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Abstract
Mesoporous silica materials of MCM-48 and MCM-41 types were synthetized by 
surfactant directed methods and modified with copper by template ion-exchange 
(TIE) protocol and its extended version including post-treatment of modified sili-
cas with ammonia solution. Obtained samples were characterized with respect to 
their textural parameters (low-temperature  N2 sorption), porous structure, chemical 
composition, surface acidity  (NH3-TPD), form and aggregation of deposited cop-
per species (UV–vis-DRS) as well as their reducibility  (H2-TPR). It was shown 
that application of TIE method resulted in deposition of copper into MCM-48 in 
more dispersed forms comparing to MCM-41. Both, in the case of MCM-41 and 
MCM-48, treatment of the samples with ammonia directly after copper introduction
resulted in deposition mainly monomeric copper cations. The catalysts containing
such dispersed copper species were more active in the low-temperature  NH3-SCR
process. The NO conversion above 90% with selectivity to  N2 above 97% was
obtained in the temperature range of 225–325  °C. CuO aggregates, deposited on
mesoporous silicas, were found to be active in the side process of direct ammonia
oxidation at higher temperatures.
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Introduction

Mesoporous silicas, synthetised first time in 1992 by researchers of Mobil Oli 
company [1], due to their high surface area and uniform porous structures, were 
recognised as very promising materials with a great potential for various applica-
tions, also including catalysts. The synthesis of such materials is based on sur-
factant directed method [2], including formation of micellar structures by self-
organisation of surfactants in solution and condensation of silica source around 
such organic templates. In the final step, organic surfactants must be removed 
from the pore system of mesoporous silica—most often by calcination [3], less 
often by extraction with suitable solvents [4]. Mesoporous silica materials, in 
contrast to zeolites, are characterized by significantly larger pores, what is impor-
tant for ensuring effective internal diffusion of reactants in catalytic processes. 
On the other hand, mesoporous silica materials are made of amorphous silica and 
therefore are less thermally, hydrothermally, and mechanically stable compar-
ing to zeolites. Moreover, pure silica mesoporous materials do not exhibit ion-
exchange properties and therefore the spectrum of methods used for deposition 
of catalytically active metals is limited. Incorporation of guest elements, such 
as aluminium, into silica walls may result in generation of weak ion-exchange 
properties, however in contrast to zeolites, the location and density of such ion-
exchange sites is not well defined and uniform [5]. The main approaches to solve 
the problem of limited stability of mesoporous silica materials have been based 
on synthesis of materials with thicker walls, e.g., SBA-15 [6], and controlled 
crystallisation of amorphous silica walls [7]. In this latter approach, crystallisa-
tion needs the presence of alkali elements and high temperature treatment, which 
unfortunately cause dramatic drop in surface area and porosity of these materials 
[7, 8]. Various methods have been used for deposition of catalytically active met-
als into mesoporous silica materials. One of them is incorporation of metal spe-
cies into silica walls by co-condensation of silica source and precursor of metal 
during mesoporous materials synthesis [9]. In this case part of metal species is 
occluded inside silica walls and is not available for catalytic process. Moreover, 
synthesis of the samples with higher metal content may result in the formation 
of aggregated metal oxide species beside dispersed metal cations. On the other 
hand, this method is promising for the synthesis of catalysts operating with liquid 
reactants, e.g., slurry reactors [10], due to effective stabilisation of metal spe-
cies in silica matrix and limited risk of their leaching into solution. Impregnation 
methods are relatively easy and cheap but controlling the form and aggregation of 
deposited metal species, important for high selectivity of the catalytic reaction, is 
very difficult or even impossible [11]. Moreover, in the case of using concentrated 
solution of metal precursors, partial plugging of pore system may occur. Methods 
based on grafting of metalorganic compounds followed by their thermal conver-
sion into metal species, e.g., molecular designed dispersion (MDD) method [12], 
are relatively expensive and result in deposition of only limited amount of highly 
dispersed metal species [13]. The MDD method is based on the selective reac-
tion of acetylacetonate complexes of various metals with silanol groups of silica 
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support by ligand exchange mechanism [12, 13]. Promising method for metal spe-
cies deposition on mesoporous silica materials in highly dispersed and uniform 
forms is template ion-exchange (TIE) method [4, 14]. This method is based on 
exchange of cationic surfactants, present in freshly prepared mesoporous silica 
materials, for metal cations [14]. It was shown that introduction of various transi-
tion metals, such as copper, iron, or manganese, into MCM-41 using TIE method 
results in deposition of highly dispersed metal species, mainly monomeric cati-
ons [4]. In the case of MCM-41 doped with larger amounts of copper the forma-
tion of larger CuO aggregates, located outside of mesoporous grains, was also 
observed [15]. This problem can be solved by treatment of the Cu-MCM-41 sam-
ples, directly after TIE, in ammonia solution [15]. Such extended TIE procedure 
resulted in the MCM-41 sample containing above 10 wt% of copper deposited 
nearly exclusively in the form of monomeric cations [4], which was found to be 
a very promising catalyst of the low-temperature  NH3-SCR process. Up-till-now 
deposition of metals by TIE method and its extended version was tested only for 
MCM-41 silica materials with hexagonal porous structure. The presented stud-
ies verify application of the standard TIE method and extended TIE method with 
ammonia post-treatment for deposition of copper into MCM-48 with regular 
porous structure as well as application of such samples in the role of catalysts for 
the low-temperature  NH3-SCR process.

