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Introduction

Methane being a basic component of natural gas, shale gas and 
other mine gases, is one of the most commonly used gas in order 
to obtain energy. It is also an important precursor for the synthe-
sis of chemical compounds, such as methanol [1].

Previously, many systems were investigated in catalytic oxi-
dation of methane to methanol in order to find catalysts in the 
presence of which the maximal both conversion of methane and 
yield of methanol could be found. The reaction has been studied 
mostly over mercury, palladium, thallium and molybdenum ox-
ides [2], but reported catalytic results were not satisfying. 

Presently, the studied catalytic systems in the reaction of 
selective methane oxidation are zeolitic materials, mainly 
CuZMS-5 and FeZMS-5 [3]. The choice of zeolites comes from 
their numerous advantages, such as: high specific surface area, 
shape-selectivity and their high susceptibility to any modifica-
tions related to chemical composition, structure, porosity, acidi-
ty or even morphology [4].

Based on a review of literature, the application of ultrasounds 
in the synthesis and modification of catalysts for the selective 
oxidation of methane seems to be a remedy for a high energy 
and time-consuming procedures. That implies the possibility of 
performance of the process under milder conditions, reducing 
energy expenditure or the need to use some reagents [5]. 

The specific properties of sonochemical irradiation were 

found in numerous applications in zeolite chemistry, such as: in 
the synthesis of zeolites A [6], and 4A [7], MCM-22 [8], NaP [9], 
etc. The first study concerning ultrasound-assisted modification 
of zeolites was reported by Hosseini et al. [10], who investigated 
an ultrasound-assisted dealumination of zeolite Y in an etha-
nol-acetylacetone solution as a chelating agent.

In this study, we have synthesized MFI- and USY-type ze-
olites, containing metal active phase introduced by both con-
ventional and sonochemical techniques. Obtained systems are 
intended to be used in the future as catalysts for selective oxi-
dation of methane. The scope of work includes both preparation 
and characterisation of chosen materials.

Experimental

Sample preparation

MFI-type zeolite with Si/Al = 37 as well as ultrastabilised form 
of Y zeolite (USY) with Si/Al = 2.65 have been synthesized. 
For the zeolite with MFI structure, gel of defined chemical 
composition was obtained by several steps. At first, sodium 
aluminate (Avantor, p.a) was dissolved in water. Then, a silicon 
source (tetraethylortosilicate; 98%, Sigma-Aldrich) and a spec-
imen (tetrapropylammonium hydroxide; 1.0 M, Sigma-Aldrich) 
were added to the sodium aluminate (Riedel-de Haën, 54 wt.-% 
Al2O3, 41 wt.-% Na2O) aqueous solution under vigorous stirring 
and aged at room temperature for 20 h. After the ageing pro-
cedure, the gel was transferred into Teflon-lined stainless-steel 
rotating autoclaves (56 RPM), sealed and kept at 175oC for 20 h. 
After that time, the obtained systems were washed by distilled 
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water and dried at 80oC in static air. In order to remove the or-
ganic residue (TPAOH) from prepared catalysts, the calcination 
at 480oC for 8 h with a thermal ramp of 2oC/min. was carried 
out. Afterwards, the specimen-free samples were being ion-ex-
changed three times with a 0.1 M aqueous NH4NO3 solution for 
2 h at 80 oC. Subsequently, in order to generate protonic acid 
sites, dry zeolites in ammonium form were being calcined at 
450oC for 8 h in dry air with thermal ramp 2oC/min. The decom-
position of ammonium ions undergoes the reaction in accord-
ance with the following formula: NH4

+→H+. MFI-type zeolite 
with Si/Al = 37 in protonic form has been denoted as HMFI37. 

