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The texture and surface properties of copper-containing aluminosilica and niobiosilica

mesoporous molecular sieves of MCM-41 type, in which all elements were introduced

during the synthesis, have been studied by means of XRD, N2 adsorption, H2-TPR, FTIR

combined with pyridine and NO adsorption as well as in the skeletal region, and the test

reaction. The results were compared with those obtained earlier for Cu post synthesis ex-

changed AlMCM-41 and NbMCM-41. All the results and this comparison allow the sug-
gestion that copper is partially located in the skeleton of both MCM-41 materials, which

exhibit redox and acidic properties.
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The discovery of mesoporous molecular sieves of MCM-41 type in 1992 [1,2]

opened a new possibility of heterogeneous catalysts application in the synthesis and

transformation of bulky organic molecules. Many various elements have been incor-

porated into the skeleton of the MCM-41 material besides silicon. New elements in

the molecular sieves generate new active sites. The acidity of aluminosilica

(AlMCM-41) and niobiosilica (NbMCM-41) mesoporous molecular sieves has alre-

ady been compared [3]. The number of surface Lewis acid sites, in the dehydroxyla-

ted hydrogen form of these materials, was higher in the case of Nb-containing sample,

but the strength of these centres was lower on NbMCM-41 in comparison with that on

AlMCM-41 matrix.

The redox properties have been generated in the mesoporous molecular sieves via

the introduction of various transition or early transition metals. Among others,

copper [4–13], iron [14–18], vanadium [19–20], and niobium [3,21–23] containing

MCM-41 were studied. Transition metal can occupy the extra framework site or can

be incorporated into the skeleton of the material. Depending on that, various active

centres are formed. Many redox catalytic processes involve the presence of both re-

dox and acidic centres (e.g. selective catalytic reduction of NO with hydrocarbons –

HC-SCR [24–26] or the oxidation (hydroxylation) of organic compounds, which
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requires the ring opening step [27–28]. Therefore, the preparation of bifunctional ca-

talysts is important. This paper is located in this range of studies. Our goal was to ob-

tain the bifunctional catalysts via the incorporation of two various elements (besides

silicon) into MCM-41 mesoporous sieves, thus, we prepared the materials containing

CuAlSi and CuNbSi in the mesoporous molecular sieve framework. The aim of this

study was the characterization of texture and structure properties of these materials as

well as the estimation of their acidic properties.

EXPERIMENTAL

Catalyst preparation: Novel synthesis at room temperature (adapted from paper of Unger et al.

[29]) of CuAlMCM-41-32 (32 means Si/T ratio, T = Cu + Al) was done in the following way: ethanol

(98-vol.%, 50 cm3; POLMOS-Poland) and aqueous ammonia (32-wt.%, 15.4 cm3; POCH-Poland) were

added to the surfactant solution – cetyltrimethylammonium (CTA) chloride in water (52 g, 25-wt.% in wa-

ter; ALDRICH). The solution was stirred for 10 min and tetraethoxysilane – TEOS (98 wt.%, 3.4 g;

ALDRICH) was added followed by aluminium sulfate (0.085 g dissolved in 5 g of water, POCH-Poland)

and copper(II) acetate (0.050 g in 6 g of water, POCH-Poland) solutions. After stirring for 2 h at room tem-
perature the resulting precipitate was recovered by filtration, washed with distilled water and dried in air

at room temperature. The template was removed by calcination at 823 K for 8 h.

The synthesis of CuNbMCM-41-32 (32 means Si/T ratio, T = Cu + Nb) was performed in the same

manner, but instead of aluminum sulfate niobium oxalate, as a source of niobium, was applied.

Content of Cu was estimated basing on AAS analyses of dissolved samples.

Because Si/T ratio for as prepared materials was always 32, in the following text the last number (32)

in the molecular sieves symbols will be omitted.

