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Zeolites and (ordered) mesoporous materials are essential
building blocks of functional materials used in, for example,
adsorption, separation, and catalysis.[1] Key factors governing
the performance of these materials are pore size, pore shape,
surface properties, and the like. In many applications,
especially for zeolites, the molecules involved either as
substrate or product have similar sizes to those of the
pores.[2] This leads to molecular-sieving properties relevant
for adsorption and separation processes and shape selectivity
in catalysis. Likewise, the rate of access of molecules into
zeolite crystals may be low or sometimes even zero if pore
blocking by impurities occurs. To improve the accessibility of
zeolites many different approaches have been followed, such
as the synthesis of zeolites with large pores,[3–7] small
crystals,[8] hierarchical structures,[9] and mesoporous crys-
tals.[1, 10,11] In all cases, however, one clearly needs reliable
methods for the characterization of the accessibility of these
materials. Adsorption studies,[12] often in combination with
spectroscopy,[13–16] have been used until now to establish the
average accessibility of the micropore volume of zeolite
samples. Progress has been made in recent years in obtaining
information on the accessibility of porous materials with
techniques such as magnetic resonance imaging (MRI)[17] or
interference microscopy[18] with a spatial resolution of milli-
meters and micrometers, respectively. Herein, we use adsorp-
tion and diffusion studies in combination with scanning
electron microscopy/energy-dispersive X-ray (SEM/EDX)
analysis, which allow us to determine quantitatively the
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length of the accessible micropores of zeolite crystals with a
resolution of 50 nm or better. As a case in point, we will study
the accessibility of the zeolite mordenite (MOR).

Mordenite is of great industrial importance in the catalytic
conversion of alkanes[19, 20] and aromatic compounds.[21] The
structure of MOR is generally regarded as one-dimen-
sional,[22, 23] with the 12-ring (12-MR) channels running
parallel to the length of the crystal.[24] Several times in the
past it has been qualitatively observed that the presence of
either small amounts of nonframework alumina (NFAl) or
crystal-growth defects caused blockage of a large part of the
micropore volume.[12,25, 26] This blockage makes it impossible
for hydrocarbons to enter the micropores and consequently
the catalytic action is largely hindered, which makes this
system an ideal case to demonstrate the value of the new
combination of techniques.

Sodium-exchanged zeolite (NaMOR) with a Si/Al ratio of
5.5:1 was synthesized by using a modified literature proce-
dure.[27] The Na+ ions were exchanged for NH4

+ ions to give
NH4MOR, which was subsequently calcined in air at 723 K
for 6 h (ramp 1 K min�1) to obtain HMOR. From the
literature it is known that NFAl species that are created
during synthesis or calcination can be removed by a mild
treatment using oxalic acid.[28,29] Therefore, part of the
HMOR sample was treated in an aqueous solution of 0.1m
oxalic acid at 353 K for 1 h. The sample was then filtered,
washed, dried at 353 K for 12 h, and calcined as described
before. This treatment was executed twice to give a sample
that is referred to as HMOR-ox. Both the HMOR and
HMOR-ox samples were characterized by using nitrogen
physisorption/t-plot analysis, elemental analysis by induc-
tively coupled plasma atomic-emission spectrometry (ICP-
AES), temperature-programmed desorption–thermogravi-
metric analysis (TPD-TGA) with n-propylamine, 27Al NMR
spectroscopy, and SEM.

The physicochemical characteristics of HMOR and
HMOR-ox are presented in Table 1. Elemental analysis
shows that the mild treatment with oxalic acid causes an
increase in the Si/Al ratio from 5.6:1 to 8.0:1 (at/at). Despite
the removal of aluminum by oxalic acid, the SEM images for
both samples were indistinguishable, with average crystal
lengths (2L) of between 1 and 2 mm. Evaluation by 27Al NMR
spectroscopy also indicated that upon treatment with oxalic
acid, the overall amount of Al in the sample decreased. In
particular, the peak at 0 ppm that is generally ascribed to
octahedral NFAl species[30,31] was lowered, which indicates

that NFAl had been removed. A minor amount of tetrahedral
species was also removed; however, from the measured data it
was not clear if this concerned framework Al or NFAl species.
The nitrogen physisorption results presented in Table 1
suggest that no significant changes in the textural properties
occurred during the oxalic acid treatment. However, the
number of acid sites probed by n-propylamine increased by
almost a factor of 3 upon leaching, while the level of
aluminum was significantly lower.

