copper-doped, for soot 

combustion. Chapter 7 is dedicated to macroporous lanthanum oxides, 

also with and without copper doping, and its behavior in NSR cycles 

and soot combustion acceleration. Finally, chapter 8 compiles the 

general conclusions achieved in the study. 

 



 

 

 

1.1. The problem 

   One of the greatest problems of actual society is the environmental 

pollution caused by excessive gas emissions to the atmosphere.  

   An important source of pollution are diesel vehicles. The number of 

diesel vehicles grows each year worldwide due to the benefits of this 

type of engines. They operate in a high oxygen/fuel ratio, and reach 

better fuel yield than gasoline engines. They also emit lower amounts 

of carbon monoxide and unburnt hydrocarbons, but the control of 

nitrogen oxides emission in an oxygen-rich gas mixture can only be 

carried out by reaction with a reductant added to the exhaust mixture.  

   Nitrogen oxides are mainly formed by reaction between nitrogen 

and oxygen of air during the compression of the air-fuel mixture. 

Nitrogen monoxide (NO) is the primary nitrogen oxide obtained and, 

in the presence of oxygen, is progressively oxidised to nitrogen dioxide 

(NO2). The NO/NO2 ratio depends on temperature, pressure, partial 

pressure of the gases involved in the equilibrium and contact time 

between nitrogen monoxide and molecular oxygen. For this reason, 

nitrogen oxides emitted by diesel engines are generically referred to 

as NOx, assuming that there is a mixture of NO and NO2 in the presence 

of O2. 

   Nitrogen monoxide has the capability to interact with other pollutant 

compounds, produced as well during the combustion of fossil fuels 

present in the troposphere and the stratosphere, such as ozone and 

formaldehyde. All these reactions give more nitrogen oxides and 

organic nitrates, so the formation of acid rain is favoured (1, 3). 

Besides, NOx derives in nitrate compounds in the atmosphere that can 

bring on a visibility decrease and contribute to global warming (3). 
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   This chemistry involves a variety of volatile organic compounds and 

nitrogen oxides forming oxidant compounds known as photochemical 

oxidants, as well as ozone. All these substances react with NOx and the 

molecules present in the atmosphere to form a mixture of products 

called photochemical smog (4).  

   Moreover, even though ozone protects life from dangerous 

ultraviolet radiation when is in the stratosphere, when it forms close 

to the Earth’s surface is harmful to mortal organisms (3). It has been 

reported that it affects to the capability to keep stable glucose levels in 

blood and modifies the sensibility to insulin (5, 6). At the same time, is 

a pulmonary irritant when inhaled and produces other metabolic 

changes such as hyperglycemia or cholesterol (6) in rats. Some 

experiments have been made with humans, demonstrating that acute 

exposure to ozone induces reversible metabolic changes but there are 

no concluding studies about chronic exposure and long-term effects 

(7). Furthermore, it has been documented a decrease in the lung 

capacity in children under subchronic ozone exposure, while acute 

exposure to environmental ozone also affects to small airway function 

(8) and yields to adverse effects in the athletic capacity (3). 

   Furthermore, incomplete hydrocarbons combustion in diesel 

engines generates carbonaceous particles upon condensation of 

unburnt hydrocarbons, also known as soot or particulate matter, 

which remain in suspension and cause various health problems (1, 2). 

Likewise, due to its large surface area, these particles adsorb many 

organic compounds harmful to health and present in lubricants from 

the engine, in the fuel or are generated during the combustion (10). 

   Soot particles, especially when particle size is smaller than 5 µm, 

induce health problems because can be deposited in lungs. The most 

dangerous particles are the ultrathin ones, with diameter between 
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0.05-0.10 µm or less, which can pass through the epithelium and the 

vascular vessels and incorporate to bloodstream (9). 

 

   Soot particles affect to health in different ways beside respiratory 

and immunology health, which include nasal and ocular irritation, 

headaches, fatigue, nausea and asthma (9). It can increase the 

incidence of myocardium attack a few hours after exposure (11) and 

death risk with an accumulative effect after every day of exposure (3). 

It has been recently reported that long-term exposure to soot particles 

generates an increase of about the 20 % the risk of suffering 

cardiopulmonary cancer (12).  For all those reasons there is an 

international interest for the design and development of catalysts able 

to eliminate nitrogen oxides and burn the soot particles before they 

are released to the atmosphere. 

1.2. Legislation 

   The degradation of the environment is a problem known for a long 

time. In fact, 1970 was declared as “year of the environment 

protection” by the United Nations. Afterwards, a Conference of the 

Human Environment was celebrated in June of 1972 in Stockholm to 

approach the legal protection of the environment at international 

level. As a consequence, a series of laws concerning different 

environmental problems were approved the following years. 

Regarding to air quality, in December of 1972 the first Spanish 

atmospheric protection law was promulgated (13), announcing 

homologation policies for internal combustion engines to limit 

pollutant emissions to the atmosphere, developed in the decree 

3025/1974 (14).   

   Over the years, the emission limits for pollutant substances, such as 

particulate matter or nitrogen oxides, became more restrictive. The 
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European Community stablishes emission limits for each pollutant 

agent and how they should be measured and, in the end, propose 

strategic objectives to maintain air quality and protect biodiversity 

through different European Directives. Then, each European country 

adapts and incorporates those directives to their legislation. 

Periodically, the Directives are revised to incorporate the latest 

advances in health, science and experience of the member States. 

   In this context, in 2008 the European Parliament fuse the 

environmental legislation related to air quality in a single Directive 

(15) that stablishes targets for improving human health and 

environmental quality up to 2020, including nitrogen oxides and 

particulate matter. It sets evaluation criteria for the different 

pollutants, sampling points and reference measuring methods. 

Additionally, it stablishes limit values and critical levels for these 

pollutants. Nitrogen oxides and particulate matter assessment 

thresholds are then defined in that Directive (15) and shown in Tables 

1.1 and 1.2.  

   This Directive was transposed to Spanish legislation through Royal 

Decree 102/2011, of January the 28th, and published in the B. O. E. on 

January the 29th of 2011. In order to satisfy those restrictive NOx and 

particulate matter emission limits, more effective post combustion 

technologies for gas pollution control need to be developed. 

Table 1.1. Nitrogen oxides upper and lower assessment thresholds stablished in the Directive 

2008/50/CE from the European Parliament and the Council of 21 May 2008 (15). 

 
Hourly limit value for 

the protection of human 
health (NO2) 

Annual limit value 
for the protection 
of human health 

(NO2) 

Annual critical level 
for the protection of 

vegetation and 
natural ecosystems 

(NOx) 

Upper 
assessment 
threshold 

70 % of limit value (140 
µg/m3, not to be exceeded 
more than 18 times in any 

calendar year) 

80 % of limit value 
(32 µg/m3) 

80 % of critical level 
(24 µg/m3) 
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Lower 
assessment 
threshold 

50 % of limit value (100 
µg/m3, not to be exceeded 
more than 18 times in any 

calendar year) 

65 % of limit value 
(26 µg/m3) 

65 % of critical level 
(19.5 µg/m3) 

Table 1.2. Particulate matter (PM10/PM2.5) upper and lower assessment thresholds stablished in 

the Directive 2008/50/CE from the European Parliament and the Council of 21 May 2008 (15). 

PMx are particles with a diameter below x micrometres, PM10 being particles with a diameter 

smaller than 10 µm and PM2.5 those below 2.5 µm of diameter.  

 
24-hour average 

PM10 
Annual average 

PM10 
Annual average 

PM2.5
(*) 

Upper assessment 
threshold 

70 % of limit value 
(35 µg/m3, not to 
be exceeded more 
than 35 times in 

any calendar year) 

70 % of limit 
value (28 µg/m3) 

70 % of limit 
value (17 µg/m3) 

Lower assessment 
threshold 

50 % of limit value 
(25 µg/m3, not to 
be exceeded more 
than 35 times in 

any calendar year) 

50 % of limit 
value (20 µg/m3) 

50 % of limit 
value (12 µg/m3) 

(*) The upper assessment threshold and the lower assessment threshold for PM2.5 do not apply 

to the measurements to assess compliance with target for the protection of human health. 

 

   Additionally, The European Parliament regulates the emission limits 

allowed for light and heavy-duty diesel vehicles according to air 

quality objectives. At the present time, the emission limits in force are 

known as Euro VI, which regulates the emissions for heavy-duty 

vehicles (16), and Euro 6, which stablishes the emission limits for light 

vehicles (17). The emission limits for nitrogen oxides and particulate 

matter for diesel vehicles are shown in Table 1.3. 

 

Table 1.3. Emission limits for light diesel vehicles (17) and heavy-duty diesel vehicles (16) 

extracted from European Regulations (EC) No 715/2007 Regulation (EC) No 595/2009, 

respectively. 

 CO HC + NOx HC NOx 
Particulate 

Matter 
Light 

vehicles 
0.50 g/km 

0.17 
g/km 

- 0.08 g/km 0.005 g/km 

Heavy-duty 
vehicles 

1.5 g/kWh - 
0.13 

g/kWh 
0.4 g/kWh 0.01 g/kWh 
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1.3. Soot emission control in diesel engines 

   In diesel engines, in spite of fuel oxidation is carried out in oxygen 

excess, temperature gradients are generated, and part of the fuel is left 

unburnt. After cooling, unburnt hydrocarbons agglomerate and form 

carbon particles (18). For controlling its emission to the atmosphere, 

a variety of filters have been developed, generally using porous 

ceramics with asymmetric channels which retain particulate matter 

(2, 19) while gases pass through them. In Figure 1.1 a scheme of those 

filters is shown.  

 

Figure 1.1. Scheme of a ceramic filter used to avoid soot emissions in diesel engines. 

 

   Since carbonaceous particles remain in the filter, the pressure in the 

exhaust line increases and the engine can eventually be stopped. For 

this reason, is necessary removing soot and the best way documented 

to do that is oxidise it to carbon dioxide (18). Spontaneous soot 

combustion takes place in air at temperatures around 550 – 600 °C 

(20, 21) but passenger cars do not reach high temperatures long 

Gas inlet 

(with soot) 

Gas exhaust 

(without soot) 
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enough to regenerate the filter, so different filter regeneration 

alternatives, actives and passives, have been proposed (22).  

   Active regeneration requires an external energy supply, such as the 

use of electric resistances (23), microwaves (24) or an additional fuel 

consumption, while passive regeneration consists of lowering soot 

combustion temperature to working temperature using a catalyst. 

This catalyst is either an additive to fuel and/or is included in the 

particle filter itself or in an upstream honeycomb monolith (2, 25, 26).  

   Diesel soot combustion is mainly a reaction of carbon with oxygen 

and oxygen-containing molecules. A unified theory was proposed in 

1995 (27) to explain how carbon reacts with oxygen-containing 

molecules. Then, five oxygen reactants: O2, H2O, CO2, NO and N2O were 

considered. Two steps were identified in all cases, the creation of 

surface oxygen complexes (SOC) on the carbon surface, as a result of 

oxygen atoms transfer to the carbon surface, and the later 

decomposition of these SOC to CO and/or CO2, leaving highly reactive 

carbon atoms.  

   In a diesel exhaust, soot can react with oxygen, water, nitrogen 

monoxide and carbon dioxide. However, only oxygen is reactive 

enough to oxidise soot in those conditions. As an alternative, NO can 

be oxidised to NO2 with O2 using a proper catalyst placed in the 

exhaust line. The NO2 molecule is more reactive than O2 and NO and 

oxidises carbon at lower temperature. This means that there are two 

possible soot oxidation mechanisms, which are usually referred to as 

NO2-assisted mechanism and active oxygen mechanism (28). 

   A variety of catalyst formulations have been reported to accelerate 

soot combustion, not only those including noble metals, such as 

platinum or palladium, but also alkaline metals, alkaline earth metals 

and transition metals. In commercial systems, platinum is frequently 
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used for the oxidation of NO at low temperatures (2), to promote the 

NO2-assisted mechanism and boost the formation of atomic oxygen 

(29) to be subsequently transferred to carbon’s surface and increase 

the concentration of SOCs.  Several platinum supports have been 

studied (30-33), but despite the good activity, the price of platinum 

leads towards the development of more affordable alternatives. 

Ruthenium has been proposed as an option (34) also in combination 

with iridium (35) but it forms volatile oxides, so it is not an ideal soot 

oxidation catalyst (36). Gold-vanadium compositions were active 

enough to lower the ignition temperature, but the oxygen transfer also 

promotes the formation of polyvanadates instead of V2O5 crystallites 

(37). Gold has also been supported over lanthanum perovskites with 

either chromium, manganese, iron and nickel (38) revealing the 

synergetic effect of gold for CO oxidation. Likewise, silver has been 

supported over Al2O3 and ZrO2 as metallic silver ending in very active 

catalysts while CeO2 stabilised the oxidised form, so it hardly 

improved the bare ceria activity (39).  

   Other perovskite and spinel compounds have been tested for 

carbonaceous particles oxidation because of its catalytic activity and 

good thermal stability (40, 41). Strontium-substituted LaFeO3 

perovskites have an activity for soot combustion slightly below that of 

platinum-alumina reference (42). Strontium and titanium mixed 

oxides with perovskite structure have been investigated for soot 

combustion with variable alkali content (43), reporting the activity of 

these materials and the beneficial effect of potassium substitution, 

although potassium-doped strontium titanates deactivate with 

consecutive cycles because of a potassium loss (44). Copper-support 

interactions improve the redox properties of the SrTiO3 perovskite 

and, as a consequence, the catalytic oxidation of NO which leads to an 

enhancement of the soot combustion NO2-assisted mechanism (45). 

The redox improvement by copper and the effect of the methodology 
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used for the copper addition has also been reported in spinels, like 

copper-doped ZnAl2O4 (46). 

   Cerium oxides are active as soot combustion catalysts because of its 

active oxygen storage capacity (47). Ceria in combination with 

transition metals like zirconia (48, 49), cobalt oxides (50, 51) or 

vanadium oxides (52) has been successfully tested. Moreover, 

platinum-supported ceria diminishes the ignition temperature (53) 

although platinum-free combinations, like cerium and praseodymium 

mixed oxides are reported to have a similar activity than platinum 

(54). 

   Other particulate filter regeneration technologies are based in the 

addition of organometallic cerium or iron compounds to fuel (55), so 

a metal oxide catalyst is formed during combustion and crystallises in 

intimate contact with carbonaceous particles (56), improving soot-

catalyst contact and entailing a decrease of ignition temperature. This 

technology, developed by the PSA group, has some disadvantages such 

as the catalyst accumulation in the filter, which must be cleaned 

regularly, the elevated costs and the extra-fuel consumption while 

particle filter regeneration (25).  

   Another option is the continuous regeneration trap (CRT). Here, an 

oxidation catalyst is used to oxidise hydrocarbons, carbon monoxide 

and nitrogen monoxide (57) upstream the particle filter, so NO2 

oxidises soot collected downstream in the filter. This technology is 

successfully used in trucks and buses, but in light vehicles like 

passenger cars the temperatures of the exhaust are lower, so the 

activity of the catalyst decreases (2). 

   Efficiency is increased by oxidising NO cyclically inside the filter 

itself with an adequate catalyst. These systems are known as catalytic 
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continuous regeneration trap (CCRT) and are used when temperature 

is not high enough for the CRT system (58).

 

1.4. NOx emission control in diesel engines 

   Nitrogen oxides can potentially be eliminated from gas exhaust by 

three different ways: direct decomposition, selective catalytic 

reduction (SCR) and NOx storage and subsequent reduction (NSR). 

Direct decomposition, while thermodynamically favourable, has a 

high activation energy and catalysts capable to realise it are not very 

effective at working conditions in a diesel engine (59). Direct 

decomposition is not feasible under the conditions of diesel exhausts, 

because decomposition rate is too slow at high oxygen partial 

pressure and low temperature. 

   The second option, selective catalytic reduction, consists of reducing 

nitrogen oxides with a reductant, usually ammonia, in presence of 

oxygen excess. Hydrocarbon utilisation to selective catalytic reduction 

has also been proposed, since hydrocarbons are already on board, but 

entails low activity and little durability of the catalyst (1, 60). Urea is 

the preferred ammonia precursor carried in heavy-duty vehicles, but 

requires storage and transport in the vehicle beside of an ammonia 

generation system, since this is the chemical specie which reacts with 

nitrogen oxides. However, this option is economically inefficient in 

passenger cars (61). The reaction implies the total conversion of NOx 

to N2 and for that requires working in ammonia excess while, at the 

same time, oxygen must be added to oxidise the unreacted ammonia 

before is released to the atmosphere. So, the adjusted reaction for NO 

is: 

4𝑁𝐻3(𝑔) + 4𝑁𝑂(𝑔) + 𝑂2(𝑔) → 4𝑁2(𝑔) + 6𝐻2𝑂(𝑔) 
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   Nevertheless, in the SCR reaction some by-products like N2O are 

formed when NH3 reacts with oxygen over low-selective catalysts. For 

this reason, conversion velocity must be faster than any other possible 

parallel reactions (62). Hence, this process presents some problems 

like the release of unreacted ammonia, toxic by-products formation 

and a small temperature range to remove a satisfactory quantity of 

nitrogen oxides in the exhaust current (63). 

   The third option for nitrogen oxides emission control is the NOx 

storage and reduction (NSR). Here, catalysts are also known as Lean 

NOx Trap (LNT) or NOx Adsorber Catalyst (NAC). This NSR is a cycle 

where at normal working conditions nitrogen oxides are retained in 

the catalyst, principally in nitrite and/or nitrate form. Periodically, a 

reductant (hydrocarbons, urea, etc.) is injected, so chemisorbed 

nitrates are desorbed and reduced to molecular nitrogen (60, 64). 

   In general, it is assumed that the NSR mechanism has five steps: in 

the first one, nitrogen monoxide is oxidised to nitrogen dioxide in 

reductant deficiency conditions. In the second, NOx are adsorbed as 

nitrates or nitrites in the adsorption basic sites of the catalyst, also in 

air excess conditions. In the third step, the reductant, very often the 

fuel itself, is injected into the exhaust current to change the 

atmosphere to reductant excess conditions. Commonly a pre-

reforming reactor is used to turn the hydrocarbons into a CO + H2 

mixture, so the reducing capacity is enhanced. Afterwards, in the 

fourth step, NOx are desorbed and, in the fifth step, are reduced to N2, 

still in reductant excess conditions (59, 64). 

   Therefore, NSR catalysts should have alkaline or earth-alkaline 

elements, in order to adsorb NOx, and oxidation/reduction centres, 

habitually noble metals (18, 59, 65). Some of these materials are 

barium oxides supported over alumina, (66) with a small amount of 

noble metal. An important problem of the NSR process is the sulphur 
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poisoning of the catalyst along the cycles. This is due to the oxidation 

of sulphur dioxide, from the sulphur contained in the fuel, in the noble 

metals’ surface and the sulphur is retained as sulphate occupying the 

nitrate storage places.  Since sulphates are more stable than nitrates, 

those are retained irreversibly on the adsorption sites reducing the 

adsorption capability of the catalyst and poisoning it (59, 64). 

   Platinum is the most used noble metal for the NSR process, followed 

by palladium and rhodium, although each metal has a different 

behaviour: for example, platinum-containing catalysts are more 

resistant to sulphur poisoning while palladium-containing 

compounds have a better NOx storage capacity and more reductant 

activity than those with platinum (59, 67). 

   However, beside the sulphur poisoning, this kind of catalysts 

deactivate easily through sintering (68). In fact, although different 

noble metals have been combined improving the capabilities of each 

one (67), the use of noble metals is an expensive option for industry, 

because of the elevated price of these materials. For this reason, 

alternative noble-metal-free materials have been proposed in the 

bibliography.  

   NSR and SCR have been developed separately, SCR for heavy-duty 

vehicles and NSR for light passenger cars. However, NSR can emit by-

products like ammonia with a non-selective catalyst, so both NSR and 

SCR technologies have been coupled to increase de NOx abatement and 

the selectivity towards N2 (69). In this way, different combined 

configurations were studied, a double-bed where a SCR catalyst is 

placed downstream the NSR catalyst and a physical mixture of both 

catalysts. In each case the ammonia slip is reduced and N2 selectivity 

and NOx abatement are enhanced (70). Also, a dual-layer monolith has 

been tested and compared with the use of two consecutive NSR-SCR 



 
Chapter 1. Introduction 

34 
 

catalysts, but additional research is needed before stablishing which 

one is the most convenient catalyst configuration (71). 

   The NSR-SCR coupling is a possible solution for the problems of the 

NSR technology but not the only one proposed. Toyota company 

suggested the diesel NOx aftertreatment by adsorbed intermediate 

reductants (Di-Air) (72, 73). This process creates short rich and long 

lean fuel periods directly injecting diesel fuel into the exhaust system 

of a NSR catalyst. The Di-Air system has an elevated NOx conversion at 

high temperatures, related with the reductant intermediates formed 

on the catalyst’s surface from the combination of adsorbed-NOx 

species with hydrocarbons-derived species (73). Lately, platinum-free 

Di-Air catalysts are being tested with promising results, as is the case 

of ceria-based catalysts (74, 75). 

   All systems described above are focused on the elimination of NOx or 

soot separately. However, there are technologies for combined 

removal of both pollutants. One of these technologies is the SCRT or 

SCRF, constituted by a CRT system for soot abatement followed by a 

SCR catalyst for nitrogen oxides reduction (76). Moreover, Toyota 

developed a catalytic system for simultaneous NOx and soot 

elimination known as DPNR (77). A NSR catalyst covers a porous 

particle filter and in oxygen-excess conditions NO is oxidised to NO2. 

Then, part of the NO2 is adsorbed on the surface of the NSR catalyst as 

nitrites/nitrates and the non-adsorbed NO2 assists soot combustion. 

Afterwards, in oxygen-defect conditions nitrogen-adsorbed species 

decompose to NO/NO2 to be subsequently reduced to molecular 

nitrogen by fuel, CO or soot itself over catalyst’s active sites (25, 78).  

However, catalysts are not effective enough to apply this technology 

in the near future because of problems of effectiveness of the catalysts 

and low reduction efficiency.
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1.5. 3DOM catalysts 

   Beside the effectiveness of a catalyst, the active phases usually are 

dispersed on a high-surface area solid carrier to maximise the amount 

of active sites exposed to the exhaust gases, and this dispersion leads 

to the dilution of the catalyst active phase and, then, to a decrease of 

the activity. An alternative solution to the dilution of the active phases 

is the use of macroporous catalysts. Macroporous oxides are used for 

decontamination adsorption (79), electrochemistry (80) or 

photocatalysis (81) with promising results. Furthermore, 

macroporous titania is widely used (81, 82) to obtain high surface area 

solids, very effective for the desired application of the research line.  

   Likewise, this kind of structures have been employed to increase the 

catalytic activity of gold and platinum nanoparticles supported over 

macroporous materials for diesel soot oxidation successfully (83, 84). 

Macroporous perovskites have been synthesised as well to be used for 

diesel soot combustion (85, 86). These materials have been reported 

to have better catalytic behaviour than non-three-dimensionally 

ordered compounds (87). Also, transition metal oxide catalysts 

supported over three-dimensionally ordered silica have been 

synthesised and tested for diesel soot combustion (88) or toluene 

oxidation (89). 

   Three-Dimensionally Ordered Macroporous materials, also known 

as 3DOM, are synthesised by impregnating a precursor solution in a 

template, which is subsequently removed as schematised in Figure 

1.2. The synthesis methodology is diverse and must be optimised for 

each application. The template is usually a polymer colloidal crystal, 

frequently polymethylmethacrylate or polystyrene, which is removed 

by burning it out (82, 85, 90). Inorganic precursors are transformed 

during thermal treatment, crystallising and sintering yielding the final 
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3DOM oxide structure (91). Other templates are removed by dilution 

with hydrofluoric acid like silica templates (91) or extracted with a 

solvent (80, 92).  

 

Figure 1.2. Scheme of a typical 3DOM synthesis. 

  For thermally-removed templates, the chosen polymer and the 

heating curve are critical for the quality of the final product obtained.  

An example of 3DOM oxide, a TEM micrograph of a 3DOM SiO2 

prepared in our laboratory, is shown in Figure 1.3. 

 
Figure 1.3. TEM micrograph of 3DOM SiO2 prepared in our laboratory. 

Colloidal cristal template  

Metal oxide with 

3DOM structure 

Precursor impregnation 

Template elimination 
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   The precursor impregnation is also a key aspect, which can be tuned 

according to the composition and structure of the final material 

and/or the nature of the precursors used. This step is usually carried 

out in an excess of precursor solution directly with the precursor salts 

dissolved in water (85) or ethylene glycol and methanol (86, 93) or 

without solvent when is a liquid precursor (82). Other impregnation 

approach is the sol-gel method, with P123 (94) or F127 (95) as 

surfactants mixed with the precursor salts or a citric acid-precursor 

salt mixture (96) or a combination of both surfactant and citric acid 

(97). A slightly different impregnation design uses electrodeposition 

over a polystyrene-template in order to obtain macroporous products 

(80, 92). 

 

1.6. Objectives of the thesis 

   The main objective of this research is to design and synthesise high 

performance catalysts for soot combustion and NOx emission control 

through the NSR pathway. To do that, the following specific objectives 

have been stablished: 

• Optimisation of the synthesis procedure to design 

macroporous structured inorganic oxides, by using 

polymethylmethacrylate controlled-size spheres compacted 

as colloidal crystals. These inorganic oxides include 

strontium-titanium mixed oxides, cerium, praseodymium and 

lanthanum oxides, both with and without copper.  

• Characterisation and performance testing of these materials 

as catalysts for soot combustion and NOx abatement, to 

understand the relationship between the physicochemical 

properties of the catalysts and their catalytic behaviour, so 

that high performance catalysts for each final application can 

be designed. 
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CHAPTER 2. EXPERIMENTAL 
DETAILS 
 

2.1. Catalysts preparation 

   Two type of catalysts have been prepared in this study, which are 

generically referred to as “macro” and “ref”. Macroporous catalysts 

(macro) were prepared in this study following a hard-template 

synthesis procedure. This method consists of infiltrating metal 

precursors in a polymethylmethacrylate colloidal crystal template, 

which is removed by calcination. Meanwhile, reference (ref) catalysts 

were obtained by calcination of a mixture of metal precursors. 

   Four different compositions have been prepared and studied, 

including Sr-Ti mixed oxides and pure cerium, praseodymium and 

lanthanum oxides. The effect of copper addition was studied in all 

cases.

2.1.1. Polymethylmethacrylate (PMMA) template 

   Polymethylmethacrylate (PMMA) colloidal crystals were prepared 

by polymerisation in boiling aqueous solution of methylmethacrylate 

(Sigma Aldrich, 99 %), methacrylic acid (Sigma Aldrich, 99 %) and 

divinylbenzene (Sigma Aldrich) in 100:1:5 volume ratio. 

Polymerisation was conducted for 75 minutes, with potassium 

persulfate as polymerisation initiator. After cooling, the colloidal 

crystals of PMMA were conformed by centrifugation. 
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   Figure 2.1 shows, as an example, a SEM image of the PMMA colloidal 

crystal, which consists of monodispersed spheres of 200 nm. 

 

Figure 2.1. SEM image of the PMMA colloidal crystal prepared and used in this study to synthetise 

macroporous catalysts. 

2.1.2. Strontium titanate catalysts 

   Three strontium titanate catalysts have been prepared, which are 

referred to as SrTi-macro, SrtiCu-macro and SrTi-ref. Characterisation 

and catalytic results of these samples are presented and discussed in 

chapter 3. For preparation of SrTi-macro, 5 g of PMMA template was 

impregnated with 1:1 water:ethanol solution of strontium nitrate 

(Sigma Aldrich, ≥ 99 %) (1.15 g of strontium nitrate per gram of 

PMMA). After drying, 0.48 g of titanium isopropoxide per gram of 

PMMA, diluted in 2-propanol, was impregnated and the solid was 

dried at 80 °C. The Sr:Ti atomic ratio used was 3.2, which means that 

there is an excess of strontium with respect to that required to yield 

the SrTiO3 perovskite. With this precursor composition, the goal was 

to prepare a mixture of phases combining SrCO3, which has high NOx 

storage capacity, and SrTiO3, with catalytic oxidation capacity. The 
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catalyst referred to as SrTiCu-macro was prepared following the same 

procedure, but in this case, copper nitrate (Sigma Aldrich, ≥ 98 %) was 

impregnated into the PMMA template together with strontium nitrate, 

with a strontium nitrate:copper nitrate weight ratio of 34.5. The 

PMMA template was removed by calcination in air for 1 h at 650 °C 

(heating rate of 1 °C/min), and then the temperature was increased up 

to 850 °C at 10 °C/min. The reference catalyst, SrTi-ref, was prepared 

with the same composition than SrTi-macro and following the same 

thermal treatment, but without infiltration of the metal precursors in 

the PMMA template.  

2.1.3. Cerium, lanthanum and praseodymium catalysts 

   Different catalysts have been synthesised based in cerium, 

lanthanum and praseodymium, and their characterisation and 

catalytic behaviour are presented and discussed in chapters 4 to 7. For 

each metal, “macro” and “ref” catalysts have been prepared. The metal 

precursors used were Ce(NO3)3·6H2O (Aldrich, 99 %), Pr(NO3)3·6H2O 

(Aldrich, 99.9 %) and La(NO3)3·6H2O (Aldrich, 99.99 %).  

   The macro catalysts were synthesised by impregnation of an 

ethanolic metal precursor solution in the PMMA colloidal crystal 

template, as explained above. This solution was prepared dissolving 

the metal precursor in ethanol (0.476 M) and adding citric acid to force 

the precipitation of metal citrates upon ethanol evaporation. 

Afterwards, the solids were calcined at 600 °C for 6 hours with a 

heating rate of 1 °C/min. The reference catalysts were prepared 

following a similar procedure but skipping the impregnation in the 

PMMA template.  

   These cerium, praseodymium and lanthanum materials were 

studied without and with copper. Copper was loaded by excess solvent 

impregnation using an ethanolic copper precursor solution. The 
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copper precursor was Cu(NO3)2·2.5H2O (Sigma Aldrich, ≥98 %), and 

the concentration of the impregnation solution was that required to 

achieve a copper loading of 2 wt. % on the final catalysts. After 

evaporation of the solvent, the samples were dried at 80 °C overnight 

and calcined at 500 °C for 2 hours, with a heating rate of 5 °C/min. The 

nomenclature of these materials is M-macro and M-ref for the copper-

free catalysts and CuM-macro and CuM-ref for the copper-containing 

catalysts, where M=Ce, Pr or La. 

 

2.2. Characterisation techniques 

   Physical and chemical properties are essential in understanding 

catalysts performance. To obtain this information, the following 

characterisation techniques have been used: Scanning Electron 

Microscopy (SEM), mercury porosimetry, nitrogen physisorption at -

196 °C, helium pycnometry, X-ray Diffraction (XRD), Raman 

Spectroscopy, X-ray Micro-Fluorescence (Micro-XRF), X-ray 

Photoelectron Spectroscopy (XPS), Temperature Programmed 

Reduction with H2 (H2-TPR) and Temperature Programmed 

Desorption in Ar. A detailed description of the techniques and 

equipment employed is given below.

2.2.1. Scanning Electron Microscopy (SEM) 

   The Scanning Electron Microscopy (SEM) is a versatile technique for 

analysing the microstructural characteristics of solids with good 

resolution. For obtaining magnified images, the solid surface is 

scanned with a high-energy electron beam and secondary electrons, 

backscattered electrons and X-ray are emitted. Since these X-ray are 

characteristic of each element present in the sample, this technique 

can be used for qualitative and quantitative analysis with a suitable 

detector. Backscattered electrons are those electrons reflected when 
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the electrons beam scans the sample, while secondary electrons are 

those electrons with low energy emitted after the interaction of the 

sample with the incident electrons. These secondary electrons can be 

deflected from its initial trajectory, giving additional information, so 

images with deepness can be acquired (1,2). 

   Two devices have been used in this study, a conventional SEM 

microscope and a field emission SEM microscope (FESEM), both 

available at the Research Technical Services of the University of 

Alicante. The field emission scanning electron microscopy uses a 

particular electron source, a field emission gun that gives a higher 

brightness than usual thermionic emission used in conventional SEM. 

In this work, a ZEISS FESEM model Merlin VP Compact (Figure 2.2), 

has been used for FESEM characterisation of samples in chapters 4, 5 

and 6. For samples presented in chapter 3 a conventional SEM 

microscope, model JSM-840 from JEOL (Figure 2.3), has been used. 

 

 

Figure 2.2. ZEISS Field Emission Scanning Electron Microscope, model Merlin VP Compact. 
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Figure 2.3. JEOL Scanning Electron Microscope, model JSM-840. 

 

2.2.2. Mercury porosimetry 

   IUPAC classification of porosity distinguish micropores (< 2 nm), 

mesopores (2 - 50 nm) and macropores (˃ 50 nm). Mercury 

porosimetry is especially useful for characterisation of porosity in the 

range of meso and macropores. This technique consists of filling the 

solid sample porosity with mercury, using pressure to force liquid 

mercury intrusion. Pressure is progressively increased while 

monitoring the volume of pores filled by mercury. The most usual 

model for data treatment is the assumption of cylindric pores with the 

same accessibility to mercury. By this model together with the 

Washburn equation, cylindric pore diameter of each pressurisation 

step can be estimated: 

 

𝑑 =
−4𝛾𝑐𝑜𝑠𝜃

𝑃
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where 

d is the cylindrical pore diameter 

γ is the surface tension of mercury (γ = 

0.48 N·m-1) 

θ is the contact angle of mercury with 

the solid, generally taken as 140° and 

P is the applied pressure. 

With this equation, pore size 

distributions can be obtained for pores 

with diameter higher than 7.5 nm 

approximately (3). The equipment 

utilised in this study was a Poremaster – 60 GT from Quantachrome 

Instruments (Figure 2.4), which is available at the Research Technical 

Services of the University of Alicante. 

 

2.2.3. Nitrogen physisorption at -196 °C 

   Physic adsorption of gases in solids in isothermal conditions is one 

of the most widely used techniques for solid material pore texture 

characterisation. Controlled amounts of gas are progressively fed to 

the solid, which is located under vacuum in a recipient with known 

volume, and the pressure of the system is monitored as a function of 

the amount of gas fed. Adsorption isotherms are obtained, which 

monitors the amount of gas adsorbed in the solid as a function of the 

gas pressure. From the adsorption isotherms specific surface areas, 

pore volumes and pore size distributions can be determined. The most 

used adsorbate is nitrogen, and adsorption isotherms are measured at 

– 196 °C.  

Figure 2.4. Mercury porosimeter, 

model Poremaster-60 GT. 
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   In this study, nitrogen adsorption measures were performed in an 

automatic Autosorb 6B device, from Quantachrome (Figure 2.5 (a)). 

Samples were degassed under vacuum (Figure 2.5 (b)) at 150 °C for 4 

hours before the adsorption measurements, and afterwards, samples 

are transferred to the physic adsorption unit where adsorption 

isotherms are measured at – 196 °C for relative pressures between 0 

< P/P0 < 1 atmospheres. 

 

 

 

 

 

 

 

 

 

 

   There are different models (4) for adsorption isotherms data 

analysis that provide different information about the solid porosity. 

One of the most used for nitrogen isotherms at – 196 °C is the 

Brunauer, Emmet and Teller equation (B. E. T.) (5): 

𝑃
𝑃0

𝑛 (1 −
𝑃
𝑃0
)
=

1

𝑛𝑚𝐶
+
(𝐶 − 1)

𝑛𝑚𝐶

𝑃

𝑃0
 

 where 

P is the pressure of nitrogen 

P0 is the saturation pressure 

a b 

Figure 2.5. (a) Automatic equipment for nitrogen adsorption volumetric analysis Quantachrome 

Autosorb 6 – B; (b) Quantachrome Autosorb Degasser. 
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n is the number of adsorbed moles 

nm is the amount of adsorbed moles in the monolayer and 

C is a parameter related with the adsorption heat. 

   Plotting 

𝑃

𝑃0

𝑛(1−
𝑃

𝑃0
)

 against  
𝑃

𝑃0
 , a straight line is obtained for relative 

pressures in the range 0.05 < P/P0 < 0.35 (3, 6), and C and nm can be 

obtained from the slop and intercept of this line. Then, the specific 

surface area of the material can be calculated from the nm value 

through the equation: 

𝑆 = 𝑛𝑚 · 𝑎𝑚 · 𝑁𝑎 · 10
−21 

where 

S is the specific surface area of the adsorbent (m2/g) 

am is the area occupied by a single adsorbate molecule (nm2/molecule, 

which for nitrogen molecule at – 196 °C is 0.162 nm2) and NA is the 

Avogadro number (6.023·1023 molecules/mol). 

2.2.4. Helium pycnometry 

   Helium density is used to determine the density of a solid sample and 

is useful to detect the presence of closed porosity. Helium is a small 

spherical atom that does not interacts by van der Waals forces neither 

with other helium atoms nor with solid surfaces. That is why helium is 

not adsorbed on solids and is suitable to measure the actual volume of 

solids excluding the pores volume.  

   The equipment used in this study was an automatic pycnometer 

Ultrapic 1200e, by Quantachrome Instruments, available at Research 

Technical Services of the University of Alicante.  Figure 2.6 shows a 

scheme and a picture of the device. 
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   The pycnometer has two 

cells with known volumes, 

which are referred to as 

sample cell and expansion 

cell, and both cells are 

connected by a valve. The 

solid sample is weighted and 

placed in the sample cell and 

the valve is kept open. The 

system is filled with helium 

and evacuated several times 

to purge air, and then the 

system is filled with helium 

at atmospheric pressure.  

