
Introduction

The ZSM-12 zeolite is a synthetic molecular sieve with
one-dimensional 12-membered-rings (12MR) channel
system. The three-dimensional four-connected net of
vertex-sharing TO4-tetrahedra (T=Si, Al) results in a
one-dimensional channel system confined by 12MR
with pore openings of about 5.6�5.9 Å. The straight
12MR channel runs parallel to the long crystal axis, i.e.
parallel to b0 of the monoclinic unit cell [1, 2]. This kind
of channels is interesting for application in several reac-
tions of industrial interest due to its good stability, resis-
tance to deposition of hard coke and excellent perfor-
mance in catalytic processes [3–6]. The properties of
several molecular sieves containing different rare earths
have been studied [7–10] and showed that the presence
of rare earth in these systems is responsible for improv-
ing thermal stability and catalytic activity in several re-
actions of interest. The positive effects of the rare earth
elements on properties of molecular sieves can be re-
lated to the creating a high electric field gradient strong
enough to dissociate adsorbed water and provide a sur-
face acidity as also due to the formation of rare earth-ox-
ygen bonds [11]. The thermal properties of molecular
sieves containing rare earths have been studied in the lit-
erature for several techniques such as TG, DTA and
DSC. From these analyses it is possible to study the de-
hydration, dehydroxylization and collapse temperatures
of zeolite samples. Thermal analysis has been also ap-
plied to study the acid properties of zeolite catalysts
from thermodesorption of bases adsorbed [12–14].

In this paper we have reported the synthesis, char-
acterization and thermal and structural properties of
the HZSM-12 containing cerium, samarium and hol-
mium ions. XRD and FTIR techniques were used to in-
vestigate structural properties of zeolite samples.

Experimental

The NaZSM-12 zeolite with Si/Al molar ratio of 40 was
synthesized under hydrothermal conditions starting
from a hydro gel with the following molar composition:
10(MTEA)2O:1.25Al2O3:10Na2O:100SiO2:200H2O.
The MTEA (methyltriethylammonium) was used as
structure template. After synthesis the organic template
was removed by calcination in N2 at 823 K for 1 h, and
after in air at 823 K for 9 h. Ammonium form of the zeo-
lite was obtained by ion exchange with 1 M NH4Cl so-
lution at 343 K for 2 h. Finally, the zeolite was con-
verted to their protonated forms by ammonia liberation
via calcination in air at 773 K for 4 h. HZSM-12 zeolite
containing different rare earth ions were prepared by in-
cipient wetness impregnation. An aqueous solution of
cerium, samarium or holmium nitrates was added to 1 g
of HZSM-12 zeolite under constant mixing at 343 K.
This temperature was maintained constant for 2 h. The
rare earth nitrates contents were calculated to a rare
earth loading of ca. 5 mass% on the HZSM-12 zeolite.
After the impregnation step, the samples were calcined
in atmosphere air at 773 K for 1 h.
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Energy dispersive analyses were carried out on an
EDX-800 instrument. According to chemical analysis,
RE/HZSM-12 samples with metal content of 4.7% for
Ce/HZSM-12, 5.1% for Sm/HZSM-12 and 4.9% for
Ho/HZSM-12 were obtained after the impregnation of
these metals on the HZSM-12 support. The X-ray pat-
terns were obtained on a Shimadzu XRD-6000
diffractometer using CuK� radiation (�=1.5418 Å). In-
frared spectra by Fourier Transformed were recorded
using 1–2% of zeolite sample in KBr pellets in an ABB
Bomem instrument model MB104. According to FTIR
results were observed fundamental vibrations of TO4

units of the zeolite frameworks and also of the 12MR
channel system. Nitrogen adsorption data at 77 K were
obtained on Quanta Chrome NOVA 2000 equipment
and the total surface areas of the zeolite samples were
measured applying BET method [15]. The determina-
tion of external and micropore surface areas were de-
termined by t-plot method [16]. Thermal analysis (TG
and DSC) were carried out on a Shimadzu TGA-50H
and on a Shimadzu DSC-50 instruments at a heating
rate of 10 K min–1 and under nitrogen flowing at a rate
of 50 cm3 min–1. TG measurements were performed us-
ing a platinum crucible and about 2.1–2.4 mg of sam-
ple; in the DSC measurements was used an aluminum
crucible and about 1.5–1.7 mg of sample. DTA curves
were recorded in air atmosphere at a rate of
50 cm3 min–1 and at the heating rate of 10 K min–1 on a
Perkin-Elmer DTA-1700 instrument using �-alumina
as reference material and 10.0–11.0–mg of sample.
The acid properties of the zeolite samples were investi-
gated by pyridine thermodesorption. The procedure
consisted in activated sample at 673 K for 30 min in ni-
trogen flow. After that the temperature was reduced to
368 K and the sample was saturated with vapors of
pyridine for 30 min. The sample saturated with
pyridine was purged with nitrogen for 30 min at same
adsorption temperature to remove the physically ad-
sorbed base. The pyridine desorption was performed
by heating 10 mg of saturated sample in a Mettler
TGA-851 instrument at a heating rate of 10 K min–1

