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Catalysts for combustion containing tin and copper overloaded on
ZSM-5 zeolite
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Three samples of modified HZSM-5 zeolite with tin and copper were prepared by ion exchange and coprecipitation under basic con-
ditions. The catalytic activity of prepared catalysts was tested in CO and methane combustion after pretreatments done at 873, 1088 and
1273 K. The XRD analysis and TG-DTA were used to interpret thermal stability of catalysts. Introduction of tin as the third element to
well-known copper-overloaded ZSM-5 combustion catalysts improves their thermal stability. It was found that CO combustion is indepen-
dent of the zeolite structure and probably adjacent sites are necessary to activate carbon monoxide and oxygen in the vicinity. Contrarily,
non-dehydroxylated zeolite is indispensable as an active element together with copper or tin to catalyze methane combustion.

KEY WORDS: copper; tin; ZSM-5 zeolite; combustion; methane; carbon monoxide; thermal stability

1. Introduction

It was shown that SnO2–CuO gels are active catalysts for
the low-temperature oxidation of carbon monoxide [1]. It is
known that Cu-overloaded ZSM-5 zeolite has very good cat-
alytic activity for hydrocarbons and carbon monoxide com-
bustion [2,3]. However, these catalysts are not thermally sta-
ble [1,4]. This disadvantage limits their use as combustion
catalysts frequently exposed on thermal shocks. We have de-
cided to examine thermal resistance of tin, copper and mixed
tin–copper ZSM-5 zeolite for carbon monoxide and methane
catalytic combustion.

2. Methods

2.1. Preparation of the catalysts

Tin- and copper-modified ZSM-5 zeolite catalysts were
prepared by ion exchange followed by precipitation under
basic conditions. The parent ZSM-5 zeolite was synthe-
sized by an established hydrothermal procedure by means
of tetrapropylammonium ions as template [5] and sub-
sequently ion exchanged with an excess of 0.5 N HCl
at 373 K. Analysis of Na and Al contents followed by
the measurement of cation exchange capacity of ammo-
nium ions (0.5 N NH4Cl; pH = 7.0; two-fold 2 h;
373 K) allowed one to estimate the chemical formula
Na0.03H1.61Al1.64Si94.36O192·0.53Al2O3. Ion exchange ca-
pacity of this sample was equal to 0.28 meq g−1. From the
morphological point of view, it is composed of well-defined
crystallites of dimension 0.2× 2 µm and their aggregates.

Copper and tin were introduced to the H form of zeo-
lite by ion exchange and precipitation under basic condi-
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tions. The samples, each of 5 g of zeolite, were introduced
to 50 cm3 of freshly prepared clear solutions of copper ni-
trate (0.5 M), tin tetrachloride (0.5 M) or to 50 cm3 of the
solution combined from two equal portions of the formers.

The suspensions were stirred 1 h at room temperature and
then heated to 323 K. Each 0.5 h, pH was increased by 0.5
unity by adding 3 M NH4OH solution up to the value shown
in table 1. The samples were then washed and filtered, fol-
lowed by drying at 393 K for 5 h.

The specimens of 0.5 g of the prepared zeolites have been
further calcined in air at 873, 1088 and 1273 K. The final
temperature was reached with a ramp of 10 K min−1 and
hold for 15 min.

2.2. Characterizations

Tin and copper content were established by inductive
coupled plasma (ICP) analysis. Table 1 compiles the list
of materials with final pH of metal deposition and reached
metal content.

Thermogravimetry and differential thermal analyses were
obtained using a Paulik–Paulik–Erdey Q-1500 derivato-
graph.

The crystallinity of calcined samples was established by
collecting X-ray diffractions on a Rigaku-Deneki diffrac-
tometer using Cu Kα radiation. The zeolite crystallinity esti-
mation was done by comparing the sum of absolute intensi-
ties of 131, 430, 151, 303 and 432 reflexes assigned to space
group Pnma.

TPD of isopropylamine (IPA) was applied for measuring
Brønsted acidity of samples according to the method intro-
duced by Gorte [6]. This method is based on the assump-
tion that IPA chemisorbed on Brønsted acid sites (BAS) un-
dergoes Hoffman elimination to propylene. In TPD-TGA
experiment the sample of zeolite (40 mg) was heated to
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Table 1
List of prepared zeolite samples

Catalyst Metal content (mmol g−1) Acidity (mmol g−1)

pH Cu Sn Noncalcined Calcined at 1088 K

Totala BASb Totala BASb

CuZSM-5 8.0 0.71 – 0.430 0.204 0.441 0.048
SnZSM-5 7.1 – 0.87 0.487 0.261 0.345 0.102
Cu/SnZSM-5 7.2 0.45 0.45 0.376 0.240 0.407 0.201

a Determined as irreversibly adsorbed IPA at 430 K.
b Determined as IPA which undergoes Hoffman elimination during desorption.