Experimental

Catalysts preparation

MCM-41 and MCM-48 mesoporous silica materials were synthesized and after 
modification with copper by template ion-exchange method or its extended version 
used as catalysts of the  NH3-SCR process.

Synthesis of MCM-41 was carried out according to the procedure presented 
in our previous paper [16]. A mixture of 45.3  cm3 hexadecyltrimethylammonium 
chloride (HDTMACl, 25% solution in water, Sigma-Aldrich), 44.0  cm3 of ammo-
nia (25% solution of  NH3 in water, Chempur) and 525  cm3 of distilled water was 
intensively stirred at room temperature for 30 min. Afterwards, 48.6  cm3 of tetrae-
thyl orthosilicate (TEOS, 98%, Sigma Aldrich) was added dropwise (2 drops/s). The 
obtained mixture was agitated for 1 h. Subsequently, the solid product was filtered, 
wash with distilled water, and dried at 60 °C for 48 h.

MCM-48 silica material was prepared as follows [17]: 32.0  cm3 of hexadecyl-
trimethylammonium chloride (HDTMACl, 25% solution in water, Sigma-Aldrich), 
60.0  cm3 of ammonia (25% solution of  NH3 in water, Chempur), 134  cm3 of distil-
lated water and 210  cm3 of methanol (Sigma-Aldrich) were mixed. The obtained 
mixture was vigorously stirring at room temperature for 15  min. Then, 18.0  cm3 
of tetraethyl orthosilicate (TEOS, 98%, Sigma Aldrich) was slowly introduced (3 
drops/s) and obtained mixture was stirred for 2 h. The solid product was separated 
by filtration washed with distillated water and dried at 60 °C for 48 h.
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The first series of MCM-41 and MCM-48 samples was modified with copper 
using template ion-exchange (TIE) method. First, a series of  CuCl2 (POCh) solu-
tions in pure methanol was prepared. Then, the non-calcined silica sample was intro-
duced into a  CuCl2 methanol solution. The obtained slurry (50  cm3 liquid per 1 g of 
silica material) was stirred vigorously under reflux at 70 °C for 3 h. Afterwards, the 
modified material was filtered, washed with methanol, dried at 60 °C overnight and 
calcined at 550 °C for 8 h. The concentration and volumes of reagents used in the 
TIE modification process are presented in Table 1.

The second series of catalysts was prepared by the extended TIE method includ-
ing treatment of the samples, directly after TIE, with ammonia (Chempur). In the 
first step, as-synthesized MCM-41 and MCM-48 samples were mixed with  CuCl2 
(POCh) methanol solutions and then vigorous stirring for 3  h. Subsequently, the 
samples were separated by filtration and washed with methanol. In the next step, the 
obtained materials were treated with aqueous solutions of ammonia (100  cm3) with 
intensive stirring for 1 h. The modified samples were separated by filtration, washed 
with distilled water, dried at 60 °C for 24 h and calcined at 550 °C for 8 h. The sam-
ples codes as well as concentrations of  CuCl2 and  NH3 solutions used are shown in 
Table 1.

Catalysts characterization

The X-ray diffraction patterns of the samples were obtained with a Bruker D2 Phaser 
diffractometer (Cu  Kα radiation, λ = 1.54056 Å). Diffraction patterns were collected 
in the 2 theta angle ranges of 1–8 and 28–42 with a step of 0.02°. The count time 
for 2 theta values in the range 1–8 is 5 s per step, while in the range 28–42 is 1 s per 
step.