and under nitrogen flowing at a rate of 25 cm3 min–1.
The catalytic performance of HZSM-12 and
RE-HZSM-12 in the n-heptane oxidation was evalu-
ated in a fixed bed continuous flow reactor [17]. The
process occurred at atmospheric pressure, temperature
in the catalytic bed in the range 703–743 K, F/W ratio
(molar flux of reactant per mass of catalyst) of
0.51 mol g–1 h–1 and using a dynamic air atmosphere as
carrier gas at a flow of 30 cm3 min–1. The samples of
catalysts used were of 100 mg. The reaction products
were analyzed in a CG17A gas chromatograph coupled
in a QP5000 mass spectrometer (Shimadzu).

Results and discussion

XRD patterns for the HZSM-12 and RE-HZSM-12
samples are shown in Fig. 1. All the peaks are charac-
teristic of MTW structure closely with the reported
ones [18]. MTW structure was characterized by in-
tense peaks with degree and Miller index at
7.55º (101), 8.95º (201) and 20.94º (310). All MTW
peaks were attributed to monoclinic unit cells, space
group C2/c [2, 18, 19]. According to XRD data, no
significant changes occurred in the lattice parameters
of the MTW structure after impregnation of rare earth
ions and the number of diffraction peaks also did not
change, indicating that no crystalline transformation
occurred during treatment of impregnation of rare
earth ions. The presence of rare earth oxide (RE–O)
phase along with HZSM-12 crystalline phase could
not be observed because RE–O is in small contents on
zeolite. The values of total, micropore and external
areas for HZSM-12 and RE/HZSM-12 samples are
given in Table 1. The impregnation of rare earth ions
on HZSM-12 occasioned for all samples a decrease in
the total surface area and proportional decreasing in
the micropore and external areas. The reduction in the
micropore and external areas can be attributed to the
partial dealuminization during the process of impreg-
nations and subsequent calcination, which may gener-
ate the extra-framework aluminum species inside the
pores and channels of the zeolite.

The FTIR spectra of HZSM-12 and RE/HZSM-12
samples are shown in Fig. 2. These spectra showed fun-
damental vibrations of TO4 units of the zeolite frame-
works and also of 12MR channel system. The broad
band around 1223–1085 cm–1 showed in the spectrum
of the HZSM-12 is assigned to an asymmetrical stretch
of TO4 tetrahedra (T=Si, Al); it is almost unchanged in
position in the spectrum of RE/HZSM-12. The absorp-
tion bands showed in the region 820–650 and
600–560 cm–1 were attributed to symmetric stretching of
external tetrahedra and to vibrations of 12MR channel
system, respectively. Other bands showed in the spectra
between 542–470 cm–1 are assigned to T–O bending.
The vibration at 1641 cm–1 can be assigned to the defor-
mation band of adsorbed water. The spectra of the
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Table 1 Total, micropore and external surface areas of zeo-
lite samples

Sample
Total

area/m2 g–1
External

area/m2 g–1
Micropore
area/m2 g–1

HZSM-12 219 34 185

Ce/HZSM-12 203 35 168

Sm/HZSM-12 191 28 163

Ho/HZSM-12 194 29 165



HZSM-12 and RE/HZSM-12 samples are very similar
which indicated that the treatment of impregnation of
rare earth ions on the HZSM-12 does not influence the
zeolite structure.