Hydrogen forms of CuAlMCM-41-32 and CuNbMCM-41-32 materials were obtained via cation ex-

change with NH4
+ ions and calcination of the modified samples at 723 K. The ion exchange was performed

using a conventional method, i.e. stirring of the solid in aqueous solution of NH 4Cl (0.25 M).

N2 adsorption/desorption: The surface area and pore volume of the MCM-41 materials were mea-

sured by nitrogen adsorption at 77 K using the conventional technique on a Micromeritics 2010 apparatus.

X-ray diffraction: The XRD patterns were obtained on a TUR-62 diffractometer using CuK� radia-

tion.

FTIR measurements in the skeletal region: Infrared studies were performed on a Vector 22

(Brucker) FTIR spectrometer in the skeletal region (1500–400 cm
–1

) using pellets containing 1 mg of the

sample and 200 mg of Kbr.

H2-TPR measurements: The temperature-programmed reduction (TPR) of the samples was carried

out using H2/Ar (10 vol.%) as reducing agent (flow rate = 32 cm
3

min
–1

). The sample (0.03 g) was filled in

a quartz tube, treated in a flow of helium at 723 K for 1 h and cooled to room temperature. Then it was

heated at a rate of 10 K min–1 to 1300 K under the reducing mixture. Hydrogen consumption was measured

by a thermal conductivity detector in the PulseChemiSorb 2705 (Micromeritics) apparatus.

FTIR measurements in vacuum cell: FTIR spectroscopy was used for characterization of Cu spe-

cies in the catalysts and complexes formed after NO adsorption and decomposition. Infrared spectra were

recorded with a Nicolet Magna 550 FTIR spectrometer using a quartz in situ cell. The samples were

pressed under low pressure into wafers of ~ 5 mg cm
–2

and placed in the cell. The catalysts were activated

in the following conditions: calcination under pure O2 at 723 K for 1 hour, cooling to room temperature

(RT), evacuation of oxygen at RT, evacuation at 723 K for 7 hours. The experiments were carried out in

two ways: i) NO adsorption at RT, ii) NO adsorption followed by evacuation at RT during 15 min, then

heating to 673 K. All spectra were recorded at room temperature.

Pyridine adsorption on the catalysts was conducted after the activation protocol described above. Af-
ter saturation with pyridine the samples were degassed at RT, 423, 523, 623 and 723 K in high vacuum for

30 min.
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Catalytic test: The acid characteristics of the catalysts were evaluated using acetonylacetone

(AcAc) cyclization as probe reaction – [30,31]. In this reaction dimethylfuran (DMF) is produced on

acidic centres, whereas basic centres are involved in the formation of methylcyclopentenone (MCP).

The catalyst bed (0.05 g) was first activated for 2 hours at 723 K under nitrogen flow. The reaction

was conducted in a pulse-flow micro-reactor in which 0.6 cm
3

of AcAc was passed continuously over the

catalyst at 523 K in a nitrogen stream. The reaction products were collected downstream of the reactor in a

cold trap and analysed by gas chromatography (CHROM -5, Silicone SE-30/Chromosorb column).

RESULTS AND DISCUSSION

Composition: The composition of the catalysts, shown in Table 1, indicates that a

lower number of copper atoms are included into niobiosilica than aluminosilica ma-

trix. Stirring of aqueous suspensions of the samples at room temperature or the NH 4
+

exchange procedure lead to the partial removal of copper documented by the increase

of Si/Cu ratio. This increase is much higher in the case of CuAlMCM-41 than

CuNbMCM-41. It is worthy of notice that after the removal of less held copper in both

materials (caused by stirring of aqueous suspensions) the Cu/Al and Cu/Nb ratios are

almost the same (0.54 and 0.53, respectively). It suggests that for the incorporation of

copper into the framework the ratio of Cu:Al(Nb) should not be higher than 1:2.

Table 1. Composition of the CuAl(Nb)MCM-41 catalysts.

