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Abstract 
 

Three different types of ordered mesoporous silica materials, MCM-41, aluminum incorporated 

into the silica framework MCM-41 (Al-MCM-41) and SBA-15, were prepared. Apart from 

elemental composition, they differed in textural and structural properties. Furthermore, aluminum 

was grafted on the silica surfaces by Molecular Designed Dispersion (MDD) method. Finally, the 

transition metal (cobalt or rhodium) was applied for the surface activation of the silica supports by 

MDD technique. Much higher initial concentration of cobalt acetylacetonate complex 

(3.2 mmolCo(acac)2.gsupport
-1

) was applied than the concentrations of rhodium acetylacetonate complex 

(0.2–0.01 mmolRh(acac)3. gsupport
-1

). The prepared catalysts were characterized by different techniques 

such as AAS, EPMA, EDX, TGA, N2 physisorption, SEM, XRD, IR and Raman spectroscopy, DR 

UV-Vis spectroscopy, XPS, TPD-NH3, TPR-H2 and pulse chemisorption of H2 and their catalytic 

activities were tested for two reactions of environmental application: N2O decomposition (in inert 

and real conditions and in the presence of the reducing agent) and CO oxidation at low 

temperatures (below 450 °C).  

The Co-grafted catalysts showed poor activity (14 %) in catalytic N2O decomposition in the inert 

condition at 450 °C and at GHSV 15648 h
-1

. This was in agreement with TPR-H2 study as Co-

grafted catalysts showed very low hydrogen consumption within the temperature range of catalytic 

tests of N2O decomposition. The carbon monoxide as the reducing agent can facilitate the reduction 

of cobalt which was confirmed as the N2O conversion increased up to 26 % at 450 °C (at GHSV 

15648 h
-1

). The non-specified oxide CoxOy was detected by DR UV-vis and Raman spectroscopy as 

well as cobalt spinel phase by XRD analysis in the sample Al-MCM+Co. This catalyst contained 

both cobalt ions (Co
2+

 as well as Co
3+

) as determined by TPR-H2 experiments which seems to be 

beneficial for the catalytic activity of CO oxidation. On the other hand, a specific ration between 

Co
2+

 and Co
3+

 ions is not definitely required as the most active catalyst in the reaction of CO 

oxidation was SBA+Co containing tetrahedral Co
2+ 

ions interacting with the support as determined 

by DR UV-vis analysis. More active sites were distributed on SBA+Co per unit surface area than 

on other Co-grafted catalysts by expressing the catalytic activity as converted CO molecules per 

unit BET surface area. Therefore, it is expected that the most important for the catalytic activity is 

better and higher distribution of cobalt species on the silica support. 

In the case of Rh-grafted catalysts, the activity of the catalysts with the same initial rhodium 

loading (0.2 mmolRh(acac)3.gsupport
-1

) in the reaction of N2O decomposition under the inert and real 

conditions (the presence of O2, water vapor and NO) was found in the order: Al-MCM+Rh > 

MCM+Al+Rh > SBA+Rh ≈ MCM+Rh. It was proven experimentally (by TPR-H2 and pulse 

chemisorption of H2) that aluminum incorporated into the structure of MCM-41 enhanced rhodium 

dispersion on the support which was beneficial for its catalytic activity in the reaction of N2O 

decomposition. Nearly the same catalytic activities of MCM+Rh(2.7 %) and SBA+Rh(2.7 %) 

supports the fact that differences in mesoporous structures of MCM-41 and SBA-15 did not play 

the key role in the reaction of N2O decomposition within the applied amount of rhodium and 

experimental conditions of N2O decomposition. 
 

Keywords: Ordered mesoporous silica; Aluminum; Cobalt; Rhodium; Molecular designed 

dispersion; Incorporation; Catalysis, N2O decomposition; CO oxidation. 

 

 

 

 

 

 

  



 

 

Abstrakt 
 

Tři různé typy uspořádaných mezoporézních křemičitých materiálů, MCM-41, hliník začleněný do 

křemičité struktury MCM-41 (Al-MCM-41) a SBA-15, byly připraveny. Kromě elementárního 

složení se lišily v texturních a strukturních vlastnostech. Kromě toho byl hliník nanesen na povrchu 

křemičité struktury tzv. metodou Molecular Designed Dispersion (MDD). Nakonec byl použit 

přechodný kov (kobalt nebo rhodium) pro aktivaci křemičitých nosičů pomocí MDD techniky. 

Byla použita mnohem vyšší počáteční koncentrace acetylacetonátových komplexů kobaltu 

(3,2 mmolCo(acac)2.gnosič
-1

) než byla koncentrace acetylacetonátových komplexů rhodia (0,2–

0,01 mmolRh(acac)3.gnosič
-1

). Připravené katalyzátory byly charakterizovány různými instrumentálními 

metodami AAS, EPMA, EDX, TGA, N2 fyzisorpce, SEM, RTG difrakce, IČ a Ramanova 

spektroskopie, DR UV-Vis spektroskopie, XPS, TPD-NH3, TPR-H2 a pulzní chemisorpce vodíku a 

jejich katalytické aktivity byly testovány na dvou reakcích týkajících se problematiky ochrany 

životního prostředí: rozklad N2O (v inertních a reálných podmínkách a v přítomnosti redukčního 

činidla) a oxidaci CO při nízkých teplotách (pod 450 °C). 

Kobaltové katalyzátory vykazovaly slabou aktivitu (14 %) v reakci katalytického rozkladu N2O 

v inertních podmínkách. Tento výsledek souhlasí s měřením TPR-H2, kdy kobaltové katalyzátory 

vykazovaly velmi nízkou spotřebu H2 v rozmezí teplot katalytických testů rozkladu N2O. Bylo 

potvrzeno, že oxid uhelnatý jako redukční činidlo usnadňuje redukci kobaltu, jelikož konverze N2O 

se zvýšila na 26 % při 450 °C (při prostorové rychlosti GHSV 15648 h
-1

). Nespecifikovaný oxid 

CoxOy byl detekován pomocí DR UV-vis a Ramanovy spektroskopie stejně jako spinel kobaltu 

pomocí RTG difrakce ve vzorku Al-MCM+Co. Tento katalyzátor obsahoval oba ionty kobaltu 

(Co
2+

 a Co
3+

), což bylo určeno pomocí TPR-H2, a jejich přítomnost se jeví jako prospěšná pro 

katalytickou aktivitu oxidace CO. Na druhé straně, specifický poměr mezi Co
2+

 a Co
3+

 ionty není 

definitivně nezbytný vzhledem k tomu, že nejaktivnějším katalyzátorem v reakci oxidace CO byl 

SBA+Co obsahující tetraedrické Co
2+

 ionty vázané na nosiči podle DR UV-vis analýzy. Více 

aktivních míst na jednotku plochy bylo rozmístěno na SBA+Co ve srovnání s ostatními 

kobaltovými katalyzátory vyjádřením katalytické aktivity jako počet zreagovaných molekul CO na 

jednotku BET plochy. Z tohoto důvodu se předpokládá, že nejdůležitější pro katalytickou aktivitu 

je lepší a vyšší rozmístění iontů kobaltu na křemičitých nosičích. 