In case of Y-type zeolite (Si/Al=2.65), the colloidal sili-
ca (Ludox AS 40%) was added under vigorous stirring to the 
sodium aluminate (Riedel-de Haën, 54 wt.-% Al2O3, 41 wt.-% 
Na2O), previously dissolved in 2.5 M NaOH aqueous solution. 
The resulting gel was then transferred into a Teflon-lined stain-
less-steel autoclaves, sealed and kept at room temperature for 24 
h and at 95oC for next 24 h in the furnace in static conditions. 
Synthesized systems were rinsed by distilled water and dried at 
80oC in the furnace. 

In order to obtain USY-type structure, the ion exchange of Y 
type zeolite with a 0.1 M aqueous ammonium nitrate solution 
at 80oC for 2 h was being performed three times. Afterwards, 
NH4

+-Y was being steamed at 700oC for 3 h with a thermal ramp 
of 2oC/min, with the use of saturated water vapor under 1.25 kPa 
pressure and with the flow of 50 cm3/min. During heating and 
cooling, saturated water vapor was replaced by dry air. USY-
type zeolite with Si/Al = 2.65 has been denoted as USY2.65. 

Finally, prepared catalysts were being ion-exchanged in 0.5 M 
aqueous copper or cobalt nitrate as well as with the use of 5 mM 
aqueous iron or chromium nitrate solutions (Sigma-Aldrich) at 
20oC for 24 h. For comparison, the introduction of metallic ac-
tive phase within zeolitic structure was performed in the pres-
ence of ultrasounds. In the sonochemical method, the obtained 
zeolites were immersed in aqueous metal nitrate solutions 
(described above) and were being sonochemically treated for 
20 min at room temperature, using QSonica S-4000 sonicator 
equipped with a 1/2 diameter horn (average power of sonica-
tion was 60 W and frequency 20 kHz). During the sonication 
procedure, the glass tube filled with the catalyst precursors was 
placed in ice bath. Directly before sonication, the samples were 
outgassed for 15 min. using argon (Linde Gaz Polska Sp. z o. o., 
99.5%) with flow rate of 20 cm3/min, and 1.5 mL of ethanol was 
added to the suspension. 

Subsequently, Cu/Co/Fe/Cr containing samples were washed 
with distilled water three times and dried. The metal-zeolites 
were being calcined in dry air for 4 h at 500oC with thermal 
ramp of 2 oC/min and flow rate of 50 cm3/min.

Sample characteristics

The XRD measurements were being performed at room temper-
ature with diffractometer PANalytical X’Pert PRO MPD with 

CuKα radiation (λ=1.5418 Å) at 40 kV and 30 mA and over 2θ 
range from 5 to 50o with 0.033o step every 12 min. The zeolite 
samples subjected to research were placed in holders in powder 
form.

Porous structure was investigated by N2 physisorption at 
-196oC using Quantachrome Nova 2000. Prior to the experi-
ment, the samples were activated in vacuum at 300oC for 20 h. 
Surface Area (SBET) and micropore volume (Vmicro) were deter-
mined with the use of BET and t-plot methods, respectively. 
Pore size distribution and meso- and micropores volume (Vmeso, 
Vmicro) were calculated by the application of Barrett-Joyner-Hal-
enda (BJH) model to the adsorption branch of the isotherm. The 
accuracy of these measurements was ca. 10%.

The morphology of the prepared samples was determined by 
scanning electron microscopy, using a JEOL 5400 scanning mi-
croscope (JEOL USA, Inc., Peabody, MA, USA) with a LINK 
ISIS microprobe analyser (Oxford Instruments, Tubney Woods 
Abingdon, Oxfordshire, UK). Prior to analysis, the samples 
were being dried for 24 hours and covered with a carbon layer.