The textural parameters of MCM-41 and MCM-48 silicas were specified by  N2 
sorption at − 196  °C using a 3Flex v.1.00 (Micromeritics) automated gas adsorp-
tion system. Before the measurements, the samples were outgassed under vacuum 
at 350 °C for 24 h. The specific surface area was determined using the BET model, 
while the BJH model was used to calculate the pore size. The pore volume was esti-
mated by means of the total amount of adsorbed  N2 at relative p/p0 pressure of 0.98.

Table 1  Samples codes and amounts of reagents used in TIE and TIE-NH3 method

a per gram of pure silica based on TG analysis results

Sample code Non-calcinated 
sample [g]

CuCl2 solution 
volume  [cm3]

CuCl2 solution con-
centration [mmol]

Concentration 
of  NH3 solution 
[mmol]

MCM-41 2 100 – –
MCM-41-Cu 2 100 0.84 –
MCM-41-Cu-A 2 100 0.84 3.36
MCM-48 2 100 – –
MCM-48-Cu 2 100 0.76 –
MCM-48-Cu-A 2 100 0.76 3.04
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The form and aggregation of copper species deposited on surface of mesoporous 
silicas were determined by UV–Vis-DR spectroscopy. Spectra were recorded using 
Lambda 650 S (Perkin Elmer) spectrophotometer in the range of 190–900 nm with a 
resolution of 2 nm.

Inductively coupled plasma optical emission spectroscopy (ICP-OES) method 
was used for determination of the elemental composition of the samples. Measure-
ments were made using iCAP 7000 instrument. Prior to the analysis the samples 
were dissolved in a solution containing 2  cm3 HCl (30%, Honeywell, Charlotte, 
NC, USA), 6  cm3  HNO3 (67–69%, Honeywell, Charlotte, NC, USA) and 2  cm3 HF 
(47–51%, Honeywell, Charlotte, NC, USA) at 190 °C using a microwave digestion 
system Ethos Easy (Milestone).

The content of surfactant in parent silica materials was determined by thermo-
gravimetric analysis, using Mettler Toledo TGA/DSC 3 + thermogravimeter. The 
samples were heated in air flow of 80  cm3/min with temperature increase of 20 °C/
min in temperature range of 30–1100 °C.

The reducing properties of catalysts were tested by temperature-programmed 
reduction method with hydrogen as a reductant  (H2-TPR). The measurements were 
carried out in a flow microreactor with fixed bed equipped with thermal conductiv-
ity detector (TCD, Valco). Mass flow controllers (Brooks Instrument) were used to 
regulate and control the flow rate of gases supplied into the microreactor. Prior to 
the reduction process, each sample (25 mg) was outgassed in a flow of pure argon 
at 550  °C for 30 min. Subsequently, temperature was decreased to 50  °C and the 
 H2-TPR measurements were carried out with the linear temperature increase of 
10 °C/min from 50 to 950 °C in a flow of 5.0 V%  H2 diluted in argon.

For the analysis of surface acidity of the catalysts, temperature-programmed des-
orption of ammonia  (NH3-TPD) was applied. The measurements were carried out in 
a flow quartz microreactor system connected directly with quadrupole mass spec-
trometer (PREVAC-200). Prior to the  NH3-TPD runs, the catalyst samples (100 mg) 
were outgassed in a flow of pure helium at 550 °C for 30 min. After cooling down 
to 70 °C, the sample was saturated in a flow of gas mixture containing 1.0 V% of 
 NH3 diluted in helium for 2.5 h. In the next step, the catalyst was purged in a helium 
flow, to remove physiosorbed ammonia molecules, until a stable baseline level was 
reached. Ammonia desorption was performed with a linear heating rate of 10 °C/
min in a flow of pure helium (20  cm3/min).

Catalytic tests

The catalytic activity of the obtained silica-based materials modified with copper 
was investigated in the selective catalytic reduction of NO with ammonia  (NH3-SCR, 
 DeNOx) process. Catalytic experiments were carried out in a quartz microreactor 
with a fixed bed in a temperature range from 100 to 400 °C under atmospheric pres-
sure. The continuous measurement of reactant concentrations was performed using 
a quadrupole mass spectrometer (PREVAC-200) directly connected to the microre-
actor outlet. Prior to catalytic runs, the samples (100 mg) with particle size in the 
range of 0.250–0.315  mm were placed in the microreactor outgassed in a helium 
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stream at 550 °C for 30 min. The  NH3-SCR process involved the utilization of a gas 
mixture containing 0.25 V% of NO, 0.25 V% of  NH3 and 2.5 V% of  O2 diluted with 
pure helium. Additionally, the modified silica materials were tested in  NH3-SCR 
process in a wet atmosphere with a gas mixture containing 0.25 V% of NO, 0.25 V% 
of  NH3, 2.5 V% of  O2, 5 V%  H2O and 92 V% He.