V případě rhodiových katalyzátorů, aktivita katalyzátorů se stejnou počáteční koncentrací rhodia 

(0,2 mmolRh(acac)3.gnosič
-1

) v reakci rozkladu N2O v inertních a reálných podmínkách (přítomnost O2, 

vodní páry a NO) byla v pořadí: Al-MCM+Rh > MCM+Al+Rh > SBA+Rh ≈ MCM+Rh. 

Experimentálně bylo prokázáno (pomocí TPR-H2 a pulzní chemisorpce vodíku), že hliník 

začleněný do struktury MCM-41 zvyšuje disperzi rhodia na nosiči, což zvýšilo aktivitu 

katalyzátoru v reakci rozkladu N2O. Téměř stejná katalytická aktivita MCM+Rh (2,7 %) a 

SBA+Rh (2,7 %) podporuje skutečnost, že rozdíly v mezoporézní struktuře MCM-41 a SBA-15 

nehrály klíčovou úlohu v reakci rozkladu N2O v rámci použitého množství rhodia a 

experimentálních podmínek rozkladu N2O. 

 

Klíčová slova: Uspořádané mezoporézní křemičité materiály; Hliník; Kobalt; Rhodium; Nanášení 

molekul; Inkorporace; Katalýza, Rozklad N2O; Oxidace CO. 
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1 INTRODUCTION 
 

Catalysis is one of the most important technologies in the industry, controlling more than 90 % of 

chemical processes. Catalysis is also important for the environmental protection and the abatement 

of gaseous and liquid pollutants. This work is focused on the catalytic decomposition of gas 

pollutants, nitrous oxide and carbon monoxide.  

Nitrous oxide (N2O) contributes to the destruction of stratospheric ozone layer and the global 

warming. The global warming potential of N2O is 310 greater than carbon dioxide and 21 times 

than methane. The primary natural sources of N2O are the biological processes that proceed in soils 

and oceans. The main industrial sources of N2O emissions are nitric and adipic acid plants. The 

ambient level of N2O is 327 ppb in 2014 and has been increasing in recent years, (0.2–0.3 % per 

year), (http://www.epa.gov/climatechange/science/indicators/ghg/ghg-concentrations.html, 

http://www.enn.com/ecosystems/article/42147). The catalytic decomposition of N2O is so far 

considered as the most effective and cost-efficient option for N2O abatement and has been widely 

studied by many research teams. Despite of this fact, it is still problematic to find a catalyst with 

sufficient activity and stability in real off-gas conditions such as the presence of water, oxygen and 

NOx from nitric acid production plants (Pérez-Ramírez, 2003).  

High amounts of carbon monoxide (CO) are emitted to the air (1.09 billion tons in 2000), (Royer, 

2011). Its main sources are from transportation, power plants and industrial processes, and 

domestic activities. Carbon monoxide is a precursor of ground-level ozone which can cause serious 

respiratory problems due to its high affinity with hemoglobin. It is a highly flammable gas, 

however, homogeneous CO combustion in polluted air (50–50,000 ppm) is impossible. It is also 

not very soluble in water. The catalytic oxidation of CO into CO2 is necessary for CO abatement. 

The catalytic converters in 1970s in the Unites States of America and in 1990s in Europe showed 

the great activity of noble metals for CO oxidation (Royer, 2011). However, the application of 

other transition metals has been interesting due to the increasing price of noble metals.  

So far, a lot of solid catalysts have been studied including i) monocrystals and unsupported metals, 

ii) pure metal oxides, iii) mixed metal oxides and iv) supported metals (silica, alumina, titania, 

zirconia, zeolites and others). The required properties of catalyst performance are high reactivity, 

selectivity and stability. For the practical application, supported metal oxide catalysts are better 

than unsupported metal oxides due to higher dispersion of metals with the combination of larger 

specific surface area of catalyst supports. The ordered mesoporous silica materials belong to the 

group of supports with large surface area and narrow pore size distribution. First ordered 

mesoporous silica materials were reported in 1990s (Meynen, 2009). Three different support 

materials of such kind were used in this work: MCM-41, Al-MCM-41 (aluminum incorporated 

within MCM-41 structure) and SBA-15. They have different compositional, textural and structural 

properties.  

In the case of Al-MCM-41, aluminum was presented in literature (Hussain, 2013) as the element 

generating acid sites, enhancing dispersion and stability of metals. Its incorporation into the 

structure also strengthens hydrothermal stability of MCM-41.  

For the activation of support surfaces by catalytically active metals, the method called Molecular 

Designed Dispersion (MDD) was applied in this work assuming high concentration and dispersion 

of metals on silica supports. 

The most active metals for the N2O catalytic decomposition are cobalt and copper from transition 

metals, rhodium and ruthenium from noble metals (Kapteijn, 1996). Very active catalysts are based 

on calcined hydrotalcites, zeolites and alumina supports. For the catalytic CO oxidation, noble 

metals are more active than the other ones, however, some oxides such as cobalt and copper 

showed a good activity. Therefore, cobalt and rhodium were selected to this work.  

It is essential to understand and characterized the morphology and the texture of prepared catalysts, 

their elemental composition, the coordination and oxidation state of catalytically active metals, 

their reducibility, the acidity of catalyst surfaces and the distribution of metal sites for better 

understanding of the catalytic activities and catalyst applications. In this work, prepared catalysts 

were tested for the catalytic decomposition and reduction of N2O and CO oxidation at low 

temperatures (below 450 °C). 
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2 OBJECTIVES  
 

The aim of this doctoral dissertation was to contribute to surface activation of ordered mesoporous 

silica materials and their application as catalysts to deal with the environmental and health issues of 

nitrous oxide and carbon monoxide.  

 

The following tasks were solved: 

 Preparation (Fig.1) of three different types of ordered mesoporous silica materials: i) MCM-41 

(designated as MCM), ii) Al-MCM-41 with different Si/Al ratios synthetized by two different 

approaches (designated as Al-MCM
a, b

), iii) SBA-15 (designated as SBA). Apart from 

elemental composition, they differed in textural and structural properties. 

 

  
 

 
Fig. 1. The liquid crystal templating (LCT) mechanism proposed by Beck (1992), (1) 

formation of micellar rod around the surfactant micelle producing hexagonal array of rods, (2) 

incorporation of inorganic precursor (silica, silica-alumina) around the rod-like structure (3) 

calcination to remove surfactant micelle and formation of mesoporous molecular sieve  

(http://info.chem.strath.ac.uk/people/academic/lorraine_gibson/research/sorbents). 

 

 Grafting of aluminum by Molecular Designed Dispersion (designated as MCM+Al) in 

comparison with aluminum incorporated in MCM structure (designated as Al-MCM) 

presuming good dispersion and stability of metals and increase of the acidity of silica 

supports. 

 

 Use of Molecular Designed Dispersion method for the grafting of two different metals: i) 

cobalt (Fig. 2) and ii) rhodium known as the active ones for the redox reactions. 