Then, the valve is closed, and 

the helium pressure is increased in the sample cell until “P1”. The valve 

is open afterwards and helium in the sample cell expands until “P2”. 

The volume of the solid sample is calculated by the equation: 

 

𝑉𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑉𝑠𝑎𝑚𝑝𝑙𝑒 𝑐𝑒𝑙𝑙 −
𝑉𝑒𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛 𝑐𝑒𝑙𝑙
𝑃1
𝑃2
− 1

 

where 

Vsample is the solid sample volume, 

Vsample cell is the volume of the sample cell and 

Vexpansion cell is the volume of the expansion cell. 

   Once the mass and volume of the sample is measured, the real 

density of the sample is calculated (7). 

Figure 2.6. Scheme and pictures of the helium 

pycnometer Ultrapic 1200e, by Quantachrome 

Instruments. 

Sample 

cell 

Expansion 

cell 

valve 
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2.2.5. X-ray Diffraction (XRD) 

   X-rays are electromagnetic radiation with wavelength between 10-5 

and 100 Å approximately, though wavelengths between 0.1 and 25 Å 

are normally used for XRD analysis. Here, dispersion is produced 

because of the interaction of the electric vector of the radiation with 

the electrons of matter. In crystalline solids, overlapping between 

different diffracted waves can cause constructive and destructive 

interactions depending on the distances between the lattice planes, 

the radiation wavelength used and the radiation incidence angle over 

the solid surface (8). 

   Bragg, in 1912, demonstrated that, for a constructive interaction: 

𝑛𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑒𝑛𝜃 

    This equation relates the distance between atomic planes dhkl, with 

the incident wavelength λ and the X-ray diffracted angle θ, n being an 

integer number. The Bragg’s equation can be applied when the dhkl 

distance is similar to the wavelength of the radiation and the 

scattering centres must be distributed in space regularly. 

   Diffractogram is the plot of the radiation intensity after interaction 

with the sample as a function of the incidence angle (usually 2θ), and 

every crystalline solid has a characteristic diffractogram. Therefore, 

this technique provides valuable qualitative information that is useful 

to identify crystalline phases (8).  

   XRD also provides quantitative information. The small phase delay 

for waves scattered by the spacing of a plane set, caused by a non-

perfect destructive interference, can be correlated with crystallites’ 

grain size (9). Crystallites’ size (D) can be estimated for a diffraction 

peak by measuring the full width at half intensity (β) using the 

Scherrer’s equation: 
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𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 

   Where 

K is a shape factor (usually between 0.9- 1.0), 

λ is the wavelength of the incident radiation and  

θ is the position of the peak in radians. 

   The Scherrer’s equation above misprises the effect of all broadening 

factors but the crystallite size, such as crystalline imperfections or 

glass bending. For instance, the presence of dopants in a parent crystal 

affects diffraction, and if strain is not uniform along every crystal 

grain, the diffraction peak is widened. To estimate both the particle 

size effect and the non-uniform strain effect and obtaining more 

accurate values, the Williamson-Hall equation is used: 

𝛽𝑇𝑜𝑡𝑎𝑙 = 𝛽𝑠𝑖𝑧𝑒 + 𝛽𝑆𝑡𝑟𝑎𝑖𝑛 =
0.9𝜆

𝐷𝑐𝑜𝑠𝜃
+
4(Δd)sinθ

𝑑𝑐𝑜𝑠𝜃
 

 Where 

βTotal is the peak width at half height, 

λ is the wavelength of the incident radiation, 

θ is the diffraction angle in radians, 

D is the crystal size and 

Δd/d is the strain defined as the deformation divided by the ideal size 

of the crystal. 

   Here, the crystal size can be obtained when plotting βTotalcosθ versus 

4sinθ from the intercept value (9). 
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   In this study, the X-ray Diffraction technique has been used for 

crystalline phase and crystallites’ size determination in the catalysts 

included in every chapter and to estimate the amount of copper 

cations incorporated into the ceria lattice in catalysts from chapter 4.  

   Ceria crystallises in a cubic-type fluorite structure, and using d111 

value determined with the Bragg’s equation, the cell parameter (CP) 

can be determined using the crystallographic relation: 

1

𝑑ℎ𝑘𝑙
2 =

(ℎ2 + 𝑘2 + 𝑙2)

(𝐶𝑃)2
 

where (CP) is the cell parameter (nm) and h,k,l are the Miller’s indices 

of a specific crystallographic plane ((111) in this case). 

   Using the cell parameters of pure and copper-doped ceria 

determined with the Bragg’s equation, the amount of copper cations 

incorporated into ceria lattice in copper-containing catalysts used in 

chapter 4 was estimated using the Kim’s equation (10): 

𝐶𝑃𝐶𝑢−𝐶𝑒 = 𝐶𝑃𝐶𝑒 + (0.0220 · (𝑟𝐶𝑢
2+ − 𝑟𝐶𝑒4+) + 0.00015 · (𝑍𝐶𝑢2+ − 𝑍𝐶𝑒4+)) ·

𝑚𝐶𝑢2+  

   Where 

   CPCu-Ce is the cell parameter of copper-doped ceria, 

   CPCe is the cell parameter of pure ceria, 

   rCu2+ and rCe4+ are the cationic radii of Cu2+ and Ce4+, respectively, 

   ZCu2+ and ZCe4+ are the charges of the Cu2+ and Ce4+ cations, 

respectively, 

   And mCu2+ is the fraction of copper loaded into the ceria lattice. 
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The diffractograms were obtained with a Rigaku Miniflex II 

diffractometer (Figure 2.7) available in the laboratories of the 

Department of Inorganic Chemistry of the University of Alicante, 

employing CuKα radiation (λ = 0.15418 nm). Diffractograms were 

obtained with a step of 0.025°. 

 

Figure 2.7. Rigaku Miniflex II diffractometer. 

2.2.6. Raman Spectroscopy 

   Raman spectroscopy is very useful for the study of crystalline and 

non-crystalline materials’ structure. In this technique, the sample is 

irradiated with monochromatic radiation from a laser source. When 

the electric oscillating field of this radiation reaches a molecule, an 

oscillation of its electronic density is provoked, and an oscillating 

electric dipolar moment is induced. The induced oscillating electric 

dipolar moment of the molecule acts as a radiation source originating 

Rayleigh and Raman scattering, which is emitted in all directions 

except the dipole direction itself. The maximum scattered intensity is 

given for a 90° angle with respect to the dipole axis (11). 

   Information obtained by Raman spectroscopy is similar to that given 

by infrared spectroscopy, but selection rules are different for both 
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spectroscopies. In infrared spectroscopy a dipolar permanent moment 

is needed while in Raman the polarisability is regarded. In other 

words, in Raman is possible to observe vibrational modes which are 

not active in infrared spectroscopy (12). 

 

Figure 2.8. Raman Jasco NRS-5100 spectrometer. 

   In the work, this technique has been used to study the structure of 

pure and doped ceria catalysts. A dispersive Raman Jasco NRS-5100 

spectrometer with a CCD detector and a resolution of 4.92 cm-1, 

available at the Research Technical Services of the University of 

Alicante was used. A He-Ne laser (632.8 nm) has been used as 

excitation source. The device is shown in Figure 2.8. 

2.2.7. X-ray Micro-fluorescence (Micro-XRF) 

   When irradiating a sample with an X-ray beam from an X-ray tube, 

the characteristics fluorescents X-rays can be obtained as a 

consequence of the absorption of those primary X-rays. This is an 

effective technique for quick quantitative element determination 

without sample destruction for elements with atomic number higher 

than oxygen. Particularly, the X-ray micro-fluorescence uses X-ray 

optics to restrict the excitation beam and analyse small zones of the 
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sample’s surface (13, 14). The emitted fluorescence is captured by the 

detector, processed and translated into information about the 

elemental composition. In the present work, an Orbis Micro-XRF EDAX 

Analyser, available at the Research Technical Services of the 

University of Alicante, was used to determine the metal charge in the 

catalysts. Figure 2.9 shows a picture of this device. 

 

 

 

 

 

 

 

 

2.2.8. X-ray Photoelectron Spectroscopy (XPS) 

   X-ray Photoelectron Spectroscopy is used for surface analysis of 

solid samples. This technique is performed by sample irradiation 

using monoenergetic X-rays and subsequent analysis of the emitted 

electrons from the atomic core levels (13). The kinetic energy of the 

ejected photoelectrons is detected by the analyser and is defined by: 

𝐸𝐾 = ℎ𝑣 − 𝐸𝐵 −Φ𝑠 

   Where EK is the measured photoelectron’s energy, hv is the X-ray 

energy, EB is the binding energy of the electron of the core shell in 

relation to the Fermi level and ΦS is the work function of the 

spectrometer. This work function is the energy needed to promote 

Figure 2.9. Orbis Micro-XRF EDAX Analyser. 
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electrons from the most energetic occupied level of a solid, at 0 K, to 

the unbound state of zero kinetic electron energy (15).  

   The photoionised atom can relax by filling the hole with an electron 

from a higher energy level, while emitting characteristic X-rays. Those 

X-rays allow the calculation of the binding energy of the elements of 

the surface of the sample, and since it is affected by the nature of this 

atom, the oxidation state can be determined (15).  

   This technique has been used in this research to characterise the 

catalysts’ surface. The device used is a K-Alpha spectrometer from 

Thermo-Scientific, which works with an Al-Kα radiation (1486.6 eV), 

available at the Research Technical Services of the University of 

Alicante. The device is shown in Figure 2.10. This equipment includes 

a twin crystal monochromator, yielding a focused X-ray spot with a 

diameter of 400 µm, at 3 mA 12 kV. The scale of the binding energy 

was adjusted by setting the C1 transition at 284.6 eV. 

 

 

Figure 2.10. K-Alpha X-Ray Photoelectron Spectrometer. 
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   To determine the concentration of oxygen, carbon and metal, 

including cerium, lanthanum, praseodymium, copper, titanium and/or 

strontium, on the catalysts’ surface, the electronic transitions Ce 3d, La 

3d, Pr 3d, O 1s, C 1s, Sr 3d, Ti 2p and Cu 2p were measured. 

Additionally, the surface Ce3+ and Pr3+ percentages with regard to total 

cerium and praseodymium respectively, have been calculated. These 

calculations are based on the relation between the different peaks of 

Ce 3d and Pr 3d spectra. The Ce 3d spectrum has 10 peaks arranged in 

5 doublets (Figure 2.11), for 3d5/2 and 3d3/2. Three of these doublets 

are attributed to Ce4+ (v-u, v’’-u’’ and v’’’-u’’’ at binding energies of 

882.60-901.05, 888.85-907.45 and 898.40-916.70 eV respectively) 

while the other two correspond to Ce3+ (v0-u0 and v’-u’ at 880.60-

898.90 and 885.45-904.05 eV respectively) (16). 

 

Figure 2.11. Deconvolved XPS spectrum of Ce 3d from bare CeO2 oxide. 

 

   As a consequence, from the relative areas of those peaks the 

percentage of Ce3+ can be determined according to the equation below 

(17): 
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𝐶𝑒3+

𝐶𝑒3+ + 𝐶𝑒4+
(%) = 100 ·

𝑎𝑟𝑒𝑎 (𝑣0 + 𝑣
′ + 𝑢0 + 𝑢

′)

∑𝑎𝑟𝑒𝑎 (𝑣 + 𝑢)
 

 

   On the other hand, the praseodymium spectrum has seven peaks (18, 

19) in 3 doublets, as shown in Figure 2.12 (a-b, a’-b’ and a’’-b’’ at 

binding energies 928.7-949.1, 933.3-953.6 and 946.5-966.9 eV 

respectively) and a high binding energy Auger peak from sublevel 

3d3/2 (20).  

 

Figure 2.12. Deconvolved XPS spectrum of Pr 3d from bare PrO2-δ oxide. 

 

   There are less XPS studies for praseodymium than for cerium and, in 

fact, there is no mathematic expression to calculate the amount of 

praseodymium in each oxide state. However, a semi-quantitative 

procedure (18) is widely used to obtain an approximate estimation of 

the percentage of Pr3+, since two doublets are present in both PrO2 and 

Pr2O3 bare oxides, but the third doublet is only present in PrO2, which 

means that this third doublet a’’-b’’ can be assigned to the oxidation 

state Pr4+ (20). The a’’/a’ peak area ratio has an estimated value of 0.28 



 
Chapter 2. Experimental details 

68 
 

(18) for the praseodymium oxide where every praseodymium atom is 

in oxidised form Pr4+. A partial reduction of this oxide ended in a 

depletion of the a’’ peak area while the a’ remained unchanged. For 

this reason, the a’’/a’ peak area ratio is used as a semi-quantitative 

estimation of the praseodymium oxidation states with the following 

empiric equation (18): 

 

𝑃𝑟3+

𝑃𝑟3+ + 𝑃𝑟4+
(%) = 100 · (1 −

1

0.28
·
𝑎𝑟𝑒𝑎(𝑎′′)

𝑎𝑟𝑒𝑎(𝑎′)
) 

 

   This estimation has been proposed for pure praseodymium oxide 

samples, but unfortunately, Cu 2p signals appear in the same range 

than Pr signals, at around 930 – 937 eV, and overlap with the a’ peak, 

so this equation cannot be used for copper-containing PrOx catalysts. 

Nevertheless, the above equation could be reformulated and referred 

to the a’’/a peak area ratio and, thus, the Pr3+ amount in copper-

containing catalysts, included in chapter 6, could be estimated by: 

 

𝑃𝑟3+

𝑃𝑟3+ + 𝑃𝑟4+
(%) = 100 · (1 −

1

0.62
·
𝑎𝑟𝑒𝑎(𝑎′′)

𝑎𝑟𝑒𝑎(𝑎)
) 

 

   Finally, the percentage of surface carbonates has been obtained from 

the peak attributed to carbonates in the C 1s region, at 289.2 eV, as 

follows: 

%𝐶𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒𝑠 =
𝐴𝑟𝑒𝑎 𝑎𝑡 289.2 𝑒𝑉

𝑆𝑢𝑚 𝑜𝑓 𝑎𝑟𝑒𝑎𝑠 𝑜𝑓 𝑎𝑙𝑙 𝑐𝑎𝑟𝑏𝑜𝑛 𝑝𝑒𝑎𝑘𝑠
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2.2.9. Temperature Programmed Reactions 

   Temperature programmed reactions allow the acquisition of 

information about a reaction of interest, normally a solid-gas phase, 

while increasing temperature. The behaviour of the sample in the 

system is registered in signal-temperature profiles, exposing 

characteristic profiles related with transformation kinetics and the 

nature of the system.  

   Temperature Programmed Reduction is one of those reactions, using 

hydrogen as reductive atmosphere (H2-TPR), for studying the 

presence of reducible species in the solid with a linear temperature 

increase. Another one is Temperature Programmed Desorption (TPD), 

which is carried out in an inert atmosphere and is used for studying 

the evolution of the sample with temperature, supplying 

complementary information about dehydrations and decarbonations. 

   In this study, two different experimental set-ups were used to 

perform H2-TPR experiments, depending on availability. H2-TPR 

experiments included in chapter 3 were conducted in a Micromeritics 

Pulse Chemisorb 2705 device (Figure 2.13 (a)), with a U-shape quartz 

reactor of 5 mm inner diameter and a thermal conductivity detector. 

40 mg of catalyst were heated under 40 mL/min of 5% H2 in Ar with a 

heating rate of 10 °C/min.  

   H2-TPR experiments shown in chapters 4, 5 and 6 were conducted in 

a simultaneous TG-DTA thermobalance coupled to a Mass 

Spectrometer (TG-DTA-MS) shown in Figure 2.13 (b). 20 mg of 

catalyst were heated under 40 mL/min of 5% H2 in Ar with a heating 

rate of 10 °C/min. The TG-DTA was a TGA/SDTA851and/LF/1600 

from Mettler Toledo and the mass spectrometer was a Pfeiffer Vacuum 

Thermostar GSD301T quadrupole, available at Research Technical 

Services of the University of Alicante. 
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Figure 2.13. Micromeritics Pulse Chemisorb 2705 (a) and thermobalance a 

TGA/SDTA851and/LF/1600 coupled to a mass spectrometer model Pfeiffer Vacuum 

Thermostar GSD301T quadrupole (b). 

 

   TPD experiments were carried out in a simultaneous TG-DTA 

thermobalance coupled to a Mass Spectrometer (TG-DTA-MS) shown 

in Figure 2.13 (b). 20 mg of catalyst were heated under 40 mL/min of 

Ar with a heating rate of 10 °C/min. The TG-DTA was a 

TGA/SDTA851and/LF/1600 from Mettler Toledo and the mass 

spectrometer was a Pfeiffer Vacuum Thermostar GSD301T 

quadrupole, available at Research Technical Services of the University 

of Alicante. 

2. 3. Analysis of the catalytic behaviour 

   The prepared materials were tested to determine their behaviours 

for soot combustion and NOx chemisorption and reduction.  

a 

b 
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2.3.1. Soot combustion and NOx chemisorption 
experiments 

   Catalytic experiments were carried out in a tubular quartz reactor 

with 1 mm inner diameter following the gas concentration with 

Specific NDIR-UV gas analysers for CO, CO2, NO, NO2 and O2 (Fisher–

Rosemount, models BINOS 100, 1001 and 1004). The scheme of the 

set-up and a picture of the analysers are shown in Figure 2.14.  

Figure 2.14. Experimental device for NOx chemisorption and soot combustion catalytic tests: (a) 

scheme and (b) gas analysers photography. 

   The temperature was raised from room temperature until 900 °C at 

10 °C/min. Two gas mixtures were used (500 ml/min; GHSV = 30000 

h−1): 5% O2/N2 and 500 ppm NO/5% O2/N2.  Experiments were 

performed only with the catalysts (80 mg of catalyst + 320 g SiC) and 

with soot-catalyst mixtures (20 mg of soot + 80 mg of catalyst + 300 g 

SiC) prepared with a spatula in the so-called loose contact mode in 

order to obtain results with practical meaning (21). The model soot 

used was a carbon black by Evonik-Degussa GmbH (Printex U). The 

addition of SiC diminishes the solid bed resistance to the gas flux and 

acts as a heat sink, so temperature gradient in the front of reaction is 

minimised. 

   The amount of NO2 generated during the reactions described above 

is calculated by: 

(b) (a) 
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𝑁𝑂2(%) =
𝑁𝑂2𝑜𝑢𝑡
𝑁𝑂𝑥𝑜𝑢𝑡

· 100 

   Where 𝑁𝑂2𝑜𝑢𝑡  is the concentration of nitrogen dioxide in the gas 

stream after reaction and 𝑁𝑂𝑥𝑜𝑢𝑡  is the sum of NO and NO2 

concentrations in the output gas stream. 

   The percentage of NOx eliminated during the tests is obtained by: 

𝑁𝑂𝑥(%) =
𝑁𝑂𝑥𝑖𝑛 −𝑁𝑂𝑥𝑜𝑢𝑡

𝑁𝑂𝑥𝑖𝑛
· 100 

   Where 𝑁𝑂𝑥𝑖𝑛  is the amount of NOx introduced in the reactor and 

𝑁𝑂𝑥𝑜𝑢𝑡  is the amount of NOx detected in the gas stream after reaction. 

   The soot conversion percentage, after a certain reaction time, can be 

obtained by the expression below from CO and CO2 emitted: 

% 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝐶𝑂𝑥

𝐶𝑂𝑥𝑇𝑜𝑡𝑎𝑙
· 100 

   Where COx is the sum of the CO and CO2 emitted until that moment 

and 𝐶𝑂𝑥𝑇𝑜𝑡𝑎𝑙 is the total amount of COx emitted through all experiment. 

   To study the selectivity of the combustion experiments, the amount 

of evolved CO with regard to total COx has been calculated as: 

%𝐶𝑂 =
∑𝐶𝑂

∑𝐶𝑂𝑥
· 100 

2.3.2. Pulse experiments 

   Two types of pulse experiments have been performed with selected 

catalysts: 

- NOx storage and reduction (NSR) isothermal tests 

- Isotopic tests 
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   Both experiments share the same experimental set-up with minor 

modifications. In both cases, the reaction system consists of a reactor 

coupled to a mass spectrometer Pfeiffer Vacuum, model OmniStar, 

operating at a frequency of 1 s to monitor gas composition. The 

experimental set-up, which is shown in Figure 2.15, consisted of a 

mass flow controller for the carrier gas stream (0.1 mL/min 

sensibility), a six-way injection valve and two high sensitivity pressure 

transducers which avoid pressure changes during gas injections in the 

system.  

Figure 2.15. Photography of the mass spectrometer connected to the experimental set-up (a) and 

detail of the injection device (b) used in the pulse experiments. 

   The six-way valve allows the injection of a certain gas into the carrier 

gas stream to the reactor. This valve has two positions: A and B (Figure 

2.16), joined by a sample loop of known volume (100 µL). In position 

A, the sample loop can be filled while the calibrated volume is kept 

closed with a shutoff valve. Meanwhile, the helium gas stream is fed to 

the reactor. In position B, gas inside the loop is injected into the 

conduction to the reactor and the mass spectrometer. After each pulse, 

the valve is changed back to position A to recover the steady state in 

inert gas and to refill the calibrated volume with the injected gas. This 

refilling is preceded by the evacuation of the sample loop with a 

vacuum pump to ensure that the pulse is free of carrier gas 

contamination.  

a b 
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Figure 2.16. Scheme of the six-way valve. In position A, valves 2-3, 4-5 and 6-1 are connected so 

the sample loop can be filled. When position changes from A to B the connection of the valves 

changes and the pulsed gas is injected into the carrier gas. 

2.3.2.1. NOx storage and reduction (NSR) isothermal tests 
   To study the behaviour of selected samples as catalysts for NOx 

storage and reduction, pulse experiments with H2 were performed. 

The m/z signals monitored were 2 (H2), 14 (N), 16 (O), 17 (NH3 and 

OH), 18 (H2O), 28 (N2/CO), 30 (NO), 32 (O2), 40 (Ar), 44 (CO2/N2O) and 

46 (NO2).

   These experiments were made with 80 mg of catalyst diluted in 320 

mg of SiC. Temperature was raised up to working temperature in Ar 

and then atmosphere was permuted to a mixture of 500 ppm of NO 

and 5% of O2 in Ar (100 mL/min). Tests were made with and without 

hydrogen injection. In the experiment performed with H2 pulses, 100 

μl loop was periodically filled with pure H2 at 10 psi and this reductant 

was fed to the main stream at periodic intervals.  

2.3.2.2. Isotopic tests 

   Valuable information about the reaction mechanism can be obtained 

by performing experiments with isotopic gases. In this study, isotopic 

exchange experiments were carried out with 18O2 in an inert gas 

stream flowing throughout the catalytic bed. Experiments were 

carried out in a 5 mm inner diameter cylindrical fixed-bed reactor with 

80 mg of catalyst diluted with 320 mg of SiC. The catalysts were heated 
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up to 450 °C under a 75 mL helium stream and then the flow is 

restricted to 10 mL/min of He during the experiments. These were 

performed by injecting several pulses of 100 µL at 9 psi of Ar to 

confirm reproducibility and a pulse of isotopic oxygen 18O2 (isotec, 99 

%) was finally fed.  

    After each 18O2 pulse over the catalyst three different oxygen species 

can be detected: 18O2 (m/z 36) 18O16O (m/z 34) and 16O2 (m/z 32) 

where 16O comes from the catalyst and 18O comes from the isotopic 

oxygen pulsed. Quantification of each specie can be calculated through 

integration of the peak area of a single pulse. As an example, the 

expression to calculate the 18O2 percentage is shown below: 

18O2(%)=100·(18O2 peak area in the pulse)/(Σ 18O2, 16O2 and 16O18O peak area in the 

pulse) 

 

2.4. DRIFTS experiments 

   The interaction of infrared radiation with the surfaces of powders 

and other solids results in the emission of diffuse scattered light in a 

technique known as Diffuse Reflectance Infrared Fourier Transformed 

Spectroscopy (DRIFTS). Additional specular reflectance is given but 

optics inside the DRIFTS device rejects it while it collects the diffused 

reflected light. The obtained spectrum is affected by several 

experimental details: the refractive index of the sample; size 

distribution and particle size; packing density and sample 

homogeneity. For this reason, some aspects should be observed: 

particle size should be small and uniform; samples should be 

homogeneous and loosely packed to maximise the beam penetration 

and, if the sample is diluted, a non-absorbing matrix powder must be 

used (9). 
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   In the present work, the DRIFTS technique has been used to follow 

NOx storage experiments carried out at 450 °C in a FT/IR-4100 JASCO 

device with an environment-controlled cell. Catalyst (100 mg) was 

heated at 10 °C/min to 450 °C in nitrogen and a reference spectrum 

was saved in order to correct the following spectra. Afterwards, inert 

gas stream is permuted to a mixture of 500 ppm of NO and 4.5% of O2 

in Ar (100 mL/min) and successive spectra are saved versus time. 

Spectra are recorded between 800 and 4000 cm-1 with a resolution of 

4 cm-1. The experimental set-up used is shown in Figure 2.17.

 
Figure 2.17. Diffuse Reflectance Infrared Fourier Transformed Spectroscope model FT/IR-4100 

JASCO with an environment-controlled cell. 
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CHAPTER 3. MACROPOROUS 
STRONTIUM AND TITANIUM 
MIXED OXIDES FOR NOx 
STORAGE AND REDUCTION AND 
SOOT COMBUSTION  
 

3.1. Introduction 

   Different materials have been studied over the years for the NOx 

storage and reduction (NSR) reaction and, although noble metals as 

platinum are a recurrent component due to its high activity, noble-

metal-free catalysts are being developed as a less expensive 

alternative (1- 7). Mixed oxides with perovskite structure are a 

promising alternative because this structure allows creating oxygen 

vacancies by partial substitution of its cations, via extra oxygen 

bonding or oxidising its components beyond its usual state (8). This 

substitution allows the formation of structural defects, like cationic or 

anionic vacancies and/or a change in the oxidation state of some 

cations, to hold the electroneutrality of the compound. When oxygen 

vacancies are formed, the catalytic activity in oxidation reactions is 

enhanced (9). 
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   It has been demonstrated that the copper-doped SrTiO3 perovskite 

is able to accelerate soot oxidation and to behave as NOx storage and 

reduction catalyst (10). The activity of the Cu/SrTiO3 catalyst is 

attributed to the easy reduction of copper species due to the 

interaction with the perovskite support where divalent, voluminous 

strontium cations weaken the oxygen bonds (10, 11). The role of 

copper is to accelerate NO oxidation to NO2 that, depending on 

temperature, is chemisorbed on the SrTiO3 support or oxidises soot 

(10, 11). 

   There are differences in catalytic activity whether copper is 

supported on the surface of the SrTiO3 perovskite or introduced into 

the crystalline lattice of the perovskite by substitution of Ti4+ cations. 

In a superficial loading, the catalytic activity is linked to copper 

cations, whose reducibility is improved by interaction with the 

perovskite support. On the contrary, active sites are not necessarily 

linked to the copper cations in substituted catalysts, but lattice copper 

promotes the catalytic activity of the SrTiO3 perovskite (11, 12). 

   Three steps have been identified in the NOx 

chemisorption/desorption mechanism on the SrTixCu2·(1-x)Oδ catalyst. 

Firstly, NO is chemisorbed as nitrites or is oxidised to NO2, and then is 

chemisorbed as nitrites or nitrates. In the second step, nitrites are 

oxidised to nitrates or nitro groups, which are decomposed on the 

third step with NO2 release (12).  

   It has been reported (12) that the amount of NOx stored on the 

SrTixCu2·(1-x)Oδ perovskite is comparable to values reported for 

conventional noble metal-barium oxide reference NSR catalysts, when 

expressed per gram of sorbent. However, when the amount of 

adsorbed NOx is compared per surface area, the perovskite retains 

more NOx (41 µmol/m2 at 300 °C) than that stored on reference noble 

metal catalysts (0.3 – 23 µmol/m2) (12). Unfortunately, the surface 
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area of the SrTixCu2·(1-x)Oδ perovskite is very low (6 m2/g) and 

increasing the exposed surface area of this perovskite is an open 

challenge. 

   Perovskites are usually synthesised at elevated temperatures, 

generally above 700 ºC, and for this reason the surface area of this type 

of solids is very low, and this hinders their catalytic activity due to the 

few active sites exposed to the objective molecule (13). In order to 

increase the surface area of these solids, a novel method of synthesis 

involving infiltration over a template, favouring macroporous creation 

and then increasing the surface area of the mixed oxide, has been 

proposed (14, 15). As an example, perovskites with macroporous 

structure and several formulations have been synthesised and 

successfully applied to soot combustion with better catalytic capacity 

than the unstructured counterparts (9). 

   The purpose of the research reported in this chapter is the 

preparation of a copper-containing macroporous SrTiO3-based 

material and to study its soot combustion and NOx storage and 

reduction capacities. 

 

3.2. Experimental 

3.2.1. Catalysts preparation 

   Three catalysts have been prepared and tested in the present 

chapter, which are denoted as SrTi-macro, SrTiCu-macro and SrTi-ref. 

The catalysts SrTi-macro and SrTi-ref have the same composition, but 

the former has been prepared by infiltration of the metal precursors 

in a PMMA colloidal crystal template while the latter has been 

obtained by calcination of a mixture of precursors. The SrTiCu-macro 

catalyst was synthesised following the same procedure than with the 
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SrTi-macro catalyst but, in this case, the copper precursor was 

impregnated into the PMMA together with the strontium precursor. 

The synthesis details are included in chapter 2, section 2.1.2. 

3.2.2. Catalysts characterisation 

   The morphology of the catalysts was observed by SEM microscopy. 

The porous structure of the catalysts was characterised by N2 

adsorption-desorption at -196 °C and mercury porosimetry. 

Crystalline structure was studied by XRD and the crystallite sizes were 

calculated using the equation of Scherrer. The composition of the 

catalyst was determined by Micro-XRF and the reducibility was 

studied by H2-TPR. The XPS technique was used to study the surface 

of the catalysts. All these experimental techniques and the 

experimental conditions used were previously described in detail on 

chapter 2, section 2.2.  

 

3.2.3. Catalytic tests 

   Catalytic soot combustion experiments and NOx chemisorption-

desorption experiments at programmed temperature were performed 

in a fixed-bed tubular reactor with 500 ppm NO/5% O2/N2, as 

described in detail in chapter 2, section 2.3.1. 

   In situ DRIFTS isothermal experiments were performed at 450 °C 

with SrTi-macro and SrTiCu-macro to identify the nature of the 

chemisorbed NOx species, as detailed in chapter 2, section 2.4.  

   Isothermal NOx storage experiments were carried out with the 

SrTiCu-macro catalyst in a fixed-bed reactor coupled to a mass 

spectrometer with a gas mixture of 500 ppm NO + 5% O2 in Ar. NSR 

experiments were also performed with 500 ppm NO + 5% O2 in Ar, 

injecting H2 periodically as described in chapter 2, section 2.3.2.1.
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3.3. Results and discussion 
3.3.1. Catalysts characterisation 
3.3.1.1. Characterisation by SEM, mercury porosimetry 
and N2 adsorption at -196 °C 
   SEM images of selected catalysts are included in Figure 3.1. The 

catalyst prepared through the PMMA template method (Figure 3.1 (a)) 

shows a morphology opposite to the template spheres, shown in 

Figure 2.1, with large spherical macropores. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure 3.1. SEM images of (a) SrTi-macro and (b) SrTi-ref. 
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Figure 3.2. Pore size distribution determined by mercury porosimetry. 

 

   On the other hand, the conventional catalyst (Figure 3.1 (b)) 

prepared by direct calcination exhibits an agglomeration of large 

particles. These differences in morphology affect the macroporosity of 

the materials and, in the end, the catalytic behaviour of the solids. 

   Pore size distributions were determined by mercury porosimetry 

and are shown in Figure 3.2. The vertical line at 50 nm indicates the 

pore size limit between mesopores and macropores (16).  

   Catalysts denoted as “macro” present little porosity in the mesopore 

range, most of their porosity being in the macropore region. This type 

of porosity is not present in the reference material. This confirms that 

the PMMA templating method induces macropores generation in SrTi-

macro and SrTiCu-macro.   

   The N2 adsorption-desorption isotherms at -196 °C of the catalysts 

are included in Figure 3.3. The shapes correspond to non-reversible 

Type II isotherms with a H3 hysteresis loop at high relative pressures 

(0.8 - 1) (16). These isotherms are representative of porous solids 

with a low contribution of larger mesopores (10 – 50 nm) and an 
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important contribution of macropores according to the hysteresis 

loop. 

 

Figure 3.3. N2 adsorption-desorption isotherms at -196 ºC of the catalysts. 

    

Table 3.1. Catalysts characterisation results from N2 adsorption at -196 °C and Hg porosimetry. 

Catalyst SB.E.T. (m2/g) Vmacro(a) (cm3/g) 

SrTiCu-macro 5 0.36 

SrTi-macro 5 0.31 

SrTi-ref 4 0.09 

 

   B. E. T. surface areas obtained from nitrogen adsorption isotherms at 

– 196 ºC are presented in Table 3.1. In all cases, surface areas are very 

low, as expected from the absence of micropores and small mesopores 

on the samples. The volume of macropores, included in Table 3.1, is 

higher for the macroporous catalysts in comparison with the reference 

one, corroborating the macroporosity creation by the PMMA-template 

method. 
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3.3.1.2. Catalysts characterisation by XRD, Micro-FRX 
and XPS 
   Diffractograms of all the catalysts evidence the presence of several 

phases including TiO2 (rutile), SrCO3, Sr2TiO4 and SrTiO3. The main 

peaks of these phases have been labelled in Figure 3.4. These species 

have also been detected by other authors in Sr-Ti mixed oxides 

calcined at similar temperatures to that used in the present thesis 

(17).  

 
Figure 3.4. X-Ray diffractograms of the catalysts. 

   The SrTiO3 perovskite phase is formed by the reaction of TiO2 with 

SrO, with Sr2TiO4 as a reaction intermediate (18) which, by prolonged 

annealing in presence of TiO2, would form the SrTiO3 perovskite 

phase. The intermediate phase in the formation reaction of SrTiO3 

explains its modified-perovskite structure, which can be considered as 

a stacking of Sr-terminated SrTiO3 perovskite [001] slabs (19). 

   The rutile peak at 27.0º is quite small in the copper-containing 

catalyst and is absent in the copper-free catalysts. This fact is 

consistent with the low amount of titanium with regard to strontium 

detected by Micro-FRX, as shown in Table 3.2. No CuO peaks are 

identified in the diffractogram of the SrTiCu-macro catalyst, which 

means that either copper cations are located in the Sr2TiO4 and/or 
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SrTiO3 perovskite structures, or segregated CuO, if present, is well 

dispersed and is not detected by XRD. The crystal sizes of Sr2TiO4 and 

SrCO3, calculated with the Scherrer equation (Table 3.2), are very 

similar for all catalysts, suggesting that there are no significant 

differences among them. 

Table 3.2. Micro-FRX characterisation and crystal sizes determined with the Scherrer equation. 

Catalysts Ti (at. %) Cu (at. %) Sr (at. %) 
SrCO3 (nm) 

Peak at 25.2 º 
Sr2TiO4 (nm) 
Peak at 31.4 º 

SrTiCu-
macro 

15.44 ± 
1.45 

2.01 ± 0.02 
82.55 ± 

1.46 
43 29 

SrTi-
macro 

13.22 ± 
1.83 

- 
86.78 ± 

1.83 
39 36 

SrTi-ref 
13.59 ± 

1.69 
- 

86.41 ± 
1.69 

42 33 

   Moreover, the XPS technique reveals no significant differences in the 

chemical environments of titanium and strontium cations (not shown) 

for all the three catalysts. On the other hand, the O 1s spectra (Figure 

3.5 (a)) indicate a modification in the electronic density when copper 

is present in the composition. Lattice oxygen in the strontium-titanium 

perovskite structure is reported to present a peak at binding energies 

around 529.2 eV (20), present in all three samples, as expected. 

However, the intensity of this peak is highly increased in the copper-

containing catalyst, which evidences that copper interacts strongly 

with the crystalline lattice of the perovskite yielding more 

electronegative oxygen. Oxygens at higher binding energies are 

attributed to other crystalline lattices, such as TiO2 or SrCO3, adsorbed 

oxygens, chemisorbed oxygen, surface carbonates and/or hydroxyl 

groups (20 - 22).  

   The copper 2p spectrum of the copper-containing catalyst is shown 

in Figure 3.5 (b). The Cu 2p3/2 region shows a broad band with two 

contributions with peak maxima at 934.3 and 932.3 eV. These values 

can be assigned to copper oxidised species with different electronic 

environment, while the presence of the shake-up peaks confirms the 

presence of Cu2+ cations (23).  
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   Interestingly, the position of the most intense peak is shifted to lower 

values than the usual for CuO, well above 933 eV. These results 

corroborate the interaction between copper and the crystalline lattice 

of the perovskite suggested by the O 1s spectrum in Figure 3.5 (a). 

Additionally, the presence of segregated copper oxide cannot be ruled 

out. 

 

Figure 3.5. X-ray photoelectron spectra of O 1s (a) and Cu 2p (b) for the strontium-titanium-

based catalysts. 