750 K (12 K min−1) in vacuum (10−5 Torr) on a Cahn RG
Electrobalance® for removing water and then exposed to
1–2 Torr of IPA at room temperature. After evacuation
(10−5 Torr) at 430 K total chemisorption of IPA was es-
tablished, then the temperature was ramped 12 K min−1 to
750 K. The sample weight returned to its initial value at
this temperature. The desorbed IPA and propylene were col-
lected in a liquid nitrogen trap. Finally, the gases from the
trap were analyzed with a mass spectrometer (AMD 604) us-
ing the peak intensities at m/e = 44 for IPA and the sum of
peak intensities atm/e = 39 and 41 for propylene. The mass
spectra analysis of volumetrically prepared standards (cov-
ering the entire range of IPA to propylene proportions found
in the experiments) was used to calibrate the spectrometer
response. The results obtained by mass spectrometry of col-
lected desorbants are closely related to the mass losses ob-
served during desorption in the range of 610–690 K.

2.3. Catalytic tests

The catalytic activities of zeolites in the combustion of
methane and carbon monoxide were determined using a
fixed-bed reactor and supplying oxygen in a stoichiomet-
ric ratio. The experimental setup consisted of the pressure
regulators, mass flow controller and temperature controller-
programmer connected to a vertical tube furnace.

The reactions were carried out in a tubular quartz reactor
(4 mm inner diameter). Temperature was measured before
the catalyst bed. The reaction mixtures were prepared in the
pressure cylinders. Special attention was paid to elimination
of a segregation of the mixtures caused by gravity with the
help of thermal convection imposed in the cylinder.

The catalysts were pressed, crushed and sieved to a frac-
tion of 0.10–0.63 mm. The sample of 0.2 g was diluted (1 : 2)
with quartz particles of the same diameter range and placed
between two swabs of quartz wool in the exit part of the re-
actor with the inlet serving as reacting gas preheater. The re-
action products were monitored using a gas chromatograph
equipped with a methanizer and FID detector. The sampling
system and separating column packed with Carbosieve al-
lowed performing automatic analysis every 15 min. Data
acquisition were carried out by a personal computer.

The reaction mixtures consisting of 1% of CO and 0.5%
of oxygen or 1% of CH4 and 2% of oxygen in helium
balance were introduced to the reactor at a flow rate of
100 cm3 min−1 and 1 atm of total pressure (WHSV =

30000 scm3 h−1 g−1). For detailed kinetics measurements
flow rate was changed.

Prior to combustion testing, the catalyst samples were
heated in desired gas flow at a heating rate of 10 K min−1 up
to 873 K (or up to 673 K – only in the case of non-calcined
samples). Standard pretreatment was done using 20% of
oxygen in helium; reduction was performed using 20% of
hydrogen in helium. The catalysts were then cooled down to
373 K in helium flow. After stabilization of the temperature,
the reagent mixture was fed to the reactor. The first test of
combustion efficiency involved measurements of conversion
continuously monitored in line with the temperature rise at a
heating rate of 2 K min−1 up to 673 K. The second test was
performed in the temperature region with conversion being
below 10%. In that test the conversions were measured at
least at four selected temperatures and using different flow
rates of the reagents. The data collected at descending tem-
perature were used for calculation of the apparent activation
energy. A fresh portion of the catalyst was used when the
reagents (methane to carbon monoxide) were changed.

The blank tests were done using parent HZSM-5 zeolite
as the catalyst and reaction conditions presented in figures 2
and 3. CO conversion reached 0.1% at 573 K, methane con-
version at 673 K was equal to 0.09% with 40% of selectivity
to carbon dioxide.