Catalyst Si/Al(Nb) as assumed Si/Cu Cu/Al(Nb)

CuAlMCM-41-32 64 98 0.65

CuAlMCM-41-32 w 64 118 0.54

H-CuAlMCM-41-32 64 112 0.57

CuNbMCM-41-32 64 114 0.56

CuNbMCM-41-32 w 64 120 0.53

H-CuNbMCM-41-32 64 118 0.54

w – catalyst after stirring in water at room temperature for 8 hours.

N2 adsorption/desorption measurements: The textural properties of the prepa-

red samples are summarized in Table 2. The comparison of the data for monometallic

(Al and Nb) and bimetallic (CuAl and CuNb) materials does not show significant

differences caused by the incorporation of copper. However, a slight decrease of sur-

face area and pore volume as well as the increase of average pore diameter is clearly

seen. It is also true for external surface areas and mesopores surface areas as well as

for mesopores pore volume – all calculated from t-plot. This behaviour suggests the

incorporation of Cu into the framework. One should remember that mesoporous mo-

lecular sieves prepared according to the so called “fast synthesis” exhibit higher sur-

face area and lower pore volume and pore diameter [32] than the materials synthesized

using the hydrothermal method [1,2].
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Table 2. Textural properties of mesoporous molecular sieves calculated from N2 ads./des. isotherms and
t-plots.

Catalyst Surface area, m
2
/g Pore volume, cm

3
/g

Average pore

diameter, nm

BET BJH des. external* meso* BJH des. meso*

AlMCM-41-32 1183 1587 56 1189 1.163 0.899 2.9

NbMCM-41-32 1153 1451 42 1268 0.999 0.780 2.8

CuAlMCM-41-32 1111 1476 47 1080 1.044 0.787 3.2

CuNbMCM-41-32 1114 1446 31 1131 0.939 0.734 2.8

CuAlMCM-41-32 w 1149 1407 47 1187 0.978 0.786 2.8

CuNbMCM-41-32 w 1107 1365 32 1165 0.902 0.675 2.6

* – calculated from t-plot.
w – catalyst after stirring in water at room temperature for 8 hours.

N2 adsorption/desorption isotherms for both investigated samples (Fig. 1) are ty-

pical of mesoporous materials (type IV of isotherms according to IUPAC classifica-

tion). They exhibit a sharp inflection at a relative pressure of about 0.3, characteristic

of capillary condensation in uniform mesopores. Almost no hysteresis loop was de-

tected in this region, which proves a high quality mesoporous framework. The BJH

pore distribution (Fig. 1) indicates a narrow and monomodal pore size distribution

centred at ca. 2.5–2.8 nm. There was no macroporosity observed in both samples.

The stirring of the CuMCM-41 materials in water does not change significantly

the texture and structure properties of the materials. The data in Table 2 point to slight

decrease of surface area, pore volume and pore diameter after treatment with water.

X-ray diffraction study: XRD patterns of both samples (CuAlMCM-41 and

CuNbMCM-41) are shown in Fig. 2. They exhibit one distinctive peak at 2� = 2.5� in-

dexed as [100]. The other three peaks between 3–6� are not well resolved and overlap

each other. It indicates that the material is not well ordered. Nevertheless, the presented

patterns are typical of hexagonal arranged mesoporous materials of MCM-41 type [2].

XRD pattern of CuNbMCM-41 in the high angle range exhibits a broad peak (2�
� 13�) indicating the presence of an additional phase besides that of mesoporous tu-

bes. This new phase is stable even after 8 hours stirring of the material with water.