The FT-IR spectra were recorded using Nicolet is10 spectrom-
eter with MCT detector from Thermo Scientific. The scanning 
range was 650 - 4000 cm−1 with resolution of 4 cm-1, and 100 
scans per each spectrum. Prior to IR studies, the samples were 
pressed into thin self-supported wafers and activated in vacuum 
at 400oC for 1 h with a thermal ramp of 5oC/min. After activa-
tion, the reference spectrum was recorded at 120oC. NH3 (Air 
Products 99.95%) was distilled by freeze/thaw cycles before ad-
sorption to remove any traces of moisture and impurities and 
then adsorbed on the surface of sample at 120oC. The amount of 
probe molecules introduced into the IR cell was calculated from 
the ideal gas law. The concentration of Brønsted and Lewis sites 
was calculated from the intensities of 1450 cm˗1 and 1620 cm˗1 
bands assigned to ammonium ion (NH4

+) and ammonia inter-
acting with Lewis sites (NH3L) and their extinction coefficients 
equal to 0.12 and 0.026 cm2/μmol, respectively. 

UV-VIS Diffuse Reflectance Spectra (UV-VIS DRS) were 
obtained using AvaSpec-ULS3648 High-resolution spectrom-
eter equipped with a Praying Mantis High-Temperature Re-
action Chamber (Harrick Scientific Co., Ossining, NY) and a 
high-temperature reflection probe (FCR-7UV400-2-ME-HTX, 
7 400 µm fibers). The AvaLight-D(H)-S Deuterium-Halogen 
was used as the light source. The spectra were recorded in the 
frequency range of 200-1000 nm. The instrument was con-
trolled by AvaSoft v 9.0 software. The spectra were recorded 
after dehydration at 110oC in a helium flow (30 cm3/min). 

Results and discussion

XRD

The X-ray diffraction (XRD) patterns for both pure zeolites 
(HMFI37 and USY2.65) and Cu or Co or Fe or Cr modified cat-
alysts prepared via classical ion exchange or sonochemical tech-
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nique are presented in Figure 1. The analysis of the diffraction 
reflexes for all samples was performed based on the American 
Mineralogist Crystal Structure Database [11]. The analysis indi-
cated the presence of MFI- and USY-type zeolites for both raw 
and metal containing samples. For MFI and USY-type zeolites, 
the introduction of Cu, Co, Fe and Cr within zeolitic structure 
did not alter the appearance of XRD patterns. One exception 
was USY2.65 modified with Cr by both ion-exchange and sono-
chemical method, for which the collapse of crystalline structure 
was found (Fig. 1 c, 1d). Observed feature may be explained by 
very low pH (≈1) of used aqueous chromium solution, which 
might lead to uncontrolled dealumination followed by the amor-
phisation of USY-type zeolite. 

Neither XRD patterns of Cu/Co/Fe/Cr oxides nor Cu/Co/Fe/
Cr hydroxides were found in all prepared zeolitic samples. It 
may be concluded that the incorporated metal species are uni-
formly distributed within zeolitic structure as cations exchang-
ing the –OH groups connected to Al. Furthermore, after metal 
introduction, there is always some fraction of the residual oxides 
or hydroxides in the form of crystallites that occur over external 
surface of zeolitic grains [11–14].

SEM

Scanning electron microscopy technique (SEM) was used for 
examination of the morphology of prepared catalysts (Fig. 2, 3). 
The SEM images were obtained in backscattered electron mode 
(BSE). In all cases, USY- and MFI-based grains are of spher-
ical-like shape [22]. The appearance of SEM images depends 
neither on zeolitic structure type nor the kind of metallic phase 
and the method of its deposition over zeolitic support. 

BET

The details concerning porosity of the studied zeolites with 
MFI-type structure are presented in Table 1. 

The results of specific surface areas determined by sorption 
of N2 for the raw HMFI was slightly smaller in relation to the 
metal loaded samples. Generally, the specific surface area for 
the Cu/Co/Fe/Cr-containing zeolites slightly increased e.g. for 
CuMFI37 and CoMFI37 samples it reached the values of 369 
m2/g and 337 m2/g, respectively, while for HMFI zeolite the spe-
cific surface area was 328 m2/g (Table 1). A similar observation 
can be made when comparing the mesoporous volume results 
and average pore diameter. The mesoporous volume and aver-
age pore diameter measured for the pure HMFI37, were equal to 
0.095 cm3/g and 26.7 Å, respectively. In turn, for the Cu- and Cr- 