   According to Micro-FRX, XRD and XPS characterisation, the catalysts 

have a complex composition, mainly consisting of SrCO3 and Sr-Ti 

perovskite-like mixed oxides with Sr2TiO4 and/or SrTiO3 structures. 

This mixture of phases combines SrCO3, with high NOx storage 

capacity, and copper-containing perovskites, which accelerate NO 

oxidation to NO2, both intimately mixed. 

(a) 

(b) 
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3.3.1.3. Catalysts characterisation by H2-TPR 

   The reduction profiles obtained in H2-TPR experiments are 

presented in Figure 3.6. All catalysts show a high temperature 

reduction peak around 850 ºC due to bulk reduction of the Sr-Ti mixed 

oxides. The areas under these peaks indicate that the bulk reduction 

of the macroporous catalysts is improved with regard to that of the 

reference catalysts prepared conventionally. Hydrogen diffusion into 

the solid is probably improved by the macroporous structure, 

allowing a more efficient reduction. 

   The copper-containing catalyst, SrTiCu-macro, is more reducible 

than the copper-free counterpart, SrTi-macro, as expected due to the 

reduction of copper cations and to the catalytic effect of copper on the 

reduction of the Sr-Ti perovskite. An additional peak at low 

temperature (200 – 500 ºC) is present in the SrTiCu-macro reduction 

profile, that could be tentatively assigned to the reduction of 

segregated copper oxide, to the copper-catalysed reduction of surface 

Sr-Ti perovskites and/or to the reduction or release of species like 

carbonates or hydroxyls. 

 

 Figure 3.6. Temperature programmed reductions with H2. 
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   To sum up, the H2-TPR experiments suggest that the macroporous 

structure benefits bulk reduction of mixed oxides regarding to the 

non-macroporous catalyst. 

3.3.2. Reactivity 

3.3.2.1. NOx chemisorption 

   Temperature programmed reactions performed in a fixed-bed 

reactor were used to study the chemisorption and desorption of NOx 

on the catalysts. NOx profiles as function of temperature are shown in 

Figure 3.7 (a) and the corresponding NO2 profiles are presented in 

Figure 3.7 (b). 

 

Figure 3.7. Temperature programmed reactions performed in a gas mixture with 500 ppm NO + 

5% O2. (a) NOx profiles and (b) NO2 percentages. The catalyst referred to as SrTiCuO3-Ref (12), 

which is the best strontium titanate that has tested in our group so far for NOx storage (12), has 

been included together with those prepared in the present thesis for comparison purposes. 
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   All catalysts chemisorb NOx above 300 °C approximately, and store 

NOx until decomposition at higher temperatures, closing the mass 

balances. The amount of NOx chemisorbed and released depends on 

the composition and structure of the catalyst. For comparison 

purposes, an additional NOx chemisorption-desorption profile 

correspondent to the catalyst denoted as SrTiCuO3-Ref (12) has also 

been included in Figure 3.7 (a). This one is the best copper-containing 

strontium titanate catalyst tested so far in our research group for NOx 

storage, and the specific details related with its preparation (sol-gel 

method; 850 ºC calcination), characterisation and catalytic 

performance were reported elsewhere (11, 12). The behaviour of this 

reference catalyst is significantly surpassed by the macroporous 

copper-containing catalyst (SrTiCu-macro), as deduced from the 

chemisorption areas and desorption peaks. The NOx chemisorption 

enhancement on the macroporous catalyst regarding the SrTiCuO3-Ref 

(12) catalyst can be attributed to a better accessibility of NOx into the 

bulk of the catalyst’s particles.  

   Moreover, the copper-containing catalyst, SrTiCu-macro, stores 

more NOx than the copper-free counterpart, SrTi-macro, as expected 

since chemisorption is enhanced via improvement of NO oxidation 

(24). Copper is known to accelerate the oxidation of NO to NO2, which 

is chemisorbed better than NO. Despite this, the NO2 production by the 

SrTiCu-macro catalyst is similar to the copper-free catalysts’ 

production, as observed in Figure 3.7 (b), because NO2 is chemisorbed 

on the catalyst’s surface instead of being released. All NO2 profiles 

(Figure 3.7 (b)) increase above 400 ºC and decrease after a maximum 

due to thermodynamic restrictions and to desorption of NOx. The 

release of NO2, shown in Figure 3.7 (b), starts at temperatures above 

the beginning of NOx chemisorption temperature, presented in Figure 

3.7 (a), which supports the hypothesis about NO2 chemisorption. 

Interestingly, the NO2 profiles exceed the equilibrium concentration at 
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the maxima, because at that point are released stored at lower 

temperatures (25).  

   The temperature of the NOx chemisorption maximum for the SrTiCu-

macro catalyst is 450 ºC, as observed in Figure 3.6. For this reason, the 

maximum NOx storage capacity of the copper-containing macroporous 

catalyst is measured under isothermal conditions at this temperature. 

Table 3.3 includes the NOx storage capacity of this material together 

with those of reference materials reported previously by other 

authors. For each catalyst, and when indicated in the original source, 

the data in Table 3.3 corresponds to the temperature of maximum NOx 

storage capacity.  

Table 3.3. Amount of NOx stored on selected catalysts. 

Catalyst 
NOx stored  

(µmol NOx/gcatalyst) 
Temperature 

(ºC) 
Reference 

SrTiCu-macro 1500 450 This work 
5%Cu/(BaO/BaCO3) 1204 400 (27) 

0.24%Pt-8%Mn-
20%K/Al2O3-CeO2 

980 400 (28) 

0.8%Pt-23%Ba/Al2O3 800 350 (29) 
1%Pt-10%Ba/Al2O3 714 400 (26) 
1%Pt-20%Ba/Al2O3 581 300 (30) 

Pt-Ru/Ba/Al2O3-Ce0.33Zr0.67O2 446 300 (31) 
SrTi(Cu)O3 244 300 (11, 12) 

5%Cu/CeO2 168 400 (28) 
 

   These data demonstrate that the macroporous carrier-free catalyst 

SrTiCu-macro synthesised in this work through the colloidal crystal 

template method has a very high NOx storage capacity, which 

outperforms the storage capacity of other reported catalysts, even 

those with noble metals in their composition. For instance, the SrTiCu-

macro catalyst can successfully store 1500 µmol of NOx per gram of 

catalyst, which is twice the amount stored by a reference 1%Pt-

10%Ba/Al2O3 catalyst (26).  

   The large NOx storage capacity of SrTiCu-macro is a consequence of 

the lack of support achieved by the preparation method. Here, the 
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active species for NO oxidation and NOx storage are not diluted on 

alumina or any other inert carrier, as must be done with conventional 

barium-based catalysts in order to obtain a good dispersion. In this 

case, the macroporous structure lets omit the dilution in an inert 

carrier. 

   In situ DRIFTS experiments were performed to study the nature of 

the chemisorbed NOx species on the catalysts. Time-resolved spectra 

obtained with the two macroporous catalysts, SrTi-macro and SrTiCu-

macro, under 500 ppm NO + 5% O2 gas flow are included in Figure 3.8 

(a) and (b), respectively. 

 

 

 
Figure 3.8. In situ DRIFTS spectra obtained at 450 ºC under 500 ppm NO + 5% O2 stream in the 1700 

– 1000 cm-1 range for nitrogen surface species monitoring. (a) SrTi-macro catalyst and (b) SrTiCu-

macro catalyst. 
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   The most relevant peaks of the chemisorbed NOx species appear in 

the 1700 – 1000 cm-1 range. The spectra of the copper-free catalyst 

(Figure 3.8 (a)) presents a single peak at 1260 cm-1 which grows with 

time and can be assigned to chemisorbed nitrites formation, probably 

in bridge configuration (32). On the other hand, the spectra of the 

copper-containing catalyst (Figure 3.8 (b)) shows the peak assigned to 

nitrites at 1260 cm-1 and an additional one at 1355 cm-1, which can be 

related to the formation of nitro groups (32). The difference between 

these nitrogen species is the interaction with the catalyst surface, that 

is, by an oxygen atom in nitrites and by a nitrogen atom in the nitro 

groups. 

   The nitrite and nitro species can be formed via NO chemisorption on 

hydroxyl groups (32): 

𝑁𝑂 + 2(𝑀𝛿+ − 𝑂𝐻−) → 𝑀𝛿+ −𝑁𝑂2
− +𝑀(𝛿−1)+ −∗ +𝐻2𝑂 

where Mδ+-OH- are hydroxyl groups attached to metal cations 

accomplishing the redox cycle Mδ+/M(δ-1)+ (titanium and/or copper 

cations in these catalysts). The chemisorption of NO over these 

hydroxyl groups yields an adsorbed nitrite/nitro Mδ+-NO2- while 

leaving an oxygen vacancy M(δ-1)+-* on the catalyst’s surface that must 

be filled afterwards with oxygen from molecular oxygen or from NO, 

which yields to nitrosyl anions over the solid surface Mδ+-NO-: 

𝑁𝑂 +𝑀(𝛿−1)+ −∗→ 𝑀𝛿+ −𝑁𝑂− 

   Infrared spectroscopy bands corresponding to nitrosyl anions 

overlap with those of nitrites, so identification is highly difficult. 

However, under oxidising conditions, nitrosyl anions can be transient 

species in the formation pathway of nitrites/nitro: 

𝑀𝛿+ −𝑁𝑂− +𝑀𝛿+ − 𝑂 → 𝑀(𝛿−1)+ −𝑁𝑂2
− +𝑀(𝛿−1)+ −∗ 
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   The formation of nitrites and/or nitro groups through this pathway 

requires easily reducible cations involved in the reaction to provide 

the oxygen needed for nitrosyl oxidation. Copper is expected to 

improve this step, since copper cations accomplish redox cycles more 

easily than titanium cations. 

   Nitrites and nitro groups can also be formed by catalytic oxidation of 

NO to NO2 and successive chemisorption of NO2 on partially reduced 

cations: 

𝑁𝑂2 +𝑀
(𝛿−1)+ −∗→ 𝑀𝛿+ −𝑁𝑂2

− 

   Because of the improved oxidation capacity caused by copper 

cations, necessary for enhancing NO2 production (11), this last 

mechanism is more probable on the copper-containing catalyst, 

SrTiCu-macro, than in the copper-free counterpart, SrTi-macro. 

   Figure 3.8 (b) shows that nitrite and nitro groups are formed 

simultaneously on the SrTiCu-macro catalyst, suggesting different NOx 

chemisorption mechanisms and/or the presence of chemisorption 

sites of different nature, while the only formation of nitrites on SrTi-

macro catalyst (Figure 3.8 (a)) indicates a simpler NOx chemisorption 

mechanism. Possibly, the copper-containing catalyst involves all the 

four reaction steps detailed above while the copper-free one involves 

only the first one. 

   It can be concluded from results of both NOx chemisorption and 

DRIFTS experiments that the SrTi catalysts chemisorb NOx above 300 

ºC approximately. Copper improves NOx chemisorption and modifies 

the NOx chemisorption mechanism, involving several simultaneous 

chemisorption pathways and/or creating chemisorption sites of 

diverse nature. Also, the induced macroporous structure of the 

catalysts enhances greatly the NOx chemisorption capacity regarding 

unstructured catalysts. 
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3.3.2.3. NSR experiments 
   NSR experiments were carried out with the catalyst with the highest 

chemisorption capacity, SrTiCu-macro, at the temperature of 

maximum chemisorption, 450 ºC, and the NOx profile is shown in 

Figure 3.9 (a). In the experiment, which was performed under a NOx + 

O2 in Ar atmosphere and H2 pulses every 120 seconds, NOx are 

chemisorbed on the catalyst and reduced, reaching a constant NOx 

conversion of 60%, and achieving a stable NOx removal for consecutive 

NSR cycles. This fact indicates that an equilibrium is reached between 

the amount of chemisorbed and reduced NOx, and confirms a suitable 

behaviour as NSR catalyst under the tested experimental conditions.  

 

Figure 3.9. NOx conversion in NSR experiments performed with the catalyst SrTiCu-macro at 450 

ºC under 500 ppm NO + 5% O2 with H2 injections every 120 seconds.  

   The selectivity towards the reaction products was analysed for this 

NSR experiment. A representative NSR cycle is shown in Figure 3.10, 

including the profiles of the potential products of NOx reduction (m/z 

28 (N2), m/z 44 (N2O) and m/z 17 (NH3)). The only observed peak 

corresponds to the desired product, N2, while no undesired products, 

neither N2O nor NH3, were detected. These results confirm the high 

selectivity of the catalyst SrTiCu-macro towards the desired reduction 

product and the absence of by-products. 
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Figure 3.10. Detail of the NOx reduction products (m/z 28 N2, m/z 44 N2O and m/z 17 NH3) during 

a selected H2 injection performed in NSR cycles with the catalyst SrTiCu-macro at 450 ºC under 

500 ppm of NO and 5% of O2 in Ar. 

 

3.3.2.2. Soot combustion 
   Soot combustion experiments were performed with strontium 

titanium mixed oxides and Figure 3.11 shows the conversion curves. 

The T50% temperatures, which are the temperatures required to 

achieve 50% soot conversion, are included in Table 3.4 together with 

CO selectivity values.  

 

Figure 3.11. Soot combustion experiments with 500 ppm of NO and 5% O2 in N2. 
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Table 3.4. T50% temperatures and CO evolved with regard to total COx (the sum of evolved CO 

and CO2) in soot combustion experiments with 500 ppm NO + 5% O2 + N2. 

Catalyst T50% (°C) CO (%) 

SrTi-ref 562 51.0 
SrTiCu-macro 545 31.5 

SrTi-macro 510 43.0 
No catalyst 606 63.7 

 

   All three catalysts accelerate soot combustion and improve CO2 

selectivity regarding the uncatalysed reaction, although the COx 

evolution curve is delayed at high temperatures for all of them. This is 

a consequence of the partial chemisorption of carbon oxides from soot 

combustion on the catalyst until the carbonate decomposition 

temperature is reached. 

   The activity of the macroporous catalysts is higher to that of the 

reference one, which can be attributed to the improved solid-solid 

soot-catalyst contact. It is surprising that the activity of the copper-

free macroporous catalyst is higher to that of the copper containing 

one. It would be expected that copper enhances the catalytic oxidation 

of NO to NO2, and that NO2 accelerates soot combustion since it is much 

more oxidising than NO and O2.  

𝑁𝑂 +
1

2
𝑂2 ⇄ 𝑁𝑂2 

 

𝐶 + 𝑁𝑂2 → 𝐶𝑂𝑥 +𝑁𝑂 

 

   In fact, it has been reported a better soot oxidation activity for 

SrTiCuO3 than for the bare SrTiO3 perovskite (11). However, in the 

macroporous catalysts prepared in this study, the effect of NOx 

chemisorption must be taken into account. Figure 3.12 shows the NOx 

profiles during the soot combustion experiments. 
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Figure 3.12. NOx profiles performed in catalytic experiments with soot in 500 ppm NO/ 5% 

O2/N2. 

   The NOx profiles during soot combustion experiments with copper-

free catalysts present no NOx desorption peaks. SrTiCu-macro shows 

a lower NOx storage capacity in the presence of soot than in the soot-

free experiment, because part of the stored NOx oxidise soot, as in the 

copper-free catalysts. 

   Interestingly, the NOx release temperature, which for SrTiCu-macro 

in absence of soot is near 550 °C, is shifted to 500 °C in the presence of 

soot, where soot combustion is already taking place. An improvement 

in soot combustion should be expected, but not only no enhancement 

is observed but also the slope of the curve of evolved COx decreases 

regarding the curves of the copper-free catalysts. This fact suggests 

that part of the evolved COx remain chemisorbed on the surface of the 

catalyst, which would imply that the whole combustion curve could be 

delayed and that the real T50% for SrTiCu-macro would be lower than 

the measured 545 °C. The decrease in the temperature of NOx release 

in SrTiCu-macro in presence of soot indicates a destabilisation of the 

stored NOx, probably due to a competition with COx, which supports 

the hypothesis of COx chemisorption. 
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   As a summary, it can be concluded that the SrTi-macro catalyst 

shows interesting catalytic activity for soot combustion. However, 

copper addition enhances NOx and COx chemisorption and this delays 

the emission of soot combustion products, hindering the 

monitorisation of the catalytic soot combustion. The enhancement of 

the catalytic activity for soot combustion of the catalyst prepared 

through infiltration over PMMA, SrTi-macro, when compared with the 

reference counterpart, SrTi-ref, is attributed to the 

meso/macroporous structure achieved after the synthesis procedure, 

which favour the interaction between soot and catalyst.  

   Thus, the copper-free strontium and titanium macroporous mixed 

oxide is active for soot combustion and the copper containing 

counterpart presents such an elevated chemisorption capacity and is 

a suitable NSR catalyst.

 

3.4. Conclusions 

   Macroporous Sr-Ti carrier-free catalysts have been successfully 

synthesised through impregnation over a colloidal crystal template 

both without and with copper in its composition. These catalysts have 

been tested for soot combustion and NOx chemisorption and 

subsequent reduction, yielding to the following conclusions:  

• The copper-free strontium-titanium mixed oxide with 

macroporous structure is effective to accelerate the soot 

combustion while the copper-containing macroporous 

strontium-titanium mixed oxide shows a strong 

chemisorption capacity that delays the release of the 

combustion products and, hence, hinders soot combustion. 

• The colloidal crystal template method allows the obtention of 

macroporous carrier-free catalysts with high NOx storage 
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capacity, which in the case of the SrTiCu-macro catalyst is even 

higher than the that of noble metal catalysts. 

• NOx are chemisorbed as a mixture of nitrite and nitro species 

over SrTiCu-macro, suggesting several NOx chemisorption 

pathways taking place simultaneously, probably involving 

both NO and NO2, and/or the presence of chemisorption sites 

of different nature on the surface of the catalyst. 

• The stored NOx are selectively reduced to N2 over SrTiCu-

macro on a typical NSR cycle. 

 

3.5. References 

(1) Roy, S.; Baiker, A. NOx Storage-Reduction Catalysis: From 

Mechanism and Materials Properties to Storage-Reduction 

Performance. Chem. Rev. 2009, 109, 4054 - 4091. 

(2) Casapu, M.; Grunwaldt, J. D. et al. The Fate of Platinum in 

Pt/Ba/CeO2 and Pt/Ba/Al2O3 Catalysts During Thermal Aging. J. Catal. 

2007, 251, 28 – 38. 

(3) Piacentini, M.; Maciejewski, M.; Baiker, A. NOx Storage-Reduction 

Behavior of Pt-Ba/MO2 (MO2 = SiO2, CeO2, ZrO2) catalysts. Appl. Catal. 

B. 2007, 72, 105 - 117. 

(4)  Ito, K.; Kakino, S. et al. NO Adsorption/Desorption Property of 

TiO2-ZrO2 Having Tolerance to SO2 Poisoning. Appl. Catal. B. 2007, 74, 

137 - 143. 

(5) Teraoka, Y.; Nakano, K. et al. Simultaneous Catalytic Removal of 

Nitrogen Oxides and Diesel Soot Particulate over Perovskite-Related 

Oxides. Catal. Today. 1996, 27, 107 - 113. 



Chapter 3. Macroporous strontium and titanium mixed oxides for NOx storage and reduction and 
soot combustion 

102 
 

(6) Hong, S. S.; Lee, G. D. Simultaneous Removal of NO and Carbon 

Particulates over Lanthanoid Perovskite-Type Catalysts. Catal. Today. 

2000, 63, 397 - 404. 

(7) Yamamoto, K.; Kikuchi, R. et al. Development of NO Sorbents 

Tolerant to Sulfur Oxides. J. Catal. 2006, 238, 449 – 457. 

(8) Białobok, B.; Trawczynski, J. et al. Catalytic Combustion of Soot 

over Alkali Doped SrTiO3. Catal. Today. 2007, 119, 278 – 285. 

(9) Mishra, A.; Prasad, R. Preparation and Application of Perovskite 

Catalysts for Diesel Soot Emissions Control: An Overview. Catal. Rev. 

2014, 56, 57 - 81. 

(10) López-Suárez, F. E.; Bueno-López, A. et al. Copper Catalysts for 

Soot Oxidation: Alumina versus Perovskite Supports. Environ. Sci. 

Technol. 2008, 42, 7670 - 7676. 

(11) López-Suárez, F. E.; Parres-Esclapez, S. et al. Role of Surface and 

Lattice Copper Species in Copper-Containing (Mg/Sr)TiO3 Perovskite 

Catalysts for Soot Combustion. Appl. Catal. B. 2009, 93, 82 – 89. 

(12) López-Suárez, F. E.; Illán-Gómez, M. J. et al. NOx storage and 

reduction on a SrTiCuO3 perovskite catalyst studied by operando 

DRIFTS. Appl. Catal. B. 2011, 104, 261 - 267. 

(13) Misono, M. Heterogeneous Catalysis of Mixed Oxides Perovskite 

and Heteropoly Catalysts; Misono, M., Ed.; Elsevier vol. 176 of Studies 

in Surface Science and Catalysis, 2013; p. 67. 

(14) Hao, Y.; Searson, P. C. et al. Fabrication and Magnetic Properties 

of Ordered Macroporous Nickel Structures. J. Electrochem. Soc. 2007, 

154, D65 - D69. 

(15) Schroden, R. C.; Al-Daous, M. et al. Hybrid Macroporous Materials 

for Heavy Metal Ion Adsorption. J. Mater. Chem. 2002, 12, 3261 - 3267. 



 
3.5. References 

103 
 

(16) Thommes, M.; Kaneko, K. et al. Physisorption of Gases, with 

Special Reference to the Evaluation of Surface Area and Pore Size 

Distribution (IUPAC Technical Report). Pure Appl. Chem. 2015, 87, 

1051 – 1069. 

(17) Drożdż, E.; Łańcucki, Ł.; Łącz, A. Synthesis, Microstructural 

Properties and Chemical Stability of 3DOM Structures of Sr1-xYxTiO3. J. 

Therm. Anal. Calorim. 2016, 125, 1225 – 1231. 

(18) Berbenni, V.; Marini, A.; Bruni, G. Effect of Mechanical Activation 

on the Preparation of SrTiO3 and Sr2TiO4 Ceramics from the Solid State 

System SrCO3-TiO2. J. Alloys Compd. 2001, 329, 230 – 238. 

(19) Fennie, C. J.; Rabe, K. M. Structural and Dielectric Properties of 

Sr2TiO4 from First Principles. Phys. Rev. B. 2003, 68, 184111. 

(20) Ivanov, D. V.; Isupova, L. A. et al. Oxidative Methane Coupling Over 

Mg, Al, Ca, Ba, Pb-Promoted SrTiO3 and Sr2TiO4: Influence of Surface 

Composition and Microstructure. Appl. Catal. A. 2014, 485, 10 – 19. 

(21) Peng, F.; Cai, L. et al. Synthesis and Characterization of 

Substitutional and Interstitial Nitrogen-Doped Titanium Dioxides with 

Visible Photocatalytic Activity. J. Solid State Chem. 2008, 181, 130 – 

136. 

(22) Christie, A. B.; Lee, J. et al. An XPS Study of Ion-Induced 

Compositional Changes with Group II and Group IV Compounds. Appl. 

Surf. Sci. 1983, 15, 224 – 237. 

(23) Biesinger, M. C. Advanced Analysis of Copper X-Ray 

Photoelectron Spectra. Surf. Interface Anal. 2017, 49, 1325 – 1334. 

(24) Atkinson, A.; Barnett, S. et al. Advanced Anodes for High-

Temperature Fuel Cells. Nature Mat. 2004, 3, 17 – 27. 



Chapter 3. Macroporous strontium and titanium mixed oxides for NOx storage and reduction and 
soot combustion 

104 
 

(25) Guillén-Hurtado, N.; López-Suárez, F. E. et al. Behavior of 

Different Soot Combustion Catalysts under NOx/O2. Importance of the 

Catalyst-Soot Contact. React. Kinet. Mech Cat. 2014, 111, 167 – 182. 

(26) Liu, Z.; Anderson, J. A. Influence of Reductant on the Thermal 

Stability of Stored NOx in Pt/Ba/Al2O3 NOx Storage and Reduction 

Traps. J. Catal. 2004, 224, 18 - 27. 

(27) Bueno-López, A.; Lozano-Castelló, D.; Anderson, J. A. NOx Storage 

and Reduction over Copper-Based Catalysts. Part 1: BaO + CeO2 

Supports. Appl. Catal. B. 2016, 198, 189 - 199. 

(28) Lesage, T.; Saussey, J. et al. Operando FTIR Study of NOx Storage 

over a Pt/K/Mn/Al2O3-CeO2 Catalyst. Appl. Catal. B. 2007, 72, 166 - 

177. 

(29) Castoldi, L.; Nova, I. et al. Study of the Effect of Ba Loading for 

Catalytic Activity of Pt–Ba/Al2O3 Model Catalysts. Catal. Today. 2004, 

96, 43 - 52. 

(30) Lietti, L.; Forzatti, P. et al. NOx Storage Reduction over Pt-Ba/Al2O3 

Catalyst. J. Catal. 2001, 204, 175 – 191. 

(31) Chen, Z.; Wang, X. et al. Pt-Ru/Ba/Al2O3-Ce0.33Zr0.67O2: An Effective 

Catalyst for NOx Storage and Reduction. J. Molec. Catal. A. 2015, 396, 8 

– 14. 

(32) Hadjiivanov, K. I. Identification of Neutral and Charged NxOy 

Surface Species by IR Spectroscopy. Catal. Rev. Sci. Eng. 2000, 42, 71 – 

144. 

  

 



 

105 
 

 
 
 

CHAPTER 4. EFFECT OF 
MACROPOROUS STRUCTURE OF 
CERIA ON THE CATALYSED SOOT 
COMBUSTION MECHANISM  
  

4.1. Introduction 

   For years, the number of vehicles with diesel engines has increased 

due to the benefits of this type of engines. However, both NOx and soot 

particles, among other pollutants, are emitted to the atmosphere 

causing diverse health problems (1 - 4). Usually, soot is retained in 

porous ceramic filters (2, 5) and these particles must be removed 

periodically. The best way documented for filter regeneration is soot 

oxidation to CO2 (6). Since spontaneous soot combustion takes place 

above the working temperatures of the engine exhaust (7), catalysts 

are needed to lower the soot combustion temperature.  

   Among soot oxidation catalysts, cerium oxide is a good one to 

accelerate soot combustion and control gas pollution in diesel vehicles 

(8 - 13). This oxide has a long history of success in the three-way 

catalysts (TWC) used in gasoline vehicles (14 - 16). Cerium oxide, also 

known as ceria, is able to store oxygen from the gas phase and release 

it when required, because is able to adapt the cerium/oxygen ratio in 

the ceria lattice depending on the gas composition. This well-known 
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feature of cerium oxide used in TWC to buffer the oxidising/reducing 

conditions is also useful to accelerate diesel soot combustion.  

   Isotopic experiments (8, 17) have demonstrated that cerium oxide 

exchanges oxygen atoms with O2, which is one of the main oxidising 

gases in diesel exhausts together with NO. The dynamic equilibrium 

between ceria oxygen and the oxygen-containing gas molecules leads 

to the formation of oxygen radicals, which are intermediate species of 

the oxygen exchange processes. These oxygen radicals are usually 

referred to as “active oxygen” (18, 19), because they are highly 

oxidising and very efficient for soot combustion. Some authors have 

related active oxygen with the presence of peroxide and/or 

superoxide species on the ceria surface (18). 

   In addition to the active oxygen soot combustion mechanism, ceria 

also accelerates soot combustion by the so-called “NO2-assisted 

mechanism” (20). NO is the main nitrogen oxide emitted by diesel 

engines, and ceria accelerates the NO + O2 reaction to yield NO2. This 

molecule is more oxidising than NO and O2 and reacts rapidly with soot 

at lower temperature than O2 and NO. 

   Both the active oxygen and the NO2-assisted soot combustion 

mechanisms have strong and weak points. Active oxygen species are 

more oxidising than NO2, but their lifetime is very short and most 

active oxygen species are depleted yielding stable O2 gas molecules 

before they reach the soot particles. One of the main handicaps of the 

active oxygen mechanism is that both catalyst and soot are solids, and 

the solid-solid contact is poor. This limits the utilisation of active 

oxygen, because the transfer of active oxygen from ceria particles to 

soot is limited to few contact points. On the contrary, NO2 is a stable 

molecule that is capable of travelling in the gas phase from catalyst to 

soot, but it is less oxidising than active oxygen.
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   The active oxygen and NO2-assisted soot combustion mechanisms 

take place simultaneously during ceria-catalysed soot combustion in 

gas streams with NOx + O2, like those in real diesel exhausts. The 

contribution of each mechanism to the global soot combustion 

depends on the particular reaction conditions, that is, physical-

chemical properties of the ceria catalyst, soot-catalyst contact, gases 

concentrations, etc. Since active oxygen is more oxidising than NO2, it 

would be desirable to maximise the participation of the active oxygen 

mechanism to the global combustion of soot. It has been demonstrated 

that an optimised ceria catalyst using active oxygen very efficiently is 

able to outperform the behaviour of a commercial Pt catalyst, which 

only oxidises soot throughout the NO2-assisted mechanism (21). 

   Important efforts are being done to improve soot combustion ceria 

catalysts in order to maximise the utilisation of the active oxygen 

mechanism. One strategy consists of improving the production of 

active oxygen by modifying ceria with dopants (22 - 25), and the other 

one is to prepare ceria particles with controlled morphology (21, 26, 

27) to improve the transfer of active oxygen from catalyst to soot. For 

instance, high surface area ceria nanoparticles transfer active oxygen 

very efficiently to soot (21). 

   In the previous chapter it was concluded that macroporous structure 

of the Sr-Ti mixed oxide catalysts enhance the soot-catalyst contact, 

and this seems to be also beneficial for ceria catalysts, as has been 

recently reported by other authors (28, 29). This is one of the most 

relevant advances of the most recent years in the development of soot 

combustion catalysts, but the effect of the macroporous structure in 

the soot combustion mechanism has not been studied in detail. Since 

understanding the mechanisms taking place during the 3DOM ceria-

catalysed soot combustion is necessary to focus the further design and 

optimisation of these promising catalysts, the main purpose of this 
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chapter is to analyse the participation of the active oxygen and NO2-

assisted soot combustion mechanism using 3DOM ceria catalysts.  

   To accomplish this objective, 3DOM ceria has been synthesised, both 

pure and doped with copper to enhance the oxidation of NO to NO2, 

and tested for soot combustion in O2/N2 and NO + O2/N2. Their 

catalytic behaviour has been compared with that of two counterpart 

catalysts without 3DOM structure. Isotopic exchange experiments 

have been carried out to analyse the active oxygen formation capacity 

of each catalyst.  

4.2. Experimental 

4.2.1. Catalysts preparation 

   The macroporous catalyst used in this chapter (Ce-macro) was 

obtained by infiltration of the metal precursor in a PMMA colloidal 

crystal template, as described in chapter 2, section 2.1.3. The reference 

material (Ce-ref) was prepared by conventional calcination of the 

metal precursor, as detailed in the same section. Copper-doped 

catalysts (CuCe-macro and CuCe-ref) were obtained by excess solvent 

impregnation of the ceria supports with and ethanol solution of 

copper nitrate, as described in chapter 2, section 2.1.3.

4.2.2. Catalysts characterisation 

   The morphology of the catalysts was observed by FESEM. The 

porosity of the catalysts was characterised by N2 physisorption at -196 

°C, mercury porosimetry (to study the macroporosity) and helium 

density (to analyse the closed porosity). Crystalline structure was 

studied by Raman spectroscopy and XRD. The crystallite sizes were 

calculated using the equations of Scherrer and Williamson-Hall. The 

amount of copper cations incorporated into the ceria lattice was 

estimated from the XRD patterns using the Kim’s equation. The 

composition of the catalyst was determined by Micro-XRF. The 
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reducibility of the samples was studied by H2-TPR. The XPS technique 

was used to study the surface of the catalysts. All these experimental 

techniques and the experimental conditions used were previously 

described in detail in chapter 2, section 2.2. 

 

4.2.3. Catalytic tests 

   Catalytic soot combustion and NOx chemisorption experiments were 

performed at programmed temperature in a fixed-bed tubular reactor 

with two different gas mixtures: 5% O2/N2 and 500 ppm NO/5% 

O2/N2; described in detail in chapter 2, section 2.3.1.  

 

4.2.4. Isotopic exchange experiments 

   Isotopic exchange experiments were carried out with 18O2 in a fixed-

bed tubular reactor on an experimental set-up which allows gas 

injections without pressure variation in the system. Pulses of Ar were 

fed to confirm the reproducibility before 18O2 injection. The 

experimental set-up is described in chapter 2, section 2.3.2. and in 

more detail in section 2.3.2.2. 

 

4.3. Results and discussion 

4.3.1. Catalysts characterisation 

4.3.1.1. Characterisation by FESEM, N2 adsorption-
desorption at -196 °C, He density and mercury 
porosimetry 
   Figure 4.1 shows FESEM images of the Ce-macro and Ce-ref catalysts, 

were important differences between them can be noticed. In Ce-macro 

(Figure 4.1 (a)), a sponge-like structure is observed, as a consequence 



 
Chapter 4. Effect of macroporous structure of ceria on the catalysed soot combustion mechanism 

110 
 

of the porosity left upon removal of the PMMA template, shown in 

Figure 2.1. On the other hand, the catalyst prepared by conventional 

calcination, Ce-ref, shows a bulky particle (Figure 4.1 (b)). 

 

Figure 4.1. FESEM images of (a) Ce-macro and (b) Ce-ref. 

 

   These morphological differences affect the porosity of the catalysts, 

as deduced from N2 adsorption-desorption isotherms at -196 °C 

shown in Figure 4.2. All catalysts present few N2 adsorption at very 

(a) 

(b) 

200 nm 

 

300 nm 

 

200 nm 
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low relative pressures, and an hysteresis loop at intermediate or high 

relative pressures, which indicates a low microporosity and the 

presence of meso and/or macropores. It must be noticed that the 

porosity of the reference (“ref”) samples can be mainly attributed to 

the space left by the crystals packed forming the catalyst particles, and 

the first monolayer of N2 is adsorbed on the surface of the primary 

crystals (30). The macroporous samples also present the porosity 

created by removal of the PMMA template during the synthesis. 

 

Figure 4.2. N2 adsorption-desorption isotherms at -196 ºC of the catalysts. 

 

   The shape of the hysteresis loops in Ce-ref and CuCe-ref suggests the 

presence of mesopores, with the loops appearing above 0.4 relative 

pressure. The B. E. T. surface areas of these materials are included in 

Table 4.1. 

   On the contrary, the hysteresis loop of CuCe-macro starts at 0.8 

relative pressure and last points of the isotherm rise rapidly, most 

likely due to the presence of macropores. The isotherm of Ce-macro is 

similar to that of CuCe-macro but the hysteresis loop is clearly smaller 

for the copper-free catalyst, suggesting the presence of a lower 

amount of macropores. The B. E. T. surface areas and the volume of 
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macropores, included in Table 4.1, are consistent with the lower 

porosity in Ce-macro with regard to CuCe-macro.  

 

Table 4.1. Catalysts characterisation results from N2 adsorption at -196 °C, mercury porosimetry 

and He density. 

Catalyst SB. E. T. (m2/g) Vmacro
(a) (cm3/g) He density (cm3/g) 

Ce-ref 13 0.19 6.9 
CuCe-ref 21 0.23 7.1 

Ce-macro 17 0.27 6.9 
CuCe-macro 21 0.45 7.2 

 

   The helium density values of the catalysts, also included in Table 4.1, 

suggest the existence of closed porosity in the copper-free cerias. The 

expected density for bulk ceria is 7.2 g/cm3 (31), which is reached by 

the copper-containing catalysts. However, the supports present 

slightly lower values, which can be attributed to the presence of closed 

porosity that is not accessible for He in density measurements nor for 

N2 during adsorption-desorption at – 196 ºC. According to these 

results, it can be suggested that part of the macroporosity created on 

the ceria supports during calcination remains closed due to the 

accumulation of carbonates, and part of these carbonates are removed 

after copper impregnation. This removal of carbonates is attributed to 

the slightly acid pH of the copper nitrate solution used for copper 

impregnation, which was experimentally measured as 5.5, and it 

would favour the release of CO2 chemisorbed on the solid. 

   Pore size distributions measured by mercury porosimetry, included 

in Figure 4.3, were used to characterise the macroporosity of the 

samples. As expected, both macroporous catalysts show a well-

defined peak for pore diameter around 80 nm. This diameter is 

smaller to that of the PMMA spheres (200 nm), evidencing the 

shrinkage of the polymer during the thermal treatment. The amount 
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of pores with 80 nm of diameter increases for CuCe-macro with regard 

to Ce-macro, which supports the hypothesis about the presence of 

closed porosity on Ce-macro that is open after copper loading. 

  

Figure 4.3. Pore size distribution determined by mercury porosimetry. 

 

   On the contrary, the reference samples prepared without template 

do not show this well-defined macroporosity. The Ce-ref catalyst show 

an increasing profile without relevant peaks and CuCe-ref shows a 

well-defined peak at 1000 nm, which is a typical distribution of solids 

where the main macroporosity comes from the interparticles space. 

