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Hierarchical ZSM-5 Zeolites in Shape-Selective Xylene Isomerization:
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Introduction

The history of zeolite catalysis is firmly rooted in the oil and
petrochemical industry.[1] Over the years, a series of synthet-
ic zeolites (X and Y, MOR, ZSM-5, beta, MCM-22, ZSM-
22, ZSM-23, etc.) have been discovered and subsequently

applied with considerable success in important oil-refining
and petrochemical processes. Parallel to this wave of innova-
tion in industrial catalysis, the scientific foundations of their
unique selectivity were laid down by industrial and academ-
ic scientists.[2] It is remarkable that, although so many zeolite
frameworks exist,[3] only a handful is responsible for their
major industrial applications. The explanation lies, in part,
in the extraordinary creativity of scientists and engineers to
design post-synthesis treatments for a few zeolites to fine-
tune their catalytic properties to many reactions and reactors.

Modern catalyst design is a challenge of optimization, be-
cause activity and selectivity often have contradictory re-
quirements. For instance, when shape-selective zeolite catal-
ysis is based on diffusion constraints on either reactants or
products, selectivity is enhanced by working with large zeo-
lite crystals.[4] The use of such crystals results, however, in
lower activity due to suboptimal utilization of all the active
sites present. Smaller crystals, on the other hand, could dis-
play an increased activity but a lower selectivity. Hierarchi-
cal porous zeolites, that is, zeolites containing their native
micropores along with an auxiliary network of mesopores
have attracted much attention due to their potential in catal-
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ysis.[5] The benefits of hierarchical zeolites have been report-
ed in a wide range of catalyzed reactions, such as aromatiza-
tion,[6] isomerization,[6,7] oligomerization,[8] esterification,[7]

alkylation,[9] acylation,[10] cracking,[7] pyrolysis,[11] methanol
conversion,[12] and selective oxidation.[13] In particular, the
controlled extraction of framework silicon in existing zeo-
lites, referred to as desilication or base leaching, is a top-
down approach to prepare hierarchical porous zeolites.[14] It
holds much promise due to its applicability as a post-synthe-
sis treatment of commercially available zeolites.

A key question in the design of superior shape-selective
hierarchical zeolite catalysts is how to further fine-tune the
acidity located in the native micropores and the newly creat-
ed mesopores, to optimize catalytic performance. For in-
stance, the increasing role of the external and mesoporous
surface cannot be neglected, because it is the locus of many
reactions.[15,16] Some of these lack the shape-selective control
found in the micropores (e.g., coking), whereas others are
claimed to be based on properties specific to the external
surface (e.g., liquid-phase cumene synthesis on MCM-22 in
which a “nest effect” could explain its outstanding catalytic
performance).[4] The exact nature of this selectivity is often
subject to much debate, as it is not always straightforward to
distinguish it from more classical shape-selectivity effects
(reactants, products, and transition state) occurring inside
the micropores. In the case of hierarchical ZSM-5 prepared
by a bottom-up approach, Ryoo et al.[17] reported the activi-
ty of the mesoporous walls in the acid-catalyzed conversion
of bulky molecules and the effect of their selective dealumi-
nation on catalytic activity. Acid treatment of zeolites can
affect their acidity and texture in many ways. It can either
remove some extra-framework Al under mild conditions or
extensively dealuminate the zeolitic framework and create
mesoporosity under more severe conditions.[16] Previous
work[18] showed that mesopore formation and acidity modifi-
cation in ZSM-5 zeolites can be decoupled by sequential de-
silication by NaOH and steam dealumination; the interest-
ing catalytic consequences of such a two-step treatment in
aromatization and isomerization of n-hexene were reported
recently.[19] These consecutive treatments lead, however, to
complex systems in which the various forms of acidity
(Brønsted, Lewis, enhanced sites)[20] can produce an hetero-
geneity of active sites, and muddles correlations between
acidity and the resulting catalytic activity.

The application of mesoporous zeolites in mixed xylene
isomerization has not yet been explored. Mixed xylene iso-
merization (usually in the presence of ethylbenzene) to pro-
duce p-xylene, the most desired isomer, is a major industrial
application of zeolites.[1,2] It is also a model reaction (feed is
either pure o- or m-xylene) to assess the shape selectivity of
microporous materials.[21] An intramolecular mechanism
takes place inside the restricted microporosity of zeolites
such as ZSM-5 and is responsible for the selective produc-
tion of p-xylene, the isomer with the fastest intracrystalline
diffusion.[22] An intermolecular mechanism, leading ulti-
mately to coke, takes place in less restricted environments
such as the external surface of the crystals and the meso-

pores. A precise understanding of all factors involved in this
simple test reaction will generate very useful information to-
wards a better understanding of more complex reactions
(e.g., methanol to hydrocarbons and coking in general).