Figure 1. Diffractograms of the copper- cobalt-, iron- and chromium-substituted zeolites: (A) MFI37 samples modified by ion-exchange method; (B) MFI37 
samples modified by sonochemical technique; (C) USY2.65 samples modified by ion-exchange method; (D) USY2.65 samples modified by sonochemical 
technique
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Figure 2. Scanning electron microscopy (SEM) images of MFI-37-type zeolite samples (5 μm): (A) CuMFI37; 
(B) CuMFI37s; (C) FeMFI37; (D) FeMFI37s. 

Figure 3. Scanning electron microscopy (SEM) images of USY2.65-type zeolite samples (5 μm): (A) Cu-
USY2.65; (B) CuUSY2.65s; (C) FeUSY2.65; (D) FeUSY2.65s. 
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containing samples mesoporous volume increased considerably, 
to 0.268 and 0.153 cm3/g, respectively. For metal-containing ze-
olites, average pore diameter reached 40.2 Å (CuMFI37). An 
opposite effect was observed in the case of microporous volume, 
which may be related to blocking of micropores by metal species 
[15]. 

The results of porous structure showed some correlation be-
tween the kind of introduced metal within zeolitic structure. For 
Cu- and Co-containing catalysts, porosity has changed more 
significantly than for Fe- and Cr-counterparts. For MFI-type 
catalysts, the modification with Cu/Co/Fe/Cr both by ion-ex-
change or sonochemical method led to comparable changes in 
the structure of pores. 

The data referring to porosity of USY-type zeolites are given 
in Table 2. In the case of USY-based samples, specific surface 
area of raw USY2.65 zeolite was higher (450 m2/g) in compari-
son to the cation exchanged samples. For USY-based catalysts, 
modified with Cu, Co, Fe and Cr both by ion-exchange and ul-

trasonic modification, these values were equal to: 337 m2/g, 386 
m2/g, 373 m2/g and 28 m2/g, respectively. A similar trend was 
found for microporous volume results. The microporous pore 
volume measured for the pure zeolite USY, was equal to 0.182 
cm3/g, whereas for the Cu-, Co-, Fe and Cr- containing samples 
it decreased to 0.142 cm3/g, 156 cm3/g, 0.106 and 0.002 cm3/g, 
respectively. A possible explanation for those decreases found 

for the USY catalysts can be the blocking of the pore system 
by metal oxides that can be formed upon modification [15]. For 
USY-based catalysts, the incorporation of Cu, Co and Fe within 
zeolitic structure both by ion-exchange or sonochemical tech-
nique caused similar changes in porosity of modified materials. 

The results of porosity did not show relevant correlation be-
tween the kind of introduced metal. One exception was Cr con-
taining USY zeolite, for which all presented values clearly dif-
fered from the rest of samples, e.g. for CrUSY2.65 sample, the 
specific surface area and microporous volume values decreased 
from 450 m2/g to 28 m2/g and from 0.182 cm3/g to 0.002 cm3/g, 
respectively. At the same time, an enormous increase of average 

Sample Si/Al SBET [m2/g] Vmicro [cm3/g] Vmeso [cm3/g] D [Å] BAS [μmol/g] LAS [μmol/g]

HMFI37 37 328 0.124 0.095 26.7 435 31

CuMFI37 37 369 0.103 0.268 40.2 173 225

CuMFI37s 37 359 0.104 0.242 38.6 220 148

CoMFI37 37 326 0.108 0.132 29.5 152 206

CoMFI37s 37 358 0.107 0.246 39.4 260 58

FeMFI37 37 321 0.096 0.159 25.5 123 80

FeMFI37s 37 337 0.103 0.133 28.1 263 79

CrMFI37 37 337 0.117 0.153 32.1 210 45

CrMFI37s 37 372 0.125 0.165 31.1 352 26

Sample Si/Al SBET [m2/g] Vmicro [cm3/g] Vmeso [cm3/g] D [Å] BAS [μmol/g] LAS [μmol/g]

USY2.65 2.65 450 0.182 0.198 33.8 n.d. n.d.