 

4.3.1.2. Catalysts characterisation by XRD, Micro-XRF 
and Raman Spectroscopy 
   The crystalline structure of the catalysts was characterised by XRD 

and Raman spectroscopy. XRD diffractograms are shown in Figure 4.4 

and several parameters determined from them are included in Table 

4.2. All diffractograms show peaks of CeO2, with the main reflections 

typical of a fluorite-structured cubic material with fcc unit cell. The 

main peaks at 28.5, 33.1, 47.6 and 56.5° belong to the (111), (200), 
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(220) and (311) planes (32), respectively, and are identified together 

with other lower-intensity peaks also attributed to the fluorite ceria 

lattice. The characteristic peaks of CuO are expected to appear at 35.5º 

and 38.8º, but they are not observed in Figure 4.4, suggesting that 

copper species are either well dispersed on the ceria surface and/or 

copper cations are inserted into the ceria lattice. 

 

 

Figure 4.4. X-Ray diffractograms of the catalysts. 

 

   The lattice constant of the fluorite phase was calculated for all 

catalysts and values are included in Table 4.2. The lattice parameters 

are equal for macroporous and reference materials, suggesting that 

the utilisation of the PMMA template does not affect the primary 

crystals of ceria. The lattice parameters of the Ce-macro and Ce-ref 

catalysts are consistent with the value reported in the JCPDS 00-034-

0394 reference database for this material, while the value decreases 

after copper loading. This could be attributed to the insertion of few 

copper cations into the ceria lattice. The Kim’s equation was used to 

estimate the amount of copper inserted into the ceria lattice and the 

results are included in Table 4.2. These results, together with the total 
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amount of copper on the catalysts, determined by Micro-FRX and 

included in Table 4.2, predict that 0.5% of copper is doping ceria for 

both CuCe-macro and CuCe-ref while the remaining 1.5% is expected 

to be forming well dispersed segregated particles. 

Table 4.2. Results of the catalysts characterisation by XRD and Micro-XRF. 

Catalyst 

Fluorite 
lattice 

constant 
(nm) 

Fluorite 
crystallite 

size Scherrer 
(nm) 

Fluorite 
crystallite 
size W-H 

(nm) 

Total Cu 
by 

Micro-
XRF (%) 

Cu doped 
into CeO2 

lattice (%) 

CuCe-ref 0.5415 23 24 1.7 ± 0.1 0.5 
CuCe-macro 0.5415 25 24 2.2 ± 0.2 0.5 

Ce-ref 0.5420 21 28 - - 
Ce-macro 0.5420 26 27 - - 

 

   The crystallite sizes of the ceria fluorite phase are quite similar for 

the four catalysts (21 – 28 nm), which is an additional evidence 

supporting that the PMMA template does not affect the primary 

crystals of ceria. Minor differences are observed between values 

obtained with Scherrer’s and Williamson-Hall’s equations, suggesting 

that, in this case, crystal strain has a minor contribution to XRD peaks 

broadening. 

   Figure 4.5 shows the Raman spectra of the four catalysts. The main 

band at 465.5 cm-1 has been attributed to oxide anions vibration 

around their equilibrium positions in the octahedral sites of the 

fluorite lattice of ceria (33). The position of this band is slightly shifted 

for bare ceria samples in comparison to copper-containing catalysts, 

because insertion of foreign copper cations affects the vibration of the 

oxide anions. However, Cu2+ cations are smaller than Ce4+ cations and, 

therefore, the shift of the F2g band is expected to occur towards higher 

Raman Shift values, that is, the opposite trend observed in Figure 4.5. 

This unexpected shift could be due to partial reduction of Ce4+ to Ce3+ 

(Ce3+ being larger than Ce4+) to compensate the lattice contraction due 

to Cu2+ insertion. This argument is consistent with the creation of 
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oxygen vacancies on ceria upon Cu2+ doping, as observed in the 

vacancies band at 595 cm-1 included in Figure 4.5 (b). Here, the 

creation of oxygen vacancies could be due both to insertion of Cu2+ and 

to partial reduction of Ce4+ to Ce3+. A band at 1175 cm-1 is also 

appreciated in Figure 4.5 (b) attributed to surface oxygen species, 

probably superoxides (34), but differences among catalysts are minor. 

 

 

 

 
 

Figure 4.5. Raman spectra of the catalysts. (a) Detail of the F2g band and (b) detail of the vacancies and 

surface oxygen bands. Y-axis scale is 25 times magnified in (b) with regard to (a). 
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4.3.1.3. Catalysts characterisation by H2-TPR and XPS  
   The reducibility of the catalysts was studied by H2-TPR experiments, 

shown in Figure 4.6. The reduction events were followed by the m/z 

18 signal, which belongs to H2O. The band around 100 ºC is attributed 

to the release of adsorbed H2O, and the bands at higher temperatures 

to H2O yielded in H2 oxidation events. The highest-temperature bands 

around 860 ºC appear due to the reduction of Ce4+ cations located into 

the bulk ceria to Ce3+, and these bands are qualitatively similar for the 

four catalysts. 

 

 

Figure 4.6. Temperature programmed reductions with H2. 

 

   Around 500 ºC takes place the reduction of Ce4+ cations in the ceria 

surface, and this band is only observed for the macroporous catalysts. 

The surface area of all catalysts, as commented above in section 

4.3.1.1, is similar and, therefore, it must be concluded that the surface 

of the macroporous samples is reduced more easily than that of the 

reference samples. This feature of the macroporous ceria samples was 

previously observed for Pr-doped ceria (35), and the improved 

reducibility resulted in a better catalytic activity for CO oxidation. 
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   The copper-containing catalysts additionally show several H2O 

peaks in the 150 – 280 ºC range. The release of H2O below 200 ºC is 

attributed to the reduction of copper oxide, and the release between 

200 and 280 ºC to the copper-catalysed surface ceria reduction, that is, 

to the reduction of the surface Ce4+ cations that are in close contact 

with copper species. A rough estimation of the amounts of H2 

consumed between 150 and 280 ºC confirms that not only CuO is 

reduced but also part of the surface ceria. 

   It must be noticed that the reduction of copper cations in the CuCe-

macro catalyst takes place in two steps (peaks at 180 and 192 ºC) due 

to the presence of two different types of cationic species of copper 

with different reducibility. On the other hand, only one small copper 

oxide reduction peak (at 182 ºC) appears in the CuCe-ref catalyst. This 

suggests that the macroporous structure affects the CuO-CeO2 

interaction. This interaction seems to be poor in the CuCe-macro 

because copper cations are first reduced, and the copper-catalysed 

ceria reduction takes place afterwards. The poor interaction is 

attributed to the difficult penetration of the Cu2+ impregnation 

solution into the 3DOM structure. On the contrary, the CuO-CeO2 

interaction seems to be much better on CuCe-ref because the two 

typical CuO reduction peaks are not observed and, instead, a main 

peak at 235 ºC appears, assigned to the reduction of the CuO-CeO2 

interface. 

   The surface of the catalysts was analysed by XPS and the Cu 2p region 

in terms of binding energy is shown in Figure 4.7 (a). The Cu 2p3/2 

region shows a broad band with two contributions with peak maxima 

at 934.2 and 932.4 eV. These values can be assigned to copper oxidised 

species with different electronic environment, while the presence of 

the shake-up satellite peaks confirms the presence of Cu2+ cations (36, 

37). 
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Figure 4.7. XPS characterisation of the catalysts surface. (a) Cu 2p photoemission region and (b) 

Cu L3M45M45 Auger transition range. 

 

   On the other hand, the CuL3M4.5M4.5 Auger line (Figure 4.7 (b)) shows 

one main peak centred at 916.7 eV, which is tentatively ascribed to the 

lone presence of Cu2+ species (38). Therefore, the two cationic species 

identified in Cu 2p3/2 spectra must correspond to Cu2+ in different 

interaction with CeO2 support. When comparing both catalysts, the 

contribution with lower binding energy is more intense for CuCe-ref, 

which evidences higher interaction of CuO-CeO2 phases by promotion 

of Cu2+ partial reduction. 

The surface composition of the catalysts was determined by XPS and 

the results are compiled in Table 4.3. together with the percentage of 
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Ce3+ cations with regard to total Ce3+ + Ce4+. The Ce3+ percentages were 

calculated after deconvolution of the Ce 3d spectra, included in Figure 

4.8, dividing the sum of areas of the u0, u1, v0 and v1 bands between to 

the sum of the areas of all bands (39), as detailed in chapter 2, section 

2.2.8. 

Table 4.3. Surface characterisation by XPS. 

Catalysts C (%) O (%) Ce (%) Cu (%) Ce3+ (%) 
CuCe-ref 30.9 47.9 16.9 4.3 36 

CuCe-macro 30.3 49.3 17.1 3.3 40 
Ce-ref 41.3 41.8 16.9 - 35 

Ce-macro 51.1 38.2 10.7 - 35 

 

 

Figure 4.8. X-ray photoelectron spectra in the range of Ce 3d. 

 

   The Ce3+ percentage is similar for all catalysts and the most relevant 

differences are noticed in the carbon concentration. It was concluded 

from porosity characterisation that part of the porosity of Ce-macro is 

closed due to carbonates blocking, and the high concentration of 

surface carbon on this catalyst (51.1%) is consistent with this 

hypothesis. It was also concluded that this closed porosity is open after 

copper impregnation, because of the slightly acid pH of the copper 

solution used for impregnation destabilises carbonates, which are 
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evolved. This hypothesis is also consistent with the lower surface 

carbon concentration on the CuCe-macro catalyst (30.3%) with regard 

to that on Ce-macro. It must be noticed that the decrease of the surface 

carbon concentration after copper impregnation is also observed in 

the reference samples but in a lower extent. 

   In conclusion, according to the results from the catalysts 

characterisation described above, the 3DOM structure has been 

obtained by template method and clear differences in the porosity 

have been observed with regard to the reference samples. The 

primary ceria crystals are quite similar for the four catalysts and the 

CuO-CeO2 interaction is much better on CuCe-ref than in CuCe-macro. 

4.3.2. Reactivity 

4.3.2.1. Catalytic combustion of soot with O2 

   Soot combustion experiments were performed under a gas mixture 

with 5% O2/N2. The COx evolution profiles are shown in Figure 4.9, and 

the T50% temperatures and CO selectivities are included in Table 4.4.  

 

Figure 4.9. Soot combustion experiments with 5% O2 in N2. 

 



 
Chapter 4. Effect of macroporous structure of ceria on the catalysed soot combustion mechanism 

122 
 

Table 4.4. T50% temperatures and CO evolved with regard to total COx (the sum of evolved CO 

and CO2) in soot combustion experiments with 5% O2 + N2. 

Catalyst T50% (°C) CO (%) 

CuCe-ref 569 1.5 
CuCe-macro 559 4.2 

Ce-ref 582 16.6 
Ce-macro 576 29.0 

No catalyst 600 59.8 

   All catalysts accelerate the combustion of soot with regard to the 

uncatalysed reaction. According to the percentages of evolved CO with 

regard to total COx (included in Table 4.4), the uncatalysed reaction 

yields more CO than CO2, while CO2 is the main soot combustion 

product of the catalytic reactions. The copper-containing catalysts 

reach CO2 selectivities near 100%. 

   The catalytic activity depends both on the catalyst composition and 

morphology. Ce-ref is the least active catalyst, and the 3DOM structure 

improves the catalytic activity for soot combustion, as deduced from 

the combustion curve catalysed by Ce-macro. Additionally, copper 

accelerates the combustion with O2, CuCe-macro being the most active 

catalyst. According to these results, the catalytic activity for soot 

combustion of soot with O2 takes place by the so-called active oxygen 

mechanism (11, 18). In this mechanism, the combustion of soot takes 

place with oxygen from the catalyst, partially reducing Ce4+ cations to 

Ce3+, and the oxygen vacancies created on the catalyst are filled up 

with gas phase molecular O2. This mechanism has two critical steps: 

the production of active oxygen and the transfer of this active oxygen 

from the catalyst to soot particles.  

   The production of this oxygen depends on the physical-chemical 

properties of the ceria catalyst, and the introduction of dopants affects 

significantly the amount of active oxygen available in a ceria-based 

catalyst (13, 22, 23, 25). On the other hand, it is postulated that active 

oxygen species are oxygen radicals with short lifetime (19), and their 
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transfer from the solid catalyst to soot particles is restricted to the 

limited contact points available. Also, 3DOM structures have been 

reported (28, 29) to improve the soot-catalyst contact, a fact that has 

already been observed in the previous chapter. The better soot-

catalyst contact would explain the improved catalytic activity 

observed in Figure 4.9 for the macroporous catalysts, because the 

transfer of active oxygen from ceria to soot is expected to be enhanced. 

   In order to study the role of the production and transfer of active 

oxygen for the catalysts evaluated in this chapter, oxygen exchange 

experiments were performed at 450 ºC with isotopic O2. The gas 

profiles monitored during pulses of Ar and 18O2 to the catalysts are 

shown in Figure 4.10. 

 

 

 

Figure 4.10. O2 and Ar profiles in oxygen exchange experiments at 450 ºC. (a) Ce-macro, (b) Ce-

ref, (c) CuCe-macro and (d) CuCe-ref. 
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   The Ar profiles are used as a reference to monitor the diffusion of an 

inert gas throughout the catalytic beds. After the interaction of 18O2 

with the catalysts, three oxygen species were detected: 18O2, 16O2 and 

18O16O, where 18O comes from the molecular oxygen pulsed and 16O 

comes from the catalyst. Total O2 profiles were calculated as the sum 

of the three O2 contributions and, for all catalysts, the total O2 profile 

overlaps the reference Ar profile. This means that the time required 

for the oxygen exchange steps to occur is negligible in comparison to 

the time required for gases to diffuse through the catalytic bed. In fact, 

oxygen exchange performed in a TAP reactor has been reported to 

take place in a time frame below the milliseconds (8). 

   Quantification of the area under the different O2 species provides 

valuable information about the catalytic combustion of soot by active 

oxygen. The amount of 18O2 detected after the pulse to Ce-macro 

(Figure 4.10 (a); 60% of the total area of the sum of all O2 species) is 

slightly lower to that detected for Ce-ref (Figure 4.10 (b); 66%), that 

is, the 3DOM structure improves the exchange of oxygen and the 

production of active oxygen. In addition, Ce-macro favours the double 

exchange of oxygen atoms (26% 16O2 vs 14% 18O16O) while in the 

reference ceria prevail the scramble molecules (15% 16O2 vs 19% 

18O16O). Therefore, it can be concluded that the improved catalytic 

activity for soot combustion of Ce-macro with regard to Ce-ref must be 

not only attributed to the improved soot-catalyst contact, but also to 

the higher production of active oxygen. A similar conclusion was 

achieved for 3DOM ceria-catalysed oxidation of CO (35), where it was 

proposed that the O2-poor environment created into the macroporous 

structure of the 3DOM ceria during the combustion of the PMMA 

template and decomposition/oxidation of citrates leads to the 

formation of a more reactive ceria surface with improved redox 

properties. 
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   The effect of copper in the exchange of oxygen depends on the type 

of ceria considered. The exchange of oxygen by CuCe-ref (Figure 4.10 

(d)) is significantly improved with regard to Ce-ref (Figure 4.10 (b)), 

but this improvement is not so obvious in CuCe-macro (Figure 4.10 

(c)) with regard to Ce-macro (Figure 4.10 (a)). These differences must 

be attributed to differences in the CuO-CeO2 contact. As deduced from 

H2-TPR characterisation (Figure 4.6), the CuO-CeO2 contact is better 

on CuCe-ref than on CuCe-macro, and the oxygen exchange 

experiments evidence that this better contact is very positive to 

improve the exchange of oxygen. It is reasonable to think that the 

improved surface reducibility of the CuCe-ref catalyst upon copper 

loading favours the redox steps taking place during the exchange 

process. The improved exchange of oxygen would explain the 

improved catalytic activity for soot combustion of CuCe-ref with 

regard to Ce-ref (Figure 4.9), since more active oxygen is created by 

the copper-containing catalyst. 

   On the contrary, copper has almost no effect in the exchange of 

oxygen by CuCe-macro (Figure 4.10 (c)) with regard to Ce-macro 

(Figure 4.10 (a)) due to the poor CuO-CeO2 contact. In this case, the 

improved catalytic activity for soot combustion of the copper-

containing catalyst (Figure 4.9) must be attributed to the higher 

macroporosity available (Figure 4.3) due to the opening of the closed 

porosity during copper impregnation. 

   The different effect of copper on the macroporous and reference 

catalysts is also observed when Figures 4.10 (c) and (d) are compared. 

A considerably lower percentage of 18O2 and higher 16O2 is observed 

for CuCe-ref (Figure 4.10 (d)). This indicates that the active oxygen 

generation in CuCe-macro (Figure 4.10 (c)) is worse than in CuCe-ref. 

This confirms that the formation of the 3DOM structure is showing a 

negative influence on the copper-containing catalyst. As deduced from 
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H2-TPR, there should exist a well-defined Cu-O-Ce interface in the 

CuCe-ref catalyst while not on CuCe-macro, and the loosely bound 

interfacial oxygen atoms probably lead to the generation of higher 

amount of active oxygen. 

   In conclusion, these experiments confirm that the two critical steps 

in the ceria-catalysed soot combustion by O2 are the creation of active 

oxygen by the ceria catalyst and the transfer of active oxygen from 

catalyst to soot. The 3DOM structure improves both the creation of 

active oxygen and the transfer of such oxygen to soot. The role of 

copper depends significantly on the CuO-CeO2 contact. If there is a 

good contact, the creation of active oxygen is improved, but not if the 

contact is poor. 

 

4.3.2.2. Catalytic combustion of soot with NOx + O2 

   To study the effect of NOx in the catalytic combustion of soot, two 

type of experiments were performed using a gas mixture with NO + O2. 

The catalytic combustion of soot was studied with soot + catalyst 

mixtures and the catalytic oxidation of NO to NO2 was studied in 

experiments performed only with the catalysts, without soot. 

   The COx evolution profiles in soot combustion experiments 

performed in NO + O2 are shown in Figure 4.11 and the T50% 

temperatures, which is the temperature required to achieve 50% soot 

conversion, are included in Table 4.5. Data of the most active soot 

combustion catalyst tested in the previous chapter in the same 

experimental conditions have also been included in Table 4.5 for 

comparison. 
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Figure 4.11. Soot combustion experiments with 500 ppm NO + 5% O2 + N2. 

Table 4.5. T50% temperatures and CO evolved with regard to total COx (the sum of evolved CO 

and CO2) in soot combustion experiments with 500 ppm NO + 5% O2 + N2. 

Catalyst T50% (°C) CO (%) 

CuCe-ref 530 0.7 
CuCe-macro 543 6.5 

Ce-ref 568 34.5 
Ce-macro 530 46.0 

SrTi-macro 510 43.0 
No catalyst 606 63.7 

   The combustion of soot is accelerated by all ceria catalysts with 

regard to the uncatalysed reaction. In accordance with the 

experiments performed in absence of NOx (Figure 4.9), Ce-ref also 

shows the lowest activity to accelerate soot combustion in presence of 

NOx (Figure 4.11). Both the 3DOM structure and the incorporation of 

copper improve the catalytic activity, but the trends observed in the 

absence (Figure 4.9) and presence (Figure 4.11) of NOx are different, 

because the reaction mechanisms are also different. The ceria-

catalysed combustion of soot with O2, as mentioned in last section, is 

based on the formation and transfer of active oxygen from catalyst to 

soot. In the presence of NOx, additionally, NO2 also participates as it is 

an efficient soot oxidising gas that is formed by catalytic oxidation of 

NO. In the presence of NOx, the NO2-assisted combustion of soot takes 

place together with the active oxygen mechanism. 
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   As observed in Table 4.5, the best catalyst tested in the previous 

chapter (SrTi-macro; T50% = 510 °C)) is more active for soot 

combustion than the best ceria catalysts tested in this chapter (CuCe-

ref ≈ Ce-macro; T50% = 530°C). 

   The CO selectivity values, included in Table 4.5, indicate that the 

uncatalysed reaction yields more CO (63.7%) than CO2. In agreement 

with the experiments performed without NOx in the gas mixture 

(Table 4.4), CO2 is the main soot combustion product of the catalytic 

reactions and the copper-containing catalysts reach very high CO2 

selectivity values. 

   The catalytic combustion of soot in absence and presence of NOx has 

been compared using the temperature for 50% soot combustion 

(T50%), compiled in Figure 4.12. NOx has a minor effect in the direct 

combustion of soot without catalyst, and the T50% is slightly higher 

in the presence of NOx. This small inhibition of the soot reactivity can 

be attributed to the chemisorption of NOx on the carbon surface (40, 

41), which blocks unsaturated carbon sites during the combustion and 

hinders further chemisorption of O2, which is the main oxidising 

molecule in this case. 

 
Figure 4.12. Temperature for 50% soot combustion in experiments performed with and without 

NO in the gas mixture. 
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   NOx decreases the T50% for all catalysts, but the effect is more 

relevant for Ce-macro and CuCe-ref than for Ce-ref and CuCe-macro. 

These differences can be explained analysing the NO2 profiles during 

the catalytic experiments performed with and without soot (Figure 

4.13). NO is the main nitrogen oxide in the gas stream fed to the 

reactor and all catalysts accelerate the oxidation to NO2. In the absence 

of soot, the NO2 profiles increase with temperature until a maximum 

where thermodynamic equilibrium is achieved, and above that 

temperature the NO2 profiles decrease following thermodynamics 

(Figure 4.13). 

   The catalytic activity for NO oxidation to NO2 is higher for the copper-

containing catalysts than for the pure ceria samples, which was 

something expected (42), and the 3DOM structure has a minor effect 

in NO2 formation. The NO2 produced by the catalysts reacts with soot 

during the soot combustion experiments, as deduced comparing the 

NO2 profiles obtained with and without soot. Most NO2 produced by 

CuCe-macro, Ce-macro and Ce-ref (Figure 4.13 (a), (c) and (d), 

respectively) is consumed by reaction with soot, but this is not obvious 

for CuCe-ref (Figure 4.13 (b)). The anomalous behaviour of CuCe-ref 

could be explained in two different ways. It could be argued that the 

NO2 produced is not reacting with soot in this case, or that each NO 

molecule is oxidised several times during the residence time into the 

catalytic bed, that is, NO is oxidised to NO2 and that NO2 is reduced to 

NO by soot afterwards. The second argument seems more reasonable 

in this case, and the high NO2 level detected in the presence of soot 

would mean that the catalytic oxidation rate of NO to NO2 is much 

faster than the NO2 reduction rate by soot. 
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Figure 4.13. NO2 profiles in catalytic experiments performed with and without soot. (a) CuCe-

macro, (b) CuCe-ref, (c) Ce-macro and (d) Ce-ref. 

 

   It is known that NO is the main nitrogen-containing product of the 

NO2-soot reaction (20), but it has been also reported that the NOx-soot 

reaction also yields some N2 (43). This is deduced from the NOx 

profiles included in Figure 4.14. There are no evidences of net NOx 

removal from the gas stream in the 200 – 700 ºC range during the 

catalytic experiments performed without soot, which proves the 

incapability to act as a NOx trap. On the other hand, all NOx profiles 

obtained in experiments performed with soot show a minimum that 

must be attributed to NOx reduction by soot, which occurs together 

with soot gasification. 
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Figure 4.14. NOx profiles in catalytic experiments performed with and without soot. (a) CuCe-

macro, (b) CuCe-ref, (c) Ce-macro and (d) Ce-ref. 

   Finally, the effect of the 3DOM structure and copper in the soot 

combustion mechanism using ceria catalysts and NOx + O2 mixtures 

can be discussed. As a general behaviour, NOx always improves the 

combustion of soot with regard to O2 combustion because all catalysts 

accelerate NO oxidation to NO2, and NO2 is a powerfull soot oxidant. 

This seems to be the main soot combustion mechanism for the 

reference samples (Ce-ref and CuCe-ref). Ce-ref is the least active 

catalyst for O2 combustion, since it has poor capacity for active oxygen 

production and transfer to soot. In the presence of NOx, the Ce-ref-

catalysed oxidation rate increases because few NO2 is produced and 

the NO2-assisted mechanism participates in a certain extent. 

Incorporation of copper to this catalyst (CuCe-ref) improves the 

production of active oxygen, but not the transfer of active oxygen to 

soot, and that is why the catalytic activity for soot combustion with O2 

only increases slightly for CuCe-ref with regard to Ce-ref. However, 
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CuCe-ref is very efficient for soot combustion in the presence of NOx 

since NO2 has no restrictions to travel from catalyst to soot. Also, 

copper improves the catalytic oxidation of NO to NO2 with regard to 

pure ceria and NO2 can oxidise soot very efficiently. 

   The role of the 3DOM structure in the soot combustion mechanism 

is much more complex. In the O2 combustion, the 3DOM structure (Ce-

macro) improves the production and transfer of active oxygen to soot 

with regard to the conventional structure (Ce-ref). The catalytic 

combustion of soot using Ce-macro is accelerated very efficiently in 

the presence of NOx, in spite of that the production of NO2 is not very 

high, as observed in Figure 4.13. This must be attributed to the 

contribution of NO2 to the active oxygen mechanism. It has been 

reported (18) that NO2, once produced by a ceria catalyst, can either 

travel in the gas phase and react with soot or be re-adsorbed on the 

ceria surface yielding chemisorbed NO and active oxygen, that is, NO2 

is an efficient way not only for direct soot oxidation but also for active 

oxygen production. In ceria catalysts with a conventional structure, 

the main role of NO2 in the catalytic combustion of soot is the direct 

oxidation of soot by NO2, because active oxygen has restrictions to be 

transferred from catalyst to soot. However, the 3DOM structure 

improves the transfer of active oxygen and, therefore, and additional 

benefit is obtained from NO2, that is, NO2 contributes to active oxygen 

production and the 3DOM structure allows the efficient transfer to 

soot. This efficient utilisation of active oxygen by Ce-macro explains 

why soot combustion in presence of NOx occurs as fast as with CuCe-

ref, which accelerates combustion mainly by direct NO2 oxidation.

   This benefit is not observed for CuCe-macro because the CuO-CeO2 

contact is poor. In this case, copper improves the catalytic oxidation of 

NO to NO2 with regard to Ce-macro, as deduced when Figures 4.13 (a) 

and (c) are compared, and NO2 oxidises soot but does not contribute 
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to active oxygen production. This explains the moderate improvement 

in soot combustion using CuCe-macro in presence of NOx with regard 

to O2 combustion, because NO2 only reacts with soot but does not 

produce additional active oxygen. The faster oxidation of soot using 

CuCe-ref with regard to CuCe-macro can be attributed to the better 

CuO-CeO2 contact, which seems to affect the NO oxidation rate 

allowing a more efficient utilisation of the NO molecules that are 

oxidised and reduced several times while they are inside the catalytic 

bed. 

   According to these results, future work must be focused on the 

impregnation step during the synthesis of CuCe-macro in order to 

obtain a good copper dispersion and then improve the CuO-CeO2 

contact, therefore obtaining the double benefit of high amount of 

active oxygen production due to NO2 participation and efficient active 

oxygen transfer from catalyst to soot due to the 3DOM structure. 

 

4.4. Conclusions 

   The participation of the active oxygen and NO2-assisted soot 

combustion mechanisms has been studied for 3DOM ceria catalysts 

with and without copper, and the behaviour has been compared with 

that of similar reference materials without macroporous structure. 

The following conclusions can be summarised: 

• All catalysts accelerate soot combustion with O2, which only 

occurs by the active oxygen mechanism, and both the 3DOM 

structure and the presence of copper improve the activity. 

• Ce-macro produces more active oxygen than Ce-ref, and this 

active oxygen is transferred more efficiently due to the 

macroporous structure. 
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• Copper improves the exchange of oxygen between ceria and 

O2, therefore improving the production of active oxygen, but 

only if the CuO-CeO2 contact is good. An appropriate contact is 

achieved by impregnation of the conventional Ce-ref support 

but not for Ce-macro due to the difficult diffusion of the 

impregnation solution into the 3DOM network. 

• In the presence of NOx and O2, all ceria catalysts accelerate NO 

oxidation to NO2, which is a powerful soot oxidant that leads 

to soot combustion acceleration with regard to the O2-only 

combustion.Ce-macro utilises NO2 more efficiently for soot 

combustion than Ce-ref, with the same NO oxidation capacity, 

because part of the produced NO2 is devoted to the further 

production of active oxygen, which is more oxidising than NO2. 

In ceria catalysts with conventional structure, due to 

restrictions in the active oxygen transference to soot, the main 

role of NO2 in the catalytic combustion is the direct oxidation 

of soot. However, the 3DOM structure improves the transfer of 

active oxygen to soot and, therefore, an additional benefit is 

obtained from NO2, that is, NO2 contributes to active oxygen 

production and the macroporous structure allows its efficient 

transfer to soot. 
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CHAPTER 5. MACROPOROUS 
PRASEODYMIUM OXIDE: AN 
ALTERNATIVE TO SOOT 
COMBUSTION CERIA CATALYSTS  
 

5.1. Introduction 

   Carbonaceous particles and nitrogen oxides are the main pollutants 

emitted by diesel engines to the atmosphere, together with CO and 

hydrocarbons (1, 2). These emissions are regulated not to exceed 

permissible limits (3) since they are responsible of severe 

environmental and health problems (4, 5). New systems for carbon 

particles (soot) control are in constant development to accomplish 

these regulations. Usually, a ceramic filter retains the particles, to be 

burnt afterwards (6 – 8). However, the temperature of the exhaust 

gases is relatively low (150-500 ºC) (9) and soot combustion does not 

take place spontaneously until higher temperatures (T > 500 ºC) (10). 

For this reason, a catalyst is required to decrease the combustion 

temperature of these particles.

   In terms of activity and stability, platinum-based catalysts are the 

best ones for its application in soot combustion (11 - 13). However, 

the elevated cost and limited reserves of Pt are the main barrier for 

mass commercialisation. Other alternative catalysts are focused on 
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improving, or at least equalise, the activity of these platinum-based 

materials with a lower cost.  

   Cerium oxide is one of the most promising alternative catalysts, since 

ceria can generate highly reactive oxygen species, commonly referred 

to as “active oxygen”. This active oxygen is highly oxidising and very 

efficient for soot combustion (14 - 17). Nevertheless, one of the main 

problems of the active oxygen pathway is the poor contact between 

the solid soot particles and the surface of the catalyst. It has been 

demonstrated, on the previous chapter and on other authors’ work 

(18 - 21), that the use of ceria with three-dimensional ordered 

macroporous structure greatly improves the soot combustion due to 

the improvement of the solid-solid contact. 

   In addition to the active oxygen mechanism, ceria-catalysed soot 

combustion could also be enhanced in presence of NOx by the so-called 

“NO2-assisted mechanism” (22). However, only 5% of the NOx present 

in the exhaust gases is NO2, and thus, NO has to be previously oxidised 

to NO2 by the catalyst (22). Ceria catalyses the oxidation of NO to NO2 

in a certain extent, but the activity is much lower to that of platinum. 

Nonetheless, opposite to platinum, NO2 produced by ceria can directly 

react with soot or can be re-adsorbed on ceria generating more active 

oxygen by the decomposition of nitrogen-containing groups (23), both 

reaction pathways improving soot combustion. 

   Praseodymium oxide could be presented as an improved alternative 

to ceria catalysts because, like ceria, it can adopt oxygen-deficient 

stoichiometries. In fact, the Pr4+/Pr3+ pair has a greater reduction 

potential than the Ce4+/Ce3+ pair and, moreover, presents higher 

ability for the NO2 production (24). Then, both mechanisms described 

for ceria-catalysed soot combustion could be enhanced in 

praseodymia catalysts. 
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   For this reason, the aim of this chapter is to synthesise and test 

macroporous praseodymium oxide (Pr-macro), for the first time, and 

to test this novel material as soot combustion catalyst. Macroporous 

ceria (Ce-macro) and non-structured ceria (Ce-ref) and praseodymia 

(Pr-ref) have also been tested for comparison purposes. 

 

5.2. Experimental 

5.2.1. Catalysts preparation 

   The macroporous catalysts used in this chapter (Ce-macro and Pr-

macro) were obtained by infiltration of the metal precursors in a 

PMMA colloidal crystal template as described in chapter 2, section 

2.1.3. Reference materials (Ce-ref and Pr-ref) were prepared by 

conventional calcination of the metal precursors as detailed in the 

same section. 

5.2.2. Catalysts characterisation 

   The morphology of the catalysts was observed by FESEM. The 

porosity of the catalysts was characterised by N2 physisorption at -196 

°C, mercury porosimetry and helium density. Crystalline structure was 

determined by XRD and the crystallite sizes were calculated using the 

Scherrer equation. XPS characterisation was carried out to analyse the 

surface carbonation, the oxygen deficiency and the oxidation state of 

Ce and Pr. The reducibility of the samples was studied by H2-TPR. All 

these experimental techniques and the experimental conditions used 

were previously described in detail on chapter 2, section 2.2. 

5.2.3. Catalytic soot combustion tests 

   Catalytic soot combustion experiments were performed at 

programmed temperature in a fixed-bed tubular reactor with two 
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different gas mixtures: 5% O2/N2 and 500 ppm NO/5% O2/N2; also 

described in detail in chapter 2, section 2.3.1. 

5.3. Results and discussion 

5.3.1. Catalysts characterisation 

5.3.1.1. Characterisation by FESEM, mercury 
porosimetry, N2 adsorption at -196 °C and He density 

   The structure of the praseodymium and cerium oxides has been 

observed by Field Emission Scanning Electron Microscopy and 

representative images are shown in Figure 5.1. Both macroporous 

catalysts, Pr-macro and Ce-macro (Figure 5.1(a) and 1(b)), exhibit a 

three dimensionally ordered macroporous structure as a consequence 

of the preparation method using a colloidal crystal template, shown in 

chapter 2, Figure 2.1. For comparison purposes, conventional 

counterparts were also prepared. These samples are named as Pr-ref 

and Ce-ref (Figure 5.1(c) and 5.1(d)) and present compact, non-

porous structures with evidences of the gas release during the 

calcination step in the case of Ce-ref. 

   Further analysis of the textural properties of the catalysts were made 

by nitrogen adsorption-desorption isotherms at -196 °C, shown in 

Figure 5.2, and mercury porosimetry, in Figure 5.3. The N2 adsorption-

desorption isotherms show type II isotherms for both cerium and 

praseodymium catalysts, characteristics of a non-porous or 

macroporous catalysts, with important differences between reference 

and structured materials. The templated catalysts, denoted as 

“macro”, present strong and fast nitrogen adsorption at high relative 

pressures, denoting the presence of high macropores volume.
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Figure 5.1. FESEM images of Pr-macro (a), Ce-macro (b), Pr-ref (c) and Ce-ref (d). 

 

 

Figure 5.2. N2 adsorption-desorption isotherms at -196 ºC of the catalysts. 

 

   Figure 5.3 shows the pore size distributions of the catalysts, obtained 

by mercury porosimetry. Both praseodymium and cerium 

(a) (b) 

(c) (d) 

1 µm 1 µm 

1 µm 1 µm 
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macroporous catalysts show a well-defined peak for a pore diameter 

around 80 nm, while the reference samples do not present 

macroporous peaks, as expected. Pr-macro presents the highest 

macroporous volume due to the better-defined three-dimensional 

structure.  

 

Figure 5.3. Pore size distribution determined by mercury porosimetry. 

 

   A higher N2 uptake is observed at low relative pressures in CeO2-

based catalysts regarding those based in praseodymium oxides, 

denoting the creation of certain microporosity. The contribution of 

this microporosity to the apparent surface area (SB. E. T.) is clearly 

observed in data included in Table 5.1, where higher surface areas 

were obtained for CeO2 catalysts despite the lower macroporosity 

values. 

   The closed porosity was analysed by helium density measurements, 

included in Table 5.1. In all cases, the He density is lower than the 

expected value, suggesting the existence of closed porosity 

inaccessible for neither He during density measurements nor for N2 

during adsorption-desorption isotherms. It must be noticed that this 
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difference is more significant in PrOx samples. The closed porosity is 

ascribed, in part, to the presence of carbonates (18 – 21). 

 

Table 5.1. Catalysts characterisation results from N2 adsorption at -196 °C, mercury porosimetry 

and He density. 

Catalysts SB. E. T. (m2 g-1) Vmacro (cm3 g-1) He density(a) (cm3/g) 
Ce-ref 13 0.19 6.9 (7.2) 

Ce-macro 17 0.27 6.9 (7.2) 
Pr-ref 3 0.08 6.3 (6.9) 

Pr-macro 10 0.29 6.6 (6.9) 
(a) the expected values are in brakets. 

 

5.3.1.2. Catalysts characterisation by XRD and XPS 
   X-Ray diffractograms, included in Figure 5.4, reveal the stabilisation 

of fluorite-structured cubic CeO2 and Pr6O11, respectively, with fcc unit 

cells. No significant differences are observed in crystal sizes, 

presented in Table 5.2, or the distance between atomic planes, which 

means that crystallinity is not an important factor in the discussion of 

the catalytic activity.  

 

 
Figure 5.4. X-Ray diffractograms of the catalysts. 
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Table 5.2. Results of characterisation by XRD and XPS. 

 

 

   The amount of carbonates is determined by XPS analysis of the C 1s 

region, shown in Figure 5.5, and the carbonate percentages are 

included in Table 5.2. The amount of carbonates is higher in the PrOx 

catalysts than in the ceria ones, and is lower in both the ceria and 

praseodymia macroporous samples with regard to the reference 

counterparts. These facts could be related to the basicity of the 

samples. Both strength and number of basic sites are reported to be 

higher in Pr6O11 regarding CeO2 (25 - 27). Since CeO2 has a lower 

basicity than Pr6O11, the possibility of CO2 adsorption and the 

formation of carbonates is alleviated. 