 

 
Fig. 2. The scheme of the interaction of e.g. cobalt acetylacetonate complexes with a silica 

surface described as MDD method. 
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 Characterization of prepared samples by different analytical methods: atomic absorption 

spectroscopy (AAS), electron probe microanalysis (EPMA), scanning electron microscopy 

(SEM) with energy dispersive X-ray analysis (EDX), nitrogen sorption, thermogravimetric 

analysis (TGA), X-ray powder diffraction (XRD), diffuse reflectance (DR) UV-Vis 

spectroscopy, infrared spectroscopy (DRIFT, ATR-FTIR), Raman spectroscopy, X-ray 

photoelectron spectroscopy (XPS), temperature programmed desorption of ammonia (TPD-

NH3), temperature programmed reduction by hydrogen (TPR-H2) and pulse chemisorption of 

H2. 

 

 Testing of activity of Co-grafted catalysts for the reaction of N2O decomposition (Eq. 1), N2O 

reduction by CO (Eq. 2) and CO oxidation (Eq. 3) and their comparison. 

N2O → N2 + ½ O2              (1) 

N2O + CO → N2 + CO2              (2) 

CO + ½ O2 → CO2              (3) 

 

 Testing of activity of Rh-grafted catalysts for N2O decomposition in inert and real conditions 

of waste gases from the production of nitric acid (the influence of O2, H2O and NO) followed 

by stability tests. 

 

 Correlation of the properties of catalysts with their catalytic activities expressed as the 

conversions of N2O or CO molecules (Eq. 4). 

o

o

x

xx
X


                 (4) 

 

 



3. SUMMARY OF RESULTS AND DISCUSSION  

 

4 

 

3 SUMMARY OF RESULTS AND DISCUSSION 
3.1 Characterization of different silica supports 

3.1.1 Textural properties 
 

The shapes of all adsorption-desorption isotherms correspond to IV type isotherm (according to 

IUPAC classification), which is typical for mesoporous materials (Fig. 3). MCM had the highest 

surface area whereas SBA had the smallest surface area with the presence of micropores 

interconnecting the mesopore structure. The syntheses of silica supports can be assumed as 

reproducible. 

 

 
Fig. 3. Nitrogen adsorption-desorption isotherms of prepared supports, MCM

2
, Al(1.6 %)-MCM

a
, 

Al(4.3 %)-MCM
b
 and SBA

2
. 

 

3.1.2 Morphology 
 

Figs. 4–6 from the scanning electron microscopy showed that MCM formed more uniform and 

compatible particles in comparison with Al-MCM
a
. However, both silica materials formed compact 

agglomerates consisting of individual spherical particles in comparison with SBA particles which 

had fiber-like morphology.  

 

   
Fig. 4. SEM image of MCM. Fig. 5. SEM image of 

Al(1.6 %)-MCM
a
. 

Fig. 6. SEM image of SBA. 

 

3.1.3 Grafting of aluminum 
 

To compare aluminum incorporated in the silica matrix Al-MCM
a
 with the theoretical Si/Al ratio 

equal to 20, 40 and 60 (Meynen, 2009) and Al-MCM
b
 with the theoretical Si/Al ratio 32 (Poladi, 

2002), it was necessary to find the appropriate Al(acac)3 loadings with the desired Si/Al ratios. The 

results are summarized in Fig. 7.  
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Fig. 7. Measured Al concentrations (orange) and defined Si/Al ratios according to elemental 

analyses (blue) in dependency on initial Al(acac)3 loadings on MCM. 

 

The maximal loading capacity of aluminum according to applied Al precursor (Al(acac)3) can be 

estimated by the simple calculation of monolayer capacity assuming that the theoretical surface 

coverage is equaled to 1 (Eq. 5).  

Vm=
SBET

Am∙10-18∙NA

                     (5) 

The variables in the calculation of monolayer capacity are: Am (Al(acac)3) = 0.89 nm
2
, Al(acac)3 

was modelled by the program NWChem 6.3; SBET = 1135 m
2
.g

-1
, the average value from the MCM 

supports applied for Al(acac)3 grafting. 

Vm=
𝟏𝟏𝟑𝟓∙𝟏𝟎−𝟑

0.89∙10-18∙6.022∙𝟏𝟎𝟐𝟑
= 𝟐. 𝟏 mmol.g

-1
 

The variance from the linear dependence of final aluminum concentration on initial Al(acac)3 

loading below the calculated monolayer capacity is apparent in Fig. 7. The loading of aluminum 

increased almost linearly with the increase of Al(acac)3 concentrations in solution up to about 

0.6 mmol.g
-1

. From this point, steeper increase in aluminum concentrations (wt%) was observed. 

This fact may be explained by the formation of multilayers, aggregates and clusters before a 

complete monolayer was formed.  
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3.2 Characterization and catalytic activity of catalysts grafted by cobalt 

 

Different loadings of Co(acac)2 were applied for cobalt deposition. From theoretical and 

experimental values of cobalt loading capacity, the same initial concentration of 

3.2 mmolCo(acac)2.gsupport
-1 was applied for the further grafting of cobalt. Five types of catalysts were 

prepared by MDD with the same initial concentration of cobalt precursor. They are divided in three 

groups for the clarity of their comparison:  

(i) MCM and SBA grafted by cobalt studying the effect of different silica supports,  

(ii) MCM modified by aluminum (incorporated or grafted) and further grafted by cobalt studying 

the effect of aluminum and its different location, 

(iii) MCM and SBA grafted by aluminum and cobalt compared with MCM and SBA grafted only 

by cobalt studying the presence of grafted aluminum. 

They were further characterized and tested in the catalytic reaction of N2O decomposition in the 

inert atmosphere or by using CO as the reducing agent and tested in CO catalytic oxidation.  

 

3.2.1 Grafting of cobalt and its monolayer surface coverage on MCM 
 

The initial concentration of Co(acac)2 was 0.4 mmol.gsupport
-1

 whereas multiples of 0.4 were used 

(1.2, 1.6, 3.2 mmol.gsupport
-1

). Fig. 8 shows cobalt concentrations on MCM support measured by 

elemental analyses (EPMA, EDX) and experimental Si/Co mass ratios in dependency on initial 

Co(acac)2 loadings. The concentrations of cobalt increase almost linearly with the increase of 

Co(acac)2 concentrations in solution. According to these values, the repeated syntheses showed a 

good reproducibility of MDD technique for the applied initial Co(acac)2 concentrations.  

 

 

Fig. 8. Measured cobalt concentrations (yellow) and defined Si/Co ratios according to elemental 

analyses (purple) in dependency on initial Co(acac)2 loadings on MCM. 

 

It was important to find the limited cobalt loading corresponding to monolayer surface coverage of 

silica support eliminating the formation of cobalt aggregates and clusters.  

As an example for the calculation of monolayer capacity according to Eq. 4 is taken MCM grafted 

with Co(acac)2: Am (Co(acac)2) = 0.56 nm
2
, Co(acac)2 was modelled by the program NWChem 6.3 

(Section 3.2.2); SBET = 1100 m
2
.g

-1
. 