The aim of this paper is to highlight the combined effects
of two straightforward liquid-phase post-synthesis treat-
ments of ZSM-5, namely, desilication (base leaching) fol-
lowed by dealumination (mild acid washing), on the conver-
sion of o-xylene to p-xylene. These two easily upscalable
treatments belong to the toolbox for rationally designing
zeolytic catalysts. The resulting catalysts were characterized
by well-established techniques and by operando infrared
(IR) spectroscopy.[23] This method facilitates the simultane-
ous measurement of the catalytic properties (activity, selec-
tivity, and stability) and the monitoring of the surface of the
working catalyst. Particular attention was paid to the time-
on-stream variation of the hydroxyl groups (silanols and
bridged hydroxyls), the coking, and their relationship by
2D-correlation spectroscopy. The potential of the methodol-
ogy has already been demonstrated for this reaction, albeit
at lower temperatures (473–573 K).[23] This is a first step in
the rational design of catalysts by combining industrially
feasible, material design techniques with state-of-the-art
characterization and testing methods.

Results and Discussion

Influence of post-synthesis treatments : Throughout the
manuscript, the samples are denoted as P, H, and HW. P
refers to the parent H-ZSM-5 zeolite. Sample H (hierarchi-
cal) results from NaOH treatment of sample P followed by
ion exchange with NH4NO3. Sample HW (hierarchical and
washed) is obtained by HCl treatment of sample H. Details
can be found in the Experimental Section.

Alkaline treatment : Treatment of ZSM-5 zeolites with Si/
Al= 25–50 in aqueous NaOH solutions under the conditions
used in this work (0.2 m, 338 K, 30 min) is known to generate
extensive intracrystalline mesoporosity in the zeolite by se-
lective extraction of framework silicon.[14,25, 26] In this particu-
lar sample, the molar Si/Al ratio decreases from 47 in P to
33 in H (Table 1). The amount of dissolved silicon in the fil-
trate is three orders of magnitude higher than that of alumi-
num and the development of mesoporosity is clearly ob-
served by gas adsorption. Figure 1 shows that the typical
type I N2 isotherm in the purely microporous sample trans-
forms into a combined I and IV isotherm in the NaOH-
treated sample, a known fingerprint of a hierarchical porous
system.[5] The mesopore surface area (Smeso) increases from
62 to 250 m2 g�1 and the micropore volume (Vmicro) concomi-
tantly decreases from 0.17 to 0.13 cm3 g�1 (Table 1). In other
words, the fourfold increase in Smeso implies a reduction of
approximately 25 % of the original Vmicro. The hierarchical
sample exhibits a mesopore distribution centered at 8 nm
(Figure 1, inset). Equivalent conclusions are extracted from
high-resolution low-pressure argon adsorption at 87 K. The
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corresponding isotherms are in Figure SI1, in the Supporting
Information.

Transmission electron microscopy (Figure 2) highlights
the intracrystalline nature of the newly generated mesopores
and confirms the size determined from nitrogen adsorption.
Despite such drastic porosity changes, the alkaline-treated
sample displays the characteristic diffraction pattern of the
MFI structure, indicating the preservation of the long-range
order in the hierarchical zeolite (Figure SI2 in the Support-
ing Information). The intensity of the reflections in sample

H is slightly lower than that in sample P, probably because
smaller crystalline domains are formed upon silicon extrac-
tion.

In addition to the above-described compositional and po-
rosity modifications, the NaOH treatment induces remark-
able acidity changes, which play a crucial role in the catalyt-
ic performance of the modified zeolites (vide infra). The in-
frared spectra of the dehydrated P and H samples (Figure 3)

show various bands that could be attributed to 1) isolated si-
lanols at the external surface of the zeolite (3745 cm�1), 2)
perturbed silanols mainly located inside the zeolite crystals
(3727 cm�1 and 3698 cm�1),[23] 3) Al(OH) groups corre-
sponding to extra-framework species (3662 cm�1), 4)
Al(OH)Si groups corresponding to strongly acidic Brønsted
sites (3610 cm�1), and 5) a broad band corresponding to sila-
nols interacting through hydrogen bonding (3500 cm�1).[27]

The intensity of the silanol band at 3745 cm�1 increases in
the hierarchical zeolite, in agreement with its increased ex-
ternal surface area. The 3610 cm�1 band decreases upon
base leaching, suggesting that this treatment also changes
the density of strong acid sites significantly.

Infrared spectroscopy of adsorbed pyridine (Table 1) indi-
cates that the parent sample contains mainly Brønsted acidi-
ty; only 10 % of the total acid sites, (Bpy +Lpy)/Al, are Lewis

Table 1. Characterization of the parent (P) and treated (H, HW) ZSM-5
samples.