3. Results and discussion

3.1. Materials characterization

Figure 1 shows TG-DTA curves for investigated catalysts
in the region ambient – 1273 K. The X-ray powder diffrac-
tion data obtained for the calcined catalysts are summarized
in table 2. After calcination of all investigated catalysts at
873 K the XRD pattern shows only the zeolite phase of
ZSM-5 crystallized in the space group Pnma. Very small
changes of relative peak intensities caused by ion exchange
are observed in comparison to the parent HZSM-5 sample.
In that region (ambient – 873 K) TG-DTA data shows the
weight loss due to dehydration of zeolite with the endother-
mic DTA peak at 380 K followed by further endothermic de-
hydration steps. Dehydration of copper species is observed
in the range of 480–580 K. The quantity of water liberated
during this dehydration step is close to one water molecule
per one copper ion.
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Figure 1. TG and DTA analysis of tin- and copper-containing ZSM-5 zeo-
lites.

At 580 K all investigated samples lost the same quan-
tity of water (5.4%) indicating that copper cations coor-
dinate zeolitic water. The UV-vis spectroscopy of Cu2+/
ZSM-5 sample reported in [7] showed that dehydration of
Cu2+ hydrated species occurs under high vacuum at lower
temperature (473 K). Dehydration of tin species occurs in
the range of 580–790 K. The observed amount of water lib-

erated during dehydration of tin-containing samples in this
process is approximately close to half of a water molecule
per atom of tin.

The XRD analysis shows that some loss of zeolite struc-
ture crystallinity occurs after calcination at 1088 K. The
most advanced collapse of zeolite structure was observed in
the case of mixed copper–tin sample (about 30% of collapse)
in contrast to CuZSM-5, which preserved full crystallinity.
Besides the zeolite structures the XRD shows also traces of
SnO2 as broad peaks at 26.5◦ and 33.9◦ 2�.

In the region of 873–1088 K TG-DTA analysis of
CuZSM-5 sample shows endothermic loss of mass at 1020 K.
A similar effect was observed in the case of mixed copper–
tin sample at the higher temperature of 1070 K and for
SnZSM-5 sample at 1090 K. The observed amount of water
molecules liberated during this process is close to one per
two ion exchange sites of zeolite. It could be rationalized
by dehydroxylation of zeolite and subsequent water elim-
ination from copper species and formation of polynuclear
–(Cu–O)n–Cu2+ oxycations. The formation of oxycations
has been reported in the case of not overloaded CuZSM-5 ze-
olites during dehydration and self-reduction in vacuum or in
inert gas flow [7,8]. In the case of over-exchanged CuZSM-5
zeolites the situation is much more complex. Oxycations at-
tached to the ion exchange sites and other undefined CuO-
oxidic like species are present in zeolite just after ion ex-
change. The remaining ion exchange sites after the applied
exchange procedure are occupied by ammonium cations and
form the acidic hydroxyls after calcinations. The results of
acidity measurements are presented in table 1. All prepared
samples exhibit high Brønsted acidity. The rehydration of
calcined samples does not restore their original BAS density.
This means that the dehydroxylation observed in the range
1000–1100 K is irreversible to a great extent. The lowest
BAS density after calcinations at 1088 K is observed in the
case of CuZSM-5 sample.

After calcination at 1273 K all samples show dramatic
collapse of zeolite structure. CuZSM-5 sample entirely re-
crystallized in SiO2 (tridymite) and CuO. Tin-containing
samples are more stable and zeolite is still observable in

Table 2
X-ray powder diffraction data for calcined Cu- and Sn-containing ZSM-5 zeolites

Calcination CuZSM-5 SnZSM-5 Cu/SnZSM-5
temperature (K)

873 Only zeolite ZSM-5 phase detected (Pnma), full crystallinity
1088 Zeolite 100%,a Zeolite 80%,a Zeolite 70%,a

broad CuO pattern broad SnO2 cassiterite broad SnO2 cassiterite
phase at pattern

26.52◦, 33.88◦, 37.97◦ 2 � no CuO phase detected

1273 No zeolite detected, Zeolite 30%,a Zeolite 20%,a

SiO2 tridymite phase at sharp SnO2 cassiterite sharp SnO2 cassiterite
21.59◦, 23.03◦, 23.31◦ 2 � pattern pattern

and sharp CuO pattern at no CuO phase detected
35.5◦, 38.7◦, 39.0◦ 2�

a Approximation was done comparing the sum of absolute intensities of 131, 430, 151, 303 and 432 (hkl)
reflexes assigned to the space group Pnma with the intensities obtained for the parent HZSM-5 sample.
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Table 3
Apparent activation energy of carbon mon-

oxide combustion

Catalyst E

(kJ mol−1)

CuZSM-5 67–72
SnZSM-5 65–70
Cu/SnZSM-5 52–56

XRD analysis together with the SnO2 (cassiterite) phase; in
that case no CuO phase was detected.

