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Characterization of iron species in ex-framework FeZSM-5 by
electrochemical methods
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Solid state electrochemistry is described as a method to characterize iron species in the different stages of the preparation of ex-framework
FeZSM-5. The ex-framework method comprises the hydrothermal synthesis of isomorphously substituted FeZSM-5, followed by calcination
at 823 K and steam treatment (300 mbar H,O in N,) at 873 K. Incorporation of FeZSM-5 samples in graphite—polyester composite (GPC)
electrodes and identification of the electrochemical response provides information on the structural environment and oxidation state of
electroactive iron species in the zeolite. *’Fe Mdssbauer spectroscopy and TEM analysis were additionally used to interpret the
electrochemical responses. Tetrahedral iron atoms in framework positions were the only species observed in the as-synthesized material.
After calcination, also isolated extra-framework iron ions and oligonuclear iron—oxo complexes were identified, as well as a minor
amount of FeO, nano-particles. The steaming procedure leads to extensive formation of the FeO, nano-particles of 1-2nm in size,
which were also identified by TEM. Both oxidative as well as reductive dissolution processes have been observed for the nano-particles,
suggesting the presence of both Fe(I) and Fe(IIT) oxidation states in the steamed FeZSM-5, which is confirmed by Mdssbauer
spectroscopy. Tetrahedrally coordinated iron atoms in framework positions, as well as the isolated extra-framework iron ions and
oligonuclear iron—oxo complexes in octahedral positions, yield electron-transfer processes that approach that of strongly electrode-

attached species with distinctive variations of the electrochemical parameters on the pH and the potential scan rate.
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1. Introduction

Fe-based zeolites with MFT structure, including ZSM-
5 and silicalite, are receiving increasing attention, due to
their catalytic activity in numerous chemical reactions.
These processes include isomerization and oxidative
dehydrogenation of alkanes [1,2] and selective oxidations
of benzene to phenol and methane to methanol, using
N, O as the oxidant [3,4]. FeMFI also plays an important
role in environmental catalysis for the removal of
gaseous pollutants, namely NO, (de-NO, HC-SCR or
NH;-SCR) [5-9], N,O (direct decomposition or reduc-
tion with hydrocarbons or NHj3) [10—13], and NH;
(selective oxidation to N, with O,) [14].

Various techniques have been described in the
literature to characterize Fe-zeolites, including TEM,
FT-IR, TPR, ESR, and recently EXAFS [15-23].
Various iron species have been identified in FeZSM-5:
isolated ions in framework positions or extra-framework
at cationic positions in the zeolite channels, dinuclear
and, in general, oligonuclear iron complexes in extra-
framework positions, iron oxide nano-particles
(<2nm), and large iron oxide particles (Fe,O3) in a
wide distribution (up to 25nm in size) located at the
external surface of the zeolite crystal. There is
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controversy about the nature of the active Fe sites in
the different processes catalyzed by FeZSM-5, due to
the heterogeneous nature of the Fe species in the
material. In de-NO, HC-SCR, dinuclear iron species in
the channels of the ZSM-5 were suggested to be the
active species [3,6,17,18,23], but also oligonuclear com-
plexes of composition Fe,O, (referred to as ultra-stable
nano-clusters) have been identified as active redox
centers in the same reaction [15].

Some of us recently reported than an ex-framework
route to prepare FeZSM-5 yields a catalyst with signifi-
cantly higher activity (on a per Fe basis) than catalysts
prepared via other procedures, such as liquid- (aqueous)
or solid-ion exchange and sublimation [24,25]. Also the
stability in simulated tail-gases from nitric acid plants
and fluid-bed combustors is significantly improved. The
ex-framework method encompasses the hydrothermal
synthesis of isomorphously substituted FeZSM-5,
followed by calcination and steam treatment (300 mbar
H,0 in N,) at 873 K. Application of different techniques
(UV-vis, TEM, and EPR) led to the conclusion that the
steam treatment induces the migration of Fe towards
extra-framework positions, which was found to be
crucial in order to create catalytically active iron species
for N,O decomposition, as well as for phenol produc-
tivity in N,O-mediated oxidation of benzene to phenol
[19,25]. Different authors have investigated the extrac-
tion of iron from isomorphously substituted Fe-silicalite
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upon thermal treatment in the range 773—1073 K [26,27].
A detailed physicochemical characterization of the
activation of ex-framework FeZSM-5 and the nature
of the species formed by the steaming procedure has
been recently reported [28]. From this study it was
concluded that due to the heterogeneous nature of the
iron in the catalyst, which is present in different forms
and relative amounts, identification of the various iron
species requires a combination of suitable spectroscopic
techniques.

