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ABSTRACT: The acid sites associated with the external
surface of zeolite particles are responsible for undesirable
consecutive reactions, such as isomerization, alkylation, and
oligomerization, resulting in a lower selectivity to a target
product; therefore, the selective modification (deactivation) of
the external surface of zeolite particles has been an important
issue in zeolite science. Here, a new method for surface
deactivation of zeolite catalyst was tested via a mechanochem-
ical approach using powder composer. Postsynthetic mecha-
nochemical treatment of ZSM-5 zeolite causes a selective
deactivation of catalytically active sites existing only on the
external surface, as a potentially useful catalyst for highly
selective production of p-xylene.
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■ INTRODUCTION

Zeolites are categorized as crystalline microporous materials
composed of tetrahedral metal oxide (e.g., Si and Al)
frameworks. Zeolites have multidimensional pore structures
with high rigidity (0.2−2.0 nm) and have played important
roles in the chemical industry as catalysts, adsorbents, and ion
exchangers.1,2 In many existing applications, such as acid-
catalyzed reactions, zeolites are known to exhibit remarkable
shape selectivity, owing to their unique pore structure.3

Alternatively, the acid sites associated with the external surface
of zeolite particles are responsible for undesirable consecutive
reactions, such as isomerization, alkylation, and oligomeriza-
tion, resulting in a lower selectivity to a target product.
Moreover, such excessive reactions usually lead to catalytic
deactivation due to coke deposition on the zeolite particles. To
realize higher shape selectivity in the acid-catalyzed reactions,
therefore, selective deactivation of the external surface of zeolite
particles has been studied by many endeavors, mainly, by taking
chemical approaches4−19 such as impregnation of phosphorus,
MgO, and boron,14,15 chemical vapor deposition,16,17 chemical
liquid deposition,18,19 and coating with an inactive polycrystal-
line silicate layer.4−6 The development of a method for selective
modification is still a challenge in zeolite science.
The study presented here focuses on a mechanochemical

approach20 for selective deactivation of the zeolite surface. We
employ a powder composite treatment in which fine particles

are mechanochemically mixed in a dry mixing process, thus
obtaining nanocomposite materials.21,22 This process has
already been applied to the production of ceramic powders
and porous ceramics but has yet to be used in the zeolite field.22

A key distinguishing feature of this process is that particles are
brought into contact with one another on an atomic scale by an
applied mechanical force, especially a shear force. This paper
focuses on the use of shear force for modification of the zeolite
surface; that is, the shear force must be effective in deactivating
the external surface without destroying the zeolite structure,
which is the motivation of the present study. Here we report a
new possibility for surface deactivation of zeolite via a
mechanochemical route using a powder composer as shown
in Figure 1.
This study focuses on ZSM-5 zeolite with MFI topology,23,24

which consists of two kinds of interconnected 10-ring (10-R)
micropores (sinusoidal channel, 0.53 nm × 0.56 nm; straight
one, 0.51 nm × 0.55 nm), because this type of zeolite has been
most widely industrialized as a solid-acid catalyst in many
petrochemical processes, such as fluid catalytic cracking of
naphtha and p-xylene production from toluene disproportio-
nation and successive xylene isomerization. p-Xylene has a
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much higher diffusion coefficient than o- and m-xylene within
the ZSM-5 pores. When the isomerization reaction occurs, p-
xylene can move along the pores, diffusing out of the zeolite
particles promptly. However, secondary isomerization of p-
xylene into o- and m-xylene on the external surface reduces the
selectivity of p-xylene.7−13 Therefore, we have tried post
synthetic mechanochemical treatment of ZSM-5 to realize a
selective deactivation of catalytically active sites existing on the
external surface, giving a characteristic ZSM-5 zeolite catalyst
without external sites. Hence, ZSM-5 zeolite catalyst with
higher p-xylene selectivity is successfully prepared.

■ EXPERIMENTAL SECTION
ZSM-5 zeolite (840NHA, MFI-type zeolite, Si/Al = 19.7, cation NH4

+;
Tosoh Co.) was purchased commercially. Typically, 100 g of ZSM-5
zeolite was mechanochemically treated in a powder composer
(Nobilta, NOB-130, Hosokawa Micron Co.). Applied power was 3
kW and treatment periods were 3, 10, and 30 min. The morphology
and the phases present of the products were characterized by X-ray
diffraction (XRD; Multiflex, Rigaku), field emission scanning electron
microscopy (FE-SEM; S-5200, Hitachi), and transmission electron
microscopy (TEM; 2000FX, JEOL). N2 adsorption−desorption
measurements (Autosorb-1, Quantachrome) and pyridine adsorption
Fourier transform infrared (FT-IR) measurements (FT/IR-6100,
Jasco) were conducted according to procedures reported in previous
works.25,26