Vm=
𝟏𝟏𝟎𝟎∙𝟏𝟎−𝟑

0.56∙10
-18

∙6.022∙𝟏𝟎𝟐𝟑
= 𝟑. 𝟐𝟔 mmol.g

-1
 

From theoretical (the calculation of monolayer capacity) and experimental (Fig. 8) values of cobalt 

loading capacity, the same initial concentration of 3.2 mmolCo(acac)2.gsupport
-1

 was further applied for 

grafting of cobalt by MDD. Initial loadings of Al(acac)3 and Co(acac)2 complexes in solution and 

final concentrations of Al and Co determined by EDX and AAS analyses are displayed in Table 1.  
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3.2.2 Textural properties  

 

The evaluated textural properties of prepared supports and corresponding Co-grafted catalysts are 

summarized in Table 2. The BET surface area and total pore volume of MCM and Al-MCM
b
 

decreased by more than 20 % after the deposition of Co(acac)2 complexes by MDD followed by 

calcination whereas there was almost no change in the case of SBA
1
. The reason can be their 

mesopores blocking and the densification of MCM and Al-MCM
b
 structures which did not happen 

in such extent in SBA
1
 due to larger mesopore diameter. In this study, the most accessible structure 

for Co(acac)2 complexes deposition is expected to be SBA. 

 

3.2.3 Phase analysis 

 

The cobalt spinel phase was detected in the catalyst Al-MCM
b
+Co. Due to the similar reflection 

angles and intensities in XRD, it is not possible to distinguish between Co3O4 (PDF number 65-

3103), CoAl2O4 (PDF number 03-0896) and Co2AlO4 (PDF number 02-1410). The Na
+
 ions 

introduced in the synthesis solution might form the phase NaCo2O4 (PDF number 73-0133) after 

the grafting of cobalt on Al-MCM
b
. For the rest of the catalysts, there was no detection of phases as 

it is apparent from the XRD patterns A), B), C) and D) in Fig. 9.  

 

Fig. 9. XRD patterns of catalysts A) MCM+Co, B) MCM+Al+Co, C) SBA+Co, D) SBA+Al+Co 

and E) Al-MCM
b
+Co.  

The phases are: 1 – cobalt spinel, 2 – NaCo2O4, 3 – amorphous SiO2. 

 

3.2.4 Coordination and oxidation state of cobalt 
 

 DR UV-Vis spectroscopy 
 

The DR UV-Vis spectra are used for the characterization of the nature and the coordination of 

cobalt oxide species (Fig. 10). Triplet absorption bands at around 15650, 17035, 19080 cm
-1 

are 

assigned to 
4
A2(F)  

4
T1(P) transition of Co(II) species anchored to the support surface in 

tetrahedral coordination (Bhoware, 2006, Janas, 2007, Zhang, 2007). The absorption band at 13210 

and 23260 cm
-1 

can be attributed to non-specified oxide CoxOy (Szegedi, 2009, Zhang, 2007). 

These bands are evident in the Al-MCM
b
+Co.  
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Fig. 10. DR UV-Vis spectra of Co-grafted catalysts. 

 

 FTIR and Raman spectroscopy 
 

Measured FTIR spectra of Co-grafted catalysts are shown in the Fig. 11. It is clearly visible, that 

only bands corresponding to the supports are presented in the spectra. No other bands are visible 

due to the strongest signal of the supports. Thus, the determination of cobalt phase in the catalysts 

was not possible from FTIR measurements.  

 

Fig. 11. FTIR spectra of SBA+Al+Co (a), 

SBA+Co (b), Al-MCM
b
+Co (c), MCM+Al+Co 

(d), and MCM+Co (e) catalysts. 

 

After comparison of Raman spectra of the catalysts (Fig. 13) with standards (Fig. 12), it is clearly 

evident that the phase CoAl2O4 was not present in the catalysts as well as Co2AlO4 and NaCo2O4 

according to the literature (Lee, 2015). The determination of the presence of CoO and/or Co3O4 was 

very difficult due to the similar spectra of these two compounds and the position of the bands could 

be also affected by the presence of supports. Probably, both phases (CoO and Co3O4) were present 

in the catalysts.  
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Fig. 12. Raman spectra of the standards Co3O4 

(a), CoO (b), and CoAl2O4 (c). 

Fig. 13. Raman spectra of SBA+Al+Co (a), 

SBA+Co (b), Al-MCM
b
+Co (c), MCM+Al+Co 

(d), and MCM+Co (e) catalysts. 

 

The presence of cobalt oxide crystallites (CoO or Co3O4) is clearly visible from the spectra of Al-

MCM
b
+Co as characterized by IR and Raman spectroscopy. The catalysts MCM+Co, 

MCM+Al+Co, SBA+Co and SBA+Al+Co are comparable and the confirmation of CoO and/or 

Co3O4 phases is difficult. These Raman spectra are noisier what may be caused by the background 

of the MCM and SBA. 

 

3.2.5 Reducibility of catalysts 
 

In summary of TPR experiments (Figs. 14, 15), the catalyst Al-MCM
b
+Co had less uniform cobalt 

ion distribution presuming the presence of Co
2+

 as well as Co
3+

 ions (Wang, 2009). The other 

catalysts show similar TPR profiles presuming the presence of well-dispersed Co
2+

 ions interacting 

with the support attributed to surface cobalt silicate (Simionato, 2003, Wang, 2013). It is suggested 

that the catalyst SBA+Co had more uniform cobalt ion dispersion on SBA support than the other 

catalysts. All catalysts show very low amount of easily reducible compounds whereas cobalt spinel 

standards (Co3O4 and CoAl2O4) were easily reducible at low temperatures with the maxima at 

about 400 °C. The low-temperature reduction peaks correspond to the reduction of Co
III

 → Co
II
 

and/or Co
II
 → Co

0
 in cobalt spinel phase. The standard CoAl2O4 exhibited the reduction above 

800 °C attributed to the reduction of cobalt surrounded by aluminum ions in a spinel-like phase 

(Obalová, 2009). 

 

 
 

Fig. 14. TPR-H2 profiles of cobalt standard 

materials. 

Fig. 15. TPR-H2 profiles of Co-grafted 

catalysts. 

0 200 400 600 800 1000

0

2x10
-1

4x10
-1

T
C

D
 s

ig
n

a
l 

(a
.u

.)

Temperature (°C)

 Co
3
O

4

 CoAl
2
O

4

20 40 60
0.0

0.1

0.2
 Co Al

2
O

4

T
C

D
 s

ig
n

al
 (

a.
u

.)

Time (min)

0 200 400 600 800

0

4x10
-11

Io
n

 c
u

rr
en

t 
(a

.u
.)

Temperature (°C)

 MCM+Co

 MCM+Al+Co

 Al-MCM+Co

 SBA+Co

 SBA+Al+Co



3. SUMMARY OF RESULTS AND DISCUSSION  

10 

 

3.2.6 Catalytic activity 

 N2O decomposition and reduction 
 

The Co-grafted catalysts were tested in the reaction of N2O decomposition. The N2O conversion at 

450 °C did not exceed 14 % as shown in Table 3. The catalytic activities are in agreement with 

TPR study as the tested Co-grafted catalysts showed almost no H2 consumption within the 

temperature range of catalytic tests. As presented by Obalová (2008), the presence of cation active 

sites reducible and able to transfer electrons in the temperature range of catalytic N2O 

decomposition is important parameter for the activity of catalysts.  

The rate determining step of catalytic decomposition of N2O is supposed to be the reduction of 

active sites to remove adsorbed oxygen species which is left on the surface after dissociation of 

N2O molecule. Therefore, the reducing agent (such as carbon monoxide) could facilitate the 

desorption of oxygen species and hence the increase of the reaction rate of N2O decomposition. 