 

Figure 5.5. X-ray photoelectron spectra in the C 1s region. 

   Moreover, the basicity decreases when increasing the M3+ 

concentration (28 - 30) and, consequently, a lower amount of 

carbonates is detected in 3DOM structures as deduced from the M3+ 

Catalysts Crystallite size (nm) Carbonates (%) M3+ (%) Oads/Olatt 
Ce-ref 21 12.1 34.4 0.23 

Ce-macro 26 7.7 35.4 0.75 
Pr-ref 26 22.5 33.5 1.86 

Pr-macro 26 20.3 52.6 2.01 
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percentages included in Table 5.2 and obtained from XPS analysis of 

the 3d region of Ce and Pr (presented in Figure 5.6). A surface 

enrichment of M3+ ions is observed in the macroporous catalysts in 

comparison with the reference materials, denoting a surface oxygen 

deficiency in Ce-macro and Pr-macro. This fact is also corroborated by 

XPS analysis of the O 1s region, shown in Figure 5.7, and by the 

Oads/Olatt ratio, included in Table 5.2.  

 
Figure 5.6. X-ray photoelectron spectra in the range of Ce 3d (bottom X axis) and Pr 3d (top X 

axis). 

   The Oads/Olatt ratio is higher in the macroporous samples since Oads 

species are usually present at the oxygen vacancies and thus, a large 

amount of Oads species implies a higher oxygen vacancy density. The 

higher surface oxygen vacancies in macroporous samples could be 

ascribed to the O2-poor environment created during PMMA 

combustion (31, 32). It is well accepted that the presence of oxygen 

vacancies is favourable for the improvement in reducibility. 

Consequently, an improved reducibility could be expected in 

macroporous samples and in Pr-based samples according with the 

Oads/Olatt ratio. 
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Figure 5.7. X-ray photoelectron spectra in the range of O 1s. 

5.3.1.3. Catalysts characterisation by H2-TPR 

   The reducibility and the presence of carbonates and bicarbonates 

was studied by H2-TPR, shown in Figure 5.8. The m/z 44 signal (Figure 

5.8 (a)) reveals the presence of different amounts and strength of basic 

centres. A peak at around 300 ºC is obtained for the Pr-based catalysts, 

whereas the Ce-based ones present only a small desorption peak at 

around 120 ºC, indicating lower and weaker basicity. In both cases, this 

peak decreases in the macroporous samples according with 

observations from the previous sections. The reduction of the 

catalysts was followed by the m/z 18 signal, included in Figure 5.8 (b). 

As expected, Pr-based catalysts are reduced at lower temperature and 

in higher extent than the Ce-based ones, which is in agreement with 

the higher reduction potential of the Pr4+/Pr3+ pair. Bulk Pr4+ is 

reduced to Pr3+ between 400 – 600 ºC, whereas bulk Ce4+ is reduced to 

Ce3+ at temperatures higher than 860 ºC. Peaks at lower temperatures 

are observed for macroporous samples. A peak at around 500 ºC 

appears in CeO2, attributed to surface ceria reduction and another one 

around 250 ºC in the Pr-based catalysts. This improved reducibility is 
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expected to improve the active oxygen generation and, consequently, 

the catalytic combustion of soot. 

 
Figure 5.8. Temperature programmed reductions with H2 (a) m/z 44 signal and (b) m/z 18 signal. 

 

5.3.2. Reactivity 

   Catalytic soot combustion experiments were performed in O2/N2 and 

NO/O2/N2. The combustion curves are shown in Figure 5.9 and the 

T50% temperatures and the CO selectivities are included in Table 5.3. 

 

(a) 

(b) 
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Figure 5.9. Soot combustion experiments under (a) a 5% O2 in N2 atmosphere and (b) a 500 ppm 

NO and 5% O2 in N2. 

 

Table 5.3. T50% temperatures and CO evolved with regard to total COx (the sum of evolved CO 

and CO2) in soot combustion experiments. 

Catalyst 
T50% (°C) in 

O2/N2 
CO (%) in 

O2/N2 

T50% (°C) in 
NO/O2/N2 

CO (%) in 
NO/O2/N2 

Pr-ref 582 21.4 561 26.1 
Pr-macro 561 19.3 510 20.6 

Ce-ref 582 16.6 568 34.5 
Ce-macro 576 29.0 530 46.0 

No catalyst 600 59.8 606 63.7 
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   The conversion curves confirm that the macroporous catalysts 

accelerate soot combustion much better than the reference ones. The 

reference catalysts, Ce-ref and Pr-ref, present similar catalytic 

activities in absence of NOx in spite of the different reducibility and 

oxygen vacancies concentration of both oxides. This fact can be 

explained by considering that the “active oxygen” production is 

affected by the catalytic reducibility and it must be transferred from 

the catalysts’ surface to the soot particles. The limited contact points 

between soot and catalyst in both reference samples hinders the active 

oxygen transfer and, thus, similar activities are obtained in spite of the 

different active oxygen generation. 

   The contact is improved by the development of 3DOM structures, 

improving the combustion activity. However, the enhancement is 

more significant in the Pr-macro catalyst, which can be explained on 

the base of its redox properties and its well-developed 3DOM 

structure. This sample presents lower B. E. T. surface area than Ce-

macro, but not only surface area is important but also the pore size 

distribution, since the accessibility of soot to the surface area is a 

critical factor. According to N2-isotherms, in Figure 5.2, and pore size 

distribution, in Figure 5.3, Ce-macro provides higher porosity in the 

microporosity and mesoporosity range, while in Pr-macro a higher 

volume of macropores is obtained and consequently, despite the lower 

surface area, the surface area accessible to soot is improved in the Pr-

macro sample. 

   Catalytic soot combustion tests were also performed in presence of 

NOx and the results are presented in Figure 5.9 (b). A considerable 

activity enhancement is observed for all catalysts, and a significant 

decrease of the temperature for 50% soot combustion (T50%) is 

observed in presence of NOx (Figure 5.10). This decrease is higher in 

Pr-based catalysts, especially in the case of Pr-macro. The 
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macroporous structure also has an important role in this 

improvement. Note that the T50% temperature achieved by the most 

active catalyst (Pr-macro; T50% = 510°C) is similar to that of the best 

catalyst prepared and tested in this thesis so far (SrTi-macro; chapter 

3).  

 

Figure 5.10. Comparison of soot combustion in absence and presence of NO (T50% is the 

temperature where 50 % of soot is oxidised in experiments shown in Figure 5.9). 

   The oxidation of NO to NO2 was studied in catalytic experiments 

performed both with and without soot, and NO2 curves are included in 

Figure 5.11. The catalytic activity for NO oxidation to NO2 is higher for 

Pr-based catalysts, and the macroporous structure does not affect NO 

oxidation significantly. The H2-TPR characterisation (Figure 5.8) of the 

ceria and praseodymia catalysts show that the Pr-based ones can be 

easily reduced, both surface and bulk, when compared with the Ce-

based catalysts and this would be related with the enhanced NO 

oxidation capacity.  

   This improvement in the NO oxidation capacity can be correlated to 

the “active oxygen” production, which can be easily transferred to the 

gas-phase NO. Therefore, PrOx loses the oxygen at relatively low 

temperatures and that could be responsible for the enhanced NO 

conversion into NO2. NO2, once is produced reacts with soot, as 
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deduced comparing Figures 5.11 (a) and 5.11 (b), where the NO2 

profiles obtained in catalytic experiments without and with soot are 

compiled. Pr-based catalysts are more efficient in the combustion of 

soot in presence of NO2 due to their higher ability to oxidise NO to NO2. 

    

 
Figure 5.11. Oxidation of NO to NO2 in catalytic experiments performed without soot (a) and with 

soot (b). 

   Regarding the effect of the macroporous structure in soot 

combustion in presence of O2 and NOx, the explanation is more 

complex, since the structure does not affect NO2 production. The 

macroporous structure improves the soot-catalyst contact and, 

therefore, the active oxygen mechanism is more efficient. NO2 

contributes to the creation of active oxygen together with O2. NO2 can 

either travel in the gas phase and react directly with soot or can be re-
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adsorbed on the catalyst’s surface yielding NO and active oxygen (18 - 

21). Thus, NO2 is an efficient way not only for direct soot oxidation but 

also for active oxygen production, and that is why the macroporous 

structure is very positive for soot combustion also in the presence of 

NOx, because NO2 improves the active oxygen production and the 

macroporous structure enhances its transfer from catalyst to soot. 

   The deactivation of the catalysts after consecutive soot combustion 

cycles was evaluated performing four consecutive cycles, and the 

T50% of each one is included in Figure 5.12. A loss of activity is 

observed in all catalysts after the first combustion cycle, either for 

reference and macroporous catalysts. Nevertheless, once the activity 

is stable, Pr-macro keeps better activity than Ce-macro. This fact is a 

promising result for the practical utilisation of this novel material.

 
Figure 5.12. T50% for consecutive soot combustion cycles performed with 500 ppm NO and 5% 

O2 in N2. 

   The activity decrease of ceria catalysts during soot combustion 

experiments has been already reported, and two arguments can be 

appealed to explain this partial decrease. It is known that pure ceria 

sinters at high temperature (22), and this could partially justify the 

activity loss observed in Figure 5.12. It is also accepted that the 

catalytic oxidation of NO to NO2 is an important step in the catalytic 
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oxidation of soot and that the catalytic oxidation of NO can involve 

both hydroxyls groups and surface oxygens on the ceria catalyst (33). 

Modifications in this surface chemistry could also explain the partial 

decrease of the catalytic activity on consecutive soot combustion 

cycles. 

 

5.4. Conclusions 

   Macroporous PrOx has been synthesised and tested for the first time 

for soot combustion. Its catalytic behaviour has been compared with 

macroporous and reference ceria and also with a non-structured PrOx. 

According to the results and the discussion above, the following 

conclusions can be drawn: 

• A well-defined macroporous structure with a high volume of 

macropores has been obtained in the Pr-macro catalyst, which 

significantly enhances the catalyst-soot contact and, thus, the 

catalytic activity. 

• Pr-based catalysts are more easily reduced than Ce-based 

ones, and the macroporous structure also enhances that 

reducibility. 

• PrOx presents higher ability to oxidise NO to NO2 than CeO2, 

which participates in the generation of active oxygen 

favouring the soot combustion in higher extent.

   Consequently, the macroporous praseodymium oxide presents an 

improved behaviour to generate active oxygen and to transfer it to 

soot, providing an improved performance for the soot combustion 

with regard to ceria. 
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CHAPTER 6. EFFECT OF CuO AND 3DOM 
STRUCTURE ON SOOT COMBUSTION 
PrOX CATALYSTS 
  

6.1. Introduction 

   The vehicles with diesel engines emit, among other pollutants, soot 

and NOx presenting a great challenge in terms of elimination and 

control (1). Soot is usually retained in ceramic filters (2, 3) and further 

oxidised to CO2 (1) with an oxidation catalyst to decrease the 

combustion temperature. It has already been proved that ceria is an 

excellent catalyst to accelerate soot combustion due to its high 

availability of surface oxygen and, hence its capacity to exchange 

oxygen with the gas phase (4). During this oxygen exchange highly 

reactive oxygen radicals are created, usually referred to as “active 

oxygen”, which are highly oxidising and very efficient for soot 

combustion (5). The formation of this active oxygen is further 

enhanced by the addition of smalls amounts of metal, for example Cu, 

which improves the oxygen exchange between ceria and O2 (6). 

Nevertheless, the reaction between active oxygen and soot is limited 

by the solid-solid contact.

   In addition, the soot combustion is enhanced in presence of NOx, 

which is present in the exhaust gases of diesel engines, by the so-called 

“NO2-assisted mechanism” (5). NO2 is more oxidising than NO and O2 
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and so, in presence of NO2 the onset combustion temperature is 

around 250 °C (7). However, NOx emissions from diesel engines are 

typically composed of NO (only 5% of the total NOx emissions is NO2) 

(5), and to enhance the soot combustion by this mechanism, NO has to 

be oxidised to NO2. In this sense, ceria catalyses the oxidation of NO to 

NO2, which could directly react with soot improving the soot 

combustion due to the better gas-solid contact in comparison with the 

solid-solid one needed for the active oxygen mechanism or could be 

re-adsorbed on ceria generating more active oxygen by the 

decomposition of nitrogen-containing groups and, consequently, 

contributes to a greater extent to soot oxidation (8). 

   Active oxygen is more oxidant than NO2 and, therefore, it is desirable 

to enhance this contribution. In order to increase the effectiveness of 

the active oxygen combustion, either created by O2 or by NO2, a good 

solid-solid contact between soot and catalyst is required (9). In this 

sense, the use of ceria with three-dimensionally ordered macroporous 

structure (3DOM) greatly improves the soot combustion due to the 

improvement of such solid-solid contact (9). 

   Akin ceria, praseodymia can adopt oxygen-deficient stoichiometries 

and the Pr4+/Pr3+ pair has a greater reduction potential than the 

Ce4+/Ce3+ pair. It has been demonstrated that PrO2-x provides a good 

response in the soot combustion at low temperatures in presence of 

O2 (10), even slightly better than zirconia-doped ceria catalysts, 

probably because of the ease reducibility of the Pr4+ cations on the 

surface compared to Ce4+. These Pr3+ cations are responsible for the 

activation of oxygen on the surface, probing that praseodymia 

participates actively in the active oxygen-assisted soot combustion 

(10).  
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   As was observed on chapter 5, pure praseodymia presents an 

important ability for the NO2 production in presence of NO, greater 

than ceria, which accelerates to a greater degree the combustion of 

soot. Furthermore, it was demonstrated that 3DOM structure 

improves the active oxygen generation and its transfer to soot with 

regard to non-structured praseodymia or even 3DOM ceria. The goal 

of this chapter is to analyse the effect of copper and 3DOM structure 

in the PrOx-catalysed combustion of soot. 

 

6.2. Experimental 

6.2.1. Catalysts preparation 

   The macroporous catalyst used in the present chapter (Pr-macro) 

was obtained by infiltration of the metal precursor in a PMMA colloidal 

crystal template, as described in chapter 2, section 2.1.3. The reference 

material (Pr-ref) was prepared by conventional calcination of the 

metal precursor as detailed in the same section. Copper-doped 

catalysts (CuPr-macro and CuPr-ref) were obtained by excess solvent 

impregnation of the praseodymia supports with an ethanol solution of 

copper nitrate, as described in chapter 2, section 2.1.3. 

 

6.2.2. Catalysts characterisation 

   The morphology of the catalysts was observed by FESEM. The 

porosity of the catalysts was characterised by N2 physisorption at -196 

°C, mercury porosimetry and helium density. Crystalline structure was 

studied by XRD. The crystallite sizes were calculated using the 

equations of Scherrer and Williamson-Hall. The composition of the 

catalyst was determined by Micro-XRF. The reducibility of the samples 

was studied by H2-TPR. The XPS technique was used to study the 



 
Chapter 6. Effect of CuO and 3DOM structure on soot combustion PrOx catalysts 

166 
 

surface of the catalysts. All these experimental techniques and the 

experimental conditions used were previously described in detail on 

chapter 2, section 2.2.  

6.2.3. Catalytic tests 

   Catalytic soot combustion experiments at programmed temperature 

were performed in a fixed-bed tubular reactor with two different gas 

mixtures: 5% O2/N2 and 500 ppm NO/5% O2/N2; described in detail 

in chapter 2, section 2.3.1. 

 

6.3. Results and discussion  

6.3.1. Catalysts characterisation 

6.3.1.1. Characterisation by FESEM, N2 adsorption- 
desorption at -196 °C, He density and mercury 
porosimetry 

   FESEM images of Pr-macro and Pr-ref are shown in Figure 6.1, 

where, as was described in the previous chapter, significant 

morphological differences are observed. A high-quality three-

dimensionally ordered structure formed by an ordered network of 

macropores (Figure 6.1 (a)) is exhibited in the Pr-macro catalyst, 

consequence of the synthesis with the PMMA template (Figure 2.1). On 

the other hand, the Pr-ref catalyst presents a closed, compact structure 

(Figure 6.1 (b)). As observed in previous chapters, the macropore 

sizes of Pr-macro decrease with regard to the average size of PMMA 

microspheres, of 200 nm, due to the shrinking of these microspheres 

during the calcination process. 
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Figure 6.1. FESEM images of (a) Pr-macro and (b) Pr-ref. 

 

   These morphological differences strongly affect the porosity of the 

catalysts as observed by N2 adsorption-desorption isotherms at -196 

°C, shown in Figure 6.2.  

(a) 

(b) 

1 µm 

 

1 µm 

 

100 nm 
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Figure 6.2. N2 adsorption-desorption isotherms at -196 ºC of the catalysts. 

   All catalysts exhibit a type II isotherm which, according with the 

IUPAC classification, are characteristics of non-porous or 

macroporous solids. The low N2 adsorption at low relative pressures 

denotes low microporosity, whereas the adsorption and the hysteresis 

loop at intermediate or high relative pressures suggest the existence 

of both mesopores and macropores. It must be noticed that the 

stronger and faster adsorption at high relative pressures of Pr-macro 

denotes the presence of higher volume of macropores, as observed by 

FESEM. In turn, the deposition of copper oxide particles on the 

praseodymia supports provokes a different effect on the porosity 

depending on the sample and the porosity range. In both Pr-macro and 

Pr-ref adsorption curves, the loop appears at 0.3 – 0.4 relative 

pressure, indicating the presence of certain narrow mesoporosity. 

   After CuO deposition, in CuPr-macro and CuPr-ref, the loop begins at 

higher relative pressures (0.6 – 0.7), while the adsorption at 

intermediate relative pressures decreases, which suggests 

mesoporosity blockage upon CuO nanoparticles loading. Regarding 

the wider porosity, the CuO particle deposition induces a strong 

decrease in the N2 uptake at high relative pressures in Pr-macro, 
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suggesting the presence of a lower amount of macropores. This 

indicates that, in the case of the CuPr-macro catalyst, the CuO particles 

are distributed throughout all the porosity range of the praseodymia 

support blocking part of the created 3DOM structure.  

   On the contrary, an increase in N2 uptake occurs in Pr-ref after 

impregnation with copper. The porosity created in Pr-based catalysts 

could remain closed due to the accumulation of carbonates and/or 

bicarbonates. Part of these carbonates/bicarbonates are removed 

after copper impregnation due to the slightly acid pH (pH = 5.5) of the 

copper nitrate solution used for impregnation, which would favour the 

release of CO2 chemisorbed on the solid opening of the porosity, as in 

the case of Pr-ref. In CuPr-macro, the porosity opening by the removal 

of carbonates/bicarbonates occurs simultaneously with the porosity 

blockage by the deposition of CuO particles, the later effect being more 

significant. 

   The B. E. T. surface areas, included in Table 6.1, are consistent with 

the above described porosity opening and blockage. These areas were 

3 and 6 m2/g for Pr-ref and CuPr-ref respectively, that is, part of the 

closed porosity by carbonates/bicarbonates is opened upon 

impregnation. On the contrary, the areas of Pr-macro and CuPr-macro 

were 10 and 9 m2/g, which means that part of the porosity of Pr-macro 

is blocked by the copper species loaded to obtain the copper-

containing catalyst. 

Table 6.1. Results of the catalysts characterisation by N2 physisorption at -196 °C, He density and 

mercury porosimetry. 

Catalyst B. E. T. Surface Area (m2/g) He density (g/cm3) Vmacro (cm3/g) 
Pr-ref 3 6.3 0.09 

Pr-macro 10 6.6 0.29 
CuPr-ref 6 6.9 0.26 

CuPr-macro 9 6.9 0.29 
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   Mercury porosimetry and helium density corroborate these 

observations. Pore size distributions are shown in Figure 6.3. As 

expected, both Pr-macro and CuPr-macro present a well-defined peak 

for pore diameter around 80 nm. The amount of pores between 50 and 

200 nm of diameter decreases after copper impregnation due to the 

blockage by the deposition of CuO particles in the porosity. On the 

contrary, the reference catalysts present a peak around 700 nm 

ascribed to interparticular spaces. 

 

 
Figure 6.3. Pore size distribution determined by mercury porosimetry. 

 

   Regarding to helium density measurements, included in Table 6.1, 

the density values of Pr-macro and Pr-ref are lower than the expected 

one, which for bulk Pr6O11 is 6.9 g/cm3 (11), denoting the existence of 

closed porosity inaccessible neither for He in density measurements 

nor for N2 during adsorption-desorption at -196 °C. This difference in 

densities is greater in the case of Pr-ref, which indicates the existence 

of greater closed porosity and, apparently, a greater amount of 

carbonates/bicarbonates in this case. The increase of the density up to 

the theoretical value after copper impregnation confirms that the 
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closed porosity gets open due to the elimination of 

carbonates/bicarbonates. 

 

6.3.1.2. Catalysts characterisation by XRD, Micro-XRF 
and XPS 

   The crystalline structure of the catalysts was characterised by XRD 

and the diffractograms are presented in Figure 6.4. the diffractograms 

reveal the stabilisation of fluorite-structured cubic Pr6O11 in all 

catalysts (JCPDS 42-1121).  

 

 

Figure 6.4. X-Ray diffractograms of the catalysts. Indexed peaks belong to the Pr6O11 phase and 

arrows to CuO. 

 

   In turn, the lattice parameters, included in Table 6.2, are very similar 

and consistent with the value reported in the JCPDS database (0.5467 

nm) (12) suggesting that PMMA template does not affect the primary 

crystals of Pr6O11 and that copper is not introduced into the 

praseodymia lattice. As consequence, upon copper loading, broad and 
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not very well-defined peaks of CuO are observed at characteristic 2θ 

angles (35.5° and 38.8°), suggesting a high dispersion of copper oxide 

on the catalysts surface. Surface accumulation of copper favours the 

blocking of the porosity observed by N2-adsorption. 

 

Table 6.2. Results of the catalysts characterisation by XRD and Micro-XRF. 

Catalyst 

Fluorite 
lattice 

constant 
(nm) 

Fluorite 
crystallite size 
Scherrer (nm) 

Fluorite 
crystallite size 

W-H (nm) 

Total Cu by 
Micro-XRF 

(%) 

Pr-ref 0.5459 26 29 - 
Pr-macro 0.5465 26 30 - 
CuPr-ref 0.5468 25 28 2.5 ± 0.1 

CuPr-macro 0.5462 29 31 3.3 ± 0.2 

 

 

   The crystal sizes obtained for the Pr6O11 phase, included in Table 6.2, 

are quite similar in all samples (28 – 31 nm) suggesting again that the 

presence of the PMMA template does not affect the primary crystals. 

Minor differences are observed between values obtained with the 

Scherrer’s and Williamson Hall’s equations (Table 6.2), suggesting 

that, in this case, crystal strain has a minor contribution to XRD peaks 

broadening, ruling out the incorporation of copper cations into the 

praseodymia support lattice.  

   The surface chemistry of the samples was analysed by XPS and 

Figure 6.5 shows the O 1s, Pr 3d and C 1s spectra of the Pr-based 

catalysts.  
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Figure 6.5. X-ray photoelectron spectra in the regions of (a) Pr 3d, (b) O 1s, (c) C 1s and (d) Cu 

LMM Auger range. 

 

   Two sets of signals are observed in the Pr 3d region, one centred at 

binding energies between 924 – 937 eV assignable to Pr 3d3/2 and the 

other centred at binding energies between 943 – 960 eV, assignable to 

Pr3d5/2. These regions could be decomposed into seven peaks 

organised, according to the literature, into 3 spin-orbit split doublets: 

a-b, a’-b’ and a’’-b’’ (13). The direct peak association and quantification 

of Pr3+ and Pr4+ species is not possible. Doublets a-b and a’-b’ are 
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present in both pure Pr3+ (Pr2O3) and Pr4+ (PrO2) oxides. However, a’’ 

and b’’ peaks are exclusively observed in PrO2 and thus, ascribed to 

Pr4+ (13 - 15). Borchert et al. have observed that a’’ decreases after 

reduction with CH4 whereas a’ and a peaks remain almost constant. At 

this way, the Pr3+ amount could be estimated considering the peak 

area ratio of a’’/a’ by the empiric equation of Borchert et al. (13). This 

equation could be used in the cases of Pr-ref and Pr-macro, but not for 

the copper-containing ones in which Cu 2p signals appear at around 

930 – 937 eV and, consequently, overlap with the a’ peak. 

Nevertheless, this equation could be reformulated and referred to the 

a’’/a peak area ratio and, thus, the Pr3+ amount in copper-containing 

catalysts could be estimated by the following equation: 

 

𝑃𝑟3+(%) = 100 · (1 −
1

0.62
·
𝑎′′

𝑎
) 

 

   Results of the above equation are collected in Table 6.3. Pr3+ (%) 

values obtained using the proposed equation are very closed to the 

data obtained with Borchert et al. one, with an error lower than 4 %, 

verifying the validity of the proposed equation to estimate the 

oxidation state of the praseodymium cations in copper-containing 

catalysts. Moreover, a decrease of a’’ and b’’ peak area (peaks ascribed 

to Pr4+) is observed in the trend Pr-ref ˃ Pr-macro ˃ CuPr-ref ˃ CuPr-

macro. These peaks almost disappear in the case of CuPr-macro 

denoting and enrichment of low oxidation state praseodymium 

cations on the surface, which corroborate the % Pr values obtained 

with the proposed equation. The theoretical average valence of Pr in 

Pr6O11 is 3.66. Therefore, the spectral region of Pr must be composed 

by a mixture of 66.7% Pr4+ and 33.3% Pr3+ (16).  



 
6.3. Results and discussion 

175 
 

Table 6.3. Surface characterisation by XPS. 

Catalysts Pr3+ (%)1 Pr3+ (%)2 % Ccarbonates3 Oads/Olatt 

Pr-ref 33.5 33.4 22.5 1.86 
Pr-macro 52.6 50.4 20.3 2.01 
CuPr-ref - 76.7 17.2 2.21 

CuPr-macro - 85.6 15.9 2.57 
1 % of Pr3+ determined by Borchert et al. equation (13); 2 % of Pr3+ determined by the proposed 

equation; 3 % of Peak at 289.2 eV. 

   The percentage of Pr3+ agrees with the theoretical values in Pr-ref 

catalyst, as deduced from Table 6.3. However, a higher percentage is 

obtained in Pr-macro, denoting a surface oxygen deficiency in this 

case. This higher surface oxygen vacancies in the macroporous 

samples could be ascribed to the utilisation of PMMA template. The 

PMMA template leads to the creation of a higher population of oxygen 

defects on the PrOx than direct calcination of the metal precursors 

because an O2-poor environment is expected during calcination due to 

oxygen consumption by PMMA combustion and external O2 diffusion 

restrictions inside the solid (17).  

   This oxidation of the praseodymium precursors in an O2-poor 

environment could improve the creation of oxygen vacancies on the 

metal oxide (18). The percentage of Pr3+ increases with the presence 

of copper and, again, this percentage is higher in the case of the 

macroporous sample due to the effect of PMMA combustion. It is well 

known that the addition of copper to ceria enhances the redox 

behaviour, the ceria reducibility and the oxygen storage capacity and 

the thermal stability of ceria (19). Similar results could be expected in 

copper-doped PrOx and, consequently, the high surface enrichment in 

Pr3+ observed by XPS in copper-containing catalysts might be due to 

the surface enrichment in Pr3+ ions and/or to the self-reduction of the 

sample under ultra-high vacuum (cs. 10-9 mbar) in the XPS chamber 

(20, 21) due to the improved reducibility of praseodymia in the 

presence of copper. 
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   These conclusions were corroborated analysing the O 1s region, 

shown in Figure 6.5 (b). This region could be decomposed in three 

components at binding energies of 528.3, 531.1 and 533.1 eV 

respectively, which were attributed to surface lattice oxygen (Olatt), 

adsorbed oxygen species (Oads, e. g. O-, O2
2- or O2

-) and adsorbed 

molecular water, respectively. An additional peak at 529.3 eV is 

observed in copper-containing catalysts, which was ascribed to CuO. 

The Cu LMM Auger transition (Figure 6.5 (d)) is centred at about 917.6 

eV, which also supports the presence of CuO. 

   The Oads species are usually present at the oxygen vacancies so, a 

large amount of Oads species implies a higher oxygen vacancy density. 

The surface Oads/Olatt molar ratios of the catalysts are collected in Table 

6.3. Pr-macro has a higher Oads/Olatt ratio than the reference copper-

free catalyst, which corroborates the existence of a greater number of 

superficial oxygen vacancies. In addition, it is observed that, after 

copper deposition, this content increases, mainly in CuPr-macro, 

according with the trend observed in the percentage of Pr3+. It is well 

accepted that the presence of oxygen vacancies is favourable for the 

improvement in reducibility. Therefore, copper-containing catalysts 

are expected to exhibit better reducibility, as will be discussed below. 

   The presence of carbonates/bicarbonates was also pointed out by 

XPS (Table 6.3 and Figure 6.5 (c)). As it was described previously, the 

amount of carbonates/bicarbonates is higher in the case of the 

reference samples regarding the macroporous ones (22.5 and 17.2 vs 

20.3 and 15.9, respectively). It must be noticed that a decrease of the 

surface carbonates/bicarbonates concentration is observed after 

copper impregnation, which corroborates the closed porosity by 

carbonate/bicarbonate hypothesis described above. 
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6.3.1.3. Catalysts characterisation by H2-TPR and Ar-TPD 
   The reducibility of the catalysts was studied by H2-TPR experiments 

and m/z 18 signal profiles, which belong to H2O, are depicted in Figure 

6.6. It must be noticed that changes in m/z 2 signal, corresponding to 

H2, are very small and the reduction events can be hardly studied 

following this signal. That is why, like in the previous chapters, the m/z 

18 signal has been used. 

 
Figure 6.6. Temperature programmed reductions with H2. 

   The m/z 18 signal of copper-free catalysts present two main peaks 

located at 300 °C and between 400 and 600 °C. The first one is 

attributed to the decomposition of praseodymium bicarbonates, 

previously described, observing a larger quantity of bicarbonates in 

the Pr-ref sample compared to Pr-macro. The second peak is 

attributed to the reduction of Pr6O11 to Pr2O3. As was described in 

literature (22), this reduction occurs in two steps: PrO1.83 
480 °𝐶
→     PrO1.61 

 
540 °𝐶
→     PrO1.5 (22). This double peak is similar in intensity and position 

in both Pr-ref and Pr-macro, which denotes a similar reducibility.  

   However, it should be noticed that the intensity of this peak at 480 

°C decreases in the case of the macroporous catalyst due to the greater 

surface reduction observed by XPS. In the copper-containing samples, 



 
Chapter 6. Effect of CuO and 3DOM structure on soot combustion PrOx catalysts 

178 
 

a peak at 290 °C is observed, attributed to the reduction of CuO in 

intimate contact with praseodymia, overlapped with a long tail up to 

400 – 500 °C due to the reduction of copper-catalysed praseodymia, ie 

the reduction of Pr4+ cations that are in close contact with copper 

species. The two typical CuO reduction peaks are not observed in 

Figure 6.6, and instead, a main peak at 290 °C appears ascribed to 

copper-catalysed praseodymia reduction, denoting a good copper 

oxide-praseodymium oxide interaction in both cases. 

   Finally, to corroborate the assignation of the peak at 300 °C to 

bicarbonates, temperature programmed decomposition was 

performed in Ar atmosphere, and results are shown in Figure 6.7.  

 
Figure 6.7. Temperature programmed desorption in Ar (a) m/z 18 signal and (b) m/z 44 signal. 

(a) 

(b) 
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   Note that m/z 18 signal peak at 300 °C, observed in Figure 6.6, is also 

obtained in a non-reducing atmosphere (Figure 6.7 (a)) and is 

accompanied by a release of CO2 (Figure 6.7 (b)), according with 

bicarbonates decomposition. This m/z 18 peak is more intense in Pr-

ref in regard to Pr-macro and practically disappears after copper 

impregnation due to the removal of carbonates/bicarbonates by the 

acidic impregnation solution, which corroborates previous 

observations. 

 

6.3.2. Reactivity 

6.3.2.1. Catalytic combustion of soot with O2 

   Soot combustion experiments were performed under 5% O2/N2, and 

the COx evolution profiles in presence and absence of 500 ppm of NOx 

are shown in Figure 6.8. In addition, the T50% temperatures and the 

CO selectivities are included in Table 6.4.   

 

Table 6.4. T50% temperatures and CO evolved with regard to total COx (the sum of evolved CO 

and CO2) in soot combustion experiments. 

Catalyst 
T50% (°C) 

in O2/N2 
CO (%) in 

O2/N2 

T50% (°C) in 
NO/O2/N2 

CO (%) in 
NO/O2/N2 

Pr-ref 582 21.4 561 26.1 
Pr-macro 561 19.3 510 20.6 
CuPr-ref 571 4.9 530 9.5 

CuPr-macro 568 8.4 517 4.5 
No catalyst 600 59.8 606 63.7 
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Figure 6.8. Soot combustion experiments with (a) 5 % O2 in N2 and (b) 500 ppm NO + 5% O2 in 

N2. 

 

   All catalysts accelerate the combustion of soot with regard to the 

uncatalysed reaction, both in presence and absence of NOx, and the 

catalytic activity depends on the catalyst composition, morphology 

and active surface. Pr-ref is the least active catalyst both in absence 

(Figure 6.8 (a)) and in presence of NOx (Figure 6.8 (b)), while Pr-macro 

is the most active. This denotes that the 3DOM structure improves the 
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catalytic activity. The presence of copper improves the catalytic 

activity in the case of Pr-ref, while in the macroporous catalyst this 

improvement is not observed but, even, a loss of activity is obtained 

regarding the copper-free macroporous catalyst; a fact that occurs 

both in presence and absence of NOx. 

   There are two soot combustion mechanisms to consider, the so-

called “active oxygen” mechanism and the so-called “NO2-assisted” 

mechanism. In the former, in absence of NOx, combustion takes place 

by oxygen species of praseodymia (active oxygen), partially reducing 

the Pr4+ cations to Pr3+, while oxygen vacancies created in the catalyst 

play a bridge role in the capture or transfer of electrons and convert 

molecular oxygen into new active oxygen species to interact again 

with the soot in contact with the interface. Thus, there are two crucial 

stages in this mechanism: the production of “active oxygen” (affected 

by the reducibility of the catalyst) and its transfer from the solid 

catalyst to soot particles (limited by the contact points available and, 

consequently, affected by the surface of the catalyst). Both aspects are 

enhanced in the Pr-macro catalyst: greater is the number of Oads and 

oxygen vacancies (observed by XPS) and the catalyst-carbon contact 

due to the macroporous structure.  

   The presence of copper has several effects: the improvement of the 

reducibility of praseodymia (Figure 6.6) and the modification of the 

textural properties (Figure 6.2 and Table 6.1). In CuPr-ref, both the 

surface and, therefore, the contact with the carbon (due to the 

elimination of carbonates/bicarbonates), as well as the reducibility 

due to the presence of copper, are improved with respect to Pr-ref and, 

consequently, the activity is improved regarding the copper-free 

catalyst. However, the addition of copper to the macroporous catalyst 

produces a macroporosity blockage and, hence, despite the 

improvement of the reducibility and production of active oxygen, the 
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catalyst-carbon contact obtained with the ordered macroporous 

structure is reduced, diminishing the activity of CuPr-macro up to the 

degree of CuPr-ref. According to these results, the catalytic activity for 

soot combustion in 5% O2/N2 follows the trend Pr-macro ˃ CuPr-

macro ~ CuPr-ref ˃˃ Pr-ref. The trend in Oads and reducibility is CuPr-

macro ˃ CuPr-ref ˃ Pr-macro ˃ Pr-ref while in surface is Pr-macro ˃ 

CuPr-macro ˃ CuPr-ref ˃ Pr-ref manifesting that the limiting factor in 

soot combustion is the soot-catalyst contact and the transfer of active 

oxygen from catalyst to soot particles despite the production of active 

oxygen. 

   Also, the effect of NOx in the catalytic combustion of soot was studied, 

performing two type of experiments using a gas mixture with NO + O2. 

The catalytic combustion of soot was studied with soot + catalyst 

mixtures and the catalytic oxidation of NO to NO2 was studied in 

experiments performed only with the catalysts, that is, without soot. 

   In presence of NO, the main NOx present in the residual gas of diesel 

engines, it should be further considered the “NO2-assisted 

mechanism”. If the temperature is high enough (above 300 °C), PrOx is 

able to catalyse the oxidation of NO to NO2, which also participates 

efficiently in the oxidation of soot. As explained in previous chapters, 

in this mechanism two factors must be taken into account: i) the 

produced NO2 is much more oxidising than O2 and NO and could 

directly react with soot solving the problem of poor contact between 

soot and catalyst and ii) NO2 interacts with the catalyst to create more 

active oxygen (23), this is, NO2 is a strong oxidising agent and it is 

postulated that NO2 is able to transfer its oxygen to the catalyst surface 

(8). The desorption of stored oxygen generated by NO2-PrOx reaction 

may also produce active oxygen species which can be transferred to 

the soot surface to accelerate the oxidation, as described for CeO2 (24). 