CuUSY2.65 2.65 337 0.142 0.160 35.9 24 261

CuUSY2.65s 2.65 382 0.150 0.203 37.0 14 173

CoUSY2.65 2.65 386 0.156 0.219 38.8 33 43

CoUSY2.65s 2.65 379 0.139 0.217 37.5 50 169

FeUSY2.65 2.65 373 0.106 0.277 41.1 n. d n. d.

FeUSY2.65s 2.65 300 0.085 0.210 39.3 n. d n. d.

CrUSY2.65 2.65 28 0.002 0.111 159.3 125 143

CrUSY2.65s 2.65 278 0.085 0.153 34.2 133 91

Table 1. Porous structure and acidity of Cu/Co/Fe/Cr containing MFI37-type zeolites

Table 2. Porous structure and acidity of Cu/Co/Fe/Cr containing USY2.65-type zeolites
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pore diameter from 33.8 Å to 159.3 Å was found for this sample, 
which may be explained by the amorphisation of such modified 
USY-type zeolite. These results are in accordance with XRD 
analysis (Fig. 1). 

Acid properties 

The results concerning the nature and concentration of the ac-
tive sites present in MFI- and USY-based catalysts, determined 
by NH3 chemisorption are presented in Table 1 and 2. 

The comparison of the concentration of Brønsted acid sites 
within studied samples led to the conclusion that prepared sam-
ples revealed significant differences in acidity. For MFI zeolites, 
the concentration of Brønsted acid sites varied between 123–450 
µmol/g, whereas for USY-based catalysts this value was signif-
icantly lower, and varied between 14–133 µmol/g. Aluminosili-
cates characterised by low Si/Al ratio (like X, Y, A type zeolites) 
are more prone to dehydroxylation of acid OH groups existing 
in close vicinity, that leads to the formation of Lewis acid sites 
assigned to aluminum species [16–18]. For MFI-type samples, 
the incorporation of Cu/Co/Fe/Cr species resulted in significant 
decrease of the concentration of Brønsted acid sites with simul-
taneous increase of the concentration of Lewis acid sites. Fur-
thermore, it was found that for the samples modified by ion-ex-

change method, the decrease of the concentration of Brønsted 
acid sites was more evident in comparison to analogues treated 
with ultrasounds irradiation. 

The detailed analysis of the Lewis acidity allows us to claim 
that the concentration of this type of acid sites corresponds both 
with the valence of the cationic form of metal incorporated into 
zeolitic structure and the concentration of aqueous metal salt 
solution used during the treatment. For all studied samples (both 
MFI and USY type zeolites), the presence of Cu or Co species 
(mainly as Cu2+ and Co2+) resulted in distinct higher concentra-
tion of Lewis acid sites, particularly for Cu containing samples 
[19-21]. In the case of Fe- and Cr-analogues, lower concentra-
tion of Lewis acid sites in comparison to Cu and Co counterparts 
probably comes from the utilization of hundredfold diluted aque-
ous solutions of Fe and Cr salts during modification of zeolites. 

UV-VIS

The UV-VIS DRS spectra of the metal containing samples are 
presented in Figure 4. For Cu-samples (Fig.4a), the band at 256 
nm may be assigned to Cu2+ interacting with oxygen atoms in 
the zeolitic structure (charge transfer O-->Cu transmission). In 
turn, the band between 550 and 1000 nm with maximum at ca 
850 nm might come from CuO [22–23].