Electrochemical methods, also referred to as voltam-
metric techniques, can contribute to the characterization
of various iron species in FeZSM-5. Although electro-
chemical techniques have been traditionally focused on
studies in solution, the development of a variety of
chemically modified electrodes has prompted systematic
studies dealing with the characterization of solid
samples. This approach has been labelled as solid state
electrochemistry or chemistry of solid microparticles
[29-32]. This methodology has been previously applied
to the study of the electrochemistry of electroactive
species (single metal ions (Ag®, Cu’")) [33-38] or
metal complexes (Mn and Fe-salen, Co-phthalocyanine)
[39—44] encapsulated into the channels and cages of
different microporous materials (mainly Y zeolite). How-
ever, there are no studies concerning the electrochemistry
of tetrahedral framework iron, octahedral extra-frame-
work iron species, and/or iron oxide nano-particles in
zeolite catalysts.

In this paper we report on the electrochemical charac-
terization of the different iron species existing in FeZSM-
5 zeolites using graphite—polyester composite (GPC)
electrodes. The shape of the voltammetric responses, in
combination with the different electrode preparation
methods and the dependency of peak potentials on the
pH and potential scan rate, were used to characterize
the different Fe electroactive species in isomorphously
substituted FeZSM-5, as well as in the corresponding
materials obtained after calcination and steam treatment.

2. On the electrochemistry of zeolite-attached species

For non-conducting solid microparticles, the electron-
transfer processes occur at the three-phase boundary
between the electrolyte solution, the inert electrode,
and the solid particle. Charge conservation requires in
general an exchange of ions between the solid and the
solution phase. Interpretation of electrochemical
responses occurring at zeolite-modified electrodes has
been a subject of controversy regarding the possible
mechanisms for electron transfer to redox electroactive
species in zeolites [38,39]. These have been denoted as
(i) extrazeolitic; (ii) intrazeolitic; and (iii)) surface-
mediated electron-transfer processes in the more external
zeolite sites, denoted as ““boundary associated’ species
[40]. In the extrazeolitic mechanism, the electron transfer

process takes place outside of the zeolite after ion
exchange of electroactive species with electrolyte cations
[34—-36]. The intrazeolitic mechanism involves electron
transfer processes affecting electroactive species located
in the supercages of the outer cavities or subsurface
zones of the zeolite [37—43]. Intrazeolitic electron trans-
port and ion transport mechanisms have been also
described [38]. We have recently provided evidence that
the electrochemical observation corresponds to a
“boundary region” of the zeolite [45], situated close to
the external surface, in agreement with other authors
[46]. This implies that the electrochemistry measured
not only corresponds to iron oxide particles at the
external surface of the crystal, but also to iron species
in framework positions or strongly attached to the
zeolite (i.e., in the channels).

The analysis of electrochemical response is also
complicated by the fact that different electroactive
zeolite-associated species can be responsible for the
observed electrochemistry. This especially applies to
the FeZSM-5 system, where different species, including
framework and extra-framework single iron ions,
dimeric or oligomeric iron oxo-complexes, iron oxide
nano-particles, and large iron oxide particles, co-exist
in the sample. Secondly, various topological redox iron
isomers at different locations of the zeolite may exist
[43,44]. Electroactive extra-framework iron ions can be:

e outside the zeolite, with no bonding or sorptive
association;

e bound to the boundary (or external surface) of the
zeolite;

e adsorbed into the voids of the zeolite, but able to
sample the global pore lattice topology;

e size-included in the interior of a supercage or a channel
intersection of the zeolite.

In spite of these difficulties, electrochemical data can
be used to discern between different electroactive species.
In general, the electrochemical behavior depends on the
zeolite and electrode preparation, redox electroactive
system, supporting electrolyte, pH, presence of complex-
ing agents, and time-scale of the experiments. The depen-
dence of peak potentials on the pH and potential scan
rate, as well as the shape of voltammetric curves and
their variation upon the different electrode preparation
and the contact time of the modified electrode immersed
into the electrolyte solution prior to the electrochemical
runs (so-called rest time) can be used as diagnostic
criteria.

The observed voltammetric peaks can be ascribed to
different theoretical models that provide significant
differences in the shape of current-potential curves [45].
Figure 1 shows the theoretical linear scan voltammo-
grams (LSVs) for:

e reversible electron-transfer process involving species
in solution;
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Figure 1. Typical profiles obtained in linear scan voltammograms (LSVs)

for (a) reversible electron-transfer process involving species in solution;

(b) reversible electron-transfer process between species strongly attached
to the electrode surface; and (c) reductive dissolution of a solid.

e reversible electron-transfer process between species
attached to the electrode surface;
e reductive dissolution of a solid.

