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Abstract

Utilization of the full exchange capacity of zeolites has been achieved by shortening diffusional lengths on a mild alkaline leaching treatment.
Iron was fully incorporated by liquid-phase ion exchange on ZSM5 without the formation of Fe-oxides, leading to improved activity in the N2O-
decomposition reaction. It is demonstrated that the large crystal size of the zeolite dominates the FeIII-exchange process. The crystallinity of the
ZSM5 zeolite can be tuned down by postsynthesis modification of commercial samples by caustic leaching. Under the study conditions, two phe-
nomena were observed: (i) The size of the zeolite agglomerates is significantly reduced while the microporosity is preserved, and (ii) at prolonged
treatment, an additional mesopore network is created. The mesopores display a wide pore size distribution with randomly organized mesopores.
The MFI lattice is well preserved in both cases. Based on the characterisation data and activity results, it is concluded that deagglomeration of the
zeolite crystals enables full exchange. The newly created mesopores at harsher conditions are not responsible for the improved exchange. At short
leaching times, full-exchange loading of FeIII is achieved (and negligible inactive FeOx ), leading to a considerable enhancement of the activity
for N2O decomposition. Mesopore formation does not further improve the performance of N2O decomposition. From the activity increase, it is
concluded that a “fraction” of the extra Fe becomes active, which increases with the exchange degree.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Zeolite-based catalysts have proven industrial possibilities
for redox reactions. The use of Fe-MFI systems for direct N2O
decomposition has been described in several publications [1–4].
Fe-ZSM5 catalysts have also attracted much attention due to
their extraordinary activity for hydrocarbon-assisted reduction
of N2O [5,6], N2O reduction by NH3 [7], oxidation of benzene
to phenol (Panov’s group [8]), and selective catalytic reduction
(SCR) of NOx with hydrocarbons [9–12] and NH3 [13].

There has been increasing interest in Fe-ZSM5 catalysts,
especially in attempts to prepare “overexchanged” catalysts.
Alternative procedures to the approach of Feng and Hall
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[9,10,14] have been investigated in gas-phase [15–21], solid-
state [11,12,22], and aqueous ion exchange using different
types of Fe-salt solutions [13–27]. Sublimation of FeCl3 results
in Fe loadings as high as Fe/Al = 1, but it is generally observed
that after washing and calcination iron is clustered to inactive
FeOx [28]. Alternatively, Pérez-Ramírez et al. reported a prepa-
ration method based on poststeamed isomorphously substituted
Fe-ZSM5 zeolite [29]. Although this method lacks flexibility
in Fe loading, a small fraction of Fe (typically 0.5 wt%) yields
excellent performance for N2O decomposition.

In industrial applications, aqueous or wet ion exchange
(WIE) is the simplest methodology, because it involves fewer
steps and the process parameters (e.g., pH, temperature, con-
centration) are easily accessible. However, during preparation
of Fe-ZSM5 by WIE, we have systematically achieved less than
half of the full exchange capacity. Studies addressing this prob-
lem are scarce or partially overlooked in the literature.

http://www.elsevier.com/locate/jcat
mailto:i.v.melian.cabrera@rug.nl
mailto:f.kapteijn@tnw.tudelft.nl
http://dx.doi.org/10.1016/j.jcat.2005.11.034


I. Melián-Cabrera et al. / Journal of Catalysis 238 (2006) 250–259 251
Fig. 1. (Right) Problem definition. Large crystal size combined with the surface diffusion in zeolites makes the exchange process rather slow. FeIII hydrolysis to
inactive Fe(OH)3 simultaneously competes. (Left) This is confirmed with exchange experiments with BEA and FER, where a complete exchange is achieved.
This problem stems from the zeolite crystal size. The ze-
olite’s agglomerates, depicted in Fig. 1 (right), contain large
crystals (>2 µm), implying large diffusional paths. This, com-
bined with the rather low surface-diffusion coefficients for ze-
olites (typically 10−8 cm2/s), makes the exchange rather slow.
The time required for the Fe species to diffuse along those chan-
nels would be days. Extending time or Fe concentration may
facilitate full exchange. However, an undesired process, hydrol-
ysis of FeIII to inactive FeOx , is competing. This situation is
illustrated in Fig. 1.