NO2 profiles in catalytic experiments are depicted in Figure 6.9 (a). In 
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absence of soot, the NO2 profiles increase with temperature until a 

maximum where thermodynamic equilibrium is achieved and, above 

that temperature, the NO2 profiles decrease following 

thermodynamics. Note that praseodymia presents an important 

ability for the NO2 production (10), greater than similar ceria catalysts, 

as was discussed in chapter 5 (40% and 10% at 400 °C for Pr-macro 

and Ce-macro, respectively). 

 

 

   In this sense, it is observed that all catalysts accelerate the 

combustion of soot because NO2 also participates in soot oxidation 

Figure 6.9. NO2 profiles in catalytic experiments performed (a) without and (b) with soot. 
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(Figure 6.8). However, despite all catalysts have the same capacity to 

oxidise NO to NO2 (Figure 6.9 (a)), a different catalytic improvement 

regarding NOx-free experiences is obtained. NOx decreases the T50% 

temperature, shown in Figure 6.10, for all catalysts, but the effect is 

more relevant for Pr-macro, CuPr-ref and CuPr-macro than for Pr-ref. 

It must be noticed that this improvement depends again on the surface 

area and the reducibility of the catalyst. This fact indicates that the 

main pathway is not the direct reaction of NO2 with soot because the 

problem of poor contact between soot and catalyst is not solved, but 

NO2 reacts with PrOx surface creating more active oxygen to react and 

be transferred to soot particles and, consequently, this pathway 

depends on the characteristics of the catalysts. In Pr-ref, the few 

contact points with the soot limit the transfer of this active oxygen, 

limiting its potential of improvement in the presence of NOx (Figure 

6.10). 

 

Figure 6.10. Temperature for 50% soot combustion in experiments performed with and without 

NO in the gas mixture. 

 

   To analyse the reaction of NO2 with soot, the NO2 profiles in presence 

of soot were also recorded and are included in Figure 6.9 (b). Most NO2 

produced by copper-free catalysts is consumed during the reaction 
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with soot. However, despite all catalysts have the same ability to 

produce NO2, as deduced form the profiles in Figure 6.9 (a), in 

experiments with soot, shown in Figure 6.9 (b), the NO2 profiles of 

copper-containing catalysts show higher NO2 concentrations than the 

copper-free counterparts. This fact cannot be explained on the base of 

a lower reaction with soot because a similar improvement in soot 

combustion is obtained in presence of NOx for Pr-macro and CuPr-

macro. It seems more reasonable to think that each NO molecules is 

oxidised several times during the residence time into the catalytic bed. 

Since copper accelerates the NO oxidation to NO2, the catalytic 

oxidation rate of NO to NO2 is faster than the NO2 reduction rate by 

reaction with soot.

   It is known that NO is the main nitrogen-containing product of the 

NO2-soot reaction (8), but the NOx-soot reaction also yields some N2 

(25). To identifiy the NOx reduction by soot, the NOx profiles have been 

included in Figure 6.11.  

 

 

 

   There are not evidences of net NOx removal from the gas stream in 

the 200 – 700 °C range during the catalytic experiments performed 

Figure 6.11. NOx profiles in catalytic experiments performed with (dashed lines) and without 

soot (continuous lines). 
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without soot. This means that NOx chemisorption on the catalysts do 

not occur. However, in presence of soot, all NOx profiles obtained show 

a minimum that must be attributed to NOx reduction by soot, which 

occurs together with soot gasification. Similar NOx reduction is 

detected for all catalysts (around 10%) and, consequently, a similar 

interaction of NO with soot could be deduced. Summarising, similar 

production of NO2 and reduction of NOx is detected in all catalysts 

denoting a similar combustion of soot by direct reaction of NO2 with 

soot. This would mean that the same improvement of the combustion 

of soot in presence of NO with regard to O2 combustion would be 

expected. 

   However, the improvement in Pr-ref by the NOx-combustion is lower 

than expected. This fact manifests that the direct reaction of NO2 with 

soot is not the main pathway in the NO2-assisted combustion of soot 

using PrOx catalysts but the most significant pathway is the NO2 

interaction with the catalyst to create more active oxygen to be 

transferred to the soot particles. The former depends on the NO2 

production and concentration and it is not limited by the soot-catalyst 

contact points, whereas the active oxygen mechanism is strongly 

influenced by these contact points. It is observed that the NO2-assisted 

combustion of soot depends on the surface area and catalyst 

reducibility and not on the NO2 production. In summary, it could be 

concluded that NO2 mainly reacts with PrOx surface creating active 

oxygen that is transferred to soot particles and, consequently, the 

improvement in presence of NO depends on the surface area of the 

support.
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6.4. Conclusions 

   The combustion of soot over 3DOM praseodymia catalysts, with and 

without copper, has been studied and their behaviours have been 

compared with that of similar reference materials without 

macroporous structure, yielding to the following conclusions: 

• The main phase detected by XRD for Pr-macro is Pr6O11 and 

the crystalline parameters are equal to those of a counterpart 

reference catalyst prepared without a defined structure. 

• The 3DOM structure favours the soot-catalyst contact and 

generates a higher surface density of active oxygen (Oads) than 

the non-structured counterparts. Consequently, Pr-macro 

combines a good production of active oxygen and an efficient 

transfer to soot, being a highly active catalyst to accelerate 

soot combustion. 

• Copper impregnation over non-structured PrOx (CuPr-ref) 

enhances the production and transfer of active oxygen to soot, 

improving the activity with regard to copper-free non-

structured PrOx (Pr-ref). However, CuO blocks the porosity of 

the 3DOM structure of PrOx support, hindering the contact 

with soot (CuPr-macro). 

• Soot combustion is accelerated in presence of NOx due to the 

production of NO2 catalysed by PrOx. Once produced, NO2 is 

mostly readsorbed on the surface of the catalysts producing 

active oxygen that must be transferred to soot. For this reason, 

the porosity of the catalysts also plays a relevant role during 

combustion with NOx/O2 since the 3DOM structure improves 

soot-catalyst contact and, hence, the transference of active 

oxygen to soot.
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CHAPTER 7. LANTHANUM 
OXIDES FOR NOx AND SOOT 
ABATEMENT 
 

7.1. Introduction 

   Environmental pollution and its effects over the health of living 

creatures is one of the main important concerns of actual society. An 

important source of pollution are diesel vehicles due to the emission 

of particulate matter and NOx. NOx are involved in different 

atmospheric problems (1 - 3), such as the acid rain and the formation 

of ozone on the troposphere. On the other hand, soot particles can 

cause a variety of health problems like ocular irritation, asthma or 

increasing the incidence of myocardium attacks among others (4). For 

these reasons, different strategies to control their emissions are being 

developed. Soot particles are habitually retained in a ceramic filter to 

be burnt afterwards (5) but, since soot combustion takes place at 

elevated temperatures (6), a catalyst is needed to decrease the 

temperature of ignition. On the other hand, among the possibilities to 

control NOx emissions a good option is the NOx storage and reduction 

(NSR) cycle in which NOx is trapped over a catalyst to be later reduced 

to N2 (7).

   Lanthanum oxide (La2O3) has been studied for a variety of 

applications, including photoelectrochemical cells (8), biomedicine 
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(9) or as a dielectric material for optically active devices (10). As a 

catalyst, La2O3 is employed in diverse reactions such as oxidative 

coupling of methane (11), for soot combustion acceleration and for 

NOx storage (12 - 14). In soot oxidation, it has been used as surface 

promoter to modify the reaction mechanism over CeO2 systems, so it 

involves the formation of carbonates and lowers the oxidation 

temperature (15). However, La2O3 has not only been used as surface 

promoter but also has been tested as support for cobalt and/or 

potassium promoters (12, 13, 16, 17) with promising results for soot 

combustion in oxygen. Furthermore, noble metals supported over 

La2O3 have been reported to favour the decomposition of the adsorbed 

nitrate species although the reaction between soot and adsorbed 

nitrates takes place before they decompose (18). 

   Moreover, La2O3 is an interesting system as a NOx trap. La2O3 

strongly reacts with NO2 yielding surface nitrate species, which 

migrate inside the solid to form a bulk nitrate (14, 18). 

   La2O3 gets hydrated to the bulk when exposed to atmospheric water 

to form lanthanum hydroxide (La(OH)3). Additionally, atmospheric 

CO2 carbonates the lanthanum species, yielding a La(OH)3 nucleus 

coated by a carbonated phase, which could be lanthanum 

oxycarbonate (La2O2CO3), lanthanum carbonate (La2(CO3)3) or a 

partially carbonated hydroxide (13, 19 - 23). This means that the 

nature of the lanthanum-based oxides depends on the working 

temperature and atmosphere due to hydration-dehydration and 

carbonation-decarbonation reactions. La(OH)3 dehydration takes 

place around 350 ºC to yield LaO(OH), which is later dehydrated to 

La2O3 at 500 ºC (21, 23) as follows: 

 

𝐿𝑎(𝑂𝐻)3 → 𝐿𝑎𝑂(𝑂𝐻) + 𝐻2𝑂 
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2𝐿𝑎𝑂(𝑂𝐻) → 𝐿𝑎2𝑂3 +𝐻2𝑂 

 

   On the other hand, the lanthanum hydroxicarbonates are dehydrated 

to La2O2CO3 at temperatures near 350 ºC, which remains stable until 

temperatures above 600 ºC when CO2 release begins (20). 

Furthermore, La2O2CO3 has three possible phases: tetragonal, 

monoclinic and hexagonal, the last one being closely related to 

hexagonal La2O3. The most common polymorph is the hexagonal since 

cubic La2O3 can only be obtained by heating in vacuum (24). The 

monoclinic and hexagonal phases of La2O2CO3 may coexist, while the 

tetragonal phase transforms readily to the monoclinic phase. The type 

of phase obtained depends on the thermal history of the sample and 

the symmetry of the initial material. For example, La(OH)3 is 

hexagonal and both through carbonation and slow heating up to 

dehydration or direct carbonation of La(OH)3 at room temperature 

yields hexagonal La2O2CO3. Also, direct carbonation of hexagonal 

La2O3 at room temperature forms the hexagonal polymorph of 

La2O2CO3.  However, above 550 ºC all La2O2CO3 are in the hexagonal 

form (24). Interestingly, only the hexagonal polymorph of La2O2CO3 is 

active for soot combustion as intermediate carbonate (25) and, 

besides the reported good catalytic activity, both La2O2CO3 and La2O3 

are resistant to sulphur poisoning (26).  

   Other lanthanum compounds interesting for NOx and soot abatement 

are lanthanum cuprates (La2CuO4). These perovskite-like oxides have 

been tested for simultaneous NOx and soot control with positive 

results, especially when lanthanum is partially substituted by 

potassium to increase the number of oxygen vacancies (27). These 

oxides have a perovskite-type structure where trivalent lanthanum 

and divalent copper are stacked in a combination of CuO2 and LaO 

layers following the sequence CuO2-LaO-LaO-CuO2 (28, 29). At room 



 
Chapter 7. Lanthanum oxides for NOx and soot abatement 

194 
 

temperature, the structure of La2CuO4 is an orthorhombic distortion 

of the K2NiF4 structure (28, 30) which suffers a phase transition to a 

tetragonal structure above 257 ºC (31). This phase transition is 

kinetically controlled and, instead of presenting a transition 

temperature, the transformation is reported to take place between 

257 and 417 ºC (31). The structure modification is reversible and 

presents an orthorhombic structure after cooling (31, 32), since there 

is no water loss or any change in the oxidation state or the oxygen 

content (31). It must be noticed that there is a temperature-dependent 

rearrangement of the Cu-O bond at the orthorhombic to tetragonal 

phase transition temperature that ends up in electron delocalisation 

(33). 

   Macroporous La2O3 has already been synthesised (34) as well as 

macroporous La2CuO4 (35) although none of them has been tested for 

soot or NOx abatement. The aim of the present chapter is to synthesise 

macroporous lanthanum oxides, with and without copper, and to test 

the catalytic behaviour for NOx and soot emission control. 

 

7.2. Experimental 

7.2.1. Catalysts preparation 

   The macroporous catalyst used in this chapter (La-macro) was 

obtained by infiltration of the metal precursor in a PMMA colloidal 

crystal template as described in chapter 2, section 2.1.3. The reference 

material (La-ref) was prepared by conventional calcination of the 

metal precursor as detailed in the same section. Copper-doped 

catalysts (CuLa-macro and CuLa-ref) were obtained by excess solvent 

impregnation of the lanthanum-based supports with and ethanol 

solution of copper nitrate as described in chapter 2, section 2.1.3. 
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7.2.2. Catalysts characterisation 

   The morphology of the catalysts was observed by FESEM while the 

porosity was characterised by N2 adsorption-desorption at -196 °C 

and mercury porosimetry. The crystalline structure was studied by 

XRD and the amount of copper loaded to each sample was determined 

by Micro-XRF. The reducibility of the samples was studied by H2-TPR. 

The XPS technique was employed to study the surface of the catalysts. 

All these techniques and the experimental conditions used were 

described in detail on chapter 2, section 2.2. 

7.2.3. Catalytic tests 

   Catalytic soot combustion and NOx chemisorption experiments at 

programmed temperature were performed in a fixed-bed tubular 

reactor with two different gas mixtures: 5% O2/N2 and 500 ppm 

NO/5% O2/N2; described in detail in chapter 2, section 2.3.1. 

   Isothermal NOx storage experiments were carried out in a fixed-bed 

reactor coupled to a mass spectrometer with a gas mixture of 500 ppm 

NO + 5% O2 in Ar. The NSR experiments were performed with 500 ppm 

NO + 5% O2 in Ar injecting H2 periodically, as described in chapter 2, 

section 2.3.2.1.  

 

7.3. Results and discussion  

7.3.1. Catalysts characterisation 

7.3.1.1. Morphology and porosity characterisation by 
FESEM, mercury porosimetry and N2 adsorption-
desorption at -196°C 

   FESEM images of the catalysts are shown in Figure 7.1, where 

significant morphological differences are noticed. The catalyst 
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prepared using PMMA template, La-macro (Figure 7.1 (a)), exhibits a 

porosity left upon template removal, while the reference material, La-

ref (Figure 7.1 (b)), presents a non-porous structure. However, after 

copper doping, the templated catalyst (CuLa-macro) and the non-

templated one (CuLa-ref) show porous morphologies (Figures 7.1 (c) 

and (d)) but neither the ordered structure on the templated supports 

nor the bulky nature of the reference one. The pronounced 

morphology changes on both catalysts suggest the formation of a new 

phase. 

 

 

Figure 7.1. FESEM images of La-macro (a), La-ref (b), CuLa-macro (c) and CuLa-ref (d). 

   The pore size distributions determined from mercury porosimetry 

measurements, which are shown in Figure 7.2, support this 

observation. The macroporosity of the La-macro catalyst created by 

the template-impregnation strategy is confirmed, with a single peak 

with a maximum at 175 nm, while lack of macroporosity is shown in 

the reference counterpart La-ref, as expected.  

(a) (b) 

(c) (d) 

1 µm 1 µm 

1 µm 1 µm 
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Figure 7.2. Pore size distribution determined by mercury porosimetry. 

 

   However, CuLa-ref presents a radical raise of macroporosity in 

comparison with La-ref, with a maximum at 300 nm, and the addition 

of copper to the macroporous catalyst ends up with a widening of the 

pores and a change in the porous structure (peak maximum at 900 

nm). These results support the hypothesis of a change in the type of 

phases created upon copper loading. 

   The study of the porosity of the catalysts was completed by N2 

adsorption-desorption isotherms at -196 °C, which are shown in 

Figure 7.3. All samples present type II isotherms with hysteresis loop 

at intermediate or high relative pressures due to the presence of meso 

and/or macropores. The isotherms show differences both at very low 

partial pressures, corresponding to the micropores filling, and at 

higher pressures corresponding to meso and macropores. The highest 

adsorption at low partial pressures due to microporosity is achieved 

by CuLa-ref, while lowest by La-ref, suggesting important structural 

changes upon copper loading. However, microporosity seems to be 

similar in the templated samples La-macro and LaCu-macro.  
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Figure 7.3. Nitrogen adsorption-desorption isotherms at -196 ºC of the catalysts. 

 

   Surface area of the samples are presented in Table 7.1. These results 

confirm that copper loading to the reference lanthanum material leads 

to the creation of porosity and to surface area increase. However, this 

is not obvious for the macroporous material, suggesting that the 

macroporous structure probably interferes in the change of phase 

upon copper loading, since surface areas are very similar for La-macro 

and CuLa-macro. 

 

Table 7.1. Results of the catalysts characterisation by N2 adsorption -196 °C and mercury 

porosimetry. 

 

 

 

Catalyst SB. E. T. (m2/g) Vmacro(a) (cm3/g) 
CuLa-macro 13 0.47 

CuLa-ref 16 0.78 
La-macro 11 0.70 

La-ref 4 0.29 
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7.3.1.2. Bulk and surface characterisation by Micro-XRF, 
XRD and XPS 
   The copper content on both copper-containing catalysts is 2.8 ± 0.2 

%, as determined by Micro-XRF. 

   The crystalline phases have been characterised by X-ray diffraction, 

and the diffractograms obtained are shown in Figure 7.4. 

 

 

Figure 7.4. XRD diffractograms of the four synthesised samples. 

 

   A complex mixture of phases is observed in all samples. Copper-free 

samples are essentially a combination of hexagonal La2O3 and 

hexagonal La(OH)3, while in copper-containing lanthanum samples 

two additional phases can be appreciated: hexagonal La2O2CO3 and 

orthorhombic La2CuO4. In addition, the presence of a small amount of 

residual CuO cannot be ruled out, since lanthanum hydroxide and 

lanthanum oxide have diffraction peaks very close to the positions 
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where CuO main peaks should be, if present (Tenorite CuO peaks 

appear at 35.5° and 38.8°).  

   The surface of the catalysts has been characterised by XPS in 

different energy ranges, and the O 1s spectra are included in Figure 7.5 

(a). The O 1s spectra of the copper-free samples show three peaks at 

530.5, 531.4 and 532.7 eV respectively, attributed to lattice oxygen 

(16), a mixture of different adsorbed species on the surface (which 

includes CO32-, OH- and O-) (16) and terminal hydroxyl groups (16, 36), 

respectively. 

 

 

    

Figure 7.5. X-ray photoelectron spectra of O 1s (a) and Cu 2p (b) for the lanthanum catalysts. 

(a) 

(b) 
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   The area of the peaks attributed to adsorbed species and terminal 

hydroxyl groups are higher for La-macro than for La-ref. The presence 

of these surface species is related to oxygen vacancies and, as it has 

been previously observed, the template preparation method induces 

the creation of oxygen vacancies due to the O2-poor environment 

created into the solid macroporous structure during the combustion 

of the PMMA template (35). 

   The O1s spectra of the copper-containing catalysts are more complex 

than those of the copper-free catalysts, and an additional peak is 

observed at 528.7 eV that has been assigned to the La2CuO4 perovskite 

(37). The differences in the position and area of this peak in CuLa-ref 

and CuLa-macro can be attributed to differences in the interaction 

between copper and the La species. This interaction also affects the 

position of the lattice oxygen peak and the adsorbed species peaks, 

evidencing a rearrangement of the negative charge density related 

with the presence of the La2CuO4 phase. 

   The differences in the O1s spectra of the CuLa-macro and the CuLa-

ref catalysts are due to the morphological differences of the supports: 

La-macro and La-ref. The macroporosity of La-macro is expected to 

improve the dispersion of the La2CuO4 perovskite phase over the 

surface of the support with regard to La-ref, also promoting the 

interaction.  

   The copper spectra are shown in Figure 7.5 (b), where several bands 

attributed to the 2p1/2 and the 2p3/2 transitions can be observed at 

binding energies between 950 – 956 eV and 930 – 937 eV respectively, 

together with their corresponding satellite peaks, which indicate the 

presence of Cu2+ in both samples. The position of the most intense 

peak in the Cu 2p3/2 region, at about 932.8 eV, confirms the presence 

of lanthanum cuprate (37). These spectra are in agreement to those 

reported previously by other authors (38) for La2CuO4. However, the 
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spectrum of La2CuO4 is very similar to that of CuO, (38) so it is not 

possible to rule out the presence of small amounts of CuO on the 

surface of the catalysts.  

   Finally, the Lanthanum 3d5/2 energy region is shown in Figure 7.6, 

where the samples present two or three pairs of peaks. The peaks at 

higher energies are shake-up satellite peaks, separated 3.5 eV from the 

main peak. These satellite peaks are caused by multiplet splitting (39) 

due to the exchange interaction between the 3d core hole and 4f shell 

of La3+ partially filled (40). 

 

Figure 7.6. X-ray photoelectron spectra of La 3d 5/2. 

 

   The peak at 833.5 eV and its satellite at 836.4 eV are assigned to 

lattice La on La2O2CO3, and is consistent with the presence of 

carbonates in the surface of all the four catalysts (41). However, this 

compound is not detected in the XRD of copper-free samples, so these 

carbonates probably remain on the surface of the catalysts. La2O3 and 

La(OH)3 have similar binding energies, 834.9 and 835.1 eV 

respectively (42, 43), and for sake of clarity are deconvoluted together 
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in spectra of all samples. Copper-containing materials have an 

additional peak at 834 eV and a satellite at 837.6 eV, which are 

assigned to lanthanum interacting with copper and oxygen (37) in the 

La2CuO4 perovskite.  

7.3.1.3. Catalysts characterisation by H2-TPR and Ar-TPD 
   Temperature programmed reduction profiles of the catalysts are 

shown in Figure 7.7. Changes in m/z 2 signal (H2) are too small to 

monitor the reduction, and therefore, the m/z 18 signal, 

corresponding to H2O, is used to follow the reduction events.

 

Figure 7.7. H2-TPR characterisation of the catalysts followed by mass spectrometry. 

 

   H2O release peaks are observed at 270, 350, 525 and 700 °C. Cu2+ 

reduction to Cu0 is postulated to occur in peaks at 270 and 700 °C, the 

former peak being assigned to the reduction of dispersed CuO and the 

latter to La2CuO3 reduction. The area of these peaks suggests the 

presence of a higher proportion of La2CuO3 with regard to CuO on the 

copper-containing catalysts. The slightly difference in the position of 

the peak around 700 °C could be related with the electronic density 
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rearrangement observed by XPS or with the phase transition of 

orthorhombic La2CuO4 to a tetragonal phase when temperature is 

increased. The phase transition is reversible and reported to start at 

about 257 ºC, but is kinetically controlled (31). Possibly the 3DOM 

structure in the CuLa-macro catalyst difficult the phase transition 

while CuLa-ref has no structural impediment and the rearrangement 

of structure can be the cause for the slightly improve in the reducibility 

of copper at elevated temperatures.  

   The peak at about 350 ºC is assignable to La(OH)3 dehydration to 

LaO(OH), which is later dehydrated to La2O3 at 525 ºC (21). The CuLa-

ref second dehydration peak is shifted to lower temperatures, which 

could be related with the phase transition. The CuLa-macro is only 

slightly shifted from the temperatures of the copper-free catalysts, 

which supports the hypothesis of the existence of difficulties in the 

phase transition when the catalyst is structured during the synthesis. 

   The reduction of copper at high temperatures is overlapped with the 

decomposition of carbonates of the La2O2CO3 phase, yielding to La2O3, 

which starts near 600 ºC and continues until 800 ºC (44). The observed 

peaks do not correspond directly to CO2 release, but to the reduction 

of these CO2 to yield CH4 and H2O. The lack of a significant peak in the 

La-ref support is in agreement with its small surface area and 

subsequent small surface carbonation. The La-macro catalyst gives a 

little peak due to the carbonation of the surface while the copper-

containing samples have bigger peaks, according to their higher 

surface area and the presence of La2CuO4 as part of the catalyst’s 

composition. The peak corresponding to CuLa-macro is the highest 

peak, which could indicate a better accessibility to the particles bulk.  

   The dehydration of the samples is corroborated by temperature 

programmed desorption (TPD) experiments, presented in Figure 7.8 

(a). In this case, the m/z 18 and m/z 44 signals have been followed. All 
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samples show two dehydration peaks at 350 and 525 ºC, in accordance 

with those observed in H2-TPR profiles. In addition, decomposition of 

carbonates is observed above 600 °C in signal m/z 44 represented in 

Figure 7.8 (b).

 

 

 

 
Figure 7.8. TPD characterisation of the catalysts. (a) m/z 18 signal and (b) m/z 44 signal. 

 

(a) 

(b) 
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7.3.2. Reactivity 

7.3.2.1. NOx chemisorption 
   Temperature programmed reactions have been performed to 

analyse the NOx chemisorption and desorption capability of the 

catalysts and the results have been included in Figure 7.9.  

 

Figure 7.9. NOx concentration during temperature programmed reactions in a gas mixture with 

500 ppm of NO and 5 % of O2.  

 

   The copper-free catalysts have similar profiles, showing NOx 

chemisorption between 300 and 500 °C. At those temperatures 

La(OH)3 starts to decompose to LaOOH and to La2O3 at higher 

temperature, as described above, allowing NOx chemisorption. The 

reference catalyst presents a slightly better behaviour in spite of its 

lower surface area. This is because lanthanum oxides cannot be only 

nitrated on the surface, but can also form bulk nitrates (18). 

Consequently, the amount of lanthanum oxide significantly affects the 

total chemisorption capacity of the catalysts. According to this, a 

higher carbonation, and then a lower amount of lanthanum as La2O3, 

decreases the storage capacity of a catalyst. The surface of the 

catalysts, as has been commented above, forms a few layers of 
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lanthanum carbonate, which means that less surface is available as 

La2O3, and diminishes the chemisorption capability. Lanthanum 

nitrates can also be formed from reaction of nitrogen oxides with 

lanthanum hydroxide and lanthanum carbonates, but more slowly 

when compared with La2O3. Additionally, has been suggested that 

nitrates formed from carbonates are more easily desorbed than those 

from hydroxides (18).  

   The copper-containing catalysts have quite different behaviours. 

Chemisorption of NOx from 200 ºC is observed on both catalysts, being 

higher for CuLa-macro. Differences could be explained by the 

rearrangement of the Cu-O bond during the La2CuO4 orthorhombic to 

tetragonal phase transition (33), which stimulates electron 

delocalisation and can affect the reaction dynamics. 

   On the other hand, the NOx concentration curves shown in Figure 7.9 

suggest that part of the adsorbed nitrates must have been formed by 

substitution of La(OH)3 and when dehydration begins these nitrates 

are released. The water emission event is overlapped with the 

decomposition of bulk nitrates, which begins at about 350 ºC (18). The 

decomposition of other nitrate species can start between 400 and 500 

ºC (45). 

   The CuLa-macro catalyst exhibits a chemisorption capacity higher 

than CuLa-ref, but it starts later and more slowly, in the same range of 

temperatures where dehydration begins. The maximum of 

chemisorption takes place at about 355 ºC, and then nitrate 

decomposition starts, suggesting that the surface of the catalyst is 

covered by nitrates, adsorbed over La(OH)3 and La2O2CO3 from room 

temperature, and while La(OH)3 dehydrates to LaOOH and further to 

La2O3, nitrates are chemisorbed over the dehydration products into 

the bulk. This behaviour is different from that of CuLa-ref and could be 

explained by the different electronegativities observed by XPS. 
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Possibly, the Cu-O bond together with a better perovskite dispersion, 

is related with an improved interaction in the CuLa-macro catalyst.  

   Figure 7.10 presents the NO2 profiles measured during the 

temperature programmed reactions together with the NOx profiles of 

Figure 7.9.    

 

 

Figure 7.10. NO2 profiles in temperature programmed reactions in presence of 500 ppm of NO 

and 5 % of O2. 

 

   As expected, the formation of NO2 is promoted by copper, and CuLa-

ref shows the highest production among the copper-containing 

catalysts. The lower values obtained with the CuLa-macro catalyst 

with regard to CuLa-ref could mean a smaller NO2 conversion, but also 

a higher NO2 chemisorption as observed in Figure 7.9. The electronic 

rearrangement observed by XPS, together with the dehydration 

events, could reduce the stability of the adsorbed species and then 

clean the surface more easily on the CuLa-macro catalyst, so more 

nitrogen oxide molecules can be chemisorbed. 
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   In order to quantify the amount of NOx chemisorbed by the different 

catalysts, NOx storage experiments have been performed at 400 ºC 

(Figure 7.11) and at 450 ºC, (Figure 7.12), and the results are compiled 

in Table 7.2.  

 

 

Figure 7.11. NOx storage capacity of the copper-containing catalysts at 400 ºC. 

 

   At 400 ºC, only the copper-containing catalysts were studied since, 

according to Figure 7.9, the copper-free counterparts chemisorb few 

NOx at that temperature. Figure 7.11 shows similar storage capacity 

for both copper-containing catalysts, the amount chemisorbed by 

CuLa-ref being only slightly higher. However, at 450 ºC (Figure 7.12), 

the copper-containing catalysts present different storage curves 

where the CuLa-macro catalyst has a higher NOx storage capacity than 

the CuLa-ref one. The performance of this last catalyst is almost equal 

to that of the La-macro catalyst, and higher than La-ref, indicating that 

the induced macroporous structure improves the contact between 



 
Chapter 7. Lanthanum oxides for NOx and soot abatement 

210 
 

surface and reactive molecules and then, improves the storage 

capacity observed on the conventional catalyst.  

 
Figure 7.12. NOx storage capacity of the catalysts at 450 ºC. 

 

   Table 7.2 includes the amounts of NOx stored in experiments 

presented in Figures 7.11 and 7.12. The storage capacity at 450 ºC for 

La-macro and CuLa-ref are quite similar, as expected, while the La-ref 

catalysts is lower. The highest NOx storage capacity belongs to the 

CuLa-macro catalyst at 450 ºC, with a value of 67 µmol/g. All these 

values are very low regarding to those achieved by conventional NSR 

catalysts. For example, platinum-barium catalysts supported on 

alumina have been reported to chemisorb 714 µmol/g at 400 ºC (46). 

Table 7.2. NOx storage capacity of the tested catalysts at different temperatures. 

 

 Temperature (ºC) NOx storage capacity (µmol/g) 
CuLa-macro 450 67 

CuLa-ref 450 59 
La-macro 450 53 

La-ref 450 25 
CuLa-macro 400 24 

CuLa-ref 400 25 
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   Despite this low NOx storage capacity, catalysts based in lanthanum 

compounds could be interesting in practice if the kinetics of the NSR 

cycle are fast enough to allow high NOx conversion. The behaviour of 

the copper-containing catalysts has been tested at 450 ºC in NOx 

storage and reduction cycles were, after 2 minutes of NOx 

chemisorption, hydrogen is periodically injected. These results are 

shown in Figure 7.13.  

 

Figure 7.13. NOx conversion percentage with the CuLa-ref and the CuLa-macro catalysts during 

NSR cycles (5 % O2, 500 ppm NO) with different hydrogen injection frequency. 

 

   During the first two minutes of experiment both catalysts chemisorb 

almost all the NOx fed to the reactor. Afterwards, the periodical 

reduction steps begin. H2 is introduced every minute during the 

following 30 minutes of experiment, where the NOx conversion 

diminishes for both catalysts until the 35 – 45 % respectively. Then, 

reductant feeding frequency changes to 30 seconds, every minute or 

every two minutes in segments of 30 minutes as indicated in Figure 

7.13. As, expected, NOx conversion improves with a higher injection 

frequency and gets worse with more spaced injections. 
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   Interestingly, for every frequency an equilibrium state, where the 

NOx molecules chemisorbed in the previous oxygen rich step are 

reduced, is achieved. It must be noticed that during the first segment 

of injections both catalysts lose activity, suggesting irreversible NOx 

chemisorption and then a blockage of active sites.  

   However, when the frequency of the injections increases the NOx 

conversion is enhanced, but specially for CuLa-ref in which the 

conversion is close to 90 %. Moreover, when increasing the injection 

frequency after larger ones, the conversion reaches the equilibrium 

values obtained earlier in the experiment indicating that catalysts do 

not deactivate by irreversible chemisorption and a frequent H2 

injection cleans the surface, reducing the stored NOx.  

   These tests also suggest that both catalysts accept working in 

variable conditions, and hence allow reaching an optimum point 

between high conversion and price of the process.  The CuLa-ref 

catalyst shows a better performance than CuLa-macro, even when 

previous experiments proved CuLa-macro chemisorbs higher amount 

of NOx than CuLa-ref. However, according to Figures 7.9 and 7.10, at 

450 ºC CuLa-ref releases more easily NOx and NO2 than CuLa-macro. 

The stronger chemisorption of NOx over CuLa-macro explains its 

worse performance regarding CuLa-ref, which has lower storage 

capacity. 

 

7.3.2.2. Catalytic soot combustion 
   Finally, soot combustion experiments have been made with all four 

catalysts under two gas mixtures with O2/N2 and NO/O2/N2. Figure 

7.14 shows the soot conversion profiles in experiments performed in 

presence of NOx and the T50% temperatures and CO selectivities are 

included in Table 7.3. Note that the release of COx during combustions 
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in the presence of La-samples requires higher temperature than the 

uncatalysed curve to achieve 100% COx emission, because part of the 

CO2 produced as soot combustion product is chemisorbed on the La 

species, and is released above 600 °C, as observed in the TPD 

experiments (Figure 7.8 (b)). 

 
Figure 7.14. Soot combustion experiments in 500 ppm NO + 5% O2 and N2. 

Table 7.3. T50% temperatures and CO evolved with regard to total COx (the sum of evolved CO 

and CO2) in soot combustion experiments with 500 ppm NO + 5% O2 + N2. 

Catalyst T50% (°C) CO (%) 

La-macro 587 29.2 
La-ref 604 33.9 

CuLa-macro 544 3.7 
CuLa-ref 548 3.4 

No catalyst 606 63.7 
 

   La-ref has not catalytic activity, since its combustion curve is very 

similar to that of the uncatalysed soot combustion profile, while the 

other three materials decrease the soot combustion temperature. La-

macro has catalytic activity, indicating that the macroporous structure 

favours the combustion of soot in comparison with the La-ref sample, 

with uncontrolled morphology. This improvement has been attributed 

to the improved soot-catalyst contact. La2O3 has been reported to take 

part in soot combustion through the formation of a hexagonal 
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La2O2CO3 intermediate consuming carbon from the soot (17, 47). 

Afterwards, these carbonate species decompose releasing CO2 and 

leaving available La2O3 to react again with carbon.  

   The highest soot combustion activity is obtained with the copper-

containing catalysts, both catalysts presenting similar activity. As it is 

demonstrated afterwards, this is attributed to the participation of the 

NO2-assisted soot combustion mechanism. 

   In order to analyse the role of NO2 in the combustion of soot, 

combustion experiments have been performed in absence of NOx and 

the results obtained are shown in Figure 7.15. The T50% 

temperatures and the CO selectivity values are compiled in Table 7.4.  

 

Figure 7.15. Soot combustion experiments in 5% O2/N2. 

Table 7.4. T50% temperatures and CO evolved with regard to total COx (the sum of evolved CO 

and CO2) in soot combustion experiments with 5% O2 + N2. 

Catalyst T50% (°C) CO (%) 

La-macro 595 32.9 
La-ref 599 28.1 

CuLa-macro 585 3.2 
CuLa-ref 587 2.3 

No catalyst 600 59.8 
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   The catalytic activity of all materials tested are very low or null in the 

absence of NOx, confirming the important role of NOx in the catalytic 

combustion of soot and the little contribution of the La2O2CO3-

intermediate mechanism. 

   It has been reported that La2CuO4 is able to exchange lattice oxygen 

with molecular O2 (48), but the contribution of this exchange process 

to soot combustion, as reported for ceria (49, 50), is not relevant for 

La catalysts. It has been also reported that the adsorption of O2 over 

La2O3 is dissociative (45), but adsorbed oxygen is not active for soot 

combustion.  

   The catalytic soot combustion both in presence and absence of 

nitrogen oxides has been compared using the temperature for 50% of 

soot conversion (T50%), and the values are shown in Figure 7.16.  

 
Figure 7.16. Temperature for 50% soot combustion in experiments performed with and without 

NOx in the reaction atmosphere. 

   The uncatalysed reaction shows a slightly higher T50% temperature 

in presence of NOx, attributed to the blockage of unsaturated carbon 

sites because of chemisorption of nitrogen oxides (51, 52), which 

interfere with oxygen chemisorption which is the main oxidising 

molecule in this case.  The same behaviour is observed in the presence 

of La-ref, while La-macro shows little activity in the absence and 
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presence of NOx. The lowest T50% values are obtained with the 

copper-containing catalysts tested in the presence of NOx, as 

previously described, the T50% temperatures obtained with CuLa-

macro (544 °C in NO/O2/N2) being slightly lower to those of CuLa-ref 

(548 °C in NO/O2/N2). These values are higher to those of the best 

catalysts prepared and tested in this thesis (510 °C for SrTi-macro in 

chapter 3 and Pr-macro in Chapter 5) 

   In order to analyse the role of NO2 in the catalytic combustion of soot, 

NO oxidation to NO2 has been monitored during the soot combustion 

experiments included in Figure 7.14, and the NO2 profiles obtained are 

plotted in Figure 7.17. 

 

Figure 7.17. NO2 profiles in catalytic soot combustion experiments performed in 500 ppm of NO 

and 5 % O2 in N2. 