Baker et al. [35] explained that electroactive species are
electrochemically reduced or oxidized in a thin layer of
electrolyte solution existing between the zeolite particles
and the electrode. Since electron-transfer steps must be
coupled with the release of charge-balancing electrolyte
cations, M", the overall electrochemical reaction rate
may be controlled by the diffusion of such electrolyte
cation, and/or by its interchange with zeolite-associated
ions, and/or the diffusion of such zeolite-associated
species through the channel system. Neglecting electro-
active species in the bulk solution, and assuming that
diffusion in this layer is fast in comparison to intrazeolite
counter diffusion and intracrystalline ion exchange, the
system can be treated as a diffusion-controlled process
yielding a voltammetric profile similar to that of
diffusion-controlled processes in solution. This is
characterized by a slow current decrease 100—150 mV
past the voltammetric peak [47—49], in the so-called
diffusive region of the voltammogram (figure 1(a)). The
peak potential of this process varies with the potential
scan rate.

For an electron-transfer process in which both the
oxidized and reduced forms remain strongly attached
on the electrode surface, a typical symmetric peak is
obtained (figure 1(b)), whose profile is equivalent to
that of a classical thin-layer cell with the peak potential
independent of the potential scan rate [50].

Among the other possibilities, the reductive or oxida-
tive dissolution of a set of solid microparticles, recently
described in detail by Grygar [51], exhibits current—
potential curves whose profile depends on the shape

and size distribution of the particles. Although the
exact voltammetric profile depends on the polydispersity
of the particle set, typical current—potential curves can
be distinguished from those previously described (figure
1(c)). In this case, the peak potential also varies with
the potential sweep rate.

3. Experimental
3.1. Catalyst preparation

The isomorphously substituted FeZSM-5 was synthe-
sized hydrothermally using tetrapropylammonium
hydroxide as the template [19]. A solution of the silica
source (tetraethylorthosilicate, TEOS, Acros, 98%), the
template (tetrapropylammonium hydroxide, TPAOH,
Fluka, 20% in water), and NaOH was added to a
mixture of aluminum(IIl) nitrate (Al(NO;);-9H,0,
Merck, 99%) and iron(IIl) nitrate (Fe(NO;);-9H,0,
Merck, 98.5%). The molar ratios between components
were H,O/Si =45, TPAOH/Si= 0.1, Na/OH =0.2,
Si/Al = 36, and Si/Fe = 152. The solution was trans-
ferred to a stainless steel autoclave lined with Teflon
and kept in a static air oven at 448 K for 5 days. The
crystalline material was filtered and washed with
deionized water. The as-synthesized sample (FeZSM-
Sas), in which Fe(Ill) is isomorphously substituted in
the zeolite framework, was calcined in air at 823K for
10h and was then converted into the H-form by three
consecutive exchanges with an ammonium nitrate
solution (0.1 M) overnight and subsequent calcination
at 823K for 5h (FeZSM-5¢). Finally, the catalyst was
treated in flowing steam at ambient pressure (water
partial pressure of 300mbar and 30mlmin~' of N,
flow) at 873 K for 5h, yielding ex-FeZSM-5.

3.2. Physicochemical characterization

The chemical composition of the catalysts was deter-
mined by ICP-OES (Perkin-Elmer Plasma 40 (Si) and
Optima 3000DV (axial)) and AAS (Perkin-Elmer
1100). X-ray diffraction (XRD) analysis was performed
with a Bruker AXS diffractometer, using Cu K« radia-
tion (A =0.1541nm) and a diffracted beam graphite
monochromator. Data were collected in the 260 range of
5-50° with a step size of 0.1° 26 and a counting time of
8s per step scan. Transmission Electron Microscopy
(TEM) was carried out on a Philips CM 30 T electron
microscope with a LaBg filament as the source of
electrons operated at 300kV. In order to enhance the
visibility of the small particles, the zeolites were amor-
phized by the electron beam. This process did not
induce sintering of iron oxide particles in the specimen.
’Fe Mossbauer spectra of the different FeZSM-5
samples were obtained on a constant acceleration spec-
trometer in a triangular mode with a °’Co:Rh source.
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Figure 2. Scheme of the electrochemical cell with the different components.

Spectra were obtained at 300 K in air. The overall spectra
were deconvoluted with calculated Mossbauer spectra
that consisted of Lorentzian-shape lines. In the case of
quadrupole doublets the line widths and the absorption
areas of the constituent lines were constrained equal.
Positional parameters were not constrained in the
fitting procedure. Isomer shift values are reported rela-
tive to sodium nitroprusside. The accuracy of positional