The reducing agent increased the activity, however, the N2O conversion did no exceed 26 % at 

450 °C. The N2O reduction by CO in the presence of oxygen was studied on the catalyst MCM+Co 

and the N2O conversion decreased to 6 % at 450 °C due to competitive CO oxidation to CO2. The 

conversion of CO was 100 % in tested temperature range 300–450 °C. Based on this result, it was 

concluded that prepared catalysts would be active in CO oxidation and decided to verify this 

assumption experimentally.  

 

 CO oxidation 
 

The CO conversions on silica supports and Co-grafted catalysts are summarized in Table 3 and in 

Fig. 16. 

 

Fig. 16. The CO conversions in catalytic oxidation of CO on silica supports and Co-grafted 

catalysts. 
Conditions: 0.1 mol% CO + 5 mol% O2 in nitrogen, 0.1 g of catalyst, 100 ml.min

-1 

 

The catalytic activities of Co-grafted catalysts increased in comparison with the activities of silica 

supports and are in the order: SBA+Co > Al-MCM+Co > SBA+Al+Co > MCM+Co > 

MCM+Al+Co.  

 

From obtained results it can be evaluated:  

(i) From the results of catalytic activity it is clear that the CO conversion was the highest for 

SBA+Co. As it is apparent from DR UV-Vis and TPR-H2 study, the catalysts SBA+Co and 

MCM+Co contained highly stabilized cobalt ions in tetrahedral(II) coordination state. The catalytic 

activity as converted CO molecules per unit BET surface area that more active sites were 

distributed on SBA per unit specific surface area than on MCM. Higher activity of SBA+Co may 

be also attributed to better accessibility of cobalt precursors in bigger mesopore diameters of SBA 

during the synthesis and higher density of catalytically active cobalt sites on SBA per unit surface 

area.  
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(ii) The conversion of CO was in the order: Al-MCM+Co > MCM+Co > MCM+Al+Co, see Fig. 

16. The catalytic activity of Al-MCM+Co can be influenced by the presence of cobalt aluminate as 

the inactive phase in CO oxidation. However, its presence was not confirmed by Raman 

spectroscopy analysis. On the other hand, the presence of crystalline cobalt spinel phase was 

identified by XRD analysis confirmed by DR UV-Vis and Raman spectroscopy attributed either to 

CoO or Co3O4 phase. The shift of TPR profile to lower temperatures of Al-MCM+Co catalyst 

supports the presumption that Co
2+

 as well as Co
3+

 ions were present in Al-MCM+Co. A specific 

ratio between Co
2+

 and Co
3+

 is required for the catalytic CO oxidation. Therefore, the presence of 

Co
2+

 as well as Co
3+

 ions appeared to be beneficial for higher catalytic activity of Al-MCM+Co in 

comparison with the catalysts MCM+Co and MCM+Al+Co.  

 

(iii) The conversions of CO were in the order: SBA+Co > SBA+Al+Co > MCM+Co > 

MCM+Al+Co, see Fig. 16. Interestingly, the catalysts MCM+Co, MCM+Al+Co, SBA+Co and 

SBA+Al+Co were comparable from the point of view of oxidation and coordination state of cobalt. 

Therefore, there has to be another reason of different catalytic performance. Less catalytic active 

sites were distributed on the catalysts with aluminum grafted on MCM, resp. SBA, per unit specific 

surface area than on MCM, resp. SBA, with no aluminum. It is expected that the dispersion of 

cobalt on silica supports is the main reason for different catalytic activities. The density of catalytic 

active sites is planned to be investigated by pulse chemisorption technique and temperature 

programmed reduction by carbon monoxide in future study. 
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3.3 Characterization and catalytic activity of catalysts grafted by rhodium 
 

In this section, the catalysts with rhodium grafted on ordered mesoporous silica supports (MCM, 

MCM with incorporated and grafted aluminum and SBA) were prepared and tested in the N2O 

catalytic decomposition. The main interest is focused on the presence of aluminum and its different 

location within the support structures and on different textural properties of catalysts supports. 

Three series of catalysts were prepared in which only one parameter is studied: 

i) the effect of supports (SBA and MCM) at the same rhodium content on catalytic 

activity, 

ii) the effect of different rhodium loadings on SBA on catalytic activity, 

iii) the effect of modification of MCM by aluminum (incorporated or grafted) at the same 

content of rhodium on catalytic activity. 

 

3.3.1 Grafting of rhodium 
 

Two series of rhodium containing catalysts were prepared, (i) the catalysts with the same rhodium 

content grafted on different mesoporous silica supports to obtain information about the support 

effect on catalytic activity in N2O decomposition and (ii) the catalysts with different rhodium 

loading grafted on SBA to optimize rhodium content. Initial loadings of Al and Rh acetylacetonate 

complexes and theoretical concentrations of rhodium in solution and their final concentrations 

determined by EDX and AAS analyses are displayed in Table 4.  

 

3.3.2 Textural properties  
 

The evaluated textural properties of prepared supports and corresponding Rh-grafted catalysts are 

summarized in Table 5. The total pore volume of Al-MCM
a
 support decreased after the deposition 

of Rh(acac)3 complexes whereas it increased in the case of MCM and SBA which may be caused 

by the densification of silica structure after its modification and calcination.  

 

3.3.3 Acidity of catalysts surface 
 

The total acidity was expressed as a total amount of consumed NH3 in the temperature range 100–

500 °C. After the grafting and incorporation of aluminum into the MCM structure, the total acidity 

of MCM significantly increased (from 0.02 mmol.g
-1 

on MCM up to 0.39 mmol.g
-1

 on 

MCM+Al+Rh(2.7 %)). The maxima of temperature peaks of desorbed NH3 are in the range of 

weak and moderate acid sites for the catalysts containing rhodium (167–223 °C). The differences 

of consumed NH3 0.39 mmol.g
-1

 for MCM+Al+Rh(2.7 %) and 0.34 mmol.g
-1

 for Al-

MCM
a
+Rh(2.7 %) are within the experimental error and are comparable. 

 

3.3.4 Reducibility and dispersion of rhodium on catalysts surface 
 

TPR-H2 patterns of all the catalysts showed sharp reduction peaks with the maximum temperatures 

in the range 60–95 °C (Fig. 17). According to the literature (Hwang, 1999, Martin, 1995), it 

corresponds to the reduction of rhodium oxides. The shift of peak maximum to higher temperatures 

is attributed to smaller rhodium particle size and higher dispersion which was described in previous 

TPR studies (Guerrero-Ruiz, 1997, Pitkaaho, 2012).  
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Fig. 17. TPR-H2 profiles of Rh-grafted catalysts. 

 
The presence of aluminum had the promoting effect on rhodium dispersion, the highest dispersion 

(48 %) showed Al-MCM
a
+Rh(2.7 %) whereas the percentages of rhodium dispersion (28–35 %) 

are comparable for other studied catalysts.  

 

3.3.5 Composition of catalysts surface 
 

Three different oxidation states of rhodium (Rh
0
, Rh

+
 and Rh

3+
) were defined from the values of 

binding energy (BE). The addition of aluminum enhanced the oxidation state. In the case of 

MCM+Rh(2.7 %), the state Rh
0
 was the most represented (44 %), the most abundant state was Rh

+
 

(53 %) in the MCM+Al+Rh(2.7 %) whereas Rh
3+

 (51 %) played a dominant role in the Al-

MCM
a
+Rh(2.7 %).  