Figure 4. In situ diffuse reflectance UV/visible (UV/Vis) spectra of prepared metal-substituted zeolites: (A) CuMFI37, CuMFI37s, CuUSY2.65, Cu-
USY2.65s catalysts; (B) CoMFI37, CoMFI37s, CoUSY2.65, CoUSY2.65s catalysts; (C) FeMFI37, FeMFI37s, FeUSY2.65, FeUSY2.65s catalysts; (D) 
CrMFI37, CrMFI37s, CrUSY2.65, CrUSY2.65s catalysts 
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In the UV-VIS DRS spectra of Co-catalysts (Fig. 4b), the max-
ima at 250 and 275 nm is attributed to Co2+ compensating the neg-
ative charge of the zeolite and oxygen-to-metal charge transfer 
(CT) transition, respectively. The broad band at with maximum at 
525 nm may correspond to Co3O4

 [22], while the broad signal with 
maximum at 650 nm might come from surface Co2+/Co3+ species 
[24]. Furthermore, the maxima at ca 550 and 650 nm may be at-
tributed to isolated tetrahedral Co(II) species and associated with  
4A2 -->4T1 (4P) and 4A2 -->4T2 transitions, respectively [13].

In the UV-VIS DRS spectra of Fe containing samples (Fig. 
4c), the band at 280 nm may correspond to Fe3+ in octahedral 
coordination. In turn, the broad band with maximum at 520 nm 
may be attributed to Fe2O3 [25]. 

In the case of Cr-samples (Fig.4d), the bands with maxi-
ma at 260 and 330 nm may be assigned to Cr6+ interacting 
with oxygen atoms in the zeolitic structure (charge transfer  
O-->Cr transmission), which may be illustrated as: (O2-=Cr6+)-
(Cr5+-O-1) [26]. In turn, the band with maximum at 500 nm is 
probably attributed to CrxOy species. 

Conclusions

In this research, we presented the synthesis of MFI and USY 
zeolites by hydrothermal method, followed by the introduction 
of metallic active phase in the form of coper, cobalt, iron and 
chromium species, both by ionic-exchange and sonochemical 
technique. The physicochemical properties of the samples ob-
tained in this way were investigated. We have focused on the 
influence of the type of zeolitic structure as well as the kind of 
introduced metal into the zeolitic carrier on the topology, porous 
structure, morphology, the form of active phase and acidity of 
prepared systems. 

The analysis of the obtained data led to the following conclu-
sions: 

•  The analysis of XRD patterns confirmed the presence of 
MFI and USY zeolitic structures for both raw and ion-ex-
changed samples. In all cases, neither XRD patterns of Cu/
Co/Fe/Cr oxides nor Cu/Co/Fe/Cr hydroxides were found, 
which can be explained by the fact that the incorporated 
metallic species are uniformly distributed within the zeolite 
structure. 

•  The results of specific surface areas and total pore volumes 
did not show relevant correlation both between the kind of 
the structure of the support and the type of metal introduced 
into zeolite. One exception was zeolite USY modified with 
Cr, for which the specific surface area and microporous vol-
ume values decreased from 450 m2/g to 28 m2/g and from 
0.182 cm3/g to 0.002 cm3/g, respectively. At the same time, 
an enormous increase of average pore diameter from 33.8 Å 
to 159.3 Å was found for this sample, which can be explained 
by the amorphisation of such modified USY-type zeolite.

•  The results referring to the nature of the active sites present 

in the prepared samples, determined by NH3 chemisorption 
indicated that the concentration both of Brønsted and Lewis 
acid sites depends strictly on the topology of zeolitic carrier 
(coming from Si/Al ratio) as well as on the kind of the met-
al introduced within zeolitic structure. Furthermore, it was 
concluded that the application of sonochemical method for 
the deposition of metallic compounds onto zeolite resulted 
in higher concentrations of Brønsted acid sites in compari-
son with the samples modified by conventional way. 

•  UV-VIS analysis allowed us to determine the status of the 
active phase, which was present within zeolitic structure. 
Copper, cobalt, iron and chromium were found as cations 
and oxides with hexagonal and octahedral coordination. 

•  All prepared and characterised systems will be studied as 
catalysts in the reaction of methane combustion. 
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