Thermal analysis has been found to yield informa-
tion on the dehydratation and dehydroxylation tempera-
tures of zeolites as also about the thermal stability of the
zeolite framework. TG/DTG curves of HZSM-12 and
RE/HZSM-12 samples are shown in Fig. 3. TG/DTG
curves showed an initial mass loss (about 2–10%) in the
temperature range of 303–473 K which is attributed to
release water molecules in the large cavities of the zeo-
lite, and the more specific water interacting with the cat-
ions. It can be seen from Fig. 3 that the release water
molecules starts at same temperature but the complete
desorption occurs at different temperatures for
RE/HZSM-12 samples, where the temperature required
for complete desorption decrease with the decrease of
the size of rare earth ions. The dehydration temperature
is higher in the RE/HZSM-12 zeolites samples than in
the HZSM-12 pure zeolite. This increase in the dehydra-
tion temperature of HZSM-12 after incorporation of rare
earth is attributed to the formation of rare earth ox-
ide-water bonds. The dehydration event of all zeolites
samples is characterized in DSC curves (Fig. 4) by sin-
gle endothermic peak between 303–454 K. Table 2
summarizes the mass loss, enthalpy change (�H) and
temperature range for dehydration temperatures. The
enthalpy change values are in the range of

325.4–482.5 J g–1 and also decrease with decrease of the
size of rare earth ions. DSC data also suggested that wa-
ter–cations interactions are lower in the HZSM-12 sam-
ple than RE/HZSM-12 samples. Therefore, the incorpo-
ration of rare earth ions on the HZSM-12 sample influ-
ence on the water molecule interactions and conse-
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Fig. 2 FTIR spectra of the HZSM-12 and RE/HZSM-12 samples

Fig. 1 X-ray powder diffraction pattern of the HZSM-12 and RE/HZSM-12 samples



quently in the dehydration temperature range and their
�H values. In the TG/DTG curves also were observed a
second event of mass loss broad and not well-defined
showed in the temperature range of 473–1073 K which
was attributed to dehydroxylation. The zeolites lost
2–3% of mass in this temperature range due to the de-
hydroxylation. The dehydration of the zeolite structure
was evidenced in the DTA curves (Fig. 5) by single en-
dothermic peak at same temperature range. The exother-
mic peak showed at about 1307 K in the DTA curves
was attributed to a phase transition or collapse of
HZSM-12 structure.

The acid properties of zeolite samples were evalu-
ated by pyridine thermodesorption. Acid sites density
per grams of zeolite was correlated with site strength
(weak, medium or strong) which is generally attributed
in accordance with temperature range of desorption
[12, 13]. Figure 6 shows TG/DTG curves of pyridine
desorption to HZSM-12 and RE/HZSM-12 samples. It
was possible to observe in all cases typically two larger
events of mass variation: (i) 368–663 K attributed to
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Fig. 5 Differential thermal analysis curves of the HZSM-12
and RE/HZSM-12 samples

Table 2 Temperature range (�T), mass loss and enthalpy change (�H) of the HZSM-12 and RE/HZSM-12 zeolite samples

Sample
TG analysis DSC analysis

�T/K Mass loss/% �T/K �H/J g–1

HZSM-12 303–433 11.7 303–430 325.42

Ce/HZSM-12 303–494 3.8 303–454 482.48

Sm/HZSM-12 303–471 3.6 303–443 339.63

Ho/HZSM-12 303–455 3.4 303–439 335.02

Fig. 4 DSC curves of the HZSM-12 and RE/HZSM-12 samples

Fig. 3 a – TG and b – DTG curves of the HZSM-12 and
RE/HZSM-12 samples



elimination of pyridine adsorbed on the weak+medium
acid sites and (ii) 663–983 K attributed to elimination of
pyridine adsorbed on the strong acid sites. The complete
desorption of pyridine occurs at different temperatures
for RE/HZSM-12 samples indicating that after the in-
corporation of different rare earth ions in the HZSM-12
zeolite the site strength can be change. The temperature
required for complete pyridine desorption decrease with
the decrease of the size of rare earth ions. Table 3 shows
the temperature range and acid sites density of zeolite
samples. In accordance with these results is possible ob-

served that for RE/HZSM-12 samples, the experimental
density of strong acid sites is lower than HZSM-12 sam-
ple. This decrease in the pyridine adsorption capacity is
due to partial blocking effect of the HZSM-12 pore sys-
tem which is result of presence of rare earth oxides par-
ticles inside the HZSM-12 pore system. This partial
blocking pore system is mainly attributed to the
dealuminization process during the calcinations, which
caused a small decrease in the acid site density. Acid
values of all zeolites samples are in close agreement
with the reported literature to other similar zeolites with
high ratio Si/Al [13]. It can be seen from Table 3 that the
acid site densities for the RE/HZSM-12 decrease with
the decrease of the size.