   All catalysts accelerate NO oxidation to NO2, as observed in the 

curves obtained without soot (Figure 7.10), and part or all this NO2 is 

consumed in the presence of soot confirming the important role of the 

NO2-assisted mechanism. 
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   The T50% for soot combustion in presence and absence of NOx in 

both copper-containing catalysts is quite similar, being the values of 

CuLa-macro slightly lower. The NO2 profile of the CuLa-macro catalyst 

shows a smaller NO2 emission than that of the CuLa-ref catalyst both 

in presence (Figure 7.17) and in absence (Figure 7.10) of soot. The 

lower values could mean a smaller NO2 conversion on the CuLa-macro 

catalyst but also, and most probably in this case, a higher NO2 

chemisorption on the surface. The electronic rearrangement observed 

by XPS could reduce the stability of the adsorbed species and then 

clean the surface more easily on the CuLa-macro catalyst so more 

nitrogen oxide molecules can be chemisorbed and used for another 

soot combustion cycle.  

   The stability of the catalysts has been tested along four consecutive 

soot combustion cycles in NO/O2/N2 atmosphere and the T50% 

temperature of each combustion experiment is included in Figure 

7.18. The deactivation of the copper-free reference has not been 

studied given its null activity. The La-macro catalyst shows no 

deactivation, while the two copper-containing catalysts deactivate 

during the three first cycles with a similar tendency. 

 

 
Figure 7.18. T50% of consecutive soot combustion cycles in presence of 500 ppm of NO2 and 

a 5% of O2 with the four catalysts considered on the present study. 



 
Chapter 7. Lanthanum oxides for NOx and soot abatement 

218 
 

   The deactivation of the catalysts has been studied by XRD, and 

diffractograms recorded before and after the soot combustion 

experiments are shown in Figure 7.19.  

 

Figure 7.19. X-ray diffractograms of the fresh (continuous line) and used (dashed line) catalysts. 

More significant changes are signalled with distinct colours according to the compound they are 

referred to: red for La(OH)3, green for La2O2CO3, blue for La2O3 and black for La2CuO4. 

 

   La-ref presents a single La(OH)3 phase that does not change during 

soot combustion. La-macro is hydrated before the experiments, as 

deduced from the La(OH)3 phase peaks detected. After the soot 

combustion experiments, the La(OH)3 phase is less crystalline and 

small peaks assigned to La2O2CO3 (53) are additionally detected, 

suggesting partial carbonation during reaction. After the experiments, 

up to 700 ºC, the catalyst is expected to consist of La2O3 and La2O2CO3, 

and La(OH)3 is expected to be formed upon cooling and moisture 

chemisorption.
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   On the X-ray diffractogram of fresh CuLa-ref catalyst it can be 

observed a mixture of phases including La(OH)3, La2O2CO3, La2O3 and 

La2CuO4. After reaction, peaks assignable to La2O3 (labelled in blue) 

and to La2O2CO3 (green circles) disappear while peaks of La(OH)3 are 

more intense (red circles) indicating fast hydration without 

carbonation. The peaks correspondent to La2CuO4 are mostly 

overlapped with those correspondents to other phases, and especially 

to La2O2CO3, but La2O2CO3 has clearly disappeared after catalytic 

reaction with CuLa-ref, as deduced from the peak at 22.5° which is 

attributed to La2O2CO3 alone. This means that the peak at 31°, which 

corresponds to La2CuO4 and overlaps with the strong La2O2CO3 peak 

at 30.3° in the fresh catalyst, is appreciable in the X-ray diffractogram 

of the used catalyst. This fact suggests that the perovskite structure 

does not decompose during the activity tests.   

  The behaviour of CuLa-macro after reaction is different from that of 

CuLa-ref. The diffractograms, shown in Figure 7.19, indicate that the 

fresh catalyst is a mixture of La2O2CO3, La(OH)3 and La2CuO4 with little 

presence of La2O3. After reaction, the diffractogram suggests that the 

sample is La2O3 (note the rise of peaks labelled with blue circles), with 

La2CuO4 and a small contribution of La(OH)3,  La2O2CO3 peaks being 

absent.  

 

7.4. Conclusions 

   Macroporous lanthanum oxides have been synthesised through the 

colloidal crystal template method and tested as soot combustion 

catalyst and NOx trap. Additionally, the effect of a La2CuO4 phase in the 

composition of the catalyst has been analysed. For comparison 

purposes, non-structured catalysts with the same composition have 

also been prepared and tested, yielding to the following conclusions:
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• For the non-structured material CuLa-ref, the formation of the 

La2CuO4 phase leads to the creation of porosity with regard to 

La-ref and increments the surface area, but for the 

macroporous samples, La-macro and CuLa-macro, this effect 

interferes with the macroporous structure. 

• The NOx storage capacity is improved in macroporous-

templated catalysts by the better contact between surface and 

reactive molecules. The presence of La2CuO4 also increases the 

NOx storage capacity by the surface area increment during the 

synthesis and the modification of the electronic environment, 

especially on CuLa-macro.  

• Although the NOx storage capacity values are low regarding 

those of conventional catalysts, the kinetics of the NSR cycle 

are fast enough to allow a good NOx conversion with both 

CuLa-ref and CuLa-macro. These catalysts accept variable 

working conditions, so an optimum point between the price of 

the process and a high conversion can be reached.  

• The La2O2CO3-intermediated mechanism has little incidence in 

catalytic soot combustion, NO2 being the main oxidising 

molecule. The most active catalyst for soot combustion is 

CuLa-macro, which is related with a higher NO2 chemisorption 

on the surface of the catalyst.

• The deactivation of both copper-containing catalysts upon 

soot combustion shows a similar trend during the three first 

cycles before the catalytic activity remains stable. The 

composition of the catalysts after reaction is a mixture of 

La2CuO4 and La2O3-La(OH)3-La2O2CO3, depending on the 

degree of carbonation and hydration. 
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CHAPTER 8. GENERAL 
CONCLUSIONS 
 

   In this PhD Thesis, high performance catalysts for soot combustion 

and NOx emission control through the NSR pathway have been 

successfully designed and synthesised by using a 

polymethylmethacrylate template with controlled-size spheres 

compacted as colloidal crystals. 

   Firstly, macroporous strontium and titanium mixed oxides were 

synthesised both with and without copper in its composition and, after 

testing for soot combustion and NOx abatement through the NSR cycle 

the main conclusions derived from this study are the following: 

• The copper-free strontium-titanium mixed oxide with 

macroporous structure is effective to accelerate the soot 

combustion while the copper-containing macroporous 

strontium-titanium mixed oxide shows a strong 

chemisorption capacity that delays the release of the 

combustion products and, hence, hinders soot combustion. 

• The colloidal crystal template method allows the obtention of 

macroporous carrier-free catalysts with high NOx storage 

capacity, which in the case of the SrTiCu-macro catalyst is even 

higher than the that of noble metal catalysts. 
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• NOx are chemisorbed as a mixture of nitrite and nitro species 

over SrTiCu-macro, suggesting several NOx chemisorption 

pathways taking place simultaneously, probably involving 

both NO and NO2, and/or the presence of chemisorption sites 

of different nature on the surface of the catalyst. 

• The stored NOx are selectively reduced to N2 over SrTiCu-

macro on a typical NSR cycle. 

   Afterwards, since the macroporous structure on Sr-Ti mixed oxide 

catalysts enhance the soot-catalyst contact and this could be beneficial 

to other catalysts such as ceria, the effect of the macroporous structure 

in the soot combustion mechanism over 3DOM ceria catalysts with and 

without copper has been studied and compared with that of similar 

reference materials without macroporous structure. The following 

conclusions can be summarised: 

• All catalysts accelerate soot combustion with O2, which only 

occurs by the active oxygen mechanism, and both the 3DOM 

structure and the presence of copper improve the activity. 

• Ce-macro produces more active oxygen than Ce-ref, and this 

active oxygen is transferred more efficiently due to the 

macroporous structure. 

• Copper improves the exchange of oxygen between ceria and 

O2, therefore improving the production of active oxygen, but 

only if the CuO-CeO2 contact is good. An appropriate contact is 

achieved by impregnation of the conventional Ce-ref support 

but not for Ce-macro due to the difficult diffusion of the 

impregnation solution into the 3DOM network. 

• In the presence of NOx and O2, all ceria catalysts accelerate NO 

oxidation to NO2, which is a powerful soot oxidant that leads 

to soot combustion acceleration with regard to the O2-only 

combustion.
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• Ce-macro utilises NO2 more efficiently for soot combustion 

than Ce-ref, with the same NO oxidation capacity, because part 

of the produced NO2 is devoted to the further production of 

active oxygen, which is more oxidising than NO2. In ceria 

catalysts with conventional structure, due to restrictions in the 

active oxygen transference to soot, the main role of NO2 in the 

catalytic combustion is the direct oxidation of soot. However, 

the 3DOM structure improves the transfer of active oxygen to 

soot and, therefore, an additional benefit is obtained from NO2, 

that is, NO2 contributes to active oxygen production and the 

macroporous structure allows its efficient transfer to soot. 

   Praseodymium oxides present a greater reduction potential than 

cerium oxides and a higher ability for NO2 production, so macroporous 

PrOx has been synthesised and tested for soot combustion and its 

behaviour has been compared to that of macroporous ceria and also 

with non-structured ceria and praseodymia. The following 

conclusions can be drawn: 

• A well-defined macroporous structure with a high volume of 

macropores has been obtained in the Pr-macro catalyst, which 

significantly enhances the catalyst-soot contact and, thus, the 

catalytic activity. 

• Pr-based catalysts are more easily reduced than Ce-based 

ones, and the macroporous structure also enhances that 

reducibility. 

• PrOx presents higher ability to oxidise NO to NO2 than CeO2, 

which participates in the generation of active oxygen 

favouring the soot combustion in higher extent. 

   Consequently, the macroporous praseodymium oxide presents an 

improved behaviour to generate active oxygen and to transfer it to 
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soot, providing an improved performance for the soot combustion 

with regard to ceria. Additionally, the effect of copper and the 

macroporous structure on soot combustion praseodymia catalysts 

have been analysed, yielding to the following conclusions: 

• The main phase detected by XRD for Pr-macro is Pr6O11 and 

the crystalline parameters are equal to those of a counterpart 

reference catalyst prepared without a defined structure. 

• The 3DOM structure favours the soot-catalyst contact and 

generates a higher surface density of active oxygen (Oads) than 

the non-structured counterparts. Consequently, Pr-macro 

combines a good production of active oxygen and an efficient 

transfer to soot, being a highly active catalyst to accelerate 

soot combustion. 

• Copper impregnation over non-structured PrOx (CuPr-ref) 

enhances the production and transfer of active oxygen to soot, 

improving the activity with regard to copper-free non-

structured PrOx (Pr-ref). However, CuO blocks the porosity of 

the 3DOM structure of PrOx support, hindering the contact 

with soot (CuPr-macro). 

• Soot combustion is accelerated in presence of NOx due to the 

production of NO2 catalysed by PrOx. Once produced, NO2 is 

mostly readsorbed on the surface of the catalysts producing 

active oxygen that must be transferred to soot. For this reason, 

the porosity of the catalysts also plays a relevant role during 

combustion with NOx/O2 since the 3DOM structure improves 

soot-catalyst contact and, hence, the transference of active 

oxygen to soot. 

   Finally, the effect of the macroporous structure in lanthanum oxides 

as soot combustion catalyst and NOx trap has been studied. 

Additionally, the effect of a La2CuO4 phase in the composition of the 
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catalyst has been analysed. For comparison purposes, non-structured 

catalysts with the same composition have also been prepared and 

tested, yielding to the following conclusions: 

• For the non-structured material CuLa-ref, the formation of the 

La2CuO4 phase leads to the creation of porosity with regard to 

La-ref and increments the surface area, but for the 

macroporous samples, La-macro and CuLa-macro, this effect 

interferes with the macroporous structure. 

• The NOx storage capacity is improved in macroporous-

templated catalysts by the better contact between surface and 

reactive molecules. The presence of La2CuO4 also increases the 

NOx storage capacity by the surface area increment during the 

synthesis and the modification of the electronic environment, 

especially on CuLa-macro.  

• Although the NOx storage capacity values are low regarding 

those of conventional catalysts, the kinetics of the NSR cycle 

are fast enough to allow a good NOx conversion with both 

CuLa-ref and CuLa-macro. These catalysts accept variable 

working conditions, so an optimum point between the price of 

the process and a high conversion can be reached.  

• The La2O2CO3-intermediated mechanism has little incidence in 

catalytic soot combustion, NO2 being the main oxidising 

molecule. The most active catalyst for soot combustion is 

CuLa-macro, which is related with a higher NO2 chemisorption 

on the surface of the catalyst. 

• The deactivation of both copper-containing catalysts upon 

soot combustion shows a similar trend during the three first 

cycles before the catalytic activity remains stable. The 
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composition of the catalysts after reaction is a mixture of 

La2CuO4 and La2O3-La(OH)3-La2O2CO3, depending on the 

degree of carbonation and hydration. 

   Lanthanum oxides have been studied by other authors for 

simultaneous soot and NOx abatement. However, the strontium and 

titanium mixed oxides with macroporous structure and copper in its 

composition present a better behaviour for soot combustion and NOx 

emissions control when tested separately in similar conditions. This 

fact suggests that strontium and titanium mixed oxides would 

outperform the behaviour of the lanthanum oxides in simultaneous 

soot and NOx abatement; however, further research is required to 

determine it.  

   In summary, the macroporous structure improves the catalytic 

behaviour of the materials and could be an interesting option to 

develop catalysts capable to achieve the low soot and NOx emission 

limits required by legislation.  
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RESUMEN EN CASTELLANO 
  

1. Introducción 

   Uno de los grandes problemas de la sociedad actual es la 

contaminación medioambiental debido a las excesivas emisiones a la 

atmósfera. Entre los contaminantes existentes en las corrientes de 

salida de motores diésel se encuentran partículas de carbonilla y 

óxidos de nitrógeno (NOx), que presentan dificultades para su 

eliminación (1).  

   Los NOx derivan en la formación de ozono troposférico por reacción 

con otros contaminantes presentes en la atmósfera, nitratos 

orgánicos, y favorecen la lluvia ácida (2, 3) y la niebla fotoquímica (4). 

Por otra parte, las partículas de carbonilla afectan negativamente a la 

salud al ser respiradas (5), provocando diversos problemas para la 

salud incluyendo un mayor riesgo de padecer cáncer de pulmón (6) o 

infartos de miocardio (7).  

1.1. Legislación 

   Debido a los problemas medioambientales y de salud ocasionados 

por los óxidos de nitrógeno y las partículas de carbonilla, a lo largo de 

los años el Parlamento Europeo ha desarrollado diversas Directivas 

para controlar sus emisiones a la atmósfera, restringiéndolas cada vez 

más. En el caso de las emisiones producidas por vehículos diésel, los 

límites están regulados por separado para vehículos pesados (8) y 
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vehículos ligeros (9), no pudiendo exceder los 400 mg/kWh de NOx y 

los 10 mg/kWh de carbonilla en el caso de los vehículos pesados y 80 

mg/km de NOx y 5 mg/km de carbonilla en los vehículos ligeros. Para 

poder alcanzar, o incluso disminuir, las emisiones por debajo de estos 

niveles es necesario mejorar las tecnologías de control de óxidos de 

nitrógeno y partículas de carbonilla a la atmósfera.

1.2. Control de emisiones de carbonilla en motores 
diésel 

   En los motores diésel se generan gradientes de temperatura durante 

la combustión del combustible, de modo que una parte del mismo 

queda sin quemar. Estos hidrocarburos se aglomeran y forman 

partículas de carbón después de enfriarse (1). Generalmente se 

emplean filtros cerámicos porosos con canales asimétricos para 

retener estas partículas (10, 11). La acumulación de carbonilla en el 

filtro puede provocar un aumento en la presión y llegar a parar el 

motor, por lo que es preciso eliminar estas partículas, y la mejor 

manera documentada para ello es oxidarlas a CO2 (1). Debido a las 

elevadas temperaturas requeridas para su combustión espontánea es 

necesario utilizar otras estrategias, como el uso de catalizadores que 

disminuyan la temperatura de combustión. De entre los posibles 

oxidantes presentes en la corriente de salida de un motor diésel, el 

oxígeno es el único lo suficientemente reactivo como para oxidar la 

carbonilla en esas condiciones. Como alternativa, el NO puede 

oxidarse a NO2, que es más reactivo que el O2 y el NO. Esto significa que 

existen diferentes posibles mecanismos de oxidación dependiendo del 

comportamiento del catalizador elegido (12). 

1.3. Control de emisiones de NOx en motores diésel 

   Los óxidos de nitrógeno se pueden transformar en N2 de tres formas: 

descomposición directa, reducción catalítica selectiva (Selective 

Catalytic Reduction, SCR) y almacenamiento y reducción de NOx (NOx 
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Storage and Reduction, NSR). La primera tiene una elevada energía de 

activación, por lo que, a pesar de ser termodinámicamente favorable, 

no es viable para un control efectivo en las condiciones de trabajo 

habituales de los motores diésel (13). La reducción catalítica selectiva 

consiste en reducir los NOx con hidrocarburos, que conllevan una baja 

durabilidad del catalizador (14), o urea, que requiere almacenamiento 

y transporte en el vehículo además de un sistema de generación de 

amoniaco, por lo que es una opción poco práctica y económicamente 

ineficiente en turismos (15). Asimismo, presenta algunos problemas 

adicionales como la emisión de amoniaco a la atmósfera, formación de 

subproductos tóxicos y un pequeño rango de temperaturas para la 

eliminación de una cantidad satisfactoria de óxidos de nitrógeno (16). 

   Otra opción es el almacenamiento y reducción de NOx (NSR), un 

proceso cíclico en el que los NOx son retenidos en el catalizador, en 

forma de nitritos o nitratos, y son reducidos periódicamente al añadir 

un agente reductor con el fin de obtener N2 (14, 17). De forma general, 

se asume que el mecanismo NSR tiene cinco etapas: en la primera, el 

NO se oxida a NO2 en condiciones oxidantes. En la segunda, los NOx se 

adsorben en los sitios básicos de adsorción del catalizador, todavía en 

condiciones oxidantes. En el tercer paso, se inyecta el reductor, en 

muchos casos el propio combustible, para obtener unas condiciones 

reductoras en la corriente de salida. Posteriormente, en la cuarta etapa 

se desorben los NOx y en la quinta se reducen a N2 todavía en 

condiciones reductoras (13, 17). Por lo tanto, los catalizadores para el 

ciclo NSR deben tener elementos capaces de adsorber NOx y centros 

de oxidación/reducción. Habitualmente se usan metales nobles, y 

especialmente platino, en el proceso NSR con el encarecimiento que 

eso conlleva por lo que se están invirtiendo grandes esfuerzos en 

desarrollar materiales alternativos sin metales nobles. 
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1.4. Catalizadores 3DOM 

   Habitualmente, las fases activas se dispersan en un sólido soporte 

con elevada área superficial con el fin de maximizar la cantidad de 

sitios activos expuestos a los compuestos de reacción, aunque esta 

dispersión diluye el catalizador y, por tanto, afecta negativamente a la 

actividad. Una solución alternativa es el uso de catalizadores con una 

estructura macroporosa tridimensionalmente ordenada, también 

conocidos como catalizadores 3DOM por sus siglas en inglés (Three-

Dimensionally Ordered Macroporous). 

   Estos materiales se sintetizan mediante impregnación de los 

precursores en una plantilla que se retira posteriormente. Esta 

metodología admite muchas variaciones, y debe ser optimizada para 

la aplicación deseada. Usualmente, la plantilla consiste en un cristal 

coloidal polimérico, frecuentemente polimetilmetacrilato o 

poliestireno, retirados mediante combustión (18 – 20). Otros tipos de 

plantilla se eliminan mediante disolución con ácido fluorhídrico, como 

las plantillas de sílice (21) o extraídas con un disolvente (22, 23). 

   Factores como la elección del polímero o la curva de calentamiento 

son críticos para el producto final cuando se utilizan plantillas 

retiradas mediante tratamiento térmico. Asimismo, los precursores 

inorgánicos se transforman durante el tratamiento dando lugar al 

óxido final con estructura 3DOM (21). 

 

1.5. Objetivos 

   El objetivo principal de esta investigación es el diseño y posterior 

síntesis de catalizadores altamente activos en la combustión de 

carbonilla y el control de emisiones de NOx mediante el ciclo NSR. Para 

ello, se han planteado los siguientes objetivos específicos: 
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• Optimización del proceso de síntesis para diseñar óxidos 

inorgánicos macroporosos estructurados empleando esferas 

de polimetilmetacrilato (PMMA) de tamaño controlado y 

compactadas en cristales coloidales. Estos óxidos inorgánicos 

incluyen óxidos mixtos de estroncio y titanio, óxidos de cerio, 

praseodimio y lantano, con y sin cobre en su composición. 

• Caracterización y estudio de la actividad catalítica de los 

materiales como catalizadores en la combustión de carbonilla 

y el control de emisiones de NOx, para entender la relación 

entre las propiedades físico - químicas de los materiales y su 

comportamiento catalítico, de modo que se puedan diseñar 

catalizadores óptimos para cada aplicación. 

 

2. Óxidos mixtos de estroncio y titanio 
macroporosos para el almacenamiento y 
reducción de NOx y la aceleración de la 
combustión de carbonilla 

2.1. Experimental 

   Se han preparado tres catalizadores denominados SrTi-macro, SrTi-

ref y SrTiCu-macro. SrTi-macro se preparó mediante infiltraciones 

sucesivas en un cristal coloidal de 

PMMA, incluido en la Figura 1, con 

nitrato de estroncio disuelto en 

una disolución al 50% de etanol e 

isopropóxido de titanio diluido en 

2-propanol. El catalizador SrTi-ref 

se preparó con la misma 

composición, pero sin la etapa de Figura 1. Imagen SEM del cristal coloidal de 

PMMA. 
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impregnación. SrTiCu-macro se sintetizó de forma similar a SrTi-

macro pero impregnando el precursor de cobre (nitrato de cobre) 

junto con el nitrato de estroncio. 

   La morfología de los catalizadores se ha observado mediante SEM. 

La estructura porosa de los catalizadores se caracterizó mediante 

adsorción física de N2 a -196 °C y porosimetría de mercurio. La 

estructura cristalina se estudió mediante DRX y el tamaño de cristal se 

calculó mediante la ecuación de Scherrer a partir de los 

difractogramas de rayos X. La composición de los catalizadores se 

determinó mediante Micro-FRX. La reducibilidad de las muestras se 

estudió mediante H2-RTP y, la superficie de las mismas, mediante XPS.  

   Se realizaron experimentos de combustión de carbonilla y de 

quimisorción-desorción de NOx a temperatura programada en 

reactores tubulares de lecho fijo con 500 ppm NO/5% O2/N2. Se 

llevaron a cabo experimentos in situ de DRIFTS a 450 °C para 

identificar la naturaleza de las especies de NOx quimisorbidas. La 

capacidad de almacenamiento de NOx en condiciones isotermas se 

determinó mediante reacción en un reactor de lecho fijo conectado a 

un espectrómetro de masas con una mezcla gaseosa de 500 ppm de 

NO y 5% O2 en Ar. Adicionalmente, se realizaron experimentos NSR 

con 500 ppm NO + 5% O2 en Ar inyectando H2 de forma periódica. 

2.2. Resultados y discusión 

2.2.1. Caracterización de los catalizadores 
   Los catalizadores preparados mediante impregnación 

(denominados “macro”) presentan (Figura 2 (a)) una morfología 

opuesta a la de la plantilla de PMMA (Figura 1), con macroporos 

grandes y esféricos, mientras que el catalizador preparado por 

calcinación convencional (Figura 2 (b)) presenta una aglomeración de 
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partículas grandes. Estas diferencias afectan a la macroporosidad de 

los materiales y, por tanto, al comportamiento catalítico. 

Figura 2. Imágenes SEM de (a) SrTi-macro y (b) SrTi-ref. 

   La distribución de tamaño de poro indica que los catalizadores 

macroporosos presentan una porosidad en el rango de los macroporos 

que no presenta el material de referencia. Esto demuestra que el 

método de impregnación induce a la generación de macroporos en 

SrTi-macro y SrTiCu-macro.  

Las isotermas de adsorción-desorción de N2 a -196 °C de las muestras, 

no mostradas aquí, son representativas de sólidos porosos, con una 

pequeña contribución de mesoporos anchos (10 – 50 nm) y una 

importante contribución de los macroporos. Las áreas superficiales B. 

E. T. indican una baja área superficial a causa de la ausencia de micro 

y mesoporos. 

   Las muestras presentan varias fases incluyendo TiO2 (rutilo), SrCO3, 

SrTiO3 y Sr2TiO4, que es un intermedio de reacción en la formación de 

SrTiO3 (24). No se identifican picos correspondientes a CuO en el 

catalizador SrTiCu-macro lo que indica que, o bien los cationes de 

cobre están incorporados dentro de la estructura cristalina de las 

perovskitas SrTiO3 y/o Sr2TiO4, o bien están segregados como CuO 

bien dispersos de forma que no se pueden detectar por DRX. El tamaño 

de los cristales determinado por la ecuación de Scherrer para los 

compuestos Sr2TiO4 y SrCO3 son muy similares para todos los 

(a) (b) 
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catalizadores, indicando que no hay diferencias significativas entre 

ellos. 

   Los espectros de XPS indican una modificación en la densidad 

electrónica de los átomos de oxígeno cuando hay cobre en la 

composición y que, además, el cobre interacciona con la estructura 

cristalina de la perovskita, lo que desemboca en un oxígeno más 

electronegativo. Adicionalmente, se observan oxígenos adsorbidos, 

carbonatos superficiales y grupos hidroxilo. 

   Los perfiles de reducción con H2 indican una mayor reducibilidad en 

el catalizador SrTiCu-macro frente al catalizador sin cobre, SrTi-

macro, a causa de la reducción de los cationes de cobre y el efecto 

catalítico de estos cationes en la reducción de las estructuras tipo 

perovskita de Sr-Ti. Asimismo, estos perfiles sugieren que la 

estructura macroporosa es beneficiosa para la reducción de las 

partículas no expuestas de los óxidos mixtos en comparación con el 

catalizador no macroporoso. 

2.2.2. Quimisorción de NOx 

   Para analizar la viabilidad del uso de estos catalizadores en el ciclo 

NSR se estudia la capacidad de almacenamiento de NOx de los mismos 

(Figura 3). 

 
Figura 3. Reacciones a temperatura programada realizadas en una mezcla de gases con 500 ppm 

NO + 5% O2 (a) perfiles de NOx y (b) porcentajes de NO2. El catalizador denotado como SrTiCuO3-

Ref (25), que es el mejor titanato de estroncio que hemos probado hasta el momento para 

almacenamiento de NOx, se ha incluido con fines comparativos. 
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   Todos los catalizadores quimisorben NOx y lo almacenan hasta que 

las especies de nitrógeno se descomponen a temperaturas más 

elevadas. El catalizador macroporoso con cobre (SrTiCu-macro) 

mejora ampliamente la capacidad de quimisorción de una muestra de 

referencia (25), debido a una mejor accesibilidad de los NOx al interior 

de las partículas. Asimismo, SrTiCu-macro almacena más NOx que 

SrTi-macro puesto que los cationes de cobre aceleran la oxidación de 

NO a NO2, que se quimisorbe mejor. Los perfiles de NO2 (Figura 3 (b)) 

exceden la concentración de equilibrio en el máximo de emisión al 

detectarse las moléculas de NO2 procedentes de la oxidación catalítica 

de NO a esa temperatura junto con los NOx almacenados a 

temperaturas inferiores. 

   La elevada capacidad de almacenamiento de NOx del catalizador 

SrTiCu-macro es una consecuencia del método de síntesis empleado, 

pues la estructura macroporosa suprime la necesidad de dispersar la 

fase activa para la oxidación de NO y para el almacenamiento de NOx 

en un soporte inerte, llegando a mejorar la capacidad de quimisorción 

alcanzada por otros autores con catalizadores basados en metales 

nobles (26). 

   La naturaleza de las especies de NOx quimisorbidas en la superficie 

de los catalizadores SrTiCu-macro y SrTi-macro se analizó mediante 

experimentos DRIFTS in situ, mostrados en la Figura 4.  

 
Figura 4. Espectros DRIFTS in situ adquiridos a 450 °C en una corriente gaseosa con 500 ppm de 

NO y 5% de O2 en el rango de 1700 – 1000 cm-1 para monitorizar las especies superficiales de 

nitrógeno. (a) SrTi-macro y (b) SrTiCu-macro. 
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   El espectro de SrTi-macro presenta un único pico que crece con el 

tiempo y puede asignarse a la formación de nitritos quimisorbidos, 

probablemente en configuración tipo puente. Por otro lado, el 

espectro de SrTiCu-macro presenta un pico asignable a nitritos, al 

igual que SrTi-macro, y otro pico adicional relacionado con la 

formación de grupos nitro. La diferencia entre ambas especies es la 

forma en la que están unidas a la superficie del sólido: por un átomo 

de oxígeno en los nitritos y por un átomo de nitrógeno en los grupos 

nitro. 

   A la luz de los resultados, se forman nitritos y grupos nitro en el 

catalizador SrTiCu-macro de forma simultánea, lo que sugiere 

diferentes mecanismos de quimisorción de NOx y/o la presencia de 

sitios de quimisorción de diferente naturaleza; mientras que en el 

catalizador SrTi-macro la formación únicamente de nitritos indica un 

mecanismo de quimisorción mucho más simple. De estos resultados 

se deduce que el dopado con cobre mejora la capacidad de 

quimisorción de NOx en los óxidos mixtos de estroncio y titanio y 

modifica el mecanismo de quimisorción de NOx, incluyendo varias vías 

simultáneas de quimisorción y/o creando sitios de quimisorción de 

diferente naturaleza. 

2.2.3. Experimentos NSR 
   Además de una gran capacidad de almacenamiento de NOx, un 

catalizador apto para la tecnología NSR debe ser capaz de reducir los 

NOx a N2 tras la adición de un agente reductor. Por ello, se han 

realizado experimentos del ciclo NSR con el catalizador con mejor 

capacidad de quimisorción de NOx, SrTiCu-macro, a la temperatura de 

máxima quimisorción, 450 °C, que se han incluido en la Figura 5. La 

quimisorción de NOx en el catalizador disminuye la concentración de 

NOx en la corriente de salida del reactor, alcanzando una conversión 

de NOx del 60% que permanece constante durante ciclos NSR 
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consecutivos. Esto 

evidencia un balance 

adecuado entre la 

cantidad de NOx 

quimisorbida y reducida, 

y confirma su capacidad 

para actuar como 

catalizador NSR. 

Asimismo, la reducción 

de los NOx durante estos 

ciclos es selectiva a N2, 

sin subproductos no deseados, lo que corrobora la elevada 

selectividad del catalizador SrTiCu-macro. 

 

2.2.4. Combustión catalítica de carbonilla 
   Al estudiar el 

comportamiento de los 

catalizadores en la 

reacción de combustión de 

carbonilla, incluidos en la 

Figura 6, se observa que 

todos los catalizadores 

aceleran la reacción, si 

bien el efecto es más 

importante en los 

catalizadores macroporosos, al mejorar el contacto carbonilla - 

catalizador. Las curvas de combustión están retrasadas a 

temperaturas elevadas debido a la quimisorción parcial de los COx 

sobre los catalizadores. 

Figura 5. Experimentos NSR realizados con el 

catalizador SrTiCu-macro a 450 °C con 500 ppm de NO 

y 5% de O2 con pulsos de H2. 

Figura 6. Combustión de carbonilla con 500 ppm de 

NO y 5% O2 en N2. 
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   Por otro lado, el catalizador macroporoso con cobre presenta 

temperaturas de combustión más altas que el catalizador sin cobre. 

Esto se debe a que la adición de cobre mejora la capacidad de 

quimisorción de NOx y COx, lo que retrasa la liberación de los 

productos de combustión y, por tanto, dificulta el seguimiento de la 

reacción. 

   La mejora de la capacidad catalítica del catalizador sintetizado 

mediante infiltración en el polímero plantilla se atribuye a la 

estructura meso/macroporosa conseguida con el método de síntesis, 

que favorece la interacción catalizador-carbonilla.

2.3. Conclusiones 

   Se han sintetizado óxidos mixtos de estroncio y titanio 

macroporosos con y sin cobre en su composición. El estudio de su 

comportamiento como catalizadores de la combustión de carbonilla y 

la quimisorción y posterior reducción de NOx, permite extraer las 

siguientes conclusiones: 

• El óxido mixto de estroncio y titanio macroporoso sin cobre es 

efectivo para acelerar la combustión de carbonilla, mientras 

que su equivalente con cobre presenta una gran capacidad de 

quimisorción que retrasa la liberación de los productos de 

combustión y, por tanto, dificulta el estudio de su 

comportamiento como catalizador de combustión. 

• El método de síntesis mediante impregnación en una plantilla 

polimérica permite obtener catalizadores macroporosos no 

soportados con gran capacidad de almacenamiento de NOx. 

• Los NOx se quimisorben como una mezcla de nitritos y grupos 

nitro sobre SrTiCu-macro, sugiriendo varias vías simultáneas 

de quimisorción, probablemente involucrando tanto NO como 
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NO2 y/o la presencia de sitios de quimisorción de diferente 

naturaleza. 

• Los NOx almacenados en SrTiCu-macro se reducen 

selectivamente a N2 en un ciclo NSR típico. 

3. Efecto de la estructura macroporosa en el 
mecanismo de combustión de carbonilla en 
catalizadores de ceria 

3.1. Experimental 

   El catalizador macroporoso de ceria (Ce-macro) se obtuvo mediante 

infiltración de una disolución precursora, preparada disolviendo 

nitrato de cerio y ácido cítrico en etanol, en la plantilla de PMMA y 

posterior calcinación. El catalizador de referencia (Ce-ref) se preparó 

de forma similar omitiendo la etapa de impregnación en la plantilla de 

PMMA. Adicionalmente, se prepararon catalizadores dopados con 

cobre (CuCe-macro y CuCe-ref) mediante impregnación de nitrato de 

cobre en exceso de etanol sobre los soportes de ceria. 

   La morfología de los catalizadores se ha observado mediante FESEM. 

La estructura porosa de los catalizadores se caracterizó mediante 

adsorción física de N2 a -196 °C, porosimetría de mercurio y densidad 

de helio. La estructura cristalina se estudió mediante DRX y 

espectroscopía Raman. El tamaño de cristal se calculó mediante la 

ecuación de Scherrer y Williamson-Hall. La cantidad de cobre 

incorporada en la red de ceria se estimó a partir de los difractogramas 

de rayos X empleando la ecuación de Kim. La composición de los 

catalizadores se determinó mediante Micro-FRX. La reducibilidad de 

las muestras se estudió mediante H2-RTP y, la superficie de las 

mismas, mediante XPS. 

   Se realizaron experimentos de combustión de carbonilla y de 

quimisorción-desorción de NOx a temperatura programada en 
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reactores tubulares de lecho fijo con dos mezclas gaseosas diferentes: 

500 ppm NO/5% O2/N2 y 5% O2/N2. Asimismo, se realizaron 

experimentos de intercambio isotópico con 18O2 en un reactor tubular 

de lecho fijo a 450 °C.  

3.2. Resultados y discusión 

3.2.1. Caracterización de los catalizadores 
   Las imágenes de FESEM de los catalizadores Ce-macro y Ce-ref 

presentan diferencias entre ellos. En el primero se observa una 

estructura porosa similar a una esponja como consecuencia de la 

eliminación de la plantilla de PMMA. El catalizador preparado por 

calcinación convencional, Ce-ref, presenta una partícula voluminosa 

sin porosidad observable. 

   Las isotermas de adsorción-desorción de nitrógeno a -196 °C indican 

la presencia de meso y/o macroporos en todos los catalizadores, pero 

especialmente en el caso de las muestras macroporosas (Ce-macro y 

CuCe-macro). Mediante un análisis de la densidad de los catalizadores 

mediante picnometría de helio se corrobora la existencia de porosidad 

cerrada en los óxidos de cerio que se abre al dopar los soportes de 

ceria con cobre. Este hecho sugiere que la obstrucción de parte de la 

macroporosidad es debida a la acumulación de carbonatos, que se 

eliminan durante la impregnación de cobre a causa del pH ligeramente 

ácido de la disolución de nitrato de cobre. 

   La distribución de tamaño de poro determinada por porosimetría de 

mercurio indica la presencia de poros de 80 nm de diámetro en los 

catalizadores denominados “macro”, consecuencia del método de 

síntesis. Asimismo, el catalizador CuCe-macro presenta una mayor 

cantidad de macroporos frente a Ce-macro, debido a la apertura de la 

porosidad comentada anteriormente. Por el contrario, los 

catalizadores de referencia, Ce-ref y CuCe-ref, presentan unas 
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distribuciones típicas de sólidos sin macroporosidad definida, en los 

que la macroporosidad proviene del espacio interpartícula.  

   En los difractogramas de XRD se observan los picos habituales en 

cerias con estructura tipo fluorita. En las cerias dopadas con cobre no 

se observan picos característicos de CuO, lo cual sugiere que, o bien las 

especies de cobre están bien dispersas en la superficie de ceria, o bien 

se han incorporado a la red cristalina de la ceria. El parámetro de red 

de los catalizadores disminuye después del dopado con cobre, lo que 

apoya la hipótesis de la incorporación de parte de los cationes de cobre 

en la red de ceria. A partir de los resultados de Micro-FRX y de la 

ecuación de Kim, se estima que la cantidad de cationes incorporados a 

la red, tanto en CuCe-macro como en CuCe-ref, es de un 0,5%, mientras 

que el 1,5% restante está disperso en la superficie formando 

partículas segregadas. 