Property Sample P Sample H Sample HW

Al content[a] [mmol g�1] 333 456 304
molar ratio (Si/Al)bulk

[a] 47 33 51
molar ratio (Si/Al)surface

[b] 32 16 47
Sifiltrate

[a] [ppm] – 4777 95
Alfiltrate

[a] [ppm] – 4 156
Vpore

[c] [cm3 g�1] 0.27 0.58 0.60
Vmicro

[d] [cm3 g�1] 0.17 0.13 0.12
Smeso

[d] [m2 g�1] 62 250 275
SBET

[e] [m2 g�1] 457 578 573
Bpy

[f] [mmol g�1] 314 205 185
Lpy

[f] [mmol g�1] 37 208 121
Bpy/Al 0.94 0.45 0.61
Lpy/Al 0.11 0.46 0.40
Blu

[g] [mmol g�1] 93 219 171
Bcoll

[h] [mmol g�1] 9 48 24
ACIpy

[i] 1.05 0.91 1.01
ACIlu

[i] 0.30 1.07 0.92
ACIcoll

[i] 0.03 0.23 0.13
Dn(OH)[j] [cm�1] 315 315 315
n(OH)[j] [cm�1] 315 315 315

[a] Measured by ICP-OES. [b] Measured by XPS. [c] Measured by N2 ad-
sorption, Vads,p/p0 =0.99. [d] t-plot. [e] BET method. [f] Brønsted (B) and
Lewis (L) acid sites measured by IR spectroscopy of adsorbed pyridine.
[g] Measured by IR spectroscopy of adsorbed lutidine. [h] Measured by
IR spectroscopy of adsorbed collidine. [i] ACI (Accessibility Index), de-
termined by using the definition given elsewhere.[24] [j] Measured by IR
spectroscopy of adsorbed CO.

Figure 1. N2 isotherms at 77 K of the parent (P) and treated (H, HW)
ZSM-5 zeolites. The pore size distributions (inset) were determined by
application of the BJH model on the adsorption branch of the isotherm.
NaOH treatment induces the formation of mesopores centered at 8 nm
(sample H). A consecutive treatment of H with HCl does not modify the
porosity further (sample HW).

Figure 2. Transmission electron micrographs of the parent (P) and treated
(HW) ZSM-5 zeolites. The uniform distribution of intracrystalline meso-
pores can be visualized in the hierarchical samples. The micrographs of
samples H and HW were very similar and, to save space, only one of
them is displayed.

Figure 3. FTIR spectra of the dehydrated parent (P) and treated (H,
HW) ZSM-5 zeolites in the hydroxyl vibration region. The spectra were
recorded at room temperature.
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acidic. However, the relative amount of Lewis sites in the
mesoporous zeolite H increases by a factor of four relative
to the parent zeolite P. In the former sample, the distribu-
tion of Brønsted and Lewis acidity is practically 50:50, clear-
ly pointing to a transformation of Brønsted sites into Lewis
sites. The density of Brønsted acid sites per gram of zeolite
decreases by 35 % in sample H relative to sample P. Howev-
er, the strength of the remaining Brønsted sites (3610 cm�1),
measured by infrared spectroscopy of adsorbed CO, does
not change between P and H, as indicated by the Dn(OH)
value in Table 1 (see also Figure SI3 in the Supporting Infor-
mation). This feature is in good agreement with spectroscop-
ic studies on desilicated ZSM-5 by Holm et al.[27] IR spectra
in the n(CO) region of sample H also show the appearance
of a band at 2230 cm�1 upon CO adsorption, corresponding
to strong Lewis sites (Figure SI3 in the Supporting Informa-
tion). This band is hardly detected in the parent zeolite, in
agreement with the much lower density of Lewis acid sites.
Infrared spectroscopy of bulkier adsorbed alkylpyridines re-
veals that after the alkaline treatment, all Brønsted sites are
accessible to 2,6-dimethylpyridine (lutidine). The “accessi-
bility index”[24] of lutidine (ACIlu) is thus 1 for zeolite H,
whereas it is only 0.3 for zeolite P. Moreover, about 23 % of
the Brønsted sites are probed by 2,4,6-trimethylpyridine
(collidine) (ACIcoll�0.23) in zeolite H compared to only
3 % in zeolite P.

The extraction of some tetrahedral Al to extra-framework
positions during NaOH treatment is confirmed by 27Al MAS
NMR spectroscopy. Sample P exhibits a single peak at
about 55 ppm corresponding to framework Al in tetrahedral
coordination, while sample H contains an additional peak
centered around 0 ppm due to extra-framework Al in octa-
hedral coordination (Figure 4).

The generation of Lewis sites upon desilication can be ex-
plained by considering the mechanism of this post-synthesis
treatment. The OH� groups in the sodium hydroxide solu-
tion first attack defects on the external surface of the zeolite
(low-coordinate silicon) and extract solid fragments, gradu-
ally dissolving to monomeric species in the basic

medium.[26,28] Aluminum species then reprecipitate on the
zeolite external surface. As shown in Table 1 (third row),
the surface composition of the zeolite measured by XPS in-
dicates that the Si/Al ratio in sample H (16) is half of the
value measured in sample P (32), highlighting an Al enrich-
ment of the surface in the hierarchical zeolite prepared by
desilication in NaOH. However, this process is not purely a
re-alumination,[29] because Al3+ is not fully reinserted in the
ZSM-5 framework. Indeed, both 27Al MAS NMR and IR
spectroscopy of adsorbed pyridine indicate that a substantial
fraction of the extracted aluminum gives rise to Lewis
acidity.