parameters is +0.03 mm sL

3.3. Electrochemical characterization

3.3.1. Preparation of modified electrodes

Graphite—polyester composite electrodes were pre-
pared using graphite powder (Aldrich, 1-2um size)
and Estratil AL-100 polyester resin dissolved in styrene
(33 vol%) acting as reactive monomer. The co-polymeri-
zation reaction was catalyzed by cobalt octoate incor-
porated in the initial prepolymer solution (0.07 vol%)
and initiated by adding ethylmethylketone peroxide
(2vol%). The composite electrode was prepared adding
45 wt% graphite to 55 wt% of polyester resin freshly pre-
pared. Zeolite-modified electrodes were prepared by (a)
lightly-ground conditioning or (b) abrasive conditioning.
Lightly-ground conditioned electrodes were prepared
by adding a drop of a suspension of the zeolite (5mg)
in acetone (5ml) to the surface of the electrode and
allowing the solvent to evaporate. Abrasive conditioned
electrodes were prepared by placing 1-2 mg of the zeolite
sample on a glazed porcelain tile forming a spot of finely

distributed material. Abrasive conditioned electrodes
were prepared by pressing and vigorously rubbing that
spot of sample over the lower end of the electrode.
Preparation of electrodes by abrasive conditioning
involves further crushing of zeolite particles, leading to
a relative enhancement of the number of electrochemi-
cally accessible iron species and thus increasing the
intensity of voltammetric peaks.

3.3.2. Instrumentation and procedures

The electrochemical experiments were carried out in a
standard three-electrode cell (figure 2) consisting of a
working electrode (graphite—polyester composite elec-
trode modified with the FeZSM-5 samples, a platinum
auxiliary electrode, and a saturated calomel reference
electrode (SCE). Experiments were performed at 298 K
after the immersion of the electrodes in the electrolyte
(aqueous) solution under Ar atmosphere and constant
stirring, with a rest time of 0—10 min. Aqueous solutions
of HCI (Probus) and NaCl (Probus) with a total con-
centration of 0.1-1.0M were used as supporting
electrolyte, with pH values ranging from 0.0 to 3.0.
Hematite (Fe,O;, Alfa, >99%), Goethite (FeOOH,
Fluka, 99%), and FeCl;-6H,O (Panreac, >98.5%) were
used as reference materials. Linear scan voltammograms
(LSVs) and differential pulse voltammograms (DPVs)
were performed at potential scan rates (v) ranging
from 1 to 200mVs~' (normally » = 20mVs ') using a
Metrohm E506 Polarecord. The pulse amplitude (AU)
in the DPVs was 80mV.
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Figure 3. TEM micrographs of (a) FeZSM-5as; (b) FeZSM-5¢; and (c) ex-FeZSM-5.

4. Results and discussion
4.1. Physicochemical characterization

The elemental analysis of the as-synthesized (FeZSM-
5as), calcined (FeZSM-5c¢), and steamed (ex-FeZSM-5)
samples is given in table 1. Comparison of the composi-
tion of the synthesis gel and the crystalline samples
during preparation of the ex-framework FeZSM-5 indi-
cates that all the iron and aluminum are present in the
solid, while a small part of the silicon is not incorporated.
Only minor differences between the as-synthesized
sample and the post-treated samples (calcined and
steamed) can be observed. The concentration of Na in
the calcined and steamed samples is below detection
limits.

TEM and *’Fe Méssbauer spectroscopy were used to
investigate the extraction of the Fe ions from the zeolite
lattice upon calcination and steam treatment. The TEM
micrograph of FeZSM-5as does not show any iron-
related phase (figure 3(a)), suggesting that all the
Fe(IlI) is present in a highly dispersed state at isolated
positions in the zeolite framework of the as-synthesized
material. Calcination of FeZSM-5as to yield FeZSM-
Sc¢ extracts some isomorphously substituted Fe to non-
framework positions, as concluded from the presence
of small iron oxide particles in the TEM micrograph
of FeZSM-5¢ (figure 3b). Steam treatment massively
dislodges iron to non-framework positions, inducing
the formation of homogeneously dispersed iron oxide
nano-particles of 1-2nm (figure 3(c)). It has been

Table 1.
Chemical composition of the crystalline samples used in this study

Sample Si/Al Si/Fe Na (wt%) Fe (wt%)
FeZSM-5as? 31.1 126.2 0.44 0.59
FeZSM-5¢ 31.6 124.9 0.00 0.64
ex-FeZSM-5 313 121.7 0.00 0.67

* Metal molar ratio in the synthesis gel: Si/Al = 36 and Si/Fe = 152.

previously shown [19] that the long-range crystalline
order of the zeolite is not affected by calcination and
steam treatment. No evidence of any other phases
besides ZSM-5 was found in the XRD of these samples.
The absence of a hematite phase can be related to (i) the
small amount of Fe, 05 present (Fe loading is 0.67 wt%
in the steamed catalyst), (ii) line broadening due to
very small crystallite particles, and (iii) the dislodged
iron as Fe,O; remains amorphous.