   Los resultados de espectroscopía Raman sugieren la reducción 

parcial de Ce4+ a Ce3+ para compensar la inserción de Cu2+ en la red 

cristalina de CuCe-macro y CuCe-ref, lo cual es consistente con la 

creación de vacantes de oxígeno en la ceria. 

   Los óxidos de cerio macroporosos se reducen con mayor facilidad, 

distinguiéndose la banda de reducción de ceria superficial de la ceria 

másica, más difícil de alcanzar; mientras que en los catalizadores de 

referencia la primera no se puede apreciar. Por otro lado, en presencia 

de cobre se mejora la reducibilidad de la ceria. Se observa una pobre 

interacción CuO-CeO2 en CuCe-macro debido a la difícil penetración de 

la disolución de Cu2+ dentro de la estructura 3DOM durante la etapa de 

dopado, mientras que CuCe-ref presenta una buena interacción CuO-

CeO2, lo cual se corrobora mediante XPS. 

3.2.2. Combustión catalítica de carbonilla con O2 
   Todos los catalizadores aceleran la combustión de carbonilla en una 

atmósfera de 5% O2/N2 frente a la combustión de carbonilla, 
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incrementando la selectividad de la reacción hacia CO2, especialmente 

en el caso de los catalizadores con cobre. La actividad catalítica 

depende de la composición del catalizador y de su morfología. La 

temperatura a la que se produce la mitad de la combustión (T50%) 

sigue la tendencia CuCe-macro ˂ CuCe-ref ˂ Ce-macro ˂ Ce-ref, de lo 

que se deduce que tanto la estructura 3DOM como la presencia de 

cobre mejoran esta actividad. Esta combustión se produce mediante el 

mecanismo conocido como “oxígeno activo”, en el que la combustión 

se produce con oxígeno, reduciendo parcialmente los cationes de Ce4+ 

a Ce3+ y llenando las vacantes de oxígeno que se crean durante la 

combustión con O2 procedente de la fase gaseosa.  

   Para analizar la producción y la transferencia de oxígeno activo, se 

realizaron experimentos de intercambio de oxígeno con 18O2 a 450 °C, 

incluidos en la Figura 7. Se emplean los perfiles de Ar como referencia 

para monitorizar la difusión del gas a través del lecho catalítico. 

 
Figura 7. Perfiles de O2 y Ar en experimentos de intercambio de oxígeno isotópico a 450 °C. (a) 

Ce-macro, (b) Ce-ref, (c) CuCe-macro y (d) CuCe-ref. 
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   Tras la reacción con 18O2 se detectan tres especies: 18O2, 16O2 y 18O16O, 

donde 18O proviene del oxígeno inyectado y 16O proviene de la ceria. 

De estos experimentos se extrae que la estructura 3DOM mejora tanto 

el intercambio como la producción de oxígeno activo en ausencia de 

cobre. Por lo tanto, la mejora de la actividad catalítica de Ce-macro 

frente a Ce-ref se debe a un mejor contacto carbonilla-catalizador y a 

una mayor producción de oxígeno activo.    

   Por otro lado, el efecto del cobre depende del contacto CuO-CeO2. Un 

mejor contacto, como en CuCe-ref, es muy beneficioso para el 

intercambio de oxígeno, probablemente debido a que una mayor 

reducibilidad superficial favorece el ciclo redox que tiene lugar en el 

proceso de intercambio. Así pues, la mayor generación de oxígeno 

activo explica la mejora de la actividad catalítica de CuCe-ref frente a 

Ce-ref. En cambio, esta tendencia no se observa en los catalizadores 

macroporosos debido al pobre contacto CuO-CeO2 en CuCe-macro, de 

modo que la mejora en la actividad de CuCe-macro frente a Ce-macro 

se atribuye a un incremento en la macroporosidad disponible al abrir 

la porosidad durante la impregnación de cobre. Asimismo, es la 

diferencia en el contacto CuO-CeO2 en CuCe-macro y CuCe-ref la que 

explica la mayor generación de oxígeno activo en el catalizador CuCe-

ref.  

3.2.3. Combustión catalítica de carbonilla con NOx + O2 
   Para analizar el efecto del NOx en la combustión catalítica de 

carbonilla se realizaron dos tipos de experimentos empleando una 

mezcla gaseosa de NO y O2. Se estudió la combustión de carbonilla 

empleando mezclas de carbonilla-catalizador y la oxidación catalítica 

de NO a NO2 en experimentos únicamente con catalizador, sin 

carbonilla.  
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   Todos los catalizadores aceleran la combustión de carbonilla en 

presencia de NOx y O2 frente a la reacción sin catalizar, siendo CO2 el 

producto principal de la reacción. Tanto la estructura 3DOM como la 

incorporación de cobre a la composición mejoran la actividad 

catalítica, pero las tendencias observadas en presencia y ausencia de 

NOx son diferentes pues también lo son los mecanismos de reacción 

que tienen lugar. La combustión de carbonilla catalizada por ceria en 

presencia únicamente de oxígeno, tal y como se ha discutido 

anteriormente, se basa en la formación y transferencia de oxígeno 

activo desde el catalizador a la carbonilla. Adicionalmente, en 

presencia de NOx tiene lugar la oxidación de carbonilla por las 

moléculas de NO2.  

   Por ello, la presencia de 

NOx siempre acelera la 

oxidación frente a la 

reacción únicamente con 

oxígeno (Figura 8), a causa 

de la oxidación de NO a NO2, 

que es un potente oxidante. 

Este es el mecanismo de 

reacción principal en los 

catalizadores de referencia 

(Ce-ref y CuCe-ref).  

   Por otro lado, el papel de la estructura macroporosa es más 

complejo. En presencia de NOx, las moléculas de NO2 pueden oxidar 

directamente la carbonilla o participar en la generación de oxígeno 

activo, cuya transferencia a las partículas carbonosas está facilitada 

por la estructura 3DOM, por lo que los dos mecanismos tienen una 

contribución significativa. No obstante, en presencia de cobre no se 

observa este efecto beneficioso a causa del pobre contacto CuO-CeO2 

Figura 8. Temperatura para el 50% de la 

combustión de carbonilla en experimentos 

realizados en presencia y ausencia de NOx en la 

mezcla de reacción. 
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en CuCe-macro, donde las moléculas de NO2 no contribuyen 

significativamente a la creación de oxígeno activo. 

3.3. Conclusiones 

   Se ha analizado la participación de los mecanismos de combustión 

de carbonilla por oxígeno activo y mediante asistencia de NO2 en 

catalizadores de ceria con estructura 3DOM, con y sin cobre en su 

composición, pudiéndose extraer las siguientes conclusiones: 

• Todos los catalizadores aceleran la combustión de carbonilla 

con O2, donde solo tiene lugar el mecanismo de oxígeno activo, 

y tanto la estructura 3DOM como la presencia de cobre tienen 

un impacto positivo en la actividad.

• El catalizador Ce-macro produce una mayor cantidad de 

oxígeno activo que Ce-ref, que además se transfiere a las 

partículas de carbonilla de forma más eficiente debido a 

estructura macroporosa. 

• El cobre mejora el intercambio de oxígeno entre la ceria y el 

O2, aumentando así la producción de oxígeno activo, pero solo 

si el contacto CuO-CeO2 es bueno. Un contacto apropiado se 

obtiene mediante impregnación en el soporte convencional 

Ce-ref, pero no en el soporte macroporoso Ce-macro debido a 

la difícil difusión de la disolución de cobre en la red 

tridimensional. 

• En presencia de NOx y O2, todos los catalizadores de ceria 

aceleran la oxidación de NO a NO2, que es más oxidante y 

produce una combustión más rápida de las partículas de 

carbonilla frente a la combustión únicamente con oxígeno. 

• El catalizador Ce-macro emplea el NO2 de forma más eficiente 

que Ce-ref, con la misma capacidad de oxidación de NO, pues 

parte del NO2 producido se emplea en generar oxígeno activo 

que es un oxidante más potente que el NO2. En los 
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catalizadores de ceria con estructura convencional, debido a 

las restricciones en la transferencia de oxígeno activo a la 

carbonilla, el papel principal del NO2 es la oxidación directa de 

la carbonilla. Sin embargo, la estructura 3DOM mejora esta 

transferencia y, por tanto, se obtiene un beneficio adicional de 

las moléculas de NO2; es decir, el NO2 contribuye a la 

producción de oxígeno activo y la estructura macroporosa 

permite su transferencia eficiente hacia la carbonilla.

4. Óxidos macroporosos de praseodimia como 
alternativa a la ceria como catalizadores para la 
aceleración de la combustión de carbonilla 

4.1. Experimental 

   Los catalizadores macroporosos de praseodimia (Pr-macro) y de 

ceria (Ce-macro) se obtuvieron mediante infiltración de una 

disolución precursora, preparada disolviendo nitrato del metal 

precursor y ácido cítrico en etanol, en la plantilla de PMMA y posterior 

calcinación. Los catalizadores de referencia (Pr-ref y Ce-ref) se 

prepararon de forma similar omitiendo la etapa de impregnación en la 

plantilla de PMMA. 

   La morfología de los catalizadores se ha observado mediante FESEM. 

La estructura porosa de los catalizadores se caracterizó mediante 

adsorción física de N2 a -196 °C, porosimetría de mercurio y densidad 

de helio. La estructura cristalina se estudió mediante DRX y el tamaño 

de cristal se calculó mediante la ecuación de Scherrer. La composición 

de los catalizadores se determinó mediante Micro-FRX. La 

reducibilidad de las muestras se estudió mediante H2-RTP y, la 

superficie de las mismas, mediante XPS. 

   Se realizaron experimentos de combustión de carbonilla y de 

quimisorción-desorción de NOx a temperatura programada en 
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reactores tubulares de lecho fijo con dos mezclas de reacción 

diferentes: 500 ppm NO/5% O2/N2 y 5% O2/N2. 

 

4.2. Resultados y discusión 

4.2.1. Caracterización de los catalizadores 
   Los catalizadores macroporosos (Ce-macro y Pr-macro) exhiben una 

estructura con macroporos tridimensionalmente ordenados como 

consecuencia del método de síntesis, mientras que los catalizadores 

de referencia (Ce-ref y Pr-ref) presentan estructuras no porosas y 

compactas.  

   Las muestras macroporosas presentan isotermas con una adsorción 

de nitrógeno fuerte y rápida a elevadas presiones relativas, indicativas 

de sólidos con gran volumen de macroporos, ausentes en las muestras 

de referencia. Asimismo, las distribuciones de tamaño de poro 

determinadas mediante porosimetría de mercurio indican la 

presencia de macroporos de 80 nm de diámetro en Pr-macro y Ce-

macro, que no están presentes en las muestras de referencia. Por otro 

lado, las medidas de densidad de helio sugieren la existencia de 

porosidad cerrada en las muestras, atribuida a la presencia de 

carbonatos. 

   Los difractogramas de rayos X revelan la presencia de CeO2 y Pr6O11 

con estructura tipo fluorita en los catalizadores. La técnica XPS indica 

una mayor cantidad de carbonatos en los catalizadores de Pr y una 

disminución en las muestras macroporosas frente a las de referencia, 

tanto en las cerias como en las praseodimias, lo que se relaciona con 

la basicidad de los catalizadores, pues ésta disminuye al aumentar la 

concentración de cationes M3+, que es mayor en los catalizadores 

macroporosos. Asimismo, un enriquecimiento superficial de iones M3+ 



 
Resumen en castellano 

254 
 

denota una mayor deficiencia de oxígeno en la superficie de Ce-macro 

y Pr-macro frente a los materiales de referencia.     

   La presencia de vacantes de oxígeno es positiva para la mejora de la 

reducibilidad, como se deduce de la menor temperatura de reducción 

de las muestras macroporosas. Asimismo, los catalizadores basados 

en Pr se reducen a menor temperatura y en mayor cantidad que los 

basados en Ce, de acuerdo con el mayor potencial de reducción del par 

Pr4+/Pr3+. Es de esperar que una mejor reducibilidad facilite la 

generación de oxígeno activo y, en consecuencia, la combustión 

catalítica de carbonilla. 

4.2.2. Combustión catalítica de carbonilla 

   Los catalizadores macroporosos aceleran la combustión de 

carbonilla en O2/N2 (Figura 9) en mayor medida que los catalizadores 

de referencia gracias a la reducibilidad mejorada y al mayor contacto 

facilitado por la estructura 3DOM. Esta mejora es más significativa en 

Pr-macro debido a sus propiedades redox y a la mejor definición de la 

estructura 3DOM.  

   En presencia de NOx (Figura 9) se observa una considerable mejora 

de la actividad catalítica en todos los catalizadores, pero que es más 

significativa en los óxidos 

de praseodimio y 

especialmente en Pr-

macro. De acuerdo con los 

perfiles de NO2 en 

experimentos en 

presencia y ausencia de 

carbonilla, la capacidad de 

oxidación de NO a NO2 es 

mayor en las muestras de 

Figura 9. Temperatura para el 50% de la combustión 

de carbonilla en experimentos realizados en 

presencia y ausencia de NOx en la mezcla de reacción. 
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praseodimia, y es la razón de su mayor eficiencia en la combustión de 

carbonilla en presencia de NOx.  

    El efecto de la estructura 3DOM en la combustión en presencia de O2 

y NOx incluye la mejora del contacto catalizador-carbonilla y, por 

tanto, un mecanismo de oxígeno activo más eficiente, pero no influye 

en la producción de NO2. No obstante, las moléculas de NO2, además 

de oxidar carbonilla por reacción directa, contribuyen a la creación de 

oxígeno activo, que son transferidas más eficientemente en la 

estructura macroporosa. Es por esta razón que se observa una 

importante mejora al emplear catalizadores macroporosos en 

presencia de NOx. 

   Al estudiar la 

desactivación de los 

catalizadores tras varios 

ciclos de combustión 

consecutivos (Figura 10), 

se observa una pérdida de 

actividad tras el primer 

ciclo de cada catalizador. 

Sin embargo, una vez 

estable, es Pr-macro el 

catalizador que conserva 

una mejor actividad catalítica, lo que le convierte en un material 

prometedor para la combustión catalítica de carbonilla. 

4.3. Conclusiones 

   Se han sintetizado óxidos macroporosos de praseodimio y se han 

probado por vez primera como catalizadores de la reacción de 

combustión de carbonilla. Su comportamiento se ha comparado con 

catalizadores macroporosos y convencionales de ceria y con 

Figura 10. Temperatura para el 50% de la 

combustión de carbonilla en experimentos 

consecutivos con 500 ppm NO y 5% O2 en N2. 
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praseodimia no macroporosa. De este estudio se extraen las siguientes 

conclusiones: 

• Se ha obtenido un catalizador de praseodimia con una 

estructura macroporosa bien definida y un elevado volumen 

de macroporos que acelera significativamente la combustión 

de carbonilla. 

• Los catalizadores basados en Pr se reducen con mayor 

facilidad que los basados en Ce y la estructura 3DOM mejora 

aún más esta reducibilidad. 

• La praseodimia presenta una mejor habilidad para oxidar NO 

a NO2 que la ceria, lo que desemboca en una mayor 

participación del mecanismo de combustión mediante oxígeno 

activo en la oxidación de carbonilla. 

   En consecuencia, los óxidos macroporosos de praseodimio 

presentan una mayor generación de oxígeno activo y mejoran su 

transferencia a las partículas de carbonilla, por lo que suponen una 

alternativa más eficiente para la combustión de carbonilla que los 

catalizadores de ceria. 

 

5. Efecto de CuO y de la estructura 3DOM en 
catalizadores de praseodimia para la 
combustión de carbonilla 

5.1. Experimental 

   El catalizador macroporoso de praseodimia (Pr-macro) se obtuvo 

mediante infiltración de una disolución precursora, preparada 

disolviendo nitrato de praseodimio y ácido cítrico en etanol, en la 

plantilla de PMMA y posterior calcinación. El catalizador de referencia 

(Pr-ref) se preparó de forma similar omitiendo la etapa de 
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impregnación en la plantilla de PMMA. Adicionalmente, se prepararon 

catalizadores dopados con cobre (CuPr-macro y CuPr-ref) mediante 

impregnación de nitrato de cobre en exceso de etanol sobre los 

soportes de praseodimia. 

   La morfología de los catalizadores se ha observado mediante FESEM. 

La estructura porosa de los catalizadores se caracterizó mediante 

adsorción física de N2 a -196 °C, porosimetría de mercurio y densidad 

de helio. La estructura cristalina se estudió mediante DRX y el tamaño 

de cristal se calculó mediante la ecuación de Scherrer y Williamson-

Hall. La composición de los catalizadores se determinó mediante 

Micro-FRX. La reducibilidad de las muestras se estudió mediante H2-

RTP y, la superficie de las mismas, mediante XPS. 

   Se realizaron experimentos de combustión de carbonilla y de 

quimisorción-desorción de NOx a temperatura programada en 

reactores tubulares de lecho fijo con dos mezclas gaseosas diferentes: 

500 ppm NO/5% O2/N2 y 5% O2/N2. 

5.2. Resultados y discusión 

5.2.1. Caracterización de los catalizadores 
   Los catalizadores Pr-macro y Pr-ref, descritos previamente en el 

apartado 4.2.1, exhiben diferencias morfológicas significativas a causa 

del método de síntesis. En concreto, una estructura macroporosa 

tridimensionalmente ordenada en el catalizador Pr-macro, ausente en 

Pr-ref, que afecta notablemente a la porosidad. Se observan 

diferencias en la adsorción de N2 a -196 °C a elevadas presiones 

relativas en Pr-macro y Pr-ref, indicando la existencia de macroporos 

en el primero, cosa que corroboran los resultados de porosimetría de 

mercurio.  

   Al depositar cobre sobre los soportes de Pr, tanto en CuPr-macro 

como en CuPr-ref, las isotermas de N2 sugieren un bloqueo de la 
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mesoporosidad detectada en los soportes al depositar las partículas 

de CuO. Estas partículas se distribuyen en todo el rango de la 

porosidad del soporte de praseodimia, por lo que en CuPr-macro 

bloquean también parte de la estructura 3DOM. Asimismo, se observa 

una apertura en la porosidad de forma simultánea al bloqueo por 

depósito de cobre, aunque tiene un efecto menos significativo. Esta 

apertura es debida a la eliminación durante la impregnación de cobre 

de carbonatos/bicarbonatos superficiales. 

   Los difractogramas de rayos X indican una estructura cúbica tipo 

fluorita de Pr6O11 en todos los catalizadores, sin diferencias entre los 

parámetros cristalinos. Se observan pequeños picos asignables a CuO 

en CuPr-macro y CuPr-ref, lo que sugiere una elevada dispersión de 

CuO en la superficie de los catalizadores y favorece el bloqueo de la 

porosidad. 

   Mediante XPS se detecta una mayor cantidad de Pr3+ y, por tanto, de 

vacantes de oxígeno en Pr-macro frente a Pr-ref a causa de la presencia 

de la plantilla de PMMA durante la calcinación. La adición de Cu 

también aumenta el %Pr3+ en las muestras siendo CuPr-macro el que 

presenta un porcentaje más alto. Por ello, se espera que los 

catalizadores con cobre presenten una mejor reducibilidad. Mediante 

XPS también se ha detectado la presencia de 

carbonatos/bicarbonatos, especialmente en las muestras 

macroporosas. La concentración de estas especies disminuye tras el 

depósito de cobre, lo que corrobora la hipótesis de la porosidad 

cerrada. Asimismo, ensayos de descomposición a temperatura 

programada corroboran la existencia de estas especies. Al estudiar los 

perfiles de reducción se observa una reducibilidad similar en las 

muestras Pr-macro y Pr-ref. Por otro lado, las muestras con cobre 

indican un buen contacto entre las partículas de CuO y la praseodimia. 
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5.2.2. Combustión catalítica de carbonilla 

   Todos los catalizadores aceleran la reacción de combustión de 

carbonilla en ausencia y presencia de NO frente a la reacción sin 

catalizar. La actividad catalítica depende de la composición, 

morfología y superficie activa. En ambos casos, Pr-ref es el catalizador 

menos activo mientras que Pr-macro es el más activo, lo que denota el 

efecto positivo de la estructura 3DOM en la actividad catalítica. La 

presencia de Cu es positiva en el catalizador de referencia mientras 

que en el catalizador macroporoso se produce una ligera pérdida de 

actividad, tanto en presencia como en ausencia de NOx.  

   Hay dos mecanismos de combustión de carbonilla: el debido a 

oxígeno activo y el asistido por NO2. En cuanto al primero, se lleva a 

cabo de oxidación de la carbonilla por parte de radicales de oxígeno, 

también conocidos como oxígeno activo. Este mecanismo está 

potenciado en Pr-macro pues posee una gran cantidad de vacantes de 

oxígeno, lo que mejora la producción de oxígeno activo, y un buen 

contacto catalizador-carbón debido a la estructura macroporosa. La 

adición de cobre a los catalizadores tiene varios efectos: por un lado, 

mejora la reducibilidad de la praseodimia y, por otro, modifica las 

propiedades texturales. CuPr-ref modifica la superficie, pues se 

eliminan carbonatos/bicarbonatos durante la impregnación de Cu, 

por lo que mejora el contacto catalizador-carbonilla además de 

mejorarse la reducibilidad del catalizador debido a la presencia del 

cobre por lo que se mejora la actividad que exhibe Pr-ref. Sin embargo, 

la adición de cobre a Pr-macro bloquea parte de la macroporosidad, 

por lo que empeora el contacto carbonilla-catalizador. Por ello, aunque 

se mejora la reducibilidad de la praseodimia y la capacidad de 

producción de oxígeno, disminuye la actividad catalítica de CuPr-

macro frente a Pr-macro cuando la combustión se realiza con un 5% 

de O2 en N2.  
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   Todos los catalizadores 

presentan la misma 

capacidad para oxidar NO 

a NO2 y, pese a ello, 

exhiben diferencias en la 

mejora del 

comportamiento catalítico 

cuando el mecanismo de 

combustión asistido por 

NO2 también participa en 

la reacción (Figura 11).  

 

   La disminución de la temperatura de combustión es mayor en el caso 

de Pr-macro, CuPr-ref y CuPr-macro que en Pr-ref, dependiendo del 

área superficial y de la reducibilidad de cada catalizador. Esto indica 

que el mecanismo principal de reacción es la reacción de las moléculas 

de NO2 con la superficie de PrOx para crear más oxígeno activo que 

debe ser transferido a las partículas de carbonilla para poder 

oxidarlas.

5.3. Conclusiones 

   La combustión de carbonilla sobre catalizadores macroporosos de 

praseodimia, con y sin cobre en su composición, se ha estudiado y 

comparado con materiales similares de referencia, sin estructura 

macroporosa, pudiéndose extraer las siguientes conclusiones: 

• La fase principal detectada mediante DRX es Pr6O11 y los 

parámetros cristalinos de los catalizadores macroporosos son 

similares a los de los catalizadores de referencia. 

• La estructura 3DOM favorece el contacto carbonilla-

catalizador y genera una densidad superficial de oxígeno 

Figura 11. Temperatura para el 50% de la 

combustión de carbonilla en experimentos 

realizados en presencia y ausencia de NOx en la 

mezcla de reacción. 
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activo mayor que la existente en los catalizadores no 

estructurados. Por esto, Pr-macro combina una buena 

producción de oxígeno activo y una transferencia eficiente 

hacia la carbonilla, por lo que es un catalizador muy activo 

para acelerar la combustión de carbonilla. 

• La impregnación de cobre sobre PrOx no estructurada (CuPr-

ref) mejora la producción y transferencia de oxígeno activo 

hacia la carbonilla, mejorando la actividad frente a su 

equivalente sin cobre (Pr-ref). Sin embargo, las partículas de 

CuO bloquean la porosidad de la estructura 3DOM del soporte 

de praseodimia, entorpeciendo el contacto con la carbonilla 

(CuPr-macro). 

• La combustión de carbonilla se acelera en presencia de NOx 

debido a la producción de NO2 catalizada por PrOx. Una vez 

producido, NO2 es principalmente readsorbido en la superficie 

de los catalizadores, produciendo oxígeno activo que debe ser 

transferido a la carbonilla. Por esta razón, la porosidad de los 

catalizadores juega un papel fundamental en la combustión 

con NOx/O2 puesto que la estructura 3DOM mejora el contacto 

carbonilla-catalizador y, por tanto, la transferencia de oxígeno 

activo a las partículas de carbonilla. 

 

6. Óxidos de lantano para la eliminación de NOx 
y carbonilla 

6.1. Experimental 

   El catalizador macroporoso de lantano (La-macro) se obtuvo 

mediante infiltración de una disolución precursora, preparada 

disolviendo nitrato de lantano y ácido cítrico en etanol, en la plantilla 

de PMMA y posterior calcinación. El catalizador de referencia (La-ref) 
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se preparó de forma similar omitiendo la etapa de impregnación en la 

plantilla de PMMA. Adicionalmente, se prepararon catalizadores 

dopados con cobre (CuLa-macro y CuLa-ref) mediante impregnación 

de nitrato de cobre en exceso de etanol sobre los soportes de óxidos 

de lantano. 

   La morfología de los catalizadores se ha observado mediante FESEM. 

La estructura porosa de los catalizadores se caracterizó mediante 

adsorción física de N2 a -196 °C y porosimetría de mercurio. La 

estructura cristalina se estudió mediante DRX. La composición de los 

catalizadores se determinó mediante Micro-FRX. La reducibilidad de 

las muestras se estudió mediante H2-RTP y, la superficie de las 

mismas, mediante XPS. 

   Se realizaron experimentos de combustión de carbonilla y de 

quimisorción-desorción de NOx a temperatura programada en 

reactores tubulares de lecho fijo con dos mezclas gaseosas diferentes: 

500 ppm NO/5% O2/N2 y 5% O2/N2. 

   La capacidad de almacenamiento de NOx en condiciones isotermas se 

determinó mediante reacción en un reactor de lecho fijo conectado a 

un espectrómetro de masas con una mezcla gaseosa de 500 ppm de 

NO y 5% O2 en Ar. Adicionalmente, se realizaron experimentos NSR 

con 500 ppm NO + 5% O2 en Ar inyectando H2 de forma periódica. 

6.2. Resultados y discusión 

6.2.1. Caracterización de los catalizadores 
   El catalizador La-macro exhibe una porosidad consecuencia del 

método de síntesis que no está presente en La-ref. Sin embargo, tras la 

adición de cobre tanto CuLa-macro como CuLa-ref presentan 

morfologías porosas en lugar de las morfologías originales de los 

soportes, consecuencia de un cambio de fase en ambos catalizadores. 

La distribución de tamaño de poro y las isotermas adsorción-
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desorción de nitrógeno a -196 °C apoyan esta hipótesis. Los 

difractogramas de rayos X indican la presencia de La2CuO4 en las 

muestras con cobre además de La(OH)3, La2O2CO3 y La2O3. En los 

catalizadores sin cobre se detectan La(OH)3 y La2O3. 

   Los espectros fotoelectrónicos de O 1s indican una mayor cantidad 

de especies oxigenadas superficiales en La-macro frente a La-ref, lo 

que está relacionado con un mayor número de vacantes de oxígeno en 

el material. En los espectros de los catalizadores con cobre se observa 

la presencia de oxígeno correspondiente a la estructura perovskita. La 

posición de este pico es diferente en CuLa-macro y CuLa-ref, lo que se 

atribuye a diferencias en la interacción entre las especies de cobre y 

de lantano. Esta interacción afecta también a la posición del pico de 

oxígeno de red, lo que evidencia una reorganización de la densidad de 

carga negativa relacionada con la presencia de la fase La2CuO4. Los 

espectros de cobre confirman la presencia de La2CuO4, pero no 

permiten descartar la presencia de CuO. 

   Los picos de reducción sugieren la presencia de CuO disperso y de 

La2CuO4, estando este último en mayor proporción. Asimismo, se 

observa una pequeña desviación en la posición del pico de reducción 

de la fase perovskita posiblemente causada por la reorganización de 

la densidad electrónica o por la transición de fase de La2CuO4 de 

ortorrómbica a tetragonal. Posiblemente la estructura macroporosa 

interfiera con la transición de fase en CuLa-macro mientras que en 

CuLa-ref no tiene impedimentos estructurales y la reorganización de 

la estructura puede ser la causa de una ligera mejora en la 

reducibilidad del cobre a elevadas temperaturas. Adicionalmente, se 

observan picos de deshidratación de La(OH)3  y de descarbonatación 

de la fase La2O2CO3 para formar La2O3, que se corroboran mediante 

experimentos de desorción a temperatura programada. 
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 6.2.2. Quimisorción de NOx 
   La capacidad de quimisorción y desorción de los catalizadores se ha 

estudiado mediante reacciones a temperatura programada, incluidas 

en la Figura 12.  

   Las muestras sin 

cobre presentan 

perfiles muy similares, 

siendo La-ref quien 

presenta una 

ligeramente mayor 

capacidad de 

quimisorción debido a 

su baja área y por 

tanto mayor 

porcentaje de La2O3, 

que es capaz de retener los NOx formando nitratos de lantano.  

   Las diferencias entre 200 y 400 °C entre los catalizadores con cobre 

pueden explicarse por el reordenamiento del enlace Cu-O durante la 

transición de fase ortorrómbica a tetragonal de La2CuO4 que estimula 

la deslocalización electrónica y puede afectar a las dinámicas de 

reacción. 

   CuLa-macro presenta una mayor capacidad de quimisorción que 

CuLa-ref, pero empieza a mayor temperatura y más despacio, en el 

mismo rango de temperaturas a que empieza a producirse la 

deshidratación. Esto sugiere que la superficie del catalizador está 

cubierta por nitratos adsorbidos sobre La(OH)3 y La2O2CO3 que 

permanecen retenidos en el interior del material hasta la temperatura 

a la que descomponen. Este comportamiento es diferente de CuLa-ref 

y puede explicarse por las diferentes electronegatividades observadas 

mediante XPS. Posiblemente el enlace Cu-O junto con la mejor 

Figura 12. Concentración de NOx durante experimentos a 

temperatura programada con una mezcla gaseosa de 500 

ppm de NO y 5 % de O2 en N2. 
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dispersión de la fase perovskita estén relacionados con una mejor 

interacción en el catalizador CuLa-macro. 

   CuLa-macro presenta una menor producción de NO2 que CuLa-ref 

que puede deberse a una menor capacidad de conversión de NO a NO2 

o a una mayor quimisorción de NO2, atribuible al reordenamiento 

electrónico observado mediante XPS junto con los eventos de 

deshidratación que pueden reducir la estabilidad de las especies 

adsorbidas y limpiar con más facilidad la superficie de CuLa-ref. 

   A 400 °C la capacidad de quimisorción de CuLa-ref y CuLa-macro son 

similares, mientras que a 450 °C CuLa-macro tiene una mayor 

capacidad de almacenamiento de NOx que los demás catalizadores 

siguiendo la tendencia: CuLa-macro ˃ CuLa-ref ~ La-macro ˃ La-ref, lo 

que indica una mejora del contacto superficie-molécula reactiva 

debido a la estructura macroporosa. Sin embargo, todos los valores 

son bajos comparados con un catalizador convencional de platino-

bario sobre alúmina. 

6.2.3. Experimentos NSR 
   A pesar de la baja capacidad de quimisorción pueden ser materiales 

interesantes si pueden reducir los NOx lo suficientemente rápido. El 

comportamiento de 

CuLa-ref y CuLa-

macro a 450 °C en 

un ciclo completo 

NSR se ha llevado a 

cabo inyectando H2 

periódicamente y 

los resultados se 

muestran en la 

Figura 13.  
Figura 13. Conversión de NOx durante ciclos NSR con los 

catalizadores CuLa-macro y CuLa-ref (500 ppm de NO, 5% 

O2) con diferentes frecuencias de inyección de hidrógeno. 
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   A esa temperatura las principales fases presentes son LaOOH, 

La2CuO4 tetragonal y La2O2CO3 hexagonal. La conversión de NOx 

alcanza un estado de equilibrio para cada frecuencia de inyección de 

H2 entre las moléculas quimisorbidas y las reducidas. Durante el 

primer segmento se produce una pérdida de actividad debido a una 

posible quimisorción irreversible de NOx. 

   Estos experimentos sugieren que los catalizadores admiten trabajar 

en condiciones variables y, por lo tanto, alcanzar un punto óptimo 

entre conversión y precio del proceso. La fuerte quimisorción de NOx 

sobre CuLa-macro explica su peor comportamiento frente al de CuLa-

ref, aunque éste tenga menor capacidad de almacenamiento. 

6.2.4. Combustión catalítica de carbonilla 
   Se han realizado ensayos de 

combustión de carbonilla con 

los cuatro catalizadores en 

dos mezclas de gases, O2/N2 y 

NOx/O2/N2, y los resultados 

se muestran en la Figura 14. 

La-ref no tiene actividad 

catalítica. La-macro sí acelera 

la combustión en presencia 

de NOx, lo que indica que la 

estructura macroporosa 

favorece la combustión frente al catalizador no estructurado La-ref. 

Sin embargo, no la acelera en ausencia de NOx, lo que corrobora la baja 

contribución del mecanismo de combustión mediante La2O2CO3 y la 

importancia del NOx en el mecanismo de combustión. Los 

catalizadores con cobre presentan una actividad similar, siendo 

especialmente efectivos en presencia de NOx, Estos valores son 

superiores a los valores de otros catalizadores preparados y probados 

Figura 14. Temperatura para el 50% de la 

combustión de carbonilla en experimentos 

realizados en presencia y ausencia de NOx en la 

mezcla de reacción. 
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en esta tesis (510 °C para SrTi-macro (Sección 2) y Pr-macro (Sección 

4)). 

   Todos los catalizadores aceleran la oxidación de NO a NO2 y, en el 

caso de La-ref y La-macro se consume todo el NO2 en oxidar la 

carbonilla. Los catalizadores con cobre presentan picos de emisión de 

NO2 que son ligeramente inferiores en el caso de CuLa-macro, lo que 

puede significar una menor conversión de NO o también, y más 

probablemente en este caso, una mayor quimisorción de NO2 en la 

superficie. 

   La estabilidad de los catalizadores se ha estudiado durante cuatro 

ciclos consecutivos de combustión en NO/O2/N2. La desactivación de 

La-ref no se ha estudiado debido a su nula actividad. La-macro no 

presenta desactivación mientras que los catalizadores con cobre se 

desactivan durante los primeros tres ciclos con una tendencia similar. 

Los difractogramas de rayos X de los catalizadores usados indican que 

en La-macro se produce una carbonatación parcial durante la 

reacción. 

   El difractograma de la muestra de CuLa-ref indica una rápida 

hidratación sin carbonatación tras la reacción. Pueden observarse 

pequeños picos correspondientes a La2CuO4 que sugieren que la 

estructura perovskita no se descompone durante los tests catalíticos. 

   El comportamiento de CuLa-macro es diferente de CuLa-ref. En este 

caso, tras la reacción se observa La2O3 con La2CuO4 y una baja 

contribución de La(OH)3, sin presencia de La2O2CO3. 

6.3. Conclusiones 

   Se han sintetizado óxidos de lantano macroporosos mediante 

impregnación en un cristal coloidal de polimetilmetacrilato y se han 

probado como catalizadores en la reacción de aceleración de 



 
Resumen en castellano 

268 
 

carbonilla y como trampa de NOx. Asimismo, se ha analizado el efecto 

de la presencia de La2CuO4 en la composición del catalizador. Con fines 

comparativos, catalizadores no estructurados con la misma 

composición han sido preparados y analizados, pudiéndose extraer las 

siguientes conclusiones: 

• En el material no estructurado CuLa-ref, la formación de la fase 

La2CuO4 conlleva la creación de porosidad en comparación con 

el soporte La-ref e incrementa el área superficial pero, en la 

muestras macroporosas, este efecto interfiere con la 

estructura macroporosa. 

• La capacidad de almacenamiento de NOx se mejora en los 

catalizadores macroporosos debido al mejor contacto entre 

catalizador y molécula reactiva. La presencia de La2CuO4 

también mejora la capacidad de almacenamiento a causa del 

incremento de área superficial durante la síntesis y la 

modificación del entorno electrónico, especialmente en CuLa-

macro.

• Aunque la capacidad de almacenamiento es baja comparada 

con catalizadores convencionales de metales nobles, la 

cinética del ciclo NSR es lo suficientemente rápida como para 

permitir una conversión de NOx aceptable tanto con CuLa-ref 

como con CuLa-macro. Estos catalizadores aceptan trabajar en 

condiciones variables por lo que se puede optimizar el nivel de 

conversión en función del precio del proceso. 

• El mecanismo de combustión mediante La2O2CO3 tiene poca 

incidencia en la combustión catalítica, siendo el NO2 la 

principal molécula oxidante. El catalizador más activo para la 

combustión de carbonilla es CuLa-macro, lo que está 

relacionado con una mayor quimisorción de NO2 en la 

superficie del catalizador. 
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• La desactivación de los catalizadores con cobre presenta una 

tendencia similar durante los tres primeros ciclos antes de 

estabilizarse. La composición de los catalizadores tras la 

reacción es una mezcla de La2CuO4 y La2O3, La(OH)3 y La2O2CO3 

en función del grado de carbonatación e hidratación. 
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