Furthermore, the modified MCM-41 and MCM-48 samples were tested in the 
role of catalysts for the selective catalytic oxidation of ammonia to NO and  H2O 
 (NH3-SCO). The catalytic tests were performed in a fixed-bed quartz microreactor at 
temperatures ranging from 225 to 400 °C under atmospheric pressure. Similar to the 
previous catalytic tests, the reactant concentrations were constantly monitored by a 
quadrupole mass spectrometer (PREVAC) connected directly to the reactor outlet. 
100 mg of the sample with particle sizes in the range from 0.250 to 0.315 mm was 
subjected to outgassing in a stream of pure helium at 550 °C for 30 min. In the cata-
lytic tests a gas mixture consisting of 0.5 V% of  NH3 and 2.5 V% of  O2 diluted in 
pure helium was used.

All  NH3-SCR (dry and wet reaction mixtures) and  NH3-SCO tests were con-
ducted at a total flow rate of 40  cm3/min. The VHSV (volumetric hourly space 
velocity), applied in all catalytic tests, was about 24 000  cm3  h−1  g−1.

Results and discussion

Mesoporous silicas, including materials of MCM-41 and MCM-48 types, are char-
acterized by amorphous silica walls and the reflections, presented in Fig. 1, indicate 
the ordered porous structure of this type of materials. In diffractogram recorded for 
mesoporous silica of MCM-41 type, (100), (110), and (200) diffraction peaks char-
acteristic of the porous hexagonal structure, typical of this group of silica materials, 
are observed (Fig. 1A) [18]. Deposition of copper by template ion-exchange (TIE) 
method, resulting in the MCM-41-Cu sample, shifted diffraction peaks into higher 
values of 2 theta angle (Fig. 1A). This effect is possibly related to decrease in the 
pore size due to deposition of copper species on the internal walls of porous silica. 
On the other hand, deposition of copper by TIE method followed by ammonia treat-
ment, resulting in MCM-41-Cu-A, significantly decreased intensity of the diffraction 
peaks and their shift to lower values of 2 theta angles comparing to their positions in 
diffractogram recorded for MCM-41-Cu (Fig. 1A). These effects are possibly related 
to partial hydrolysis of siloxane bridges to silanol groups (≡Si–O–Si≡ +  H2O → 2 
≡Si–OH) catalysed by ammonia and therefore partial destruction of mesoporous 
structure of MCM-41. Similar effects were reported in our previous studies for the 
MCM-41 silica with spherical [15] and cylindrical morphology [4]. In the case of 
MCM-48, (211), (220) and (420) diffraction peaks, characteristic of the regular 
porous structure, can be identified (Fig. 1B) [19]. Similarly to MCM-41, deposition 
of copper by TIE method, resulting in MCM-48-Cu, shifted diffraction peaks into 
higher 2 theta values. This effect, indicating decrease in pore size, is possibly related 
to deposition of copper species inside pores. On the other side, post-treatment of 
such sample with ammonia, resulting in the MCM-48-Cu-A sample, shifted reflec-
tions into lower 2 theta values and significantly reduced their intensity (Fig.  1B). 
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Similarly to MCM-41-Cu-A, these effects are possibly assigned to partial hydroly-
sis of siloxane bridges in ammonia presence and therefore partial destruction of the 
MCM-48 mesoporous structure.

