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Cu and Fe species formed during the preparation of Cu/ and Fe/ZSM-5 catalysts by ion ex-
change were studied. XRD, SEM, H

2
-TPR, DRS-UV-VIS, EPR, Mössbauer Spectroscopy (MÖSS)

and chemical analysis (AAS) were used to sample characterization. Cu/ZSM-5 catalysts, irre-
spective of their Si/Al ratio and Cu content, showed a reduction peak at around 210 °C, which was
attributed to the reduction of Cu+2 to Cu+1. The reduction peak of Cu+1 to Cu0 shifted to higher
temperatures with the increase of Si/Al ratio or with the diminution of Cu/Al ratio, evidencing that
isolated Cu cations present a higher interaction with the zeolite structure. The MÖSS data showed
the presence of Fe+3 species in charge-compensation sites and a higher content of hematite (Fe

2
O

3
)

in the catalysts prepared in aqueous medium. The EPR analysis also evidenced the Cu+2 and Fe+3

presence in Cu and Fe/ZSM-5 catalysts, respectively.
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1. Introduction

In the last years metal/zeolites, crystalline
aluminosilicates with properties and characteristics of
microporous molecular sieves1, have received more atten-
tion, as the possibility of their use as catalysts in environ-
mental control processes and particularly in the nitrogen
oxides (NO

x
) reduction to N

2
 in exhaust gases. For this proc-

ess, the ZSM-5 zeolites, exchanged with metals, as Cu, Fe,
Co, Ni, Mn, etc, have presented a higher catalytic activity
than other zeolitic structures (FAU, MOR, BEA, etc)2,3,4.
Through the ion exchange property of zeolites5, it becomes
possible to obtain catalysts having a metal of different type
and content. After the ion exchange, the catalysts are sub-
mitted to a thermal treatment to allow the stabilization of
the formed cationic metallic species, which will can present
a different nature depending on the procedures utilized in
their preparation6. The main interest in the studies of this
kind of catalyst is the identification of the nature of the
metallic species and the verification of their relation with
its activity in the catalyst.

In the calcined metal exchanged zeolites, the active sites
can be located principally in their internal channels and
someone in the external surface of the zeolite crystallites.
Therefore, the analysis and identification of these kind of

sites can result very complex, because, depending on the
preparation methods utilized7, the metallic sites can be con-
stituted by isolated cations and/or metallic species as (Me-
O-Me)+(2n-2) oxocations or (MeO)+(n-2) cations, with n being
the metal valence. Crystalline or amorphous extra-frame-
work metallic oxides deposited on the internal and on the
external surface of the catalysts can also be present8. Then,
the characterization techniques to be applied will must al-
low the identification of one particular physical or chemi-
cal property of those metallic species.

Hence, in the work reported here one or more techniques,
as X-Ray Diffraction (XRD), Scanning Electron Microscopy
(SEM), Electron Paramagnetic Resonance (EPR), Diffuse
Reflectance Spectroscopy in the Visible Ultra Violet Spec-
trum (DRS-UV-VIS), Mössbauer Spectroscopy, Tempera-
ture Programmed Reduction with H

2
 (H

2
-TPR) and chemi-

cal analysis by Atomic Absorption Spectroscopy (AAS),
were used to characterize ZSM-5 zeolites having cationic
Cu or Fe species as charge-compensation cations of the zeo-
lite structure.

2. Experimental

Catalysts Preparation

The Fe and Cu catalysts were prepared by sodium ex-
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change in an aqueous medium from a Na/ZSM-5 zeolite
having a Si/Al ratio of 11, 23 or 42. To obtain samples with
different metal content, the time and the number of ex-
changes were varied. The Cu catalysts were obtained using
a 0.015 mol/l solution of copper (II) acetate (Merck 99%)
or using a 0.033 mol/l solution of FeCl

2
 (Merck 99%) in the

preparation of Fe/ZSM-5 catalysts. After ion the exchange,
the samples were filtered, washed with deionized water and
dried at 110 °C. Further, the samples were thermally treated
at 520 °C (activation) under air flow during 1 h. The resul-
ting Cu and Fe catalysts are showed in Tables 1 and 2, re-
spectively.