Acid treatment : The alkaline-treated sample in aqueous HCl
(0.1 m, 343 K, 6 h) was mildly washed to modify the surface
acidity of the hierarchical zeolite, that is, to decrease the
amount of acid sites on the crystals� external surface. As will
be shown in the next section, Lewis and Brønsted acidity
close to the pore mouths are detrimental to the para selec-
tivity and stability of o-xylene isomerization. The Si/Al ratio
of sample HW increases relative to that of sample H (from
33 to 51), indicating the high effectiveness of the HCl treat-
ment in removing Al. However, the same acid washing con-
ditions applied to the parent zeolite do not alter its Si/Al
ratio. Thus, aluminum in the hierarchical zeolite, probably in
nonframework positions, is more susceptible to dissolve
than in its parent. The lower stability of the hierarchical
porous zeolite in acids is therefore due to the redistribution
of aluminum species caused by the alkaline treatment. The
action of the mild HCl treatment is quite likely mostly re-
stricted to the external surface of the samples. Indeed, the
porosity (N2 adsorption at 77 K, Figure 1 and Table 1 as well
as argon adsorption at 87 K, Figure SI1 in the Supporting In-
formation), morphology (TEM, Figure 2), and crystallinity
(XRD, Figure SI2 in the Supporting Information) in H and
HW are almost identical.

Upon HCl washing (HW) of the desilicated sample (H),
the distribution of the acid sites changes. According to IR
spectroscopy of adsorbed pyridine, on a weight of zeolite
basis, 42 % of Lewis acid sites and 10 % of the Brønsted
acid sites present in sample H are removed. On a molar alu-
minum basis, sample HW loses 13 % of Lewis sites and
gains 35 % of Brønsted sites relative to preceding sample H.
Most of the Brønsted sites detected by pyridine are also ac-
cessible to lutidine (ACIlu =0.92) in sample HW. Interesting-
ly, collidine has access to only 13 % of the Brønsted sites of
the HW sample, whereas it probes up to 23 % in the H
sample. This highlights that strong acid sites are mainly re-
moved from the external surface. XPS analysis confirms this
observation and points also to a significantly enhanced sur-
face Si/Al ratio of 47 in sample HW compared to the value
of 16 in sample H (Table 1). In fact, the surface of the acid-
washed hierarchical ZSM-5 is more siliceous than that of
the parent P. Moreover, the IR spectra of the n(OH) region
(Figure 3) show that the silanol band is slightly narrower for
the acid-washed sample, HW, due to a reduced intensity of
the internal silanol band (3727 cm�1) compared to that of

Figure 4. 27Al MAS NMR spectra of the parent (P) and treated (H, HW)
ZSM-5 zeolites. The main resonance around 55 ppm corresponds to
framework Al, while the resonance around 0 ppm corresponds to extra-
framework Al. The asterisks indicate the position of the spinning side-
bands.
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both P and H zeolites. Therefore, we conclude that HCl
washing mainly removes Lewis acid sites, in extra-frame-
work positions, located at the external surface of the meso-
pores. This is confirmed by 27Al MAS NMR, showing for
HW a decrease of the 0 ppm peak, associated with extra-
framework aluminum (Figure 4). Moreover, the increased
number of Brønsted sites and the decrease of internal sila-
nols could indicate some reinsertion of aluminum in frame-
work positions. Despite this substantial acidity modification,
the strength of the Brønsted sites in HW, measured by infra-
red spectroscopy of adsorbed CO, is very similar to that in
H and P (Table 1). As for sample H, the IR spectra of
sample HW in the n(CO) region shows a band at 2230 cm�1,
corresponding to strong Lewis sites, as well as a new band at
2188 cm�1, due to Lewis sites with weaker acidity (Figur-
e SI3 in the Supporting Information).

Thus, while the NaOH treatment alters both the porosity
and acid site distribution of the parent zeolite, the subse-
quent mild HCl washing fine-tunes the acidic properties of
the hierarchical zeolite without affecting its porous
properties.

Catalytic performance and state of the working catalyst : All
catalytic results were acquired on the operando IR set-up
described elsewhere.[14] Conversion, selectivity, and stability
were measured by GC analysis of the reaction products at
673 K (weight hourly space velocity (WHSV)= 4.1–4.9 h�1).
The surface of the working catalysts was monitored simulta-
neously by IR spectroscopy.