Such a treatment causes the distortion of the mesopores ordering as indicated by the

diminishing of XRD peaks in the 3–6� range. CuAlMCM-41 molecular sieve shows a

small reflex at 2� � 32�, which can be assigned to some kind of copper-oxygen cry-

stal phase (CuO gives rise to peak at 2� � 35,7� [37,38]) or another phase formed as a

result of copper-alumina or copper-silica interaction. The phase described by the

XRD peak at 2� � 13� (observed in CuNbMCM-41) appears on CuAlMCM-41 after

6 months exposition to air and after stirring in water. The latter treatment does not

cause the diminishing of XRD peaks at 3–6� range characterizing the hexagonal orde-

red of mesopores.
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FTIR study in the skeletal range: Fig. 3 presents the infrared spectra of Cu-

AlMCM-41 and CuNbMCM-41 samples. They are typical of siliceous mesoporous

MCM-41 materials containing heteroatoms other than Si as shown by the well visible

band at about 965 cm
–1

. This band is interpreted in the literature [33–35] as the effect

of the distortion of skeletal Si–O–Si vibrations caused by the presence of metal ca-

tions in the framework or extra framework positions. Thus, the presence of ~965 cm–1

IR band cannot be used as a proof for the incorporation of metal into the siliceous ske-

leton.

H2-TPR study: In order to analyse the reducibility of metal species in Cu-

AlMCM-41 and CuNbMCM-41 the temperature-programmed reduction (H2-TPR) of

the samples was performed. Fig. 4 displays the H2-TPR profiles of the starting cata-

lysts as well as the materials stirred in water. For comparison, the reduction of CuO

activated at various temperatures is exhibited. At the temperature below 700 K the
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w – catalyst after stirring in water.



H2-TPR peaks origin from copper reduction. There is an agreement in the literature

[36–40] for the following assignment of the H2-TPR peaks:
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CuO + H2 → Cu
0

+ H2O (H2-TPR peak in the 440–480 K range) (1)

isolated Cu
2+

+ 1/2 H2 � Cu
+

+ H
+

(> 480 K) (2)

Cu
+

+ 1/2 H2 � Cu
0

+ H
+

(> 600 K) (3)

As shown in Fig. 4, CuO activated at 723 K is partially reduced and therefore gives

rise to the reduction peak at a higher temperature, but below 600 K.

The H2-TPR profiles of CuAlMCM-41 and CuNbMCM-41 indicate the reduction

of copper species at 583 K in the case of Al neighbour and at 560 K in CuNbMCM-41

sample. One should assign it to the reduction of isolated Cu
2+

to Cu
+
. There is no evi-

dence from H2-TPR profiles for further reduction of Cu
+
, which should occur at tem-

perature above 600 K. A shoulder at ~536 K may be due to the reduction of

copper-oxygen phase (not necessary CuO).

In the high temperature range (> 1050 K) the H2-TPR peaks (CuNbMCM-41) due

to the reduction of niobium located in the skeleton can be observed [7,8,23]. Interest-

ingly, the stirring of aqueous suspension of this sample causes not only the removal of

copper from the extra framework position (no peaks due to copper reduction), but also

the removal of niobium from the framework or rather the opening to the view of nio-

bium surface species (Fig. 4). Copper is leached by water, whereas niobium is located

in the extra framework position strongly held onto the surface of the molecular sieve

or on the internal surface of walls. This statement bases on the H2-TPR (Fig. 4,

CuNbMCM-41, b) profile typical of the material obtained via niobium impregnation
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of siliceous MCM-41 [23]. Water treatment also causes the removal of copper species

from CuAlMCM-41, as evidenced by the disappearance of Cu-reduction peaks in the

H2-TPR profile (Fig. 4).

The localization of Cu species, which are reduced with hydrogen, can be esti-

mated on the basis of sulphate formation upon the interaction with SO2 + O2 mixture.