Catalytic oxidation over several oxides-based cata-
lysts is an important reaction in the petrochemical indus-
try. It offers one of the most efficient means for control-
ling atmosphere pollution. A graphic of n-heptane oxi-
dation as function of temperature is shown in Fig. 7. The
n-heptane conversion had a gradual increase with in-
crease of reaction temperature for RE/HZSM-12 and
HZSM-12 catalysts. Ce/HZSM-12 shows a much higher
activity than Sm/HZSM-12 and Ho/HZSM-12. This ac-
tivity also was much higher when compared with
HZSM-12. The low temperatures (703 K) RE/HZSM-
12 catalysts showed a catalytic activity higher than
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Table 3 Temperature range (�T) and acid sites density (�) of the HZSM-12 and RE/HZSM-12 zeolite samples

Samples
Weak+medium sites Strong sites

� total/mmol gcat
–1

�T/K �/mmol gcat
–1

�T/K �/mmol gcat
–1

HZSM-12 311–637 0.56 637–1087 0.39 0.95

Ce/HZSM-12 303–633 0.48 633–1025 0.33 0.81

Sm/HZSM-12 303–621 0.21 621–1013 0.19 0.40

Ho/HZSM-12 303–618 0.12 618–994 0.24 0.36

Fig. 6 a – TG and b – DTG curves of pyridine desorption of
the HZSM-12 and RE/HZSM-12 samples

Fig. 7 Total conversion of n-heptane vs. reaction temperature
on HZSM-12 and RE/HZSM-12 samples



HZSM-12. This situation changes when increase the re-
action temperature (from 703 to 723 K). At 723 K,
HZSM-12 catalyst has an activity similar to the
Sm/HZSM-12 and Ho/HZSM-12. Only at 743 K the
catalytic activity of HZSM-12 becomes higher than
Sm/HZSM-12 and Ho/HZSM-12. The main products
selectivity for n-heptane oxidation is given in the Ta-
ble 4. In accordance with this results not only the con-
version but also the selectivity for CO2 (complete oxida-
tion) is influenced by the reaction temperature. The se-
lectivity to the complete oxidation products decreased
with the increasing of the reaction temperature, except
for the Ce/HZSM-12 catalyst that showed an inverse be-
havior. GC-MS analysis showed that the main products
of n-heptane oxidation were CO2, CO and C3 (propane
and propene) hydrocarbons and also was observed a
very small amount of other hydrocarbons in the range of
C2 (ethane and ethene) and C4 (butanes and butanes).

A typical monomolecular cracking mechanism in-
volves the direct protonation of the n-heptane by the
acid sites of the HZSM-12 zeolite to form a high-en-
ergy transition state, which subsequently cracks or de-
hydrogenates to yield an alkane and an alkene [20].
These hydrocarbons and its intermediates under oxi-
dant atmosphere produce CO and CO2 by incomplete
and complete combustion, respectively. As showed in
Table 4 the presence of rare earth oxides as addictives
on the HZSM-12 zeolite causes an increase in the
CO2/CO ratio in comparison with the pure HZSM-12.
The high activity and selectivity of Ce/HZSM-12 in re-
lation to Sm/HZSM-12 and Ho/HZSM-12 in the
n-heptane oxidation suggested an important role of
Ce4+ ions in the catalytic process. This can be ex-
plained on the basis in the fourth ionization potentials
of rare earth, which may be taken as a measure of sta-
bility of tetravalent ions relative to the trivalent ions.
There is a strong correlation between the fourth ioniza-
tion potentials and catalytic activity. This correlation
has been rationalized by assuming that the rate-deter-
mining step of catalytic reaction is the oxidation of the
trivalent ion to the tetravalent ion. Similar results were
reported by Hattori [21] for rare earth oxides.

Conclusions

The rare earth ions as addictives on the HZSM-12 zeo-
lite influenced on the thermal, structural and catalytic
properties of HZSM-12 zeolite. X-ray diffractograms
and FTIR spectra showed that in the RE/HZSM-12 sam-
ples the structure is still MTW type. The presence of
rare earth ions on the HZSM-12 zeolite influence in the
dehydration temperatures range and their enthalpy
change values. TG/DSC data showed that the tempera-
ture and enthalpy change required for complete desorp-
tion of water decrease with the decrease of the size of
rare earth ions. DTA analyses indicated that at 1307 K a
phase transition occurred and could be attributed to the
collapse of HZSM-12 structure. The incorporation of
rare earth ions on the HZSM-12 sample causes a de-
creased in the experimental density of acid sites. This
can be explained on the basis of partial blocking effect
of the HZSM-12 pore system due to dealuminization
process. Theses zeolites samples showed a good perfor-
mance in the n-heptane oxidation. Ce/HZSM-12 shows
a much higher activity and selectivity than other
RE/ZSM-12 zeolite. This high activity and selectivity is
attributed to the stability of cerium tetravalent ions.
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