Alternatively, full exchange levels can be achieved by short-
ening the diffusional lengths by decreasing the size of the zeo-
lite crystals. In contrast to acid leaching, which removes frame-
work Al [30,31], alkaline treatments preferentially extract Si,
as initially reported by the Mobil Research & Development
team [32–34]. Subsequently, several groups applied this tech-
nique in a more extended fashion [35–42]. There have been two
major topics of interest: (i) aluminum zoning coupled with de-
silication and (ii) intracrystalline mesoporosity development to
create hierarchical porous systems. Recently, new observations
were reported [43]. We made use of the desilication effect of
NaOH solutions and introduced an approach based on fractur-
ing the crystal agglomerates of commercial zeolites. ZSM5 was
fully Fe-exchanged by treating the parent zeolite with a base
solution before the exchange. It demonstrated improved perfor-
mance in N2O decomposition. In this paper, the evolution of
the porous structure is explored, and structural characterisation
and activity measurements are used to determine the optimal
leaching conditions for full exchange.

2. Experimental

2.1. Parent zeolite

The ZSM5 zeolite, acquired from Alsi Penta (AP-SM27),
consists of an ammonium form with a Si/Al ratio of ca. 12
(measured by inductively coupled plasma spectroscopy [ICP]),
in agreement with the commercial specifications. Chemical
analysis also revealed trace amounts of iron (ca. 500 ppm). The
use of commercial zeolites implies a more complex system in
terms of less well-defined sample (sample history). However,
its high direct applicability as a catalyst as well as a precursor
for the preparation of other materials (e.g., Fe-zeolites) justifies
its use.

2.2. Alkaline treatment of the samples applying NaOH
solutions

The NH4-ZSM5 zeolite was treated with an alkali solution
at different conditions, followed by exchange with a NH4NO3

solution to recover the NH4
+ form. Finally, iron was intro-

duced by WIE under controlled conditions. During the alkaline
treatment, the sample was subjected to a 0.2 M NaOH solu-
tion (75 ml of solution per g of zeolite). The slurry mixture was
refluxed at 353 K. The procedure was carried out for two differ-
ent durations (leaching time), 30 and 120 min. These durations
were selected after a preliminary screening over a wider win-
dow and are representative for “mild” and “severe” conditions.
The samples were filtered, washed, dried, and finally exchanged
twice with 0.5 M NH4NO3 at 353 K for 1 h (50 ml of solution
per g of zeolite).

2.3. Catalyst preparation

The incorporation of Fe was carried out by WIE on both the
as-received zeolite (reference) and modified samples by alka-
line treatment. Aiming for a theoretical iron loading of 2.0 wt%,
the catalysts were prepared under acidic conditions (pH ca. 2.5)
to avoid the precipitation of FeOx species. After filtering, wash-
ing, and drying, the catalysts were calcined at 773 K for 4 h.
The catalyst precursors (treated zeolites) and catalysts (contain-
ing Fe) are designated as AT-30 (alkali treated for 30 min) and
AT-120 (alkali treated for 120 min).
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2.4. Physicochemical characterisation

The chemical composition of the catalysts was determined
by ICP-OES using a Perkin-Elmer Optima 3000DV (axial).
Possible structural changes of the modified materials were stud-
ied by X-ray diffraction (XRD). A Cu-Kα X-ray source was
used (λ = 0.1541 nm), and data were collected in the range of
5–35 (2θ , ◦) with a step size of 0.02◦ (2θ) and a counting time
of 2 s (step mode operation). Fourier transform infrared (FTIR)
spectra were recorded in He on a Nicolet Magna 860 Fourier
transform spectrometer using a Spectratech diffuse reflectance
accessory, equipped with a high-temperature cell. The sample
was pretreated at 473 K for 2 h in a flow of He to remove phy-
sisorbed water and any contaminants.

Temperature-programmed reduction (TPR) with H2 was per-
formed in a Micromeritics TPD/TPR 2900 apparatus, using a
high-purity mixture of 5 vol% H2 in Ar to reduce the samples.
Cupric oxide (Aldrich) was used for calibration. The follow-
ing procedure was applied: (1) heating the samples in He at
423 K for 1 h, (2) cooling to room temperature in the same
gas, (3) flushing with He for 0.5 h at room temperature to sta-
bilize the baseline, and (4) switching to the reductive H2/Ar
mixture and starting the temperature program (at a heating rate
of 10 K/min). The gas at the reactor outlet was passed through
a cold trap (acetone–dry ice) to remove the water produced
during the reduction before entering the thermal conductivity
detector.