The H2-TPR profiles of two copper aluminosilica samples, prepared by using various

methods and sulphated with SO2 + O2 at 673 K, are displayed in Fig. 5. CuAlMCM-41

material was prepared according to the procedure described in this paper, whereas

Cu-AlMCM-41-32-132 was obtained via Cu
2+

cation exchange in AlMCM-41-32

molecular sieve. In the first material we expect to incorporate copper into the skeleton

together with Al and Si, while in the second, copper is located in the extra framework

position. The similarity of H2-TPR profiles for both samples suggests that in both ma-

terials the same Cu-species and Cu-sulphate species are reduced by hydrogen. 580-

–586 K peaks can be due to the reduction of Cu
2+

ions connected with the framework

or sulphate ions, and the peak at 615 K and 630 K origins from the reduction of cop-

per-sulphate species. On this basis one can suppose that in CuAlMCM-41 sample a

part of copper occupies the extra framework position.

Hydroxyl groups: Infrared spectra in the �(OH) region, recorded after activation

of the parent materials under vacuum and spectra of the samples prepared via NH 4
+ ex-

change, are shown in Fig. 6. All the materials exhibit a sharp band at 3745 cm–1 corre-

sponding to silanol groups, very similar to that observed for SiMCM-41 [3]. The

width at half height of the IR band, recorded for CuAlMCM-41 and CuNbMCM-41,

is 20 cm
–1

. After NH 4
+ exchange and deamonation the intensity of the band at 3745

cm
–1

decreases, but the band becomes broader (half width is 30 cm
–1

instead of 20

cm
–1

for CuAlMCM-41 and 40 cm
–1

instead of 20 cm
–1

for CuNbMCM-41). A similar

effect is observed when copper exchange procedure in AlMCM-41 and NbMCM-41

materials was performed (Fig. 6 a, d). Moreover, a tail towards lower wavenumbers
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exists in IR spectra of all samples (see Fig. 6 B). It is more pronounced for NH4
+

ex-

changed materials. The discussed tail covers the bands of acidic OH groups, which

will be proved below in the part describing the effect of pyridine adsorption. The fact

that the tail is bigger and extended towards lower wavenumbers for H-CuAlMCM-41

and H-CuNbMCM-41 as compared with the parent materials indicates the cation ex-

changed properties of the molecular sieves studied.

Although Corma et al. [41] and Chen et al. [42] explained the presence of the tail

in the low wavenumber range of the IR spectra as due to the interaction of silanol gro-

ups with the template, in the case of the spectra presented in this paper such an inter-

pretation cannot be adapted. The materials used in this study were calcined in the

vacuum cell before the infrared study. It allows the completely removal of the residu-

al template. Therefore, the discussed tail cannot origin from the interaction of silanol

groups with template molecules. Additional proofs for that can be found in our earlier

paper [3].

The infrared spectra shown in Fig. 6 B exhibit also another tail towards higher

(> 3750 cm
–1

) wavenumbers. One can even observe a broad band at about 3850 cm
–1

on this tail. It is noteworthy that this band is registered for all the samples, even if it is

more pronounced for the molecular sieves in which copper was introduced during the

synthesis (CuAlMCM-41 and CuNbMCM-41), due to the different shape of the

background baseline. This band has been assigned to the ���	) + �(OH) combina-

tion, i.e. the combination between the silanol stretching and the out-of-plane defor-

mation corresponding to the third vibrational degree of freedom of the proton in the

silanol group [43].
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Acidity measurements – FTIR study: In order to evaluate the amount and type

of acidic centres, infrared spectroscopy (FTIR) measurement of adsorbed pyridine

and nitrogen oxide has been applied.
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Pyridine (pKb = 8.8) interacts with both Brönsted (BAS) and Lewis (LAS) acid si-

tes. Chemisorption on LAS gives rise to characteristic IR bands at ~1610 (�8a) and

~1450 (�19b) cm–1. The wavenumber of the �8a bands gives information about the

strength of LAS and the intensity of the �19b band is related to the number of LAS taking

into account that 
1450 � 1.5 �mol
–1

cm [44]. The interaction of pyridine with BAS re-

sults in the appearance of a band near 1550 cm
–1

, which is accompanied by two others

near 1640–1620 cm
–1

. 
1450 has been estimated at 1.5 �mol
–1

cm [44].