 

3.3.6 Catalytic activity 

 N2O decomposition in the inert gas 
 

The temperature dependence of N2O conversions of Rh-grafted catalysts are displayed in Fig. 18.  

 

 
Fig. 18. The N2O conversions in catalytic decomposition of N2O on Rh-grafted catalysts. 
Conditions: 0.1 mol% N2O in nitrogen, 0.1 g of catalyst, 100 ml.min

-1 

 

From obtained results (Table 6) it can be evaluated:  

(i) The result of nearly the same catalytic activities of MCM+Rh(2.7 %) and SBA+Rh(2.7 %) 

supports the fact that differences in mesoporous-microporous structure of MCM and SBA did not 
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play key role within the applied amount of rhodium and experimental conditions of N2O 

decomposition.  

The rate of catalytic reaction of N2O decomposition was governed by the catalytic reaction with the 

elimination of internal diffusion effect confirmed by the calculation of internal effectiveness factors 

(not shown). 

 
(ii) It is obvious that with decreasing rhodium concentration, the N2O conversion decreased. The 

choice of appropriate concentration of rhodium is apparent in the case of the catalyst 

SBA+Rh(1.4 %). At the temperature 330 °C was the catalytic activity in following order: 100 % 

for SBA+Rh(2.7 %) > 68 % for SBA+Rh(1.7 %) > 5 % for SBA+Rh(1.4 %). 

 
(iii) The conversion of N2O was in the order: Al-MCM

a
+Rh(2.7 %) > MCM+Al+Rh(2.7 %) > 

SBA+Rh(2.7 %) ≈ MCM+Rh(2.7 %). The aluminum improved the catalytic activity which is in 

agreement with literature (Xu, 2004, Chmielarz, 2011). Aluminum incorporated within the support 

structure increased rhodium dispersion on catalyst surface which was confirmed by catalytic tests 

as to be beneficial for the catalytic activity in N2O decomposition.  

 

 Catalytic tests in the presence of inhibiting compounds (O2, H2O, NO) 
 

The highest catalytic activity remained for Al-MCM
a
+Rh(2.7 %) even within the presence of O2, 

H2O and NO. In comparison with other catalysts, Al-MCM
a
+Rh(2.7 %) showed the highest 

resistance to water vapor, the decrease of catalytic activity was about twice lower than for other 

catalysts. Quite low value of T90 (340 °C) in the presence of oxygen and water vapor makes this 

catalyst comparable with others published in scientific literature and suitable for N2O 

decomposition downstream the DeNOx technology. However, preheating of waste gases prior to 

the N2O decomposition reactor would be necessary in practical applications. 

 

 Stability of catalysts during catalytic tests 

 
The catalysts after test in the presence of inhibiting compounds (O2, H2O and NO) were 

regenerated in nitrogen flow at 450 °C for 1 h. They showed a good agreement within the evaluated 

measurement error (5 %) with the catalytic tests performed in nitrogen atmosphere (not shown). 

The significant influence on the stability of the catalysts on basis of mesoporous ordered silicas 

was expected to be due to water vapor as their low hydrothermal stability is widely known. The 

duration of catalytic tests in the presence of water vapor was 40 h in average. However, the 

catalytic activities did not decrease after the exposure to water vapor.  
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4 CONCLUSIONS 
 
The aim of this doctoral dissertation was to contribute to surface activation of ordered mesoporous 

silica materials and their application for the catalytic reactions (N2O decomposition and reduction 

by carbon monoxide and CO oxidation at low temperatures). 

Three different types of ordered mesoporous silica materials, such as MCM-41 (designated as 

MCM), aluminum incorporated into the silica framework MCM-41 (designated as Al-MCM) and 

SBA-15 (designated as SBA), were prepared. Apart from elemental composition, they differed in 

textural and structural properties. MCM had the highest surface area whereas SBA had the smallest 

surface area with the presence of micropores interconnecting mesopores with the diameter almost 

twice bigger than the diameters of MCM and Al-MCM. Different position of aluminum within 

silica framework was compared according to different syntheses either by aluminum incorporation 

during the synthesis of MCM or by aluminum grafting on as-prepared MCM or SBA by the 

Molecular Designed Dispersion (MDD) method. Furthermore, the MDD technique was applied for 

the surface activation of ordered mesoporous silicas by the deposition of catalytically active metal 

species (cobalt or rhodium).  

 

Initial concentrations of aluminum acetylacetonate complexes as the precursors for MDD synthesis 

were determined experimentally in correlation with prepared Al-MCM samples of specific Si/Al 

ratio (20, 40, 60 or 32) according to two different approaches in their syntheses. The obtained 

values were applied in further preparation of catalysts. According to the calculation of monolayer 

capacity and experimental values, aggregates and multilayers of aluminum might be formed on 

MCM support before a complete monolayer was formed.  

 

Different loadings of cobalt and repeated syntheses showed a good reproducibility of MDD 

technique. According to obtained experimental values of cobalt loading capacity and theoretical 

calculation of monolayer capacity, the same initial concentration of Co(acac)2 equal to 

3.2 mmolCo(acac)2.gsupport
-1

 was used. Five mesoporous silica supports were used for the syntheses of 

Co-grafted catalysts assigned as MCM+Co, MCM+Al+Co, Al-MCM
b
+Co, SBA+Co and 

SBA+Al+Co. The cobalt concentrations measured by AAS analysis were comparable (in the range 

9.5–12.2 wt%). 

The results of the characterization of Co-grafted catalysts can be summarized as follows:  

 It was identified that the grafting of cobalt by MDD caused the decrease of BET surface 

area and total pore volume of MCM and Al-MCM
b
 supports which could be due to their 

mesopores blocking and the densification of their structures. There was not such significant 

change in the case of SBA which can be attributed to bigger mesopore diameter.  

 The presence of Co spinel phase was detected in the Al-MCM
 b
+Co by XRD, nevertheless, 

it was not possible to distinguish between Co3O4, CoAl2O4 and Co2Al2O4 phases. The 

phases CoAl2O4 and Co2Al2O4 were excluded by Raman spectroscopy, however, the 

resolution of CoO and Co3O4 phases was not ultimate for all Co-grafted catalysts. The 

occurrence of non-specified oxide CoxOy was confirmed in the catalyst Al-MCM
b
+Co by 

DR UV-vis spectroscopy as well. This analysis identified the presence of tetrahedral Co(II) 

species in all prepared catalysts.  

 High reduction stability of Co
2+

 ions interacting strongly with the support was confirmed 

for the catalysts MCM+Co, MCM+Al+Co, SBA+Co and SBA+Al+Co showing the 

maxima temperatures (810–862 °C) in TPR-H2 profiles. The highest temperature during 

TPR-H2 performed the catalyst SBA+Co assuming the most uniform cobalt dispersion on 

SBA than on other catalysts. The shift of temperature maxima to lower temperature in the 

case of Al-MCM
b
+Co was related to the presence of Co

2+
 as well as Co

3+
 ions. All Co-

grafted catalysts performed very low amount of easily reducible compounds below the 

temperature 600 °C. 