Product analysis indicates the presence of the three
xylene isomers; other (disproportionation) products are
present but in negligible amounts. The o-xylene conversion
on the parent zeolite is systematically lower than on the
mesoporous zeolites over the whole duration of the run
(Figure SI4 in the Supporting Information) While the alka-
line-treated zeolite H deactivates faster than its parent P, a
consecutive acid washing (HW) leads to a more stable cata-
lyst (Figure 5). The more siliceous nature of the surface of
the acid-washed hierarchical ZSM-5 compared to the parent

ZSM-5 represents a distinctive advantage in the stability of
the zeolite in o-xylene isomerization. The selectivity to p-
xylene is the highest on the parent ZSM-5 due to (product)
shape selectivity (Figure 6). The creation of mesopores by

alkaline treatment (sample H) results in a markedly de-
creased selectivity to p-xylene. However, the acid-washed
hierarchical zeolite (HW) increases p-xylene selectivity by
18 % (measured at 40 % o-xylene conversion) relative to the
H zeolite; the p-xylene yield after 17 h on stream is approxi-
mately 70 % higher for H and HW than for the parent
sample (Figure 6, inset). The deactivation rate being slower
for HW, it can reasonably be expected that the p-xylene
yield would ultimately be higher for HW than for H. Since
the acidity (Brønsted and Lewis) of the mesoporous surface
of sample HW is reduced compared to sample H, the acidic
washing of the desilicated zeolite clearly improves the para
selectivity as the (monomolecular) shape-selective reaction
is favored in the internal microporous network. The treat-
ment also improves catalyst stability, because the active sites
on the external surface are the loci of unwanted (bimolecu-
lar, such as coking) reactions.[30] Thermogravimetric analysis
of the used catalysts in air indicates that sample HW con-
tains about half the coke content of sample H, in agreement
with lower deactivation rate of the former specimen
(Figure 7).

The IR monitoring of the surface during the reaction
shows interesting features. Upon o-xylene introduction, the
intensity of the silanol band at 3730–3737 cm�1 decreases for
all samples (Figure 8, top). In the difference spectra, the si-
lanol bands display a negative variation (Figure 8, bottom),
the largest on sample H. A positive contribution, between
3690 and 3600 cm�1, is likely caused by silanols in interac-
tion with reactants and products. For all samples, the
Brønsted sites (3598 cm�1) are only slightly affected by the
reaction (no more than a 1–2 % decrease in intensity).

In the n(CH) region (Figure 9, left), two bands at 3030
and 3066 cm�1 are characteristic of CH directly linked to

Figure 5. Deactivation of the ZSM-5 catalysts as a function of time on
stream. The deactivation is defined as (X0�X)/X0, where X0 is the initial
o-xylene conversion and X is the o-xylene conversion at time t. The hier-
archical sample (H) displays the fastest deactivation rate; it is considera-
bly reduced upon subsequent acid washing (HW).

Figure 6. p-Xylene selectivity versus o-xylene conversion at 623 K over
the ZSM-5 catalysts. The treatment of the parent sample (P) by NaOH
(H) decreases the p-xylene selectivity. Subsequent HCl washing (HW) in-
creases the p-xylene selectivity. The inset shows the p-xylene yield versus
time on stream, always higher for the modified zeolites (H, HW) than for
the parent (P).
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aromatic rings, while three bands below 3000 cm�1 make up
the signature of symmetric and asymmetric stretching of CH
in alkyl groups.[31] Their intensities continuously increase
during the 17 h of reaction and they likely correspond to ar-
omatic and polyaromatic products (coke) progressively de-

posited on the zeolite surface. The ratio of the aromatic CH
to the alkyl CH intensity is about 20 % higher in samples H
and HW than in sample P. This indicates that the coke
formed could be slightly more aromatic (heavier) on the hi-
erarchical zeolites than in the purely microporous zeolite.

In the aromatic region between 1300 and 1700 cm�1, sev-
eral bands grow continuously with time on stream (Figure 9,
right). Their intensity is highest in sample H, indicating that
more coke is deposited on this sample than on samples P
and HW. This agrees well with the TGA (thermogravimetric
analysis) results in Figure 7. Several authors report a strong
correlation between coke formation on the zeolite and the
band at 1585 cm�1, due to the n ACHTUNGTRENNUNG(C=C) vibration of polycyclic
species (graphitic carbon structures).[32] This band is more
intense on H and HW than on P, strongly suggesting that
the coke formed is more aromatic on the mesoporous zeo-
lites than on the parent sample. The band at 1385 cm�1 is
generally attributed to CH bending vibrations in alkyl
groups.[33] Most of the other bands are characteristic of the
n ACHTUNGTRENNUNG(C=C) vibrations of aromatic rings, although their unequiv-
ocal assignment is quite complex and beyond the scope of
this paper.