To compare the methods of preparation, one sample of
Fe/ZSM-5 catalyst (Table 2) was prepared by ion exchange
in the solid state using an H/ZSM-5 zeolite as precursor,
which had a Si/Al = 13. The H/ZSM-5 zeolite was mixed
with FeCl

2
 in an atomic ratio of Fe/Al = 0.37 and further

activated for 6 h, being 2 h under N
2
 flow and 4 h under air

flow.
A reference sample, for to quantify the hydrogen con-

sume during the H
2
-TPR analysis, denoted as CuO/NaZ(11)

(Table 1), was prepared mixing 2% w/w CuO with a
Na/ZSM-5 zeolite (Si/Al = 11). It was further thermally
treated during 1h at 520 °C under air flow.

The samples were denominated as Me(Y)Z(X), where
Y (in %) represents the metal content (w/w) and X the Si/Al
ratio of the zeolite, obtained from chemical analysis by
atomic absorption spectroscopy (AAS). The sample

Fe/ZSM-5 prepared in the solid state was identified by the
letter S: Fe(Y)Z(X)S.

Characterization

The structure and crystallinity of the ZSM-5, before and
after the ionic exchange, were verified by XRD and the
morphology of the Na/ZSM-5 was verified by SEM. H

2
-TPR

and DRS-UV-VIS were used to identify Cu species present
in Cu/ZSM-5 samples. EPR analysis was used to identify
the presence of Cu+2 in Cu/ZSM-5 or Fe+3 ions in Fe/ZSM-5
catalysts. The presence of Fe+2 or Fe+3 in Fe/ZSM-5 were
verified using Mössbauer Spectroscopy.

The XRD patterns were obtained on a Siemens D500
Diffractometer using a monochromatic CuKα radiation. The
XRD data were collected from 3 to 40°(2θ) with a scanning
rate of 2°(2θ)/min. The SEM micro-analysis was performed
on a Zeiss DSM 960 Scanning Electron Microscope oper-
ated at 30 kV. The H

2
-TPR analysis were made on a

Micromeretics Model 2705 equipment, having a thermal
conductivity detector. It was used a H

2
 flow of 30 ml/min

(5% v/v in N
2
), a dried sample of 150 mg and a speed heat-

ing of 10 °C/min. Before the analysis, the samples were ther-
mally treated in air (30 ml/min) at 200 °C during 1h.

The DRS-UV-VIS spectra were obtained at room tem-
perature on a UV-VIS Varian Cary 5G Spectrometer using
a Teflon sample support, a quartz window and a
politetrafluorethylene pattern as reference. Before the analy-
sis, the samples were dried at 110 °C during 12 h. The ob-
tained data were treated using the F(R) Schuster-Kubelka-
Munk function9.

The EPR spectra were recorded in a Bruker ESP 300 E
Spectrometer at -196 °C and the Mössbauer spectroscopy
measurements were performed in the transmission geome-
try at room temperature and at -269 °C, using a 25 mCi
57Co:Rh source moving in sinusoidal mode. The zero ve-
locity was defined with respect to the centroid of the metal-
lic iron spectrum, the source and the absorber being kept at
the same temperature during the experiments.

3. Results and Discussion

Cu/ZSM-5 Catalysts

In Table 1 are showed the Cu content and the Cu/Al
ratio in the samples. As can be seen, all the samples showed
a smaller copper content than the possible maximum, which
could be obtained when all the Na cations are exchanged
(5.2 w/w% Cu for the Na/ZSM-5 with a Si/Al = 11). Sup-
posing that all of the Cu atoms present in the samples are
compensating the negative charge of the zeolite structure
one can consider from the data given in Table 1, that the
obtained samples present an exchange degree from 0 - 92%.
However, it must be taken into account that the pH values

Table 2. Characteristics of the prepared Fe/ZSM-5 catalysts.

Sample Exchange × Time Fe/Al Fe
(h) (w/w%)

NaZ(11) — — —
HZ(13) 3/8 — —
Fe(1.1)Z(11) 2/6 0.15 1.1
Fe(6.7)Z(11) 3/24 0.90 6.7
Fe(2.9)Z(13)S 1/6 0.37 2.9

Table 1. Characteristics of the prepared Cu/ZSM-5 catalysts.