STFe Méssbauer spectra of as-synthesized, calcined,
and steamed FeZSM-5 samples recorded at 300K in
air are shown in figure 4. The spectrum of FeZSM-5as
(figure 4(a)) shows a broad singlet with an average
isomer shift, IS = 0.52mms™!, which has been assigned
to tetrahedrally coordinated Fe(IIl) ions [52]. Such a
broad singlet is typical for paramagnetic iron ions with
slow electron spin relaxation, implying large Fe—Fe
distances, and thus a homogeneous distribution of
Fe(I1I) ions in the ZSM-5 framework. After calcination
of the sample a considerable narrowing of the Mdss-
bauer signal is observed together with the onset of a
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Figure 4. 'Fe M&ssbauer spectra of (a) FeZSM-5as; (b) FeZSM-5¢; and
(c) ex-FeZSM-5. Measurements were carried out in air at 300 K.
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paramagnetic doublet (figure 4(b)). This is the result of
shortened electron spin relaxation times, indicating a
shortening of the Fe—Fe distances. This suggests that
calcination leads to removal of Fe(IIl) ions from the
ZSM-5 framework. The extra-framework species may
reside in cationic positions, form small iron—oxo com-
plexes, and to a minor extent, cluster in small nano-
particles, as shown in the TEM micrograph of FeZSM-
Sc¢ (figure 3(b)).

Steam treatment leading to ex-FeZSM-5 subsequently
gives rise to a well-resolved paramagnetic doublet
with an IS =0.59mms™' and quadrupole splitting,
QS = 0.90mms " (figure 4(c)). The observation of a
well-resolved doublet indicates a further increase in
electron spin relaxation rates and is interpreted by a
continued clustering of Fe(III) ions and small iron—oxo
complexes into larger particles. In addition, a small
shoulder on the high-energy line of this doublet is fitted
with a second doublet with IS =1.30mms™' and
QS = 1.59mms . The IS of this doublet suggests that
a small part of the iron is present as Fe(II) in the steamed
ex-FeZSM-5 (10% according to the spectral fitting). The
presence of Fe(Il) in the steamed catalysts will be further
discussed in the next section.

4.2. Electrochemical response

4.2.1. General voltammetric patterns

Figure 5 shows a series of cathodic differential pulse
voltammograms (DPVs) for graphite-polyester compo-
site (GPC) electrodes modified by (a) FeZSM-5as; (b)
FeZSM-5¢; (c) ex-FeZSM-5; (d) hematite; and (e)

v 7, (@
Cs
(d)
C,
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Cs Cs
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Figure 5. Cathodic DPVs for (a) FeZSM-5as; (b) FeZSM-5¢; (c) ex-
FeZSM-5; (d) hematite; and (e) goethite, attached to GPC electrodes
immersed in 1 M HCI aqueous solution; v = 20mV s7', AU =80mV.

goethite immersed in 1.0 M HCI aqueous solution. The
voltammetric responses presented in this manuscript
were reproducible (repeated at least three times). For
FeZSM-5as, only the peaks C; (+0.05V versus SCE)
and Cs (—0.15V versus SCE) are well defined. Ex-
FeZSM-5 exhibits a relatively complicated electro-
chemical pattern. In this sample, the peaks C4 and C;
are not visible and new reduction peaks at +0.65 (C,),
+0.35 (C,), +0.28 (C3), —0.55 (C4) and —0.75 (C))V
versus SCE appear. FeZSM-5¢ shows a voltammogram
in between that of FeZSM-5as and ex-FeZSM-5. In the
latter sample, the signals of both the as-synthesized and
steamed samples are present, but with a relatively low
intensity. This indicates a progressive transition of the
electroactive iron species from the as-synthesized to the
calcined zeolites, and further to the final steamed catalyst.

The results in figure 5 already indicate that the electro-
chemistry of iron species in FeZSM-5 zeolites shows
significant differences compared to that of iron oxides
and hydrous oxides. GPC clectrodes modified with
hematite and goethite show prominent cathodic peaks
in the range from —0.25 to —0.80V versus SCE (Cg
and C;). By comparison of the different patterns, it
appears that only the electrode process Cg4 recorded in
ex-FeZSM-5 can correspond to a reductive dissolution
process involving iron oxide nano-particles of 1-2nm,
which were identified by TEM analysis (figure 3(c)).

A more detailed view of the electrochemical response
of FeZSM-5-modified electrodes is presented in figure 6,
in which cathodic (C) and anodic (A) linear scan volt-
ammograms (LSVs) for GPC electrodes modified by
ex-FeZSM-5 (a and b) and FeZSM-5as (¢ and d)
immersed in 0.10 M HCI aqueous solutions are shown.