Temperature-programmed desorption–mass spectroscopy
(TPD–MS) measurements were carried out in a Mettler Toledo
system (TGA/SDTA 851E) equipped with a Thermo-Star
quadrupole mass spectrometer. The sample, typically 15 mg,
was stabilized in helium (60 ml/min) at 303 K for 30 min, then
heated to 1073 K at a rate of 10 K/min, while continuously
monitoring the fragments m/z = 17 (mainly NH3 and negligi-
ble contribution of water) and 18 (H2O).

The morphology and texture of the samples were studied
by scanning electron microscopy (SEM) and N2-physisorption.
Nitrogen adsorption at 77 K was carried out in a QuantaChrome
Autosorb-6B apparatus. Samples were previously evacuated at
573 K for 16 h. Surface area (SBET) of the samples was calcu-
lated by the BET method [44], micropore volume (Vmicro) was
determined using the t -plot method [45], and pore size distrib-
utions of the solids were derived using the BJH method [46].
Using BET areas for zeolites is generally accepted, particu-
larly when the comparison is done on the same structure type.
SEM images were recorded with a Philips XL 20 microscope at
10 kV. The samples were coated with gold to improve contrast.

2.5. Catalytic measurements

Activity tests were carried out in a six-flow reactor sys-
tem. Each run used 50 mg of catalyst particles (125–250 µm).
The catalysts were tested in pure N2O/He conditions (4.5 mbar
N2O) at a total pressure of 3 bar. Space–time was calculated as
W/F ◦(N2O) ≈ 900 kg s mol−1, where W is the catalyst mass
and F ◦(N2O) is the molar flow of N2O at the reactor inlet).
The products were discontinuously analyzed by gas chromatog-
raphy (Chrompack CP 9001) and continuously analyzed with a
chemiluminescence NO-NO2 analyzer (Ecophysics CLD 700
EL). The chromatograph was equipped with a Poraplot Q col-
umn (for N2O and N2/O2 separation) and a Molsieve 5A col-
umn (for N2 and O2 separation). Before reaction, the catalysts
were pretreated in He at 673 K for 1 h, then cooled in the same
gas to the starting reaction temperature. After 1 h of operation,
the concentration of the different gases was constant and thus
considered steady state. Preliminary studies [47] verified the
absence of diffusion limitations on the reaction rate for this re-
action.

3. Results

3.1. Fe-exchange hindrance on ZSM5

Boosting the Fe-ZSM5 performance by increasing Fe load-
ing is not straightforward, as illustrated in Fig. 2, which shows
the performance of several Fe-ZSM5 catalysts. The catalysts
were prepared aiming at three different iron concentrations: 0.5,
1.0, and 5.0 wt% nominal. The latter case contained an excess
of Fe-salt solution (corresponding to a 250% exchange level).
No activity increase was observed. The activity was about the
same for the two high-iron cases (1.0 and 5.0 wt%). Elemental
analysis (ICP in Table 1) indicates that the achieved Fe con-
tent in the samples was no greater than 0.9 wt%, even when
using an excess of Fe-salt. This drawback is caused by the crys-
tal size effect of ZSM5 during WIE as mentioned earlier. This
is further supported with experiments using BEA and FER zeo-
lites. As shown in Fig. 1, these zeolites contain smaller crystals
and were fully exchanged (data not shown), confirming the ex-
istence of a diffusional barrier on ZSM5 for exchange.

3.2. Crystal deagglomeration and full Fe-exchange

The accessibility of the exchange sites can be improved
by alkaline leaching. Applying a base solution before the ex-

Fig. 2. Un-treated Fe-ZSM5 catalysts. Effect of the targeted iron load-
ing on N2O decomposition activity for the ZSM5 system. Reaction con-
ditions: 4.5 mbar N2O, He balance at 3 bara total pressure and W/F ◦
N2O = 900 kg s mol−1. (!) parent ZSM5; (2) 0.5; (") 1.0 and (Q) 5.0 wt%
Fe.
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Table 1
Summary of exchange levels and Si/Al ratios derived from ICP-OES analyses

Sample Fe (wt%)
(target)

Fe (wt%)
ICP

Exchangec

(%)
Si/Al
(mol/mol)

ZSM5 as-received – 468a 2.2 12.5
0.5Fe-ZSM5 0.50 0.47 23.2 12.8
1.0Fe-ZSM5 1.00 0.90 46.3 12.7
5.0Fe-ZSM5 5.00 0.86 35.8 13.4
Fe-AT-30b 2.00 1.93 101.8 13.0
Fe-AT-120b 2.00 1.98 100.5 10.9

a In parts per million (ppm).
b AT means alkaline treated.
c As (Fe/Al)ICP × 300.