Sample Exchange × Time Cu/Al Cu
(h) (w/w%)

NaZ(11) - - -
CuO(1.6)NaZ(11) - - 1.6
Cu(1.2)Z(11) 1/6 0.16 1.2
Cu(3.3)Z(11) 1/24 0.31 3.3
Cu(2.4)Z(11) 3/12 0.49 2.4
Cu(4.8)Z(11) 3/24 0.46 4.8
Cu(0.7)Z(23) 3/6 0.28 0.7
Cu(0.8)Z(42) 3/6 0.38 0.8
Cu(0.4)Z(42) 2/12 0.16 0.4
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of the copper acetate solution before and after the ion ex-
change, were 5.5 and 5.3, respectively. This difference is
attributed to the formation of Cu(OH)+ cations10 and/or pre-
cipitated Cu(OH)

2
, which will form CuO during the ther-

mal treatment at high temperature. Therefore, without the
determination of the nature of Cu species in the catalysts
one cannot conclude that the Cu content showed in Table 1
represent all the Cu atoms in charge compensation sites.
CuO presents diffraction hard peaks at 2θ = 35.7° and 38.5°,
however, as can be observed in Fig. 1, the presence of this
copper oxide in Cu(3.3)Z(11) and Cu(4.8)Z(11) samples
was not detected by XRD. Moreover, the presence of CuO
in the sample prepared with 2% of CuO, the CuO/NaZ(11),
is not clearly evidenced, as the peaks intensity is lower.
Therefore, this result do not eliminate the possibility that
non detectable crystallites or clusters of CuO with d ≤ 3 nm
were formed or their content in the samples is very low11.

The SEM micrographs of the precursors, Na/ZSM-5,

are showed in Fig. 2. As can be seen, the zeolite having the
lower Si/Al ratio is constituted by agglomerates of small
crystallites, however, with the increase of this ratio, the crys-
tals have the tendency to be isolated or geminates with a
morphology of hexagonally prisms. As also observed by
others authors12,13, occurred an increase in the crystal size
with the increase of the Si/Al ratio; this confirming the nu-
cleation character of Al atoms in the synthesis medium.

Figure 3 shows the EPR spectra of two activated
Cu/ZSM-5 samples having different Si/Al ratio. Since the
Cu2+ ions in CuO or in (Cu-O-Cu)2+ species are silent for
EPR14,15, these spectra could only be assigned to isolated
Cu2+ ions16. Both samples presented for the parallel compo-
nent g

//
 the value of 2.28 and averages A

//
 values of 132 G

for Cu(0.8)Z(42) and 154 G for Cu(1.2)Z(11). Modifica-
tions of the EPR parameters usually indicate changes in the
Cu coordination, which can be a pyramidal or planar ligand
field symmetry16,17.

The H
2
-TPR profiles of Cu/ZSM-5 catalysts are pre-

sented in Fig. 4. The total hydrogen consumption showed a
H

2
/Cu molar ratio close to one. The samples, irrespective of

their Si/Al ratio and Cu content, show a reduction peak at
around 210 °C, which can be associated to the reduction of
isolated Cu+2 ions and the reduction of Cu+2 in oxocations,
in both cases to Cu+1. This low temperature peak can also
contain the H

2
 consumption corresponding to the reduction

of Cu+2 in CuO to Cuo 11,18. Already, the high temperature
peaks (> 350 °C) correspond to the reduction of Cu+1 to
Cuo. It is clearly seen from Fig. 4 that these peaks shifts to
higher temperatures with the increase of Si/Al ratio of the
zeolite, namely near to 580 °C in Cu(0.7)Z(23) and
Cu(0.8)Z(42). This is in accord with the redox properties of
Cu cations, which are controlled by the local Si/Al ratio in
the zeolite, then influencing their reducibility19. Therefore,
the Cu cations in catalysts with higher Si/Al ratio, present a

Figure 1. XRD patterns of Cu(X)/Z(11) catalysts, CuO/Na/ZSM-5
and CuO.

Figure 2. SEM micrographs of precursor Na/ZSM-5 having a Si/Al ratio equal to: (a) 11, (b) 23 and (c) 42.
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higher interaction with the zeolite structure and the capa-
bility to maintain at higher temperature the Cu cations in
the +1 oxidation state.