C, Ca

I Az Ay Ag
1uA
c, Cs
E e gl NS
r ol
‘_/'\/\/'—’ (@
Ve A A
+1.0 +0.5 -0.0

E/V (vs. SCE)

Figure 6. Cathodic (a, ¢) and anodic (b, d) LSVs for GPC electrodes

modified by (a, b) ex-FeZSM-5 and (c, d) FeZSM-5as, immersed in

0.10M HCI aqueous solution. Abrasive-conditioned electrodes. Contact
time 5 min; v = 20mV s
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Figure 7. Cathodic LSVs for ex-FeZSM-5 modified GPC electrodes in

0.10M HCI aqueous solution upon (a) abrasive conditioning, contact

time 5min; (b) abrasive conditioning, contact time 1 min; and (c) lightly-

ground conditioning, contact time Smin. Curve (d) corresponds to the

response of a 0.50mM FeCl;-6H,0O and 0.10 M HCI aqueous solution at
a bare GPC electrode; v =20mVs™'.

As previously shown, peaks C;-C; are very well defined
in ex-FeZSM-5, while peaks C; and Cs virtually dis-
appear after the steam treatment. In anodic scans
initiated at —0.50V versus SCE over ex-FeZSM-5,
anodic peaks at —0.18 (Ag), +0.36 (A3z), +0.42 (A,)
and 4+0.73 (A;) V versus SCE appear. Peaks Ag and A;
obscure the anodic counterparts of peaks C, and Cs,
i.e., Ay and Ag, respectively. This response is in contrast
with that obtained for FeZSM-5as, where only the C4/A4
and Cs/As couples clearly appear. Since all iron ions in
FeZSM-5as are tetrahedrally coordinated in the zeolite
framework (isomorphous substitution), as can be con-
cluded from the *’Fe M@gssbauer spectrum and TEM
micrograph of the as-synthesized sample, such electro-
chemical couples must be attributed to redox processes
involving framework iron species.
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As shown in figure 7, the peak C; in ex-FeZSM-5
(which is also present in goethite and hematite, figure
5) is close to that observed in solutions of FeCl;-6H,O
in acidic media (0.1 M HCI) at a bare GPC electrode
(compare pattern a and d). Accordingly, this peak in
the solid samples can be attributed to redox processes
involving iron ions present in solution resulting from
reductive and oxidative dissolution processes and the
leaching of iron ions in the more external surface of
the zeolite, probably in exchangeable positions. On the
other hand, peaks C; and C, in ex-FeZSM-5 likely
correspond to relatively small extra-framework species
strongly attached to the zeolite, which are formed
during the activation (calcination and steaming) of the
isomorphously substituted FeZSM-5. These assignments
are discussed below, and the electrochemical processes
involved are summarized in table 2.

4.2.2. Electrochemistry of iron oxide nano-particles

The electrode process Cg, which is characteristic of ex-
FeZSM-5, exhibits electrochemical parameters close to
those described for the reductive dissolution of iron
oxides and hydroxy-oxides (figure 1(c)) [51]. In particular,
peak potentials of C4 show a linear dependency with the
pH of the supporting electrolyte and the logarithm of
the potential scan rate, logr (at a constant pH), as
depicted in figures 8(a) and 9(a) (empty circles), respec-
tively. The same behavior was observed in hematite and
goethite (figures 8(b)—(d) and 9(b)—(d), solid diamonds).
Accordingly, the reduction of iron oxide nano-particles
generated during preparation of ex-FeZSM-5 can be
represented as:

Fe"O, + 2xH" + 2x+n—3)e” —

(1 —n)Fe*(aq.) + nFe’"(aq.) + xH,O (1)

where n represents the fraction of Fe(Ill) effectively
reduced to Fe(II). Under sufficiently acidic conditions,
n=1. The peak C; present in ex-FeZSM-5, as well
as in hematite and goethite, accounts for the metal

Table 2
Summary of the electrochemical processes involving iron species in the FeZSM-5 system. Peak potentials (£;) in mV versus SCE from LSVs in 0.10 M HCl
electrolyte; » = 20mV s7!

Peak E, (mV) Species involved Assignment * Electrochemical process

g“;i“ J;zg Framework Fe-ions YE Z[05Fe™ (OH)|(b) + M (aq.) + ¢~ = Z[OsFe (OH)|(b) + M* (b)
5/As -

Ci/A, +650 Oligonuclear Fe—oxo complexes YE Z-Fe_L"OJ.(b) +xH"(aq.) + xe~ = Z—Fe,'\,IOJ.,,\(OH)\,(b)

Cy/A, +300 Isolated Fe-ions YE Fe'll-Z(b) + M" (aq.) + e~ = Fe'-Z + M*-Z(b)

Cs —550 RD Fe'O, + 2xH" (aq.) + (2x — 2)e” — Fe’*(aq.) + xH,O

C, 750 . MD Fe**(aq.) + 2¢~ — Fe°

Aq 180 FeO, nano-particles oD Fe”Oy +2yH" (aq.) — Fe”(aq.) FyH,0 + (3 - 2p)e

Cy/A,s +280/+360 D FeCIP ™" +¢7 = FeCIZ ™" 4 (x — y)CI”