Fig. 3. SEM pictures of ZSM5 samples: (A) parent ZSM5 and (B) alkali treat-
ment 30 min (AT-30).

change provokes desilication while leaving the Brønsted sites
unchanged. This was concluded earlier based on NH3-TPD ex-
periments [40] and FTIR measurements in the OH-stretching
region [48] showing that controlled alkaline treatment gener-
ally preserved zeolite acidity. Deagglomeration of the crystals
is also expected to occur, as earlier confirmed by SEM. Fig. 3
presents the most relevant SEM results. The as-received mate-
rial (case A) presents agglomerates of large (2–4 µm) crystals.
A significant change is observed on alkaline treatment (case B),
with large crystals broken down into smaller ones, with parti-
cles <1 µm visible. Similar results were obtained for the AT-
120 material.

Alkaline treatment did not lead to any dramatic structural
changes, as revealed by XRD. Fig. 4 shows the XRD patterns of
the ZSM5 samples before and after alkaline leaching. Although
the intensity of the reflections was decreased considerably, the
MFI lattice was preserved at long-order range. The reduced in-
tensities, also observed elsewhere [40,41], are consistent with
the smaller particle size detected by SEM.
Fig. 4. XRD patterns of ZSM5. Effect of alkali treatment time.

Table 2
Crystallinity loss estimation for different treatment times

Sample Crystallinitya (%) Crystallinity reduction (%)

ZSM5 as-received 100 –
Fe-AT-30 66 34
Fe-AT-120 42 58

a Based on the intensity of the reflection at 2θ = 7.94◦ corresponding to the
(011) plane.

Table 2 gives a rough calculation of the crystallinity loss on
leaching time. This is an indicative calculation taking the most
intense peak as a reference [2θ Cu-Kα = 7.94◦, corresponding
to the (011) plane]. For the severe treatment (AT-120), the crys-
tallinity of the zeolite decreased by >50%, and some intensity
ratios changed with respect to the parent sample.

SEM results indicate that deagglomeration occurs, and that
the diffusional limitations of FeIII during WIE could be suffi-
ciently eliminated to allow full exchange. At such conditions,
Fe exchange is facilitated, as confirmed by ICP measurements
on the Fe loadings (Table 1) showing that full FeIII exchange
values are achieved on alkaline leaching.

Examining the Si/Al ratio is also essential to gaining a bet-
ter understanding of the processes involved. Although the Si/Al
ratio for AT-30 remained fairly constant, a reduction can be ob-
served for the prolonged leaching time sample (Fe-AT-120).
A decrease of around 15% means that a fraction of silicon
was extracted during treatment while aluminium was left in the
structure. Thus the exchange capacity of the material increases
per unit of weight. These results on leaching are in agreement
with the literature [32–42].

Based on the ICP results, two major conclusions can be
drawn:

1. A fully exchanged FeIII-ZSM5 zeolite can be prepared on
mild alkaline pretreatment. The improved activity of this
material is apparently related to a higher amount of Fe
loaded in the zeolite matrix.

2. The Si/Al ratio decreases only after prolonged treatment.
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Fig. 5. Infrared spectra of the OH stretching region of the sample after var-
ious treatments. Spectra taken at 473 K after outgassing. (A) H-form ZSM5
obtained by calcination of the NH4-form at 823 K, (B) alkaline treated ZSM-5
(Na-form), (C) NH4NO3 exchange + calcination, (D) Fe-AT-30 catalyst.

Diffuse reflectance Fourier transform infrared spectroscopy
analysis of the Brønsted sites gave further evidence of full ex-
change. The OH-stretching region was monitored on the vari-
ous treatments. As shown in Fig. 5, the following events occur:
disappearance of the adsorption band at 3610 cm−1, character-
istic of Brønsted acid sites [49] on alkaline treatment due to
the full exchange with Na+ (B); full recovery of the band on
ion exchange with NH4NO3 and subsequent calcination (C);
and final disappearance of the band on FeIII exchange (D).
This proves that indeed Fe is responsible for the disappear-
ance of the absorption band at 3610 cm−1. The increased silanol
band at 3740 cm−1 on treatment results from the larger exter-
nal surface area on treatment. Interestingly, no distinct signs
of additional extra-framework Al species were observed in the
alkaline-modified samples, in agreement with the preferential
desilication effect on caustic washing.