Different techniques are available for studying the
diffusion behavior in zeolites, such as IR spectroscopy,[32]

zero-length column (ZLC) chromatography,[33] and pulsed
field gradient (PFG) NMR spectroscopy.[34] We chose to
further investigate this discrepancy by performing transient
uptake measurements for n-hexane in a tapered-element
oscillating microbalance (TEOM; Rupprecht & Pataschnick
1500 PMA).[35–37] The measurements were carried out at
523 K and a total pressure of 1.3 bar. The results for the
uptake of n-hexane are shown in Figure 1, which reveals a

significant difference in the equilibrium uptake of n-hexane
by HMOR and HMOR-ox. The amount of n-hexane adsor-
bed in the micropores almost tripled from 0.56 wt% for
HMOR to 1.53 wt % for HMOR-ox (see also Table 1), which
indicates a higher availability of micropore volume for
HMOR-ox. Quantitative information on the nature of pore
blocking could be deduced from the uptake data. The
characteristic times for diffusion L2/D [s], where D [m2 s�1]
is the diffusion coefficient, were derived by fitting the
experimental uptake curves for HMOR and HMOR-ox
using a model described in an earlier study.[35] The data
presented in Table 1 clearly indicate that the acid treatment
induces an almost tenfold increase in L2/D. The accessible
pore lengths for the two samples were calculated (Lcalcd in
Table 1) using a literature value[35] for D of 3 � 10�16 m2 s�1.
The resulting value of 0.16 mm for HMOR is much lower than
one would expect from the SEM measurements. However, for
HMOR-ox, the value of Lcalcd is close to that expected.

The accessible pore lengths for HMOR and HMOR-ox
were further investigated by exposing the samples to pure n-
butene for 20 h at 623 K and 1.3 bar in the TEOM, to provoke
coke formation. The coke contents were 3.7 wt% for HMOR

Table 1: Characterization data of the HMOR samples.

HMOR HMOR-ox

bulk Si/Al ratio, ICP-AES (at/at) 5.6 8.0
2L from SEM [mm] 1–2 1–2
micropore volume [mLg�1] 0.16 0.17
external surface area [m2 g�1] 67 52
acid sites, TPD-TGA [mmolg�1] 0.29 0.73
n-hexane uptake at 523 K [wt%] 0.56 1.53
L2/D from n-hexane uptake [s] 85 797
Lcalcd from n-hexane uptake [mm] 0.16 0.49
n-butene-derived coke at 623 K [wt%] 3.7 8.2
Lcoke from SEM-EDX [mm] �0.2 �1

Figure 1. Experimental uptake curves for n-hexane over HMOR and
HMOR-ox at 523 K, as monitored by a TEOM.
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and 8.2 wt % for HMOR-ox, which reveals a similar trend to
that observed with the n-hexane uptake measurements
(Table 1). The coked HMOR crystals were also investigated
in an SEM microscope (Philips XL30FEG) equipped with an
EDX detector. Line scans were taken over the HMOR
samples such that the atomic carbon (C) and zeolitic oxygen
(O) signals were monitored parallel to the direction of the 12-
MR channels. The C/O ratio was calculated from these data to
determine the penetration depth of the carbonaceous depos-
its into the 12-MR channels. Figure 2 shows representative

line scans for HMOR and HMOR-ox crystals. The observed
C/O ratios provide us with an estimate of the accessible pore
length. For HMOR-ox the butene molecules have reacted
throughout the pores, while for HMOR similar uptake occurs
only up to 0.2 mm and total blockage is apparent beyond
0.4 mm. These data allow direct visualization of the accessible
pore lengths for the two samples by their coke profiles (Lcoke

in Table 1), and clearly indicate the enhanced length of the
accessible micropores for HMOR-ox in comparison with
HMOR (Figure 3). In addition, the value of 0.2 mm for the
accessible pore length of HMOR obtained from EDX agrees
very well with the value of 0.16 mm calculated from the n-
hexane uptake measurements. In general, the gradient of
coke observed over the HMOR-ox crystal points to mass-
transfer limitation of the deposition process, which has been
observed before for the reaction of n-butene over ferrierite.[38]

Careful selection of probe molecules allows the methods
of diffusion (TEOM) and coking (SEM/EDX) to be gener-
alized for accessibility studies of a range of microporous and
mesoporous materials. If a higher spatial resolution is needed
than that obtained with SEM/EDX, one can use scanning
TEM/electron energy-loss spectroscopy (STEM/EELS) to
detect coke profiles with about 2-nm resolution.[38]
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