From the catalytic tests performed on Co-grafted catalysts can be concluded:  

 The Co-grafted catalysts showed poor activity (14 %) in catalytic N2O decomposition in 

the inert condition at 450 °C and at GHSV 15648 h
-1

. This was in agreement with TPR-H2 
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study as Co-grafted catalysts showed very low H2 consumption within the temperature 

range of catalytic tests of N2O decomposition. The reduction of transition metal (such as 

cobalt) is connected with desorption of oxygen from the catalysts surface known as the rate 

determining step of the catalytic N2O decomposition. Thus, the use of carbon monoxide as 

the reducing agent can facilitate the desorption of O2 which was confirmed as the N2O 

conversion increased up to 26 % at 450 °C (at GHSV 15648 h
-1

). The catalytic reduction of 

N2O by CO was studied in the presence of O2 as well and the conversion of CO was 100 % 

on MCM+Co in the range 300–450 °C. Hence, the Co-grafted catalysts were further tested 

in the reaction of CO oxidation.  

 The catalytic activities in the oxidation of CO were found in the order: SBA+Co > Al-

MCM
b
+Co > SBA+Al+Co > MCM+Co > MCM+Al+Co. The highest amount of 

crystalline CoxOy in Al-MCM
b
+Co structure in comparison with other catalysts contained 

both cobalt ions, Co
2+

 as well as Co
3+

, which appeared to be beneficial for its higher 

catalytic activity opposite to MCM+Co and MCM+Al+Co. On the other hand, it is 

assumed that a specific ration between Co
2+

 and Co
3+

 ions is not definitely required as the 

other Co-grafted catalysts active in CO oxidation were comparable from the point of view 

of oxidation and coordination state of cobalt. By expressing the catalytic activity as 

converted CO molecules per unit BET surface area, more active sites were distributed on 

SBA+Co per unit surface area than on other catalysts. Better accessibility of Co(acac)2 

complexes in bigger mesopore diameters of SBA during MDD synthesis could lead to 

higher density of catalytically active cobalt sites on SBA. It is expected that the dispersion 

of cobalt on silica supports was the main reason for different catalytic activities. The 

density of catalytic active sites is planned to be investigated by pulse chemisorption and 

temperature programmed reduction by CO in future study.  

 

The MDD method was applied for the deposition of rhodium on four different mesoporous silica 

supports: MCM, MCM with aluminum incorporated into the silica framework (Al-MCM
a
), MCM 

grafted with aluminum (MCM+Al) and SBA. The initial concentrations of Rh(acac)3 complexes 

(0.2–0.01 mmolRh(acac)3.gsupport
-1

) were applied according to previous studies reported in literature.  

The results of the characterization of Rh-grafted catalysts can be summarized as follows:  

 Total volume of Al-MCM
a
 support decreased whereas it increased in MCM and SBA 

supports after rhodium grafting by MDD which could be caused by the densification of 

their silica structures.   

 It was identified by TPD-NH3 measurements that the total acidity after grafting or 

incorporation of aluminum significantly increased, however, their differences were within 

the experimental error and were comparable for MCM+Al+Rh(2.7 %) and Al-

MCM+Rh(2.7 %). Thus, it is estimated that the total acidity did not play a key role in the 

reaction of N2O decomposition.  

 The addition of aluminum enhanced the oxidation state of rhodium as determined by XPS 

analysis. The state Rh
+
 was the most dominant in MCM+Al+Rh(2.7 %) whereas the state 

Rh
3+

 was the most represented one in Al-MCM+Rh(2.7 %). Nevertherless, there is no clear 

evidence which of the oxidation states (Rh
+
/Rh

3+
) had the main influence in N2O 

decomposition.  

 The reduction of all Rh-grafted catalysts occurred in a similar manner and similar 

temperature range (60–95 °C). The reduction peak with higher maxima showed Al-

MCM+Rh(2.7 %) attributed to higher dispersion of rhodium. This was confirmed by 

pulsed chemisorption of hydrogen.  

From the catalytic tests performed on Rh-grafted catalysts can be concluded:  

 The catalytic activities of Rh-grafted catalysts with the same rhodium concentration were 

in the order: Al-MCM+Rh(2.7 %) > MCM+Al+Rh(2.7 %) > SBA+Rh(2.7 %) ≈ 

MCM+Rh(2.7 %). The same order in catalytic activities was found by testing the catalytic 

activities in N2O decomposition either in the absence or in the presence of inhibiting 

compounds (O2, H2O and NO). So far, it was proven that aluminum incorporated into the 

structure enhanced rhodium dispersion on the catalyst support as to be beneficial for its 

catalytic activity in the reaction of N2O decomposition.  
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 The choice of appropriate rhodium concentration is also important for the design of 

catalytically active material. It was obvious that with decreasing rhodium concentration on 

SBA, the N2O conversion decreased, in the following order at 330 °C: 100 % for 

SBA+Rh(2.7 %) > 68 % for SBA+Rh(1.7 %) > 5 % for SBA+Rh(1.4 %) showing very low 

catalytic activity.  

 The result of nearly the same catalytic activities of MCM+Rh(2.7 %) and SBA+Rh(2.7 %) 

supports the fact that their surface areas were high enough for good and comparable 

rhodium dispersion for applied rhodium concentration. The reaction rate of N2O catalytic 

decomposition is estimated to be governed by the catalytic reaction with none or negligible 

effect of internal diffusion. Therefore, the differences in pore volume or pore diameter of 

ordered mesoporous silica supports should not have the effect on the rate of catalytic 

reaction under the applied reaction conditions. 

 The significant influence on the stability of the catalysts on basis of mesoporous ordered 

silicas was expected to be due to water vapor. Despite of this fact, the catalytic activities 

did not decrease after the exposure to water vapor (40 h in average) as showed the stability 

tests of the catalysts. 
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6 LIST OF ABBREVIATIONS AND SYMBOLS 
 

Acac   Acetylacetonate 

ATR-FTIR  Attentuated total reflectance Fourier transform infrared  

DRIFT   Diffuse reflectance infrared Fourier transform  

DR UV-Vis  Diffuse reflectance ultraviolet visible  

EPMA   Electron probe mico-analysis 

FTIR-PAS  Fourier transform infrared photoacoustic spectroscopy 

GHSV   Gas hourly space velocity 

IET   Institute of Environmental Technology 

KM   Kubelka-Munk 

MCM-41  Mobil composition of matter no. 41 

MDD   Molecular designed dispersion 

SBA-15  Santa barbara amorphous no. 15 

SEM-EDX  Scanning electron microscopy with energy dispersive X-ray  

TGA   Thermogravimetric analysis 

TOF   Turnover frequency 

TPD-NH3  Temperature programmed desorption of ammonia 

TPR-H2   Temperature programmed reduction by hydrogen 

WHSV   Weight hourly space velocity  

XPS   X-ray photoelectron spectroscopy 

XRD   X-ray diffraction 

 

Am    cross-sectional area (nm
2
)  

NA    Avogadro´s number, 6.022.10
23

 mol
-1

 

SBET    BET surface area (m
2
.g

-1
)  

Vm    monolayer capacity (mol.g
-1

)  

X    conversion of reactive gas (-) 

x   gas mole fraction at the reactor outlet (-) 
ox     gas mole fraction at the reactor inlet (-) 
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7 TABLES 
Table 1. Initial concentrations of Al(acac)3 and Co(acac)2 complexes in solution, final concentrations of Al and Co, Si/Al and Co/Si ratios on the 

different supports. 