Full exchange was complimented by TPD-MS studies. If full
exchange were not achieved, then ammonia (from ammonium
groups) would be released from the sample on thermal treat-
ment, as the FeIII exchange was performed in the NH4-modified
samples. The samples were heated in He while continuously
monitoring the m/z = 17 and 18 fragments. As seen in Fig. 6,
only the starting zeolite contained noticeable NH4

+ groups. For
the Fe-AT cases, small and broad NH3 peaks can be seen that
quantitatively correspond to 7 and 5% of initial NH4

+ for Fe-
AT-30 and -120, respectively. Thus, the true exchange level lies
between 93 and 95%, which is close to full exchange. Based on
the targeted Fe concentration of 2 wt%, the expected exchange
degree indeed corresponds to a 95% exchange.

TPR reveals the reductive character of the Fe species and
also confirms the full Fe exchange achieved. The TPR profiles
are presented in Fig. 7B. Two catalysts of the untreated samples
were included for comparison (A). The base-leached samples
show a reduction peak around 700 K attributed to FeIII-to-FeII

reduction in exchanged positions of zeolites [27,50,51]. A very
small contribution around 900–950 K was observed especially
for the AT-30, due to traces of FeOx . In contrast, the untreated
Fig. 6. TPD-MS of the samples upon thermal treatment in helium. Fragments
m/z = 17 (essentially NH3 and a negligible contribution of H2O) and 18 (H2O)
were monitored continuously. Samples: (1) starting NH4-ZSM5 zeolite, (2)
Fe-AT30, (3) Fe-AT120 and (4) blank experiment. Both samples (2) and (3)
refer to the catalysts after Fe-exchange but before calcination. Conditions: pure
helium; ramp 10 K min−1. Traces of m/z = 17 were amplified (×3) to improve
clarity.

samples contain a large proportion of FeOx . This assignment of
FeOx peak is based on H2-reductive experiments with Fe2O3

reported earlier [27]. The FeOx species comprise all possible
Fe species thermodynamically predicted from nitrate solutions,
including amorphous Fe hydroxide, hematite (α-Fe2O3) and
goethite (α-FeO(OH)) [52].

Table 3 summarises the quantitative analysis of the TPR
measurements. Both the total H2 consumption in the TPR, ex-
pressed as H2/Fe, and the proportion of FeOx were estimated.
The H2/Fe ratio for the modified samples remained close to 0.5,
the stoichiometric value for the FeIII-to-FeII step, but increased
for the unmodified samples containing large proportions of
FeOx . The amount of FeOx can be roughly calculated by de-
convoluting the profile in different peaks (see the estimates in
Table 3) and taking into account a low-temperature contribution
of FeOx at 700 K (hematite to magnetite) corresponding to 1/8
of the high-temperature contribution (magnetite to Fe0), while
the overall reduction of FeOx consumes a H2/Fe ratio of 1.5.
The treated catalysts contain a very small fraction of FeOx clus-
ters, ca. 1% of the total Fe, meaning that virtually all of the iron
is present as exchanged species. The profiles for the untreated
samples in Fig. 7A indicate large proportions (ca. 15–30%) of
FeOx .

3.3. Textural changes on base treatment

It has been demonstrated that NaOH treatment is beneficial
in terms of improving exchange for Fe-ZSM5. Both treatment
times (AT-30 and AT-120) showed similar trends in terms of ex-
change degree. This section reports a thorough study of porosity
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Table 3
Summary of TPR analysis of the catalysts

Sample Fe (wt%)
(target)

Fe (wt%)
ICP

H2/Fe FeOx
a

(%)
Feb

(wt%) exch.LT(ca. 700 K) HT(ca. 900 K) Total

0.5Fe-ZSM5 0.50 0.47 0.410 0.350 0.760 27 0.3
5.0Fe-ZSM5 5.00 0.86 0.460 0.210 0.670 15 0.5
Fe-AT-30 2.00 1.93 0.400 0.005 0.400 < 1 1.9
Fe-AT-120 2.00 1.98 0.490 0.005 0.490 < 1 2.0

a % FeOx respect to the total Fe, as a rough calculation by the equation below. It is assumed that the low-temperature contribution for FeOx corresponds to 1/8th
of the HT:

(Fe2O3)clusters = (1 + 1/8)HT

1.5

/[
(1 + 1/8)HT

1.5
+ LT − 1/8HT

0.5

]
.

b Values between parenthesis wt% of exchanged Fe: Fe(ICP) × (100 − % FeOx).
Fig. 7. H2-TPR profiles of the Fe-ZSM5 systems: (A) from the parent ZSM5
and (B) from alkali treated ZSM5. Conditions: 5% H2/Ar; ramp 10 K min−1.

evolution (textural changes) based on N2 physisorption analy-
sis.