Z: zeolite; (b): sites at the boundary of the zeolite; M™: charge compensating cation
*YE: electron-transfer process on iron species attached to the zeolite boundary; RD: reductive dissolution; MD: metal deposition; OD: oxidative

dissolution; D: electron-transfer process involving species in solution.
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Figure 8. Peak potential (E},) versus pH for zeolite-modified GPC electrodes

immersed in HCI + NaCl aqueous solutions (total concentration 1.0 M);

(a) ex-FeZSM-5, peak Cg; (b) hematite, peak Cg; (c) and (d) goethite,

overlapped peaks Cg; (e) FeZSM-5as, peak Cs; (f) FeZSM-5as, peak Cy;

(g) ex-FeZSM-5, peak Cs; (h) ex-FeZSM-5, peak C,; (i) ex-FeZSM-5,
peak C,. Peak potentials from LSVs at v =20mVs ™.

deposition of the dissolved ions. For n = 1, that is:
Fe’™ 4+ 2¢~ — Fe° (2)

The anodic process Ag in ex-FeZSM-5 (figure 6(b))
has been attributed to the oxidative dissolution of
iron(IT) nano-particles [45]:

Fe"'O, + 2yH" — (1 — n)Fe’* (aq.) + nFe’* (aq.)

+yH, O+ (n+2—2p)e” (3)

The oxidative dissolution involves the presence of
iron(IT) nano-particles, suggesting the presence of both
Fe(I11) and Fe(Il) oxidation states in ex-FeZSM-5. This
result is in line with the Fe(Il) contribution identified
in the Mossbauer spectrum of the fresh ex-FeZSM-5
sample at 300 K in air (see figure 4(c)). The reduction of
a fraction of Fe(IIl) to Fe(Il) should be due to the
steam treatment, where H,O in inert N, was passed
through the catalyst at relatively high temperature
(873K). The formation of Fe(Il) in FeZSM-5 zeolites
has been explained by autoreduction, i.e., the facile inter-
conversion between Fe(IIl) and Fe(Il) in the zeolite
upon thermal treatment (>523K) in inert or vacuum
[15,53-55]. Lobree et al. [55] recently explained that the
reduction process involves release of molecular oxygen
and dehydration of initially present [Fe(OH),]"Z ", lead-
ing to the formation of [Fe(OH)]*Z . It is likely that the
presence of H,O during the steam treatment lowers the
extent of Fe(Ill) reduction, since heat treatment of

E,/V (vs. SCE)

+0.8 + T T T T
0 1 2
log v
Figure 9. Peak potential (£) versus the logarithm of the potential scan rate
(logv) for zeolite-modified GPC electrodes immersed in 0.10M HCI
aqueous solutions; (a) ex-FeZSM-5, peak Cg; (b) hematite, peak Cg;
(c) and (d) goethite, overlapped peaks Cg; (¢) FeZSM-S5as, peak Cs;
(f) FeZSM-5as, peak Cy; (g) ex-FeZSM-5, peak C,; and (h) ex-FeZSM-5,
peak C,. Peak potentials from LSVs at v = 20mVs~!.

the steamed sample in dry helium at 623 K for 2 h leads
to reduction of 50% of the present Fe(III) to Fe(IT) [28].
The possibility of the reduction process being due to the
contact of the zeolite with the electrolyte can be ruled
out, as concluded from analyses of the zeolite sample
obtained after contact with such electrolyte during times
corresponding to electrochemical measurements. This
could also be concluded from the fact that in the calcined
FeZSM-5¢ sample peak Ag was not identified, indicating
that the formation of Fe(Il) is purely due to the steam
treatment.

4.2.3. Electrochemistry of framework Fe species

The C4/A4 and Cs/A;5 couples, which are mainly visi-
ble in the isomorphously substituted FeZSM-5as sample,
can be assigned to electron-transfer processes involving
framework iron atoms. The peak potentials are essen-
tially pH-independent (figures 8(e), (f), solid circles),
suggesting that protonation/deprotonation processes
are not included in the rate-determining electrochemical
reaction. In parallel, peak potentials are independent of
the potential scan rate (figures 9(e), (f), solid circles), as
expected for the case of electroactive species strongly
attached to the electrode surface or confined to a thin
layer on the electrode. The voltammetric profiles are
close to that shown in figure 1(b), suggesting that the
electrochemical process involves iron species strongly
bound to the zeolite. The existence of two couples can
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be attributed to two different framework redox isomers
having quite similar coordination environments. A simi-
lar situation has been recently reported by Venkatathri
et al. [56] for vanadium-containing zeolites. The electro-
active iron species can be described here in terms of
O3;Fe(OH) centers, similar to the O;Ti(OH) redox
isomers identified in TS-1 (titanium silicalite-1) [57—-59].
The redox process of these iron centers, which should
be located in a boundary region of the zeolite framework,
can be represented as:

Z[0sFe™(OH)|(b) + Mt (aq.) + ¢~ =
Z[05Fe" (OH)](b) + M (b) (4)

where Z is the ZSM-5 zeolite and (b) denotes the sites at
the boundary of the zeolite and M is a charge-balancing
electrolyte cation.