Sample Initial Al(acac)3 

conc. 

Initial Co (acac)2 

conc. 

Final Al conc. 
*
 

Si/Al 
*
 

Final Co conc. 
**

 

Co/Si 
*
 

 mmol.gsupport
-1

 mmol.gsupport
-1

 wt% - wt% - 

MCM+Co - 3.2 - - 11.3  0.38 

MCM+Al+Co 3.1 3.2 2.5 16 11.3  0.38 

Al-

MCM
b
+Co 

- 

3.2 4.3 

9 

9.9  

0.33 

SBA+Co - 3.2 - - 12.2  0.31 

SBA+Al+Co 3.1 3.2 1.8 23 9.5  0.23 
b 
Designation of Al-MCM synthesized according to Poladi (2002). 

*
 EDX analysis, 

**
 AAS analysis. Co/Si and Si/Al are mass ratios. 

 
Table 2. Textural properties of silica supports and Co-grafted catalysts. 

Sample SBET ΔSBET Smicro Vtotal ΔVtotal
□ 

Vmicro dpore Δdpore 

 m
2
.g

-

1
 

% m
2
.g

-

1
 

cm
3
.g

-

1
 

% cm
3
.g

-

1
 

nm % 

MCM
1
 1271  - 1.10  - 2.7  

MCM
1
+Co 1004 21* - 0.79 28* - 2.4 11* 

MCM
2
 1259  - 1.07  - 2.7  

MCM
2
+Al+Co 882 30* - 0.68 37* - 2.5 7* 

Al-MCM
b
 762  - 0.66  - 2.7  

Al-MCM
b
+Co 571 25* - 0.48 27* - 2.5 7* 

SBA
1
 633  196 0.92  0.11 5.4  

SBA
1
+Co 614 3* 125 0.91 1* 0.06 5.7 6** 

SBA
2
 706  263 1.08  0.12 6.1  

SBA
2
+Al+Co 469 34* 115 0.68 37* 0.05 6.9 13** 

1, 2 
Designation of different batches of silica supports MCM and SBA. 

b 
Designation of Al-MCM synthesized according to Poladi (2002). 

□ 
Total pore volume Vtotal was defined at p/p0 = 0.99–1.0. 

* 
Relative decrease of SBET, Vtotal and dpore after cobalt grafting, 

**
 Relative increase of dpore after cobalt grafting.  
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Table 3. The conversions XN2O at 450 °C and the temperatures T50 at 50 % and T90 at 90 % of CO conversion on the silica support and Co-grafted 

catalysts. 
Conditions: N2O decomposition: 0.1 mol% N2O in nitrogen, N2O reduction: 0.1 mol% N2O and 0.1 mol% CO in nitrogen, CO oxidation: 0.1 mol% CO and 5 mol% O2 

in nitrogen; 0.1 g of catalyst, 100 ml.min
-1

. 

Sample N2O decomposition N2O reduction CO oxidation 

 XN2O XN2O XCO T50 T90 

 % % % °C °C 

MCM+Co 14 22 26 255 292 

MCM+Al+Co 3 13 8 274 344 

Al-MCM+Co n.d. 9 8 207 234 

SBA+Co 2 24 30 164 198 

SBA+Al+Co 5 26 28 226 286 

MCM-41
1
 n.d. 9 9 352 384 

SBA-15
2
 n.d. n.d. n.d. 347 400 

 

Table 4. Initial concentrations of Al(acac)3 and Rh(acac)3 and theoretical concentration of Rh in solution and final concentrations of Al and Rh on the 

different supports. 

Sample Initial Al 

(acac)3 

conc.  

Initial Rh 

(acac)3 

conc. 

Theoretical Rh 

conc. 

Final Al 

conc. 
a
 

Final Rh 

conc. 
a, b

 

 

mmol.gsupport
-

1
 

mmol.gsupport
-

1
 

wt % 

wt % wt % 

MCM+Rh(2.7 %) - 0.20 2.0 - 2.6
 a
, 1.1 

b 

MCM+Al+Rh(2.7 

%) 

0.4 

0.20 

2.0 1.8 2.8
 a
, 2.3 

b
 

Al-MCM
a
+Rh(2.7 

%) 

- 

0.20 

2.0 1.6 2.9
 a
, 2.5 

b
 

SBA+Rh(2.7 %) - 0.20 2.0 - 2.6
 a
, 1.8 

b
 

SBA+Rh(1.7 %) - 0.10 1.0 - 1.7
 a
, 1.1 

b
 

SBA+Rh(1.4 %) - 0.01 0.1 - 1.4
 a
, 0.1 

b
 

a
 EDX analysis, 

b
 AAS analysis. 
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Table 5. Textural properties of silica supports and Rh-grafted catalysts. 

Sample SBET Smicro Vtotal 

p/p0 = 0.99-1.0 
Vmicro dpore 

 m
2
.g

-1
 m

2
.g

-1
 cm

3
.g

-1
 cm

3
.g

-1
 nm 

MCM
3
 1144 - 1.00 - 2.5 

MCM
3
+Rh(2.7 %) 1288 - 1.06 - 2.5 

MCM
4
+Al+Rh(2.7 %) 1071 - 0.88 - 2.5 

Al-MCM
a
 1011 - 1.25 - 2.5 

Al-MCM
a
+Rh(2.7 %) 913 - 0.96 - 2.5 

SBA
3
 625 231 0.85 0.10 5.6 

SBA
3
+Rh(2.7 %) 609 202 0.90 0.09 5.4 

SBA
4
+Rh(1.7 %) 625 213 0.78 0.10 5.7 

SBA
4
+Rh(1.4 %) 628 225 0.89 0.10 5.7 

3, 4 
Designation of different batches of silica supports MCM and SBA; N2 sorption analysis of the supports MCM

4
 and SBA

4
 was not performed. 

a 
Designation of Al-MCM synthesized according to Meynen (2010). 

 
Table 6. Temperatures of 50 % (T50) and 90 % (T90) N2O conversions for Rh-grafted catalysts. 
Conditions: N2O decomposition in inert conditions: 0.1 mol% N2O in nitrogen, N2O decomposition in real conditions: 0.1 mol% N2O, 5 mol% O2, 200 ppm NO, 1.8–

2.3 mol% of water vapor in nitrogen, 0.1 g of catalyst, 100 ml.min
-1

. 

Sample N2, N2O N2, N2O + O2, H2O + O2, H2O + O2, H2O, NO + O2, H2O, NO 

 T50 T90 T50 T90 T50 T90 

 °C °C °C °C °C °C 

MCM+Rh(2.7 %) 284 319 385 418 419 448 

MCM+Al+Rh(2.7 %) 274 304 406 437 424 454 

Al-MCM
a
+Rh(2.7 %) 245 267 305 340 388 416 

SBA+Rh(2.7 %) 282 317 393 429 420 449 

SBA+Rh(1.7 %) 315 351 409 442 442 474 

SBA+Rh(1.4 %) 485 581 n.d. n.d. n.d. n.d. 
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