Fig. 10 shows the N2 adsorption and desorption isotherms of
the parent sample and AT samples. The isotherm of the ZSM5
sample is characteristic of microporous materials with a plateau
at high relative pressures (type I, IUPAC). It also contains some
minor mesoporosity and macroporosity effects. In general, mi-
croporosity prevails in the modified samples, as can be derived
from the high uptake of N2 at low relative pressures (<0.1). The
isotherm of AT-30 is rather similar to that of the starting ma-
Fig. 8. N2 adsorption isotherms at 77 K of alkaline-treated ZSM5 samples
(AT-30 & AT-120) as well as the starting zeolite.

Table 4
Surface areas and pore volumes of Fe-ZSM5 catalysts before and after alkali
treatment

Sample SBET
a

(m2/g)
V total
(cm3/g)

V micro
(cm3/g)

SA meso
(m2/g)

SA micro
(m2/g)

ZSM5 as-received 405 0.21 0.16 35 370
Fe-AT-30 336 0.20 0.12 54 282
Fe-AT-120 364 0.38 0.09 135 229

a For comparison between the samples, the specific surface area was deter-
mined by the BET method, even this method has no physical meaning for
microporous zeolites.

terial; however, the adsorption behaviour of AT-120 indicates
noticeable hysteresis at high p/p0 values, related to the creation
of mesopority in the intraparticle space of the zeolite. The N2

isotherm is transformed from type I to combined types I and IV
with pronounced hysteresis. The largely parallel disposition of
the adsorption and desorption branches of the loop suggests, in
contrast to cavities, the presence of open mesopores connected
to the outer surface [53]. The presence of both microporosity
and mesoporosity in AT-120 is confirmed by the t -plot results
compiled in Table 4.

Table 4 shows the adsorption parameters of the samples.
For AT-30, the majority of the surface area arises from the
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Fig. 9. BJH pore size distribution derived from N2-adsorption (") and desorp-
tion (!) isotherms for the modified samples. Asterisk indicates TSE effect.

micropores, with only a small fraction of mesoporosity cre-
ated. Although argon physisorption was not done to evaluate
microporosity, values in Table 4 for AT-30 indirectly reveal
that the micropores are affected (ca. 25% reduction in terms
of micropore volume). The mesopore size distribution given
in Fig. 8 (bottom) shows no mesoporosity development until
100 nm. The increase in mesopore area (from 35 to 54 m2/g)
likely results from the newly formed interparticle area (origi-
nating from the deagglomeration) at dimensions >0.1 µm. This
is consistent with the AT-30 crystal sizes <1 µm observed
on SEM. Moreover, because the reduced micropore volume
is not accompanied by substantial mesopore development, the
diminution can be ascribed to both pore blockage during the
defragmentation process and the formation of smaller crys-
tal domain sizes, which typically have smaller micropore vol-
umes [54].

The pore size distribution of the AT-120 sample includes a
wide range of mesopores (4–50 nm). The t -plot analyses indi-
cate that the mesopore contribution to the total area is enhanced
significantly, by almost 400% of the original value (Table 4).
Additionally, whereas the total pore volume remains constant
between AT-30 and ZSM5, the value for AT-120 increases con-
siderably (from 0.20 to 0.38 cm3/g). Much void space has been
formed, leading to a less-dense solid. In addition, for AT-120, it
can be concluded that even though micropore volume decreases
after treatment, micropore size should remain unaffected, as
has been reported for other commercial ZSM-5 zeolites [41,48]
based on high-resolution, low-pressure Ar adsorption measure-
ments.

The type of hysteresis (H3) indicates “slit pores.” However,
a broad distribution of randomly organized mesopores will of-
Fig. 10. N2O decomposition experiments. Effect of the alkaline leaching on
the base promoted catalysts: (F) Fe-AT-30 and (!) Fe-AT-120. Reaction
conditions: 4.5 mbar N2O, He balance at 3 bara total pressure and W/F ◦
N2O = 900 kg s mol−1. Grey symbols correspond to data in Fig. 2.

ten result in an H3-type hysteresis loop, indeed suggesting slit-
shaped geometry even when the pores have a different geome-
try. This is particularly true when pore size crosses the critical
4-nm size range, leading to an emphasized lower closure point
of the hysteresis loop. In previous work [55] we visualized an
ill-defined geometry of the pores, with a broad distribution of
pore sizes, but far from slit-shaped.