In the DRS-UV-VIS spectra of some Cu/ZSM-5 cata-
lysts (Fig. 5), it can be observed the presence of bands at
212, 256 and one broadest and low intense band in the range
between 600 to 850 nm. As published by Itho et al.20, the
band at 212 nm, which is present in the spectrum of all sam-
ples, is correlated with the zeolite structure and therefore is
not related with the Cu species present in the catalysts. The
band at 256 nm has been attributed to Cu+2 species interac-
ting with the framework oxygen21 and those between 600
to 850 nm to Cu+2 cations in hexagonal coordination20-21.

Fe/ZSM-5 Catalysts

The Fe content and the Fe/Al ratio of the obtained
Fe/ZSM-5 catalysts are shown in Table 2, which also shows
the time and the number of applied ion exchange treatments.
In the ion exchange in aqueous medium it was observed a
decreases in the pH values, indicating a consumption of OH-

ions during the formation of iron species22.
The XRD patterns of all the iron-containing ZSM-5

showed the typical spectrum of MFI structure (Fig. 6). How-
ever, it was observed that the peak intensities decrease with
the increase of Fe content. This decrease is attributed to the
higher X-ray absorption coefficient of Fe compounds than
Na compounds23. No evidence of the presence of Fe2O3 (in-
tense peak lines at 2θ = 33.15° and 35.65°) or any other
phase beside ZSM-5 was found (Fig. 6).

The EPR spectrum of the Fe/ZSM-5 samples shows the
presence of Fe+3, irrespective of the method used in the cata-
lyst preparation. It is known that Fe2+ in aqueous solution is
readily oxidized to Fe3+ by trace of O2 unavoidably present.
Therefore, even using a N2 atmosphere during the ion ex-
change occurred the oxidation of Fe2+ to Fe3+, which at
pH = 5.5 it can precipitate as α-FeOOH. In ion exchange in
the solid-state, the oxidation of Fe2+ cations can occur du-
ring the physical mixing of reactants or during the thermal
treatment. As above mentioned, the precipitation of
α-FeOOH on the solid surface can generate solids with
Fe/Al > 1/3, therefore, as occurred with the samples
Fe(6.7)Z(11) and Fe(2.9)Z(13)S, the calculated exchange
level resulted in a value higher than 100% (the close value
for 100% Na+ exchange by Fe3+ cations is 1/3)2. Such cata-
lysts can hold outside of the zeolite framework one part of
their Fe atoms in exchange sites and the rest as neutral spe-
cies. During the activation, the precipitated α-FeOOH is

Figure 3. EPR spectra and copper hyperfine structure of: (a) Cu(0.8)Z(42) and (b) Cu(1.2)Z(11).

Figure 4. H
2
-TPR profiles of Cu/ZSM-5 catalysts.

(a) (b)
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dehydrated to form hematite. The Fe/ZSM-5 samples
showed a g value of 4.29 for the activated Fe(1.1)Z(11) and
a g value of 4.23 for the sample Fe(2.9)Z(13)S (Fig. 7). The
difference in the lines of the spectra and therefore in g val-
ues is attributed to the different chemical environments of
the Fe atoms. As described, in aqueous solution at a pH
near 5.5, the Fe+3 form [HO-Fe-O-Fe-OH]+2 species24, which,
similarly to the isolated Fe+3 cations, can also balance the
negative charge of the zeolite. In the solid state method, the
most probable charge-compensation species are FeCl

2
+ and

FeO+ cations25.
In Table 3 are presented the data derived from Mössbauer

spectra at -269 °C shown in Fig. 8. Analysis of the samples
at lower than room temperature was necessary, since at room
temperature the magnetic hematite (present in the activated
Fe(6.7)Z(11) and in the Fe(2.9)Z(13)S) and the magnetic

Figure 5. DRS-UV-VIS spectra of activated Cu/ZSM-5 catalysts.

Figure 6. XRD patterns of: (a) hematite (Fe
2
O

3
); (b) and (c)

Fe/ZSM-5 catalysts prepared in aqueous medium and (d) the pre-
cursor Na/ZSM-5.

Figure 7. EPR spectra of (a) Fe(1.1)Z(11) after ionic exchange
(g = 4.28); (b) Fe(1.1)Z(11) after activation at 520 °C (g = 4.29)
and (c) Fe(2.9)Z(13)S (g = 4.23).