To examine the external acidity of ZSM-5 zeolite catalysts, 1,3,5-
triisopropylbenzene (TIPB) cracking was carried out at 300 °C by
employing a pulse technique.11 A full description of the catalytic
reaction tests can be found in Supporting Information (see Figure S1).
According to the previous work,27 toluene alkylation with methanol
was carried out under atmospheric pressure in a downflow quartz tube
with inner diameter of 8 mm. Prior to the reaction, 100 mg of catalyst
was embedded in the quartz tube and preheated at 500 °C for 1 h
under helium flow to remove NH3 and obtain H-ZSM-5. After the
temperature was decreased to 400 °C, the feed was switched to a
helium stream involving an equimolar mixture of methanol and
toluene. Reactants and products in the catalytic reaction were
separated on a capillary-type TC-FFAP column (60 m length, 0.25
mm i.d.) and analyzed on a gas chromatograph (GC-2014, Shimadzu)
equipped with a flame-ionization detector (see Figure S2, Supporting
Information).

■ RESULTS AND DISCUSSION

Figure 2 shows X-ray diffraction (XRD) patterns of the
samples. The Bragg diffractions derived from an MFI structure
in the mechanochemically treated samples maintained the same
crystallinity as those from the as-received ZSM-5 zeolite. It
appears that the applied force, mainly shear force, during
mechanochemical treatment is not enough for crystalline ZSM-
5 zeolite to be degraded into noncrystalline materials.

Brunauer−Emmett−Teller (BET) surface areas, external
surface areas, and micropore volumes of the samples are
summarized in Table 1. The BET surface areas and micropore
volumes of mechanochemically treated samples were almost the
same as those of as-received ZSM-5 zeolite, indicating that the
bodies of ZSM-5 were almost retained. Alternatively, the
external surface area increased from 40 (as-received) to 64 m2·
g−1 (3 min of treatment), and then, it decreased to 46 m2·g−1

(30 min), indicating that the roughness of the external surface
increased and tiny particles are formed in the first few minutes
of treatment and then agglomerated again on the external
surface of large ZSM-5 particles after 30 min.
Furthermore, significant changes in Si/Al ratios were not

seen (data not shown), indicating that the material balance
before and after mechanochemical treatment was maintained. It
is of note that loss of mass was not confirmed during
mechanochemical treatment; that is, the product possessed
99% of the mass of the as-received ZSM-5 zeolite. The high
productivity per batch is an advantage of this process. Figure 3
shows typical field-emission scanning electron microscopy (FE-
SEM) and transmission electron microscopy (TEM) images of
the samples. The as-received zeolite had smooth morphology.
However, the ZSM-5 morphology changed drastically after
mechanochemical treatment. The as-received zeolite has
formed rough surface covered by aggregates composed of fine
particles (50−200 nm). This indicates that the fragments
formed by the mechanochemical treatment are attached to the
surface. After mechanochemical treatment, the morphology of
ZSM-5 was rounded (see Figure 3e,f) although the average
particle size was almost the same as that for as-received ZSM-5.
This indicates that the shear force applied during mechano-
chemical treatment efficiently modifies only the external surface
of the ZSM-5 zeolite, supporting the XRD results. It is also
clarified that mechanochemical treatment with higher power for

Figure 1. Schematic of mechanochemical treatment of ZSM-5 zeolite.

Figure 2. XRD patterns of samples, (a) as received and (b)
mechanochemically treated for 3 min, (c) 10 min, and (d) 30 min.
All Bragg peaks correspond to an MFI structure.
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Table 1. Textural Properties of As-Received and Mechanochemically Treated ZSM-5 Zeolites

catalyst BET surface areaa (m2·g−1) external surface areab (m2·g−1) micropore volumeb (cm3·g−1)

ZSM-5 (as-received) 434 40 0.173
ZSM-5 (3 kW, 3 min) 438 64 0.170
ZSM-5 (3 kW, 10 min) 425 43 0.169
ZSM-5 (3 kW, 30 min) 434 46 0.163

aBET surface area was estimated from the adsorption branch in P/P0 = 0.01−0.10. bExternal surface area and micropore volume were estimated by
the t-plot method.

Figure 3. (a−d) FE-SEM images of samples, (a) as received and (b) mechanochemically treated for 3 min, (c) 10 min, and (d) 30 min. (e, f) TEM
photographs of samples, (e) as received and (f) mechanochemically treated for 30 min.

Figure 4. Temperature dependence of peak areas attributed to pyridine adsorbed on (A) Brønsted and (B) Lewis acid sites of ZSM-5, (●) as
received and mechanochemically treated for (△) 3 min, (□) 10 min, and (○) 30 min.
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a longer period results in a product with a rougher surface and
more rounded morphology.
We have attempted to evaluate the change in acidity within