Nitrogen(II) oxide is chemisorbed on Lewis acid sites. Depending on the value of

positive charge of LAS the adsorption of NO gives rise to the IR bands of various

wavelengths in the range near 1900–1700 cm–1.

The interaction of NO with metal-oxide species results in the appearance of IR

bands near 1600 cm
–1

. Nitrogen oxide interacts also with Brönsted acid sites and in

the presence of oxygen the following reaction occurs [45]:

2NO + 1/2O2 + 2OL-H
+ � 2OL-NO

+
+ H2O (4)

L – oxygen localized in skeleton NO
+

species, is observed in the IR spectra as a band

at 2133 cm
–1

.

Pyridine (Py) adsorption: Figure 7 displays FTIR spectra of pyridine adsorbed on

all samples studied and evacuated at room temperature (RT) – spectra (a), and at 423 K

– spectra (b). After pyridine adsorption and desorption at room temperature on both

parent materials, i.e. CuAlMCM-41 (Fig. 7 A) and CuNbMCM-41 (Fig. 7 C), the

spectra exhibit main bands at 1624 (1627), 1611 (1610), 1597, 1579, 1490 (1488),

1446 cm
–1

and a weak band at ~1555 cm
–1

. The band at 1597 cm
–1

origins from physi-

sorbed pyridine and disappears after evacuation at 423 K (spectra b), whereas the

other bands remain in the spectra of samples evacuated at 423 K, but their intensity is

much lower. Both materials exhibit well defined bands at 1612 cm–1 characteristic of

pyridine bound to Lewis acid sites (Fig. 7 A and C, spectra b). From the intensity of

the PyL species at 1451 cm
–1

(assuming that at the present evacuation temperature no

hydrogen bond remains on the surface) one could estimate the number of Lewis acid

sites at 455�10
17

sites g
–1

for CuAlMCM-41 and 167�10
17

sites g
–1

for

CuNbMCM-41 (Table 3). The comparison of the latter number with that measured

earlier for NbMCM-41-32 without copper [3] indicates that the introduction of Cu lo-

wers the number of Lewis acid sites of the appropriate strength (which hold Py after

evacuation at 423 K).

Brönsted acid sites are characterized by a PyH+ vibration recorded at ~1550 cm–1,

which almost disappeared on CuNbMCM-41 after evacuation at 423 K showing that

the strength of BAS is not very high. This band was more pronounced on Cu-

AlMCM-41.

The same experiments, performed on the ammonium exchanged H-CuAlMCM-41

sample, evidenced the presence of two kinds of Lewis acid sites characterized by pa-

irs of bands: 1447, 1612 cm
–1

and 1451, 1624 cm
–1

(Fig. 7B, spectrum a). It is worthy

of note that two IR bands at 1444 and 1455 cm-1 were also registered earlier on
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H-AlMCM-41 [3] and therefore, cannot be interpreted as due to copper and alumi-

num species. However, copper containing H-CuAlMCM-41 material indicates much

higher LAS strength than H-AlMCM-41 sample and the number of LAS after evacu-
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Figure 7. Pyridine adsorption after activation, then desorption at RT (a) and 423 K (b) on CuAlMCM-41-32 – A,

H-CuAlMCM-41-32 – B, CuNbMCM-41-32 – C and H-CuNbMCM-41-32 – D.



ation at 423 K is extremely high (1857�10
17

sites g
–1

). Pyridine adsorption on H-Cu-

AlMCM-41 also clearly evidences the formation of PyH+ species (the band at 1550

cm–1 – Fig. 7 B, spectrum a) as a result of the interaction with Brönsted acid sites. The

same species is also visible on H-CuNbMCM-41 (Fig. 7 D, spectrum a) but it almost

disappears after evacuation at 423 K. The PyH
+

species on H-CuAlMCM-41 persists

after evacuation at 423 K showing that the strength of Brönsted acid sites is higher on

aluminum than on the niobium containing sample. The density of BAS on H-Cu-

AlMCM-41 is much higher than on all other samples since it could be estimated at

40�10
17

sites g
–1

.