4.2.4. Electrochemistry of extra-framework Fe species

As previously discussed [45], the couple C, /A, is attri-
butable to a redox process involving extra-framework
iron ions in the zeolite boundary:

Fe""Z(b) + MT(aq.) + ¢~ = Fe'-Z(b) + MT-Z(b) (5)

whereas the couple Cs;/A; should correspond to an
electron-transfer step involving iron ions in solution as
suggested by the presence of this couple in LSVs
recorded over a bare GPC electrode immersed into a
diluted solution of FeCl;-6H,O in 0.10 M HCI (figure
7(d)). The presence of this couple in voltammograms of
zeolite-modified electrodes results from the leaching of
iron ions located in the more external sites of the zeolite,
in agreement with literature data for zeolite-encapsulated
complexes [43,60]. This is experimentally supported by
the variation observed in the electrochemical response
of ex-FeZSM-5 with the mechanical work imparted to
the sample and the contact time of the modified electrode
immersed into the supporting electrolyte (figure 7).
Accordingly, for abrasive-conditioned ex-FeZSM-5
(figure 7(a), (b)) all peaks C;—C4 are well defined,
whereas for lightly-ground conditioned ex-FeZSM-5
(figure 7(c)) only the peaks C; and C4 can be clearly
distinguished. On prolonging the contact time between
the eclectrode and the electrolyte, the intensity of the
peaks is enhanced, as can be seen on comparing figure
7(a) and (b). In agreement with the foregoing considera-
tions, peaks C; and Aj; exhibit a typical “diffusive”
behavior (figure 1(a)), and can be attributed to a redox
process involving iron—chloride complexes in solution
resulting from leaching and reductive/oxidative dissolu-
tion processes. The peak potential of the electrode
process is independent of the pH (figure 8(g), empty
circle), and can be represented as:

)+

Fe'cll ™" 4o = F'all ™ 4 (x— p)alm. (6)

The peak potential of the couple C;/A; follows a
linear dependency with the pH and the potential scan
rate (figures 8(i) and 9(h) (empty circles), respectively).
In addition, the voltammetric curves exhibit a symmetric
shape, which is characteristic of species strongly attached
to the electrode surface. We have tentatively assigned the
response to small iron oxo-complexes in the zeolite
channels that remain attached to the zeolite boundary.
These species undergo a rate-determining protonation
process couple with the electron-transfer step, as
suggested by the slope of the E, versus pH dependency
(65mV).

Z-Fel'0,(b) + xH" (aq.) + xe” Z-FellO, _ (OH),(b).
(7)

The couple C,/A, also approaches the response of
electrode-attached species (figure 1(b)). In this case,
peak potentials vary linearly with the potential scan
rate but are independent of the pH (figures 8(h) and
9(g) (empty circles), respectively). This couple is
attributed to a redox process involving isolated iron
ions in cationic positions of the zeolite. This behavior,
which has been previously reported for Mn (salen)
complexes encapsulated in the channels of zeolite Y
(66), can be represented by:

Fe'-Z(b) + MT(aq.) + e Fe''-Z + M™-Z(b).  (8)

5. Conclusions

Electrochemical response techniques in combination
with TEM and >’Fe Mdssbauer spectroscopy have
been used to characterize various iron species in the

different stages of preparation of ex-framework
FeZSM-5. Electrochemical characterization of the
different stages of preparation of ex-framework

FeZSM-5 provides unique information with respect to
iron species in the material. Different species can be
identified at the same time, including iron oxide nano-
aggregates, tetrahedrally coordinated framework iron
atoms, octahedrally coordinated extra-framework iron
ions, and iron—oxo complexes located at the boundary
region of the zeolite. Characteristic iron-centered elec-
trode processes can be described for different electro-
active species on the basis of the shape of voltammetric
curves and the variation of electrochemical parameters
on the pH and potential scan rate. Accordingly, distinc-
tive electrochemical responses can be obtained. Fe(III)
nano-particles display reductive dissolution processes,
while Fe(II) nano-particles lead to oxidative dissolution
processes. Tetrahedral iron atoms in framework posi-
tions, and iron species in the zeolite channels (in the
form of isolated exchangeable atoms or as oligomeric
iron oxo-complexes attached to the zeolite boundary)
yield electron-transfer processes that approach that
of strongly electrode-attached species with distinctive
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variations of the electrochemical parameters on the pH
and potential scan rate.
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