To better understand the nature of the species present on
the catalysts after 17 h of reaction, the catalysts are purged
for 3 h under a flow of pure N2 (Figure 10). Less than 10 %

of the adsorbed aromatic species are removed under these
conditions, that is, 90 % remain on the catalyst. In the
parent ZSM-5, only the bands at 1355 cm�1 and between
1540–1550 cm�1 are unaffected upon N2 flushing. These
bands thus correspond to strongly adsorbed aromatic or pol-
yaromatic (coke) molecules. In contrast, the bands appear-
ing in the difference spectra (Figure 10) are typical of light
aromatic molecules easily desorbed upon N2 flushing. Ac-

Figure 7. Thermogravimetric analysis of the hierarchical zeolites after cat-
alytic test in o-xylene isomerization.

Figure 8. Top: Series of infrared spectra of the ZSM-5 catalysts in the
n(OH) region during 17 h of o-xylene isomerization at 623 K. Bottom:
Difference spectra relative to the spectra recorded before the onset of re-
action.

Figure 9. IR spectra recorded after 17 h of o-xylene isomerization at
623 K on the parent (P) and treated (H, HW) ZSM-5 catalysts.

Figure 10. IR difference spectra of the parent (P) and treated (H, HW)
ZSM-5 catalysts after 17 h of o-xylene reaction at 623 K for 17 h, fol-
lowed by N2 flushing at the same temperature for 3 h. The reference was
taken as the first spectra in the series, just after the interruption of the o-
xylene reactant flow.
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cording to Marie et al., the bands around 1496 and
1489 cm�1 can be attributed to 1,2,4-trimethylbenzene (1,2,4-
TMB) and toluene, respectively.[33] A band at 1486 cm�1 is
observed for sample P and is thus assigned to toluene. The
other bands corresponding to this molecule are observed at
1582, 1446, and 1386 cm�1. The 1486 cm�1 band is also ob-
served in the spectra of H and HW, as well as the other
band characteristic of toluene. In addition, bands at 1602,
1495, 1455, and 1394 cm�1 are also observed, especially for
sample HW; this could correspond to 1,2,4-TMB. An addi-
tional band, at 1536 cm�1 does not correspond to either tolu-
ene, TMB, or xylene isomers adsorbed at 623 K.

During the first 40 min of N2 flushing, a 2D-correlation
analysis of sample HW (Figure 11) shows that the major
changes occurring in the aromatic region are those of tolu-
ene (1582, 1486, 1448, and 1385 cm�1) and TMB
(1602 cm�1). In the OH region, the silanols at 3740 and
3730 cm�1 are mainly affected and negatively correlated to
the aromatics desorbed. A small negative correlation peak
at {3600, 1602} cm�1 indicates also that some Brønsted sites
are freed at the onset of desorption. Sample H shows a simi-
lar 2D-correlation map. The 2D-correlation map of sample
HW flushed in N2 for 3 h shows a relatively strong evolution
of the 1536 cm�1 band, as already noticeable in the 1D spec-
trum (Figure 10). Interestingly, there is no detectable corre-
lation between this band and the silanol groups. One possi-
ble interpretation for the 1540 cm�1 band is that it corre-
sponds to aromatic molecules adsorbed on Lewis sites locat-
ed at the external surface. These aromatic molecules are ap-
parently easier to remove from HW than from H; this could
be related to the presence of weaker Lewis sites (as shown
by IR of absorbed CO, Figure SI3 in the Supporting Infor-

mation) covered with coke molecules quite easy to remove.
Finally, the 1355 cm�1 band is not affected by the N2 flush
and hence likely corresponds to “heavy” coke not easily
desorbed.

Figure 11. 2D-correlation IR spectra of the sample HW showing the evo-
lution of the band intensity during the first 40 min under pure N2 flow.
The color bars show the correlation intensity scale (i.e., the standard de-
viation of the whole evolution, multiplied by 105). Negative correlation
peaks (blue) mean that the two correlated frequencies evolve in opposite
directions, whereas positive correlation peaks (red) mean that they
evolve in the same direction.

Figure 12. 2D-correlation map of the parent P (top), hierarchical H
(middle) and HCl-washed HW (bottom) catalysts showing the correlation
between the evolution of the OH and “aromatic” bands during the 17 h
of o-xylene reaction at 623 K.

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 6224 – 62336230

C. Fernandez, J. P�rez-Ram�rez et al.

www.chemeurj.org


Most of the bands appearing in the C�H and C=C regions
(Figure 9) are therefore related to heavier aromatics (i.e.,
coke) that cannot be desorbed at 623 K. The 2D-correlation
maps of all the spectra acquired every 6 min during the 17 h
of o-xylene reaction for the three samples are represented
in Figure 12. They capture the entire evolution of the vari-
ous bands during the catalytic test; the strongest correlations
are represented by the denser contours. For all samples, the
stronger negative correlations (Figure 12, in blue) between
the aromatic and the OH regions are found for the OH
band between 3730 and 3740 cm�1, highlighting that the
coke is mainly interacting with silanols located at the exter-
nal surface of the catalyst. A closer look at the {aromatic–ar-
omatic} and {aromatic–OH} correlations indicates that the
bands correlating the most (i.e., having the highest cross-
peak intensities) are different for the three samples. For the
parent zeolite, the strongest cross-peaks are found for the
bands at 1601 and 1385–1362 cm�1, whereas for the mesopo-
rous zeolites, the maxima are between 1500 and 1600 cm�1,
likely due to a more aromatic character of the coke formed
at their external surface. A detailed analysis of these bands
and their attribution is quite intricate, as it requires adsorp-
tions of a whole set of aromatic molecules on non-acidic
forms of all samples to avoid any catalytic transformation.[33]