The 2 theta range characteristic of copper oxide is presented in inserts of Fig. 1A 
and B. Diffraction peaks indicating the presence of CuO crystallites were found in 
diffractograms of MCM-41-Cu and MCM-48-Cu, obtained by TIE method. How-
ever, it should be noted that the intensity of these reflections is significantly lower 
for MCM-48-Cu comparing to MCM-41-Cu, containing 4.9 and 4.5 wt% of cop-
per, respectively (Table  2). Thus, it could be postulated that deposition of aggre-
gated copper species by TIE method is significantly limited in the case of MCM-48 

Fig. 1  X-ray diffractograms of MCM-41 (A) and MCM-48 (B) and their modifications with copper (Cu 
 Kα radiation, λ = 1.54056 Å, 2 theta angle ranges of 1–8 and 28–42 with a step of 0.02°, the count time 
for 2 theta values in the range 1–8 is 5 s per step and in the range 28–42 is 1 s per step)
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comparing to MCM-41. It could be assigned to differences in porous structures and 
more effective internal diffusion of copper species in straight channels of MCM-41 
comparing to twisted channels of MCM-48. Post-treatment of these samples with 
ammonia resulted in disappearance of the reflections characteristic of copper oxide 
crystallites (Fig. 1A and B). This effect, indicating deposition of copper in the form 
of highly dispersed species, has been already reported for deposition of copper by 
TIE method followed by ammonia treatment for the MCM-41 silicas [4, 15], but 
up till now has not be verified for MCM-48. Thus, the obtained results prove our 
hypothesis related to post-treatment of MCM-41 samples with ammonia after TIE 
protocol and extend this hypothesis for MCM-48 materials.

Nitrogen adsorption–desorption isotherms and pore size distribution (PSD) deter-
mined for the studied samples are presented in Figs.  2 and 3, while their textural 
parameters are compared in Table 2. The isotherms of MCM-41 and MCM-48 sam-
ples as well as their modifications with copper are classified as type IV according 
to the IUPAC classification [20, 21]. The characteristic feature of the isotherms 
recorded for both series of the mesoporous materials is a steep increase in nitrogen 
uptake at relative pressure of 0.15–0.30 assigned to the capillary condensation of 
nitrogen inside mesopores. Deposition of copper by TIE method (MCM-41-Cu and 
MCM-48-Cu) resulted in a small decrease in nitrogen uptake assigned to decreased 
mesopore volume, possibly due to deposition of copper species inside pores. More 
significant decrease in nitrogen uptake, especially in the region characteristic for 
capillary condensation inside mesopores, was observed for the silica samples modi-
fied with copper by TIE method with ammonia post-treatment—MCM-41-Cu-A 
and MCM-48-Cu-A. This effect is related to partial destruction of the mesoporous 
structures of MCM-41 and MCM-48 by ammonia. Moreover, an increase in nitro-
gen sorption, observed at the relative pressure above 0.45, is possibly related to the 
presence of larger pores located between sticked silica spheres. Such sticking effect 

Table 2  Textural parameters, copper content and surface acidity of the samples

SBET specific BET surface area
PV pore volume
Cu copper content in the samples
CA concentration of acid sites
DA density of acid sites
CA/[Cu] molar ration of acid sites to copper content

Sample SBET  [m2/g] PV  [cm3/g] Cu [wt%] CA [μmol/g] DA [μmol/m2] CA/[Cu] 
[mol/
mol]

MCM-41 1200 0.890 – – –
MCM-41-Cu 1058 0.744 4.5 226 0.213 0.319
MCM-41-Cu-A 594 0.860 4.3 380 0.640 0.536
MCM-48 1363 0.991 – – –
MCM-48-Cu 1190 0.643 4.9 377 0.317 0.488
MCM-48-Cu-A 744 0.835 4.8 385 0.505 0.509
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is a result of hydrolysis of siloxane bridges to silanol groups and condensation of 
≡Si–OH species located on the outer surface of adjacent silica grains. The hysteresis 
loops observed in adsorption–desorption isotherms belong to H3 category according 
to the IUPAC classification and is characteristic for the pore network consisting of 
large pores only partially filled with condensate [20, 21]. PSD profiles, presented in 
Fig. 3, show high homogeneity of pores diameters in the studied samples. The max-
ima of PSD are at about 3.35 and 3.15 nm for MCM-41 and MCM-48, respectively. 
Introduction of copper species into MCM-41 and MCM-48 by TIE method slightly 
reduced the intensity of the PSD maxima, possibly due to deposition of metal spe-
cies inside pores. This effect was more significant for MCM-48-Cu and additionally, 
the shift of PSD maximum into about 2.9 nm was observed in this case (Fig. 3B). 
Much more significant decrease in intensity of PSD maximum was observed for the 

Fig. 2  Nitrogen adsorption–desorption isotherms of MCM-41 (A) and MCM-48 (B) and their modifica-
tions with copper (textural parameters were specified by  N2 sorption at − 196 °C, the specific surface area 
was determined by the BET model)
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samples post-treated with ammonium, MCM-41-Cu-A and MCM-48-Cu-A, indicat-
ing partial degradation of the porous structure of these samples. Moreover, broad 
maxima located at about 13 and 18  nm for MCM-41-Cu-A and MCM-48-Cu-A, 
respectively, were found in the PSD profiles (Fig. 3A and B). These additional max-
ima are caused by sticking of silica grains with the formation of secondary macropo-
rous structures in inter-grain spaces. Possibly, silanol groups formed by ammonia 
catalysed hydrolysis of siloxanes (≡Si–O–Si≡ +  H2O → 2 ≡Si–OH) re-condensate 
with the formation inter-grain links.