Finally, it is worth mentioning that analysis of the desorp-
tion branch on these materials can lead to misinterpretation of
the physical reality of the samples. An intense peak at ca. 3.8–
3.9 nm (Fig. 8) is due to the tensile strength effect (TSE) [53,56,
57]. TSE appears as a forced closure of the hysteresis loop due
to a sudden drop in the adsorbed volume along the desorption
branch in the p/p0 range of 0.41–0.48. The physical nature is
related to the increased tensile strength in the adsorbed phase.
More details on this have been provided previously [57].

3.4. N2O decomposition activity measurements

The activity of the AT catalysts, together with the untreated
samples for comparison, was tested in N2O decomposition
(Fig. 9). The alkaline treatment noticeably increased perfor-
mance. The Fe-AT-30 and Fe-AT-120 samples had very similar
activity levels. Prolonged treatment had no further effect on the
catalytic properties.

Knowledge of the actual proportion of FeIII exchanged is
essential to interpreting the activity trends. The activity in the
N2O decomposition reaction is related not to the total amount
of iron (i.e., total area of the TPR peaks), but rather mostly to
the exchanged species located at 600–750 K. At higher tem-
peratures, relatively inactive Fe-oxide is reduced, as shown on
TPR. Combining the chemical analysis and TPR results can
provide a rough estimate of the wt% of Fe in exchanged posi-
tions (Table 3). It appears that the activity improvement results
from increased Fe loading in Brønsted positions.
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Fig. 11. Evolution of the sample’s morphology upon caustic leaching.
4. Discussion

The efficient use of the Brønsted sites during Fe WIE has
been explored by several research groups. Van den Brink et
al. [27] used concentrated solutions of FeII–Mohr’s salt and pro-
longed time; nevertheless, large amounts of FeOx were formed
that partially blocked the micropores after calcination, as dis-
cussed by Bitter et al. [28]. The first systematic work on the
effect of the exchange level of Fe-ZSM5 was carried out by Ya-
mada et al. [26], who achieved different Fe exchange levels but
did not explain in detail how they did so. They achieved no ex-
change level >80%, confirming the aforementioned complexity
of Fe-ZSM5.

It is clear that diffusional control occurred during exchange,
and that the process could be performed for a prolonged time
(days). The simultaneous hydrolysis of FeIII occurred, and in-
active species were formed. Even though the exchange was
carried out in acidic medium (pH = 2.5), hydrolysis was still
considerable. This is evidenced by TPR findings showing sig-
nificant FeOx (ca. 15–30%) for the untreated Fe-ZSM5 sam-
ples. According to thermodynamic predictions (in homoge-
neous solution), the extent of FeIII hydrolysis should be <3%
(for 0.002 M total Fe); however, TPR demonstrated larger pro-
portions of FeOx . This can be explained by the local pH effect
in the zeolite pores. As documented in the literature [25,58],
electrostatic restrictions in the microchannels and cavities in-
duce water dissociation of the coordinated water, giving rise to
hydrolysed species,[
Fe(H2O)6

]
3+ → H+ + 5H2O + Fe(OH)2+

→ [· · ·] → Fe(OH)x . (1)

As long as the Fe species are not exchanged, they slowly hy-
drolyse, leading to pore blocking. Thus, extending the exchange
time is not an appropriate approach to accomplishing full ex-
change on large-crystal zeolites. We applied alkaline leaching
before FeIII WIE to reduce the diffusional lengths by cracking
the crystal agglomerates.

The morphological and textural changes induced to the sam-
ples during desilication are summarized in Fig. 11. The starting
material consisted of relatively large crystals of a commercial
ZSM5 sample (Fig. 11, top). On short time treatment (AT-30),
the sample underwent an initial transformation in which the
crystal size was reduced considerably, leading to a slight in-
crease in mesopore surface area. This refers to the newly inter-
crystalline region created, which cannot be readily deduced by
examining the total BET area, because micropores are reduced
from 0.16 to 0.12 cm3/g. Because this decrease is not accom-
panied by the development of substantial mesoporosity, the mi-
cropore reduction is likely due to pore blockage or to formation
of smaller crystal domain sizes, which typically have smaller
micropore volumes. The Si/Al ratio remained fairly close to
the original value (starting zeolite), suggesting that deagglom-
eration involves similar dissolution of both Si and Al. Based on
the multitechnique approach, a short treatment time (30 min for
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the particularly applied conditions of concentration and temper-
ature) is sufficient to complete the FeIII WIE and subsequently
enhance the activity for N2O decomposition.