Table 3. Number of Brönsted acid sites (BAS) and Lewis acid sites (LAS) calculated per 1 g of the catalysts

on the basis of IR bands observed after desorption of pyridine at 423 K and extinction coefficient of
pyridine (LAS 
1450 � 1.5 �mol

–1
cm, BAS 
1550 � 1.8 �mol

–1
cm).

Catalyst
Number of

LAS�
�
�
Number of

BAS�
�
�
Total number of

acid sites �
�
� Ref.

Nb-MCM-41-32 208 – 208 3

HNb-MCM-41-32 523 7 529 3

CuAlMCM-41-32 455 8 463 this work

CuNbMCM-41-32 167 3 170 this work

H-CuAlMCM-41-32 1857 40 1897 this work

H-CuNbMCM-41-32 189 5 194 this work

NO adsorption: NO adsorption followed by FTIR spectroscopy characterizes Cu

and Nb species. Fig. 8 displays spectra recorded on CuAlMCM-41 after the adsorp-

tion of increasing amounts of NO (part A) and heating at 573 K (part B, spectrum b),

and moreover, the spectra, showed in earlier paper [9], obtained after NO adsorption

on Cu-AlMCM-41-32-132 and heating at 573 K (part C). NO adsorption at room tem-

perature (RT) on both samples leads to the formation of two fundamental bands at

1891 (1894) cm
–1

(Cu
2+

NO) and 1809 cm
–1

(Cu
+
NO). The third one at 1875 cm

–1
is

due to the presence of NO in the gas phase. However, the intensity of these bands on

CuAlMCM-41 is much lower than that on Cu-exchanged material. It indicates a lo-

wer concentration of Cu-species able to interact with NO in the sample synthesized

with Cu-source. This could be a reason why Cu
2+

O
–
species characterized by the for-

mation of a complex Cu
2+

O
–
NO (1609 cm

–1
) is not formed on CuAlMCM-41. There

are two possibilities to explain this difference in copper detection for the two sam-

ples: i) Cu, which interacts with NO, is located in the extra framework sites and the

other in the framework of CuAlMCM-41; ii) all Cu is located in the framework of Cu-

AlMCM-41, but a part of copper is inside the walls of mesoporous sieves and is not

accessible for NO molecules.
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Figure 8. FTIR subtracted spectra of copper modified AlMCM-41 after the following operations:

A – CuAlMCM-41-32: NO adsorption at RT a) 0.25 mmol g
–1

, b) 0.75 mmol g
–1

, c) full satu-

rated sample;

B – CuAlMCM-41-32: a) NO adsorption at RT, 0.5 mmol g–1, followed by evacuation at RT,

15 min, b) heating at 573 K, 30 min;

C – Cu-AlMCM-41-32-132: a) NO adsorption at RT, 0.5 mmol g–1, followed by evacuation at

RT, 15 min, b) heating at 573 K, 30 min.
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Heating of CuAlMCM-41 in the presence of the adsorbed nitrogen oxide (Fig. 8 B)

causes the transformation of NO to N2O (2221 cm–1) and NO+ species (~2139 cm–1).

N2O is formed in the reaction:

2NO � N2O + 1/2O2 (5)

Oxygen takes part in the reaction between H
+

and NO according to the equation (4)

and gives rise to NO
+

generation. Aband at 2156 cm
–1

could be assigned to CO formed

as a result of the residual template oxidation with O2 coming from the reaction (5).

The other possibility is the origin of this band from NO
+

located on the different site

[46] or NO2
+ [47].

The same experiment performed on CuNbMCM-41 led to similar results (Fig. 9).