Further work in this direction is planned, together with a de-
tailed analysis of the hydrocarbons extracted from the used
catalysts following the well-established approach of Guisnet
et al.[34]

Conclusion

Hierarchical (mesoporous) ZSM-5 zeolites display much im-
proved catalytic performances compared to their purely mi-
croporous counterpart in the shape-selective o-xylene iso-
merization, that is, a twofold higher p-xylene yield is ach-
ieved. An optimum between high catalytic activity (typically
found in purely microporous small crystals) and improved
selectivity (typically found in purely microporous large crys-
tals) can be engineered with hierarchical porous zeolites.
The introduction of intracrystalline mesoporosity by desili-
cation increases the o-xylene conversion but decreases p-
xylene selectivity and catalyst stability due to coke deactiva-
tion. The extraction of framework silicon in alkaline
medium generates extensive mesoporosity, but also induces
substantial changes in acidity by redistribution of some alu-
minum in the sample. The resulting high concentration of
Lewis sites at the external surface and high concentration of
Brønsted centers at the pore mouths has a negative influ-
ence on the catalyst stability. A consecutive mild HCl treat-
ment of the hierarchical zeolite selectively eliminates these
sites, resulting in an increased p-xylene selectivity and re-
duced deactivation rate. Operando IR spectroscopy and 2D-
correlation analysis make precise monitoring of the catalytic
changes induced by these successive treatments possible and
this leads to the design of better catalysts. Our results em-
phasize the point that knowledge of the nature of the alumi-

num in mesoporous zeolites is of greater importance than
that of purely microporous zeolites, as it may strongly influ-
ence the performance of acid-catalyzed (Brønsted or Lewis)
reactions. The presence of Lewis sites and their location can
be beneficial or detrimental, depending on the specific re-
quirements of the catalytic process under investigation. Hi-
erarchical zeolites present new opportunities and challenges
in heterogeneous catalysis. A full utilization of their poten-
tial requires a thorough description and understanding of
their surface chemistry and its relation to catalytic transfor-
mation.

Experimental Section

Materials and treatments : Commercial ZSM-5 zeolite from Zeolyst Inter-
national (CBV 8014 lot no. 2200–44, nominal Si/Al =40, NH4-form) was
used as the starting material. The parent sample (denoted P) resulted
from calcination of the as-received powder in static air at 823 K for 5 h
by using a heating rate of 5 Kmin�1. These conditions were identical in
subsequent calcinations. The alkaline treatment was carried out in a
250 cm3 round-baker adapted to a reflux-condenser filled with 181 cm3 of
aqueous 0.2m NaOH and heated at 338 K. The zeolite sample (6 g) was
added and stirred magnetically at 500 rpm for 30 min. The suspension
was quenched in an ice–water mixture and filtered. The resulting solid
was washed, dried at 373 K for 12 h, and calcined. The alkaline-treated
sample was brought into the H-form by three successive ion exchanges in
a 0.1m NH4NO3 aqueous solution followed by calcination (sample H).
Successive acid washing was carried out in a 20 cm3 glass tube filled with
17 cm3 of aqueous 0.1m HCl and heated at 343 K. The zeolite sample
(0.55 g) was added and stirred magnetically at 500 rpm for 6 h. The solid
was filtered, washed, dried, and calcined (sample HW).

Characterization : Si and Al concentrations in the solids and filtrates ob-
tained by alkaline treatment and acid washing were determined by induc-
tively coupled plasma-optical emission spectroscopy (ICP-OES) (Perkin–
Elmer Optima 3200RL (radial)). N2 isotherms at 77 K were measured in
a Quantachrome Quadrasorb-SI gas adsorption analyzer. Prior to the
measurements, the samples were degassed under vacuum at 573 K for
10 h. The Brunauer–Emmett (BET) method[35] was applied to calculate
the total surface area, which is used for comparative purposes. The t-plot
method was used to discriminate between micro- and mesoporosity.[36]

The mesopore size distribution was obtained by the Barrett–Joyner–Ha-
lenda (BJHmodel applied to the adsorption branch of the isotherm.[37]