Specific surface areas, determined by BET method, are 1200 and 1363  m2/g for 
MCM-41 and MCM-48, respectively (Table 2). Deposition of copper by TIE method 
decreased specific surface area by about 12% in the case of MCM-41-Cu as well as 
MCM-48-Cu. Also decrease of pore volume was observed after copper deposition 

Fig. 3  Pore size distribution (PSD) profiles of MCM-41 (A) and MCM-48 (B) and their modifications 
with copper (the BJH model was used to calculate the pore size)
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into these silica materials. More significant decrease in specific surface area, at 
around 45–50%, occurred for the MCM-41-Cu-A and MCM-48-Cu-A samples 
obtained by TIE method with ammonia post-treatment (Table 2). Thus, the reduc-
tion of specific surface area observed as a result of copper doping depends on vari-
ous factors. First, specific surface area of the silica samples decreased due to pore 
blocking by deposited copper species. This effect is more distinct in the case of CuO 
aggregates deposition, which may more effectively clog the channels of mesoporous 
silicas. Secondly, a very significant decrease of specific surface area is observed 
for the samples post-treated with ammonia (MCM-41-Cu-A and MCM-41-Cu-A, 
Table  2). This effect is related to partial destruction of mesoporous silica porous 
structure by basic ammonia solution. On the other side, pore volume determined for 
these samples significantly increased under conditions of ammonia post-treatment. 
As it was already mentioned, these effects could be explained by partial destruction 
of mesoporous structure by ammonia resulting in decrease of specific surface area 
as well as sticking of silica grains with the formation of the secondary macroporous 
structures in inter-grain spaces, resulting in increased pore volume.

The forms and aggregation of copper species deposited on MCM-41 and MCM-
48 were verified by UV–Vis-DR spectroscopy (Fig. 4). In spectra recorded for all 
the samples, the band at about 220–230 nm, indicating the presence of monomeric 
 Cu2+ ions interacting with oxygens of silica  (O2− →  Cu2+) [22, 23], dominate. The 
presence of such monomeric cations is also proved by the broad band located above 
550  nm and related to d-d transition in  Cu2+ ions in pseudo-octahedral coordina-
tion, such as Cu(H2O)6

2+ [22, 23]. In the case of the spectrum recorded for MCM-
41-Cu (Fig. 4A) and, to a lesser extent, for the MCM-48-Cu sample (Fig. 4B), the 
increased level of absorbance above 300 nm indicates the presence of aggregated 
copper oxide species of different size, such as oligomeric and small crystallites [23, 
24]. It should be noted that CuO crystallites were detected in the MCM-41-Cu and 
MCM-48-Cu samples by XRD method (Fig. 1A and B).

Surface acidity of the studied samples was analysed by temperature-programmed 
desorption of ammonia  (NH3-TPD). No acidity was found for the silica samples 
non-modified with copper, MCM-41 and MCM-48 (results not shown). Thus, 
ammonia chemisorption was possible only on the copper species introduced to the 
silica samples. Interaction of copper with ammonia molecule is due to the formation 
of donor–acceptor bound by transfer of free electron pair of ammonia into unoccu-
pied d-orbitals of copper  (NH3 → Cu). Thus, the amount of chemisorbed ammonia 
indicates the surface available copper cations, that can participate in catalytic sur-
face reaction. As it can be seen in Fig. 5, ammonia desorption profiles are similar 
for all the studied samples and consist of broad maximum, possibly superposition 
of at least two peaks, at temperature below 450 °C. The intensity of these maxima 
depends on the amount of surface exposed copper cations able to chemisorb ammo-
nia molecules. Surface concentration  (CA) and surface density  (DA) of chemisorbed 
ammonia determined from  NH3-TPD measurements are compared in Table 1. The 
lowest surface concentration of chemisorbed ammonia was determined for MCM-
41-Cu, while significantly larger amount of ammonia was chemisorbed on the sur-
face of MCM-48-Cu. Considering similar copper loading in both these samples 
(Table 2) it shows that copper was introduced into MCM-48 in the form of more 
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dispersed species comparing to MCM-41. It is proved by the ratio of the amount 
of chemisorbed ammonia (determined from  NH3-TPD measurements) and copper 
content in the samples (determined by chemical analyses—ICP-OES),  CA/[Cu], 
presented in Table 2. The  CA/[Cu] value determined for MCM-48-A is significantly 
higher than for MCM-41-A, indicating higher contribution of surface exposed cop-
per cations in the MCM-48-A sample. Post-treatment of the samples with ammonia 
increased the  CA/[Cu] ratio, proving beneficial role of this procedure for deposition 
of copper in highly dispersed forms. These results are in-line with the results of 
XRD (Fig. 1) and UV–Vis-DRS (Fig. 4) studies.