3.2. Activity in the carbon monoxide combustion

All investigated samples catalyzed carbon monoxide
combustion. The steady state conversions of carbon monox-
ide observed at 457 K are compared in figure 2 as a function
of calcination temperature of catalysts. The catalysts cal-
cined up to 873 K have very diversified activities. CuZSM-5
zeolite is the most active in carbon monoxide combustions,
Cu/SnZSM-5 is more than one order of magnitude less ac-
tive and SnZSM-5 is least active. Catalytic activity measure-
ments with the different space velocities were done for the
samples noncalcined and calcined at 873 K. The initial reac-
tion rates for carbon monoxide combustion were determined
as slopes of the dependence of the conversion on reciprocal
space velocity at 1/WHSV = 0. The temperature depen-
dence of initial reaction rates allowed calculating apparent
activation energies, which are presented in table 3. One can
observe that tin introduction as the second active element de-
creased activation energy of the reaction. The synergetic ef-
fect of mixed oxides containing SnO2 in catalytic oxidation
of carbon monoxide is well known [1,9]. The lower activity

Figure 2. Oxidation of 1% CO in 0.5% O2, helium balance, at flow rate
100 cm3 min−1, through 0.2 g of catalyst beds at 457 K as a function of
calcination temperature. (�) Conversions obtained after additional hydro-

gen reduction of CuZSM-5 samples at 673 K.

of Sn/CuZSM-5 catalyst (containing less copper) indicates
that the unique properties of overloaded CuZSM-5 zeolites
are due to the high density of active copper sites able to ac-
tivate carbon monoxide and oxygen molecules in the vicin-
ity.

The catalysts calcined at 1088 and 1273 K exhibited dif-
ferent properties. As was expected, copper catalyst lost al-
most completely activity in carbon monoxide combustion af-
ter calcination at 1088 K. This behavior can be attributed to
the dehydroxylation process and agglomeration of CuO ox-
idic like species, which independently of stabilized in zeo-
lite quantity of Cu(I) ions caused the latter no accessibility
to reagents.

Contradictory results concerning the presence and the
role of Cu(I) cations in CuZSM-5 zeolite have been reported
in the literature. Recently the results of EPR measurements
were presented [10] indicating an insignificant presence of
Cu+ before and after selective reduction of NO with C3H8

even in over-exchanged CuZSM-5. In that case the cat-
alytic activity is due to facile interconversion between Cu+
and Cu2+ species. However, the formation of Cu+ ions
generally is not questioned [7]. The results of irreversible
CO adsorption and XPS measurements indicate that 68% of
copper has oxidation number 1+ after reduction by CO at
300 K [11].

Recently reported spectroscopic and calorimetric studies
of CO adsorption on Cu(II)ZSM-5 [12,13] and Cu(I)ZSM-5
[14] indicate strong chemisorption of CO on Cu+ cations
with formation of σ -donated Cu+–CO species. Differential
heat of CO adsorption is higher than 130 kJ mol−1 for the
most active Cu(I) zeolitic cations. This implies that both
carbon monoxide and oxygen are strongly chemisorbed in
ZSM-5 zeolite and they should be adsorbed in the vicinity
for the surface reaction to occur. From that point of view the
observed deactivation of CuZSM-5 catalyst can also be ex-
plained as elimination of one of two adjacent sites necessary
for the carbon monoxide and oxygen adsorption.

Nevertheless, the CuZSM-5 zeolite after calcination at
1088 K was less active even compared to the sample with
zeolite totally destroyed after calcination at 1273 K (that is
to CuO on silica). An additional experiment was done to
check the possibility of copper active sites regeneration. The
activity in CO oxidation of CuZSM-5 calcined at 1088 K in
air was restored after hydrogen treatment at 673 K and re-
mained stable after further oxygen treatment up to 873 K.
Reduction by hydrogen at 673 K is sufficient to reduce cop-
per mostly to Cu(I) and partially to the metallic state [13,15]
and SnO2 to SnO on the surface [9]. The collapsed sample
after hydrogen treatment did not restore the catalytic activ-
ity.