High-resolution low-pressure argon isotherms at 87 K were measured in
a Micrometrics ASAP2010 gas adsorption analyzer. Prior to the measure-
ment, the samples were degassed in situ under vacuum at 623 K for 16 h.
Transmission electron microscopy (TEM) was carried out in a JEOL
JEM 1011 microscope operated at 100 kV. Powder X-ray diffraction
(XRD) patterns were measured in a Siemens D5000 diffractometer with
Bragg–Brentano geometry and Ni-filtered CuKa radiation (l=

0.1541 nm). Data were recorded in the 2q range 5–508 with an angular
step size of 0.058 and a counting time of 8 s per step. The 27Al MAS
NMR spectra were recorded at 9.4 T on a Bruker Avance spectrometer
with a 4 mm double-bearing MAS probe head, a spinning speed of
14.5 kHz, and a recycling delay of 0.5 s. The radio-frequency (RF) field
was 10 kHz and the pulse length was 2 ms (p/12 pulse flip-angle). Infrared
spectra were recorded on a Nicolet Magna 550 FTIR spectrometer at
2 cm�1 optical resolution, with one level of zero-filling for the Fourier
transform. Prior to the measurements, the zeolites were pressed in self-
supporting discs (diameter: 1.6 cm, 7 mg cm�2) and were pretreated in the
IR cell attached to a vacuum line at 723 K for 4 h up to 10�6 Torr. The
adsorptions of pyridine, lutidine, and collidine were performed at 300 K
in successive doses of 0.3–1 mmol. At the end of each adsorption experi-
ment, a pressure of 1 Torr was established in the cell to reach saturation
followed by evacuation at 473 K to remove physically adsorbed species.
All spectra were normalized to 10 mg wafers. Difference spectra were ob-
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tained by subtracting the spectrum of the zeolite before pyridine adsorp-
tion. The amount of adsorbed probe molecule was determined by using
the integrated area of bands typical of the protonated (Brønsted) or coor-
dinated (Lewis) forms. The molar absorption coefficients given by Nes-
terenko et al.[38] were used for pyridine and collidine, and those given by
Onfroy et al.[39] for lutidine. Errors in the Brønsted and Lewis quantifica-
tion are estimated to be approximately 10%: 3–5 % for the molar adsorp-
tion coefficient, 5% for the integrated area (absorbance), and 1% for
mass measurement of the wafer. The strength of the acid sites was evalu-
ated by adsorption of CO at 77 K in the FTIR cell. At this temperature,
the interaction between CO and OH groups induce a low frequency shift
of OH stretching vibrations and a high frequency shift of the interacting
CO vibration bands. These shifts allow the estimation of the strength of
the acid sites.[40] X-ray photoelectron spectroscopy (XPS) was measured
on a Thermo Scientific K-Alpha ESCA instrument using monochromatic
AlKa radiation (hn =1486.6 eV) as the X-ray source. Neutralization of the
surface charge in the non-conducting samples was performed by using
both a low-energy electron flood gun and a low-energy argon ion gun.
The surface elemental composition was determined by using the standard
Scofield photoemission cross sections. Thermogravimetric analysis
(TGA) was carried out in a Mettler Toledo TGA/SDTA851e microba-
lance. The sample was dried under air flow (70 cm3 min�1) at 373 K for
1 h and then the temperature was ramped from 373 to 1173 K at
5 Kmin�1.

Operando infrared spectroscopy : Catalytic tests were performed in a
micro infrared reactor cell already described elsewhere,[41] in which the
spectra of both the self-supported catalyst wafer and the adsorbed species
were recorded during the reaction, up to a temperature of 623 K. A ni-
trogen gas stream was diverted to a saturator filled with o-xylene main-
tained at 300 K and the resulting mixture fed the IR reactor cell. Reac-
tion conditions were the following: T= 623 K, po-xylene =4.3 Torr, and
WHSV =4.1–4.9 h�1. The reaction products exiting the reactor were ana-
lyzed by online gas chromatography (Varian GC CP-3800). The IR spec-
trometer was a Nicolet Magna 750, the number of scans accumulated was
set to 128 with at 2 cm�1 resolution (Happ–Genzel apodization function),
and fitted with an MCT detector. Self-supported pressed discs of the zeo-
lites (diameter 1.6 cm, �7 mg cm�2) were activated under nitrogen flow
(IR cell reactor) up to 673 K by using a heating ramp of 1 Kmin�1. The
2D correlation data treatment method, initially introduced by Noda
et al. ,[42] was already used successfully in the treatment of operando IR
data, and more details can be found in the corresponding papers.[23, 43] In
this work, the 2D matrix of statistical covariance, C, was first computed
for a series of N IR spectra A ACHTUNGTRENNUNG(ñ,t) in the time interval t= {ti,tf}, where ñ

are the IR wavenumbers [Eq. (1)]:

Cðna; nb
Þ ¼ 1

N

Xtf
t¼ti

Aðna; tÞAðnb
; tÞ ð1Þ

Then the correlation (or cross-correlation) matrix F is obtained by the
following [Eq. (2)]:

Fðna; nb
Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cðna; nb

Þ
q

ð2Þ
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