α-goethite (present in the non-activated Fe(6.7)Z(11)) ex-
hibit only doublets, resulting at this temperature in a
superposition with the paramagnetic doublets belonging to
Fe species in charge-compensation sites26,27.

It can be seen from the data in Table 3 that Fe+2 and Fe+3



326 Urquieta-González et al. Materials Research

Table 3. Mössbauer spectroscopy data obtained from Fe/ZSM-5 zeolites at -269 °C.

Sample IS (mm/s) QS (mm/s) BHF (T) AREA (%) SITE

Fe(6.7)Z(11) 0.30 0.29 —- 11 Fe3+

0.33 1.35 — 6 Fe3+

1.45 3.01 — 13 Fe2+

<0.37> -0.25 <49.6> 70 GOETHITE

Activated 0.25 0.30 —- 6 Fe3+

Fe(6.7)Z(11) 0.34 1.20 — 19 Fe3+

0.35 -0.20 53 75 HEMATITE

Fe(2.9)Z(11)S 0.26 0.30 — 33 Fe3+

0.34 1.40 — 17 Fe3+

0.38 0.38 53.5 50 HEMATITE

IS: isomer shift related to α-Fe; QS: quadrupole splitting; BHF: magnetic field; relative AREA.

ions coexist only in the as-prepared Fe(6.7)Z(11) catalyst.
Fe+2 is transformed into Fe+3 during the thermal activation
(see that Fe+2 is not present in the activated Fe (6.7)Z(11)).
Therefore, the hyperfine parameters measured for the acti-
vated catalysts correspond only to species with Fe ions in
the oxidation state +3, confirming the results obtained by
EPR. The observed differences in the IS and in the QS val-
ues (Table 3) of cationic Fe+3 species can be attributed to
different chemical environments. This is in agreement with
the idea that outside of the zeolite framework coexist Fe3+

cationic species in charge-compensation sites and precipi-
tated neutral iron compounds3, such as α-goethite before
the thermal activation in as prepared Fe(6.7)Z(11) or as
hematite in the latter catalyst after activation and in the cata-
lyst prepared in the solid state.

In Table 3, the relative areas of the subspectra show that

70% of the Fe in the Fe(6.7)Z(11) sample is precipitated as
α-FeOOH and 75% as Fe2O3 after thermal treatment. In
contrast, the sample prepared in the solid state has only 50%
of the Fe atoms as hematite and the remaining as Fe cati-
onic species in exchangeable sites.

4. Conclusions

The Cu/ZSM-5 catalysts showed in the H2-TPR analy-
sis, a reduction peak at 210 °C, which was associated to the
reduction of isolated Cu+2 ions and the reduction of Cu+2 in
oxocations. The presence of Cu+2 was also detected by EPR
and DRS-UV-VIS. The peaks corresponding to the reduc-
tion of Cu+1 to Cuo (> 350 °C), shifts to higher temperatures
with the increase of the Si/Al ratio or with the decrease of
the Cu/Al ratio. This fact was taken as an evidence of the
presence of isolated Cu cations, which present a higher in-
teraction with the zeolite structure and the capability to
maintain at higher temperatures the Cu atoms in the oxida-
tion state +1. This low temperature peak can also be associ-
ated to the reduction of Cu+2 to Cuo in CuO, which was not
detected by XRD.

The peaks in the XRD patterns of ZSM-5 structure, af-
ter the ion exchange of Na by Fe cations, were less intense
than those of the precursor, the Na/ZSM-5; this providing
evidence that Fe species were present in the catalysts. EPR
analysis and Mössbauer spectroscopy indicated that all of
Fe atoms present in the activated samples are in the oxida-
tion state of +3, irrespective of the method used in the cata-
lysts preparation. The Mössbauer data also showed that the
catalysts prepared by both methods contain precipitated Fe
species (such as α-FeOOH, after the ion exchange in aque-
ous medium, or as Fe2O3 in the thermally treated samples).
However, the ion exchange performed in the solid state was
the more promising, since the catalysts obtained by this
method exhibited lower hematite concentration, thus hav-

Figure 8. Mössbauer spectra of Fe/ZSM-5 catalysts obtained at
-269 °C.
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ing a higher number of cationic Fe species in charge-com-
pensation sites.
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