Temperature-programmed reduction with hydrogen  (H2-TPR) is very useful 
experimental method for distinguishing between aggregated and monomeric copper 

Fig. 4  UV–Vis DR spectra of MCM-41 (A) and MCM-48 (B) modified with copper (measurement range 
of 190–900 nm with a resolution of 2 nm)
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species.  Cu2+ cations in copper oxide species are reduced in one step directly to 
 Cu0  (Cu2+  →  Cu0) at relatively low temperatures (typically below 350  °C) [25, 
26]. In similar temperature range monomeric  Cu2+ cations are reduced to  Cu+ 
 (Cu2+  →  Cu+), while monomeric  Cu+ cations are reduced to  Cu0  (Cu+  →  Cu0) 
at higher temperatures (typically above 400  °C) [25, 26]. Reduction profiles, pre-
sented in Fig. 6, show the presence of low-temperature maximum centred at about 
245–275  °C related to reduction of  Cu2+ to  Cu0 in aggregated species as well as 
monomeric  Cu2+ cations to  Cu+ and high temperature maximum assigned to the 
second step of monomeric copper cations reduction from  Cu+ to  Cu0. Integration 

Fig. 5  Ammonia desorption profiles of MCM-41 (A) and MCM-48 (B) modified with copper (100 mg 
of sample, the sample was saturated at 70 °C in a flow of gas mixture containing 1.0 V% of  NH3, 99 V% 
He for 2.5 h; after ammonia physiosorbed molecules removal,  NH3 desorption was performed with with 
linear heating rate of 10 °C/min in a flow of pure He)
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of the area under reduction peaks and simple recalculation result in estimation of 
contribution of copper cations in the form of monomeric and aggregated species 
(Table  3). In the calculation it was assumed that copper in all species present in 
the samples prior to the  H2-TPR runs exist as  Cu2+ cations. Deposition of copper 
into MCM-48 by TIE method resulted in a significantly higher dispersion of this 
metal comparing to its deposition into MCM-41. Moreover, post-treatment of the 
samples with ammonia improved copper dispersion in both MCM-41 and MCM-48 
silica materials (Table 3). In the case of the MCM-41-Cu sample, with the domi-
nating contribution of aggregated copper species (Table 3), low-temperature reduc-
tion maximum is located at temperature higher by about 25–30  °C comparing to 
other samples containing copper mainly in the form of monomeric cations (Fig. 6). 
Thus, it could be supposed that reduction for copper cations in aggregated species 
 (Cu2+  →  Cu0) occurs at higher temperatures than reduction of monomeric copper 
cations  (Cu2+  →  Cu+).

Results of the  NH3-SCR catalytic tests in dry and wet atmosphere are shown in 
Fig. 7A and B, respectively. The NO conversion with ammonia in the absence of 

Fig. 6  H2-TPR profiles of MCM-41 and MCM-48 modified with copper (25 mg of sample, linear tem-
perature increase of 10 °C/min, 5.0 V%  H2 diluted in Ar)

Table 3  Contribution of copper 
in the form of monomeric 
cations and aggregated species 
determined from  H2-TPR 
measurements

Sample Cu—monomeric 
[mol%]

Cu—aggre-
gates [mol%]