CuSnZSM-5 remains active after calcination at high tem-
peratures; the sample calcined at 1273 K is the most active
form of this catalyst despite partial collapse of the zeolite
framework. In that case the reason for catalytic activity is
probably the good dispersion of copper species on the sur-
face of mixed tin oxide and partially destroyed zeolite.



P.T. Wierzchowski, L.W. Zatorski / Tin- and copper-modified ZSM-5 as combustion catalysts 175

Figure 3. Oxidation of 1% CH4 in 2% O2, helium balance, at flow rate
100 cm3 min−1 through 0.2 g of catalyst beds at 673 K as a function of cal-
cination temperature. (�) Conversion obtained after additional hydrogen
reduction of CuZSM-5 samples at 673 K. Labels in parentheses denote per-
cent of selectivity to carbon dioxide, for points without labels the selectivity

excess 99.9%.

3.3. Activity in the methane combustion

Only catalysts calcined at temperature up to 1088 K are
active in methane combustion (figure 3). Selectivity to car-
bon dioxide (measured at 673 K) was over 99.9% for almost
all samples containing copper. Only in the case of the least
active CuZSM-5 sample (calcined at 1273 K) did CO2 se-
lectivity decrease to 90% (at 0.16% of methane conversion).
SnZSM-5 zeolite was less selective; the sample calcinated at
873 K exhibited 97.2% selectivity to CO2 (1.3% of methane
conversion at 673 K).

Samples of Cu/SnZSM-5 zeolite calcined at 873 and
1088 K are the most active in methane combustion. Methane
conversion measurements with different space velocities
were done for samples calcined at 873 K. The reactor was
considered as an integral plug–flow reactor. The kinetic
analysis indicated that the reaction is first order with respect
to methane and zero order with respect to oxygen. A very
good fit to the Arrhenius equation was obtained at the meas-
ured conversion level (below 10%). The results of apparent
activation energy calculation are shown in table 4.

Comparing methane conversions at 673 K and apparent
activation energies one can observe that tin introduction as

Table 4
Apparent activation energy of methane com-

bustion

Catalyst E

(kJ mol−1)

CuZSM-5 87.4 ± 1.5
SnZSM-5 109.3 ± 3.8
Cu/SnZSM-5 98.2 ± 1.2

the second active element increases the number of active
centers in the catalyst.

CuZSM-5 zeolite after calcinations at 1088 K is about
three times less active compared to the sample calcined at
873 K. Hydrogen treatment at 673 K followed by reoxida-
tion did not increase the activity as it was observed in the
case of carbon monoxide combustion. The role of Brøn-
sted acid sites for methane combustion seems to be essential.
The strength and quantity of BAS cannot be easily regener-
ated after dehydroxylation by treatments in the reduction–
oxidation cycle. The role of tin in thermal resistance of the
copper zeolite methane combustion catalyst could be proba-
bly due to the increasing of the dehydroxylation temperature
by about 50 K as was observed on TG-DTA curves. The
participation of tin in creation of additional active sites can
be explained by formation of new sites capable of activat-
ing oxygen and leaving in zeolite more BAS responsible for
methane activation. There is no expected competition be-
tween oxygen and methane for active sites in chemisorption
and probably no adjacent sites are necessary due to the high
mobility of the chemisorbed species.

4. Conclusions

The possibility of catalyst activity enhancement in meth-
ane combustion by introducing, as the third component,
hydrous SnO2 coprecipitated during cation exchange of
copper in HZSM-5 zeolite was shown. Such a catalyst ex-
hibits better thermal stability compared to the standard over-
loaded CuZSM-5 zeolite. Copper- or tin-containing zeo-
lite catalyzes the methane combustion. Both copper sites
and probably strong Brønsted acid sites are necessary for
the catalytic activity. Copper zeolite becomes less active af-
ter dehydroxylation and cannot be regenerated by hydrogen
treatment. Introduction of tin to copper zeolite increases the
dehydroxylation temperature and hence its thermal stabil-
ity.

It was found that carbon monoxide oxidation is indepen-
dent of zeolite structure preserved after calcination and can
occur also after zeolite collapse, probably on centers formed
as well-dispersed copper species. The elimination of adja-
cent copper active sites is used to explain the known phe-
nomenon of overloaded CuZSM-5 zeolite deactivation after
calcination at elevated temperatures. Such deactivation is
not permanent and catalytic activity in CO oxidation can be
restored by hydrogen treatment at 673 K.

Further studies are in progress to examine the properties
of tin-oxide-modified zeolite catalysts by a multitechnique
investigation.
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