NO chemisorbed on this material exhibits the bands at ~1889 cm
–1

(Cu
2+

NO), ~1782

cm
–1

(Cu
�+

NO, � < 1) and ~1606 cm
–1

(most probably from the complex NbO
–
NO).
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Figure 9. FTIR subtracted spectra of copper modified NbMCM-41 after the following operations:

A– CuNbMCM-41-32: NO adsorption at RT a) 0.25 mmol g–1, b) 0.75 mmol g–1, c) full satu-

rated sample;

B – CuNbMCM-41-32: a) NO adsorption at RT, 0.5 mmol g–1, followed by evacuation at RT,

15 min, b) heating at 573 K, 30 min.
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The heating of chemisorbed NO gives rise to N2O and NO
+

appearance. There is not a

band at 2157 cm–1.

The FTIR study of NO adsorbed clearly shows that both materials (Cu-

AlMCM-41 and CuNbMCM-41) exhibit redox properties as evidenced from the reac-

tion (5) and confirms the presence of active protons (Brönsted acid sites).

Catalytic experiments: Acidity of the investigated catalysts has been confirmed

by the results of the acetonylacetone (AcAc) decomposition [30,31] presented in

Table 4.

Table 4. Results of the catalytic test reaction on CuAl(Nb)MCM-41 catalysts.

Catalyst AcAc conversion, % DMF selectivity, %

CuAlMCM-41-32 11.5 100

H-CuAlMCM-41-32 34.8 100

CuNbMCM-41-32 2.4 100

H-CuNbMCM-41-32 5.8 100

Dimethylfuran (DMF) formation, in the absence of the bases catalysed product –

methylcyclopentenone (MCP) – confirms the acidic character of both materials, Cu-

AlMCM-41 and CuNbMCM-41. The acidity evidently increases for hydrogen forms

of the materials, as the DMF product is formed on Brönsted acid sites. Lewis acid cen-

tres are not involved in DMF formation. The highest AcAc conversion to DMF on

H-CuAlMCM-41 corresponds to the higher number of Brönsted acid sites shown in

Table 3. The activity of all the samples in AcAc conversion well correlates with the

number of BAS calculates from FTIR spectra.

CONCLUSIONS

The prepared samples exhibit hexagonal arrangement of mesopores typical of

MCM-41 molecular sieves with uniform narrow pore size distribution and an additio-

nal, non identified, phase. They were stable for 6 months exposition to air but less sta-

ble during long term stirring in water. The latter leads to the partial removal of Cu and

Nb from mesoporous sieves. Removed Nb is located in the extra framework position

or on the internal surface of walls, whereas Cu is leached to the solution. However, the

chemical analyses of the materials stirred in water indicate only slightly decrease of

the amount of copper (the increase of Si/Cu ratio – Table 1). One can postulate that

only copper located in the extra framework position is leached and that incorporated

into the skeleton is stable. Thus, copper in the framework is not reduced by hydrogen

and therefore the samples stirred in water do not exhibit H2-TPR peaks originating

from copper reduction (Fig. 4). Moreover, Cu located in the framework seems does

not interact with SO2 + O2 mixture forming Cu-sulphate species, which can be redu-

ced by hydrogen, because H2-TPR profile exhibits only reduction of Cu (extra frame-

work) – sulphate species.
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There is no direct proof for the incorporation of Cu into the skeleton of

mesoporous molecular sieves. However, there are some indirect suggestions of that.

The decrease of the pore volume of Cu-containing samples (Table 2) in comparison

with the aluminosilica and niobiosilica materials suggests the incorporation of new

element (Cu) into the framework. Moreover, the fact that after stirring the samples in

water still Cu is left in the material allow us to suppose that copper is located in the

skeleton.

Both, CuAlMCM-41 and CuNbMCM-41, mesoporous molecular sieves exhibit

redox properties and present small amount of Brönsted acid sites (concluded on the

basis of FTIR study combined with PY and NO adsorption and the test reaction). This

fact seems to be promising for a further application of these materials in the oxidation

processes requiring the presence of a low number of Brönsted acid sites accompany-

ing the redox centres.
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