MCM-41-Cu 40 60
MCM-41-Cu-A 75 25
MCM-48-Cu 73 27
MCM-48-Cu-A 89 11
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water vapour starts at about 100 °C, increases to about 225 °C reaching the level 
of 85–95% and decreases above 325 °C due to the side process of direct ammonia 
oxidation by oxygen present in the reaction mixture (Fig. 7A). The catalysts contain-
ing mainly highly dispersed forms of copper, especially MCM-48-Cu-A, presented 
higher catalytic activity both in the low- and high-temperature range comparing to 
MCM-41-Cu containing mainly aggregated copper oxide species. The NO conver-
sion above 90% with selectivity to  N2 above 97% was obtained in the temperature 
window from 225 to 325  °C for the MCM-48-Cu-A, MCM-41-Cu-A and MCM-
48-Cu-A catalysts containing copper mainly in the form of monomeric copper cati-
ons. Thus, the obtained results support hypothesis about high catalytic activity of 
monomeric copper cations in the low-temperature  NH3-SCR process [27]. To verify 

Fig. 7  Results of  NH3-SCR tests in dry (A) and wet (B) atmosphere (100 mg of sample, composition 
of dry atmosphere: 0.25 V% of NO, 0.25 V% of  NH3 and 2.5 V% of  O2, 97 V% He, composition of wet 
atmosphere: 0.25 V% of NO, 0.25 V% of  NH3, 2.5 V% of  O2, 5 V%  H2O and 92 V% He)
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activity of the catalysts in the side reaction of direct ammonia oxidation, limit-
ing efficiency of the  NH3-SCR process at higher temperatures, additional tests of 
ammonia oxidation were done (Fig. 8). As can be seen, the MCM-41-Cu, contain-
ing copper mainly in the form of aggregated copper oxide species, is significantly 
more active in direct ammonia oxidation comparing to other catalysts containing 
copper mainly in the form of monomeric copper cations. Thus, it is supposed that 
aggregated copper oxide species are more active in ammonia oxidation comparing 
to highly dispersed copper species. Comparison of the  NH3-SCR tests conducted in 
the absence (Fig. 7A) and presence (Fig. 7B) of water vapour shows that efficiency 
of the reaction in wet reaction mixture is limited mainly in the lower temperatures, 
possibly due to competitive adsorption of ammonia and water molecules for these 
same sites. Similarly, the lower activity in the side reaction of direct ammonia oxida-
tion, observed in the wet reaction mixture (Fig. 7B), is a result of such competition.

Conclusions

The applicability of template ion-exchange (TIE) method for deposition metal spe-
cies into MCM-48 was verified for the first time. It was shown that deposition of 
copper into MCM-48 by TIE method resulted in introduction of this metal in highly 
dispersed forms, mainly monomeric copper cations. In contrast, applying this same 
method for deposition of copper into MCM-41 resulted mainly in CuO aggregates. 
Post-treatment of the samples with ammonia solution, directly after TIE, resulted in 
an increased contribution of monomeric copper cations both in MCM-41 and MCM-
48. This effect was more significant for MCM-41 (increase of monomeric cations 
contribution from 40 to 75% after ammonia posttreatment). Unfortunately, treatment 
of the silica samples with ammonia resulted in partial destroying of their porous 

Fig. 8  Results of  NH3-SCO tests (100 mg of sample, 0.5 V% of  NH3, 2.5 V% of  O2 and 97 V% He)



2275

1 3

Reaction Kinetics, Mechanisms and Catalysis (2023) 136:2259–2276 

structure. Mesoporous silicas containing highly dispersed forms of copper (samples 
modified with copper by TIE method including post-treatment with ammonia solu-
tion) were found to be significantly more catalytically active in the low-temperature 
 NH3-SCR process comparing to the catalysts containing CuO aggregates. The NO 
conversion above 90% with selectivity to  N2 above 97% was obtained in the tem-
perature window from 225 to 325 °C for the catalysts containing copper mainly in 
the form of monomeric copper cations. On the other hand, copper oxide aggregates 
presented activity in the side process of direct ammonia oxidation and therefore 
decrease of the  NH3-SCR efficiency at higher temperatures was significantly limited 
for the catalysts containing such aggregated species. Introduction of water vapour 
into the reaction mixture resulted in a shift of the NO conversion profiles into higher 
temperatures by about 30–50 °C. Possibly, this effect is related to the competition 
of ammonia and water molecules for adsorption on these same sites in the low-tem-
perature range. Presence of water also decreased the efficiency of the side process 
of direct ammonia oxidation at higher temperatures and therefore improve the NO 
reduction in this temperature range. The competition of water and ammonia for the 
same adsorption sites could be also explanation of this effect.
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