At longer treatment time (AT-120), the same range of parti-
cle sizes as for AT-30 was visualized by SEM (Fig. 11); how-
ever, a network of mesopores with a wide range of sizes was
created, while the MFI topology remained well preserved. The
creation of mesopores had no effect on the exchange process
or on the reaction. Obviously, it does not favour the exchange,
because full exchange was already achieved at the shorter treat-
ment time (Fe-AT-30). During reaction, mesoporosity appears
to be irrelevant for N2O decomposition. This is because the
mesopores created in reduced crystals do not further enhance
the diffusion of N2, O2, and N2O molecules, being relatively
small compared with the pore dimensions and small crystals
(short diffusion path lengths).

Some mechanistic information on desilication can be ex-
tracted from the data. The results indicate that the early stage
before mesoporosity development implies cracking of the zeo-
lite crystals. This may be related to the amount of Al present
in the sample, that is, the Si/Al ratio. Ogura et al. [37] pro-
posed an intercrystalline mechanism of leaching by remov-
ing amorphous SiOx groups between twin grains. Groen et
al. suggested an intracrystalline character of the mesoporos-
ity based on their results [40–42,48,55], supported by the work
of Subotic-Čižmek et al. [36] on dissolution of high-silica ze-
olites in alkaline conditions. Studies on desilication are com-
monly based on high-silica zeolite (Si/Al = 20–600) or even
pure silicalite. In this study a very rich-aluminium zeolite was
used (Si/Al = 12), because FeIII species must be exchanged on
the Brønsted sites originated by Al substitution. Bonds formed
by Si–O–Al generally are weaker and less stable than those
formed by Si–O–Si [30,59]. Such bonds provide instability to
the framework and can be easily attacked/hydrolysed. However,
this holds for acid leaching; in the case of base treatment, it was
recently shown that framework Al gives stability against desili-
cation [48]. Therefore, the breakdown process is understood as
a massive dislodgement of the crystal agglomerates by remov-
ing the more amorphous parts or weakest spots, involving both
Si and Al removal. For instance, the boundaries of the inter-
grown crystals (as shown in Fig. 3A) are weak spots where the
NaOH would first attack; this provokes deagglomeration.

As for the catalytic reaction, the improved activity of this
material was first related to a larger proportion of exchanged
FeIII (as revealed by ICP and TPR). Breaking down the agglom-
erates at mild conditions improves Fe exchange in the liquid
phase. In reaction, more Fe sites are available for the gas phase.
However, comparing the activity increase at, say, 750 K, clearly
shows that a fourfold increase in Fe exchange corresponds to a
twofold improvement in performance. From this comparison, it
can be concluded that only a fraction of the extra Fe becomes
active, with the amount increasing with the degree of exchange.
Part of the Fe becomes a reaction spectator.

Designing a catalyst containing just the most active Fe
species is a difficult task, because only macroscopic variables
(far from the atomic level), such as [Fe], temperature, and pH,
are manipulated. Also, it is reasonable to consider that when
operating at levels close to the full exchange capacity, the for-
mation of isolated Fe species (less active) is preferred, because
an insufficient number of Brønsted sites are available. There-
fore, a complex mixture of different (active) species is created.
However, even though stoichiometric-linear activity improve-
ments are not achieved (in line with the loading increase), this
approach is worth attempting, because Fe salts are cheap and
the method is relatively simple.

5. Conclusion

The crystal size of the zeolite ZSM5 dominates the kinet-
ics of FeIII exchange during preparation. The large crystal size
makes its complete exchange difficult due to diffusional con-
trol.

On controlled caustic washing before WIE, ZSM5 is fully
FeIII-exchanged, with negligible FeOx formation after calcina-
tion. This is achieved by controlling the size of the primary
crystals of the zeolite through desilication, thereby enhancing
the material’s accessibility.

Applying alkaline leaching results in two phenomena. At a
short treatment time (30 min), the zeolite agglomerates are re-
duced into smaller grains (deagglomeration). Removal of the
more amorphous or weakest parts (i.e., intergrowing crystals
at the boundaries of the primary crystals) may be responsible
for this early-stage fragmentation. At prolonged treatment time
(120 min), mesopore formation also occurs. The pore size dis-
tribution is wide (5–50 nm), but this is not relevant for either
the exchange process during preparation or the subsequent N2O
reaction. The alkali-modified samples exhibit considerably en-
hanced N2O decomposition activity. Based on the activity in-
crease, we can conclude that only a fraction of the extra Fe
becomes active, with the amount increasing with the degree of
exchange.
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