ZSM-5 during mechanochemical treatment by means of FT-IR
spectroscopy with pyridine adsorption. Typical FT-IR spectra
are shown in Supporting Information (Figure S3). The bands at
ca. 1545 and ca. 1450 cm−1 are attributed to pyridine adsorbed
on Brønsted acid sites originated from bridging OH [Si−
O(H)−Al] and Lewis acid sites originating from alumina and/
or amorphous aluminosilicates, respectively.26 Figure 4
summarizes the temperature dependence of peak areas
attributed to pyridine adsorbed on Brønsted and Lewis acid
sites of each ZSM-5 sample. Brønsted acid strength originating
from an MFI structure was maintained after mechanochemical
treatment. On the other hand, Lewis acid strength of
mechanochemically treated ZSM-5 was drastically weakened
compared to that of as-received ZSM-5, probably due to
transformation of zeolitic structure into amorphous-like
aluminosilicates, especially existing on the external surface, via
mechanochemical treatment. Unfortunately, until now, a trace
amount of the external acid sites within as-received ZSM-5 is
not detectable by adsorption of collidine, the size of whichis
larger than the 10-R micropores of the MFI framework, via FT-
IR measurement.
The catalytic properties of modified ZSM-5 obtained by

mechanochemical treatment were evaluated. Catalytic cracking
of TIPB on a pulse-type reactor and alkylation of toluene with
methanol were performed in a continuous-flow reactor (see
Figures S1 and S2, Supporting Information). Catalytic cracking
of TIPB occurs only at the external acid sites of ZSM-5
particles, as the size of a TIPB molecule is indeed larger than
the 10-R micropores. In contrast, since methanol and toluene
molecules are much smaller than TIPB, they can penetrate the
10-R micropores; alkylation of toluene with methanol to xylene
can thus evaluate both the external and internal acid sites of
ZSM-5 catalysts.
Typical results of catalytic cracking of TIPB are shown in

Figure 5. At the first pulse, the as-received ZSM-5
demonstrated high activity in the TIPB cracking reaction
(68% TIPB conversion). It should be noted that the
mechanochemically treated ZSM-5 samples resulted in less

conversion of TIPB than the as-received ZSM-5 (28−38%
versus 68%). These results strongly suggest that the external
active sites of ZSM-5 have been selectively deactivated by the
mechanochemical treatment. When catalyzed by as-received
ZSM-5 with a certain number of external acid sites, TIPB
conversion gradually decreased with each TIPB pulse as shown
in Figure 5, implying that the external acid sites were covered
with propylene oligomers and dehydrogenated carboneous
species. On the other hand, it is worth noting that, after the
second pulse, almost no conversion of TIPB was observed in
mechanochemically treated ZSM-5 samples; that is, mecha-
nochemically treated ZSM-5 samples had much lower activity
than as-received ZSM-5. This was due to poisoning of the few
remaining acid sites on the external surface through coke
deposition at the first pulse of TIPB cracking. These results
indicate that mechanochemical treatment of ZSM-5 can cause
selective deactivation on the external surface; alternatively, the
internal surface maintained the acid strength originating from
the MFI framework.
Toluene alkylation over ZSM-5 catalysts was performed at

400 °C. Catalytic activities of four kinds of ZSM-5 samples and
the aromatic product distribution after 65 min of reaction are
listed in Table 2. The molar fraction of p-xylene relative to all
three xylene isomers produced is referred to as the para
selectivity. As shown in Table 2, conversions of toluene are
nearly the same under these conditions. It is deduced that
mechanochemical treatment promotes the formation of a rough
surface (and thus increases the area of the external surface) and
hence the alkylation of toluene with methanol; however,
mechanochemical treatment causes deactivation of the external
surface, which in turn lowers the catalytic yield. It appears that
nearly the same toluene conversion is determined by the
balance between the external surface area and degree of
deactivation. It has been shown that as-received ZSM-5
typically has low para selectivity (22.4%) and high selectivity
to m-xylene (43.2%), indicating that the isomerization of p-
xylene to other xylene isomers on the external surface is
superior.11 On the other hand, para selectivity of the samples
was significantly increased by mechanochemical treatment. The
result of high para selectivity can doubtless be explained by
selective deactivation of active sites only on the external surface
by mechanochemical treatment. It is also of note that the
mechanochemically treated layer must be extremely thin and
that the pores of ZSM-5 were not plugged, since toluene
conversion is nearly the same after mechanochemical treat-
ment. Additionally, the thin layers formed on the external
surface of ZSM-5 particles may narrow the mouths of 10-R
micropores in the MFI structure, giving higher para selectivity
in toluene alkylation. Moreover, when the reaction time passed
from 5 to 165 min, para selectivity gradually increased over
mechanochemically treated ZSM-5 samples regardless of the
stable toluene conversion (25−30%) during this period (see
Table S1 in Supporting Information). This behavior is of
interest, and we will investigate the details and report
elsewhere.

■ CONCLUSIONS
In summary, a mechanochemical approach was applied for
deactivation of acid sites on the external surface of ZSM-5
zeolite. The unique ZSM-5 catalyst had improved p-xylene
selectivity in the alkylation of toluene with methanol. In this
research, we present the mechanochemical treatment of only
ZSM-5 zeolite, but further deactivation of acid sites can also be

Figure 5. Catalytic behavior in cracking of TIPB in a pulse-type
reactor. Reaction conditions: catalyst, 20 mg; temperature, 300 °C; He
flow rate, 30 cm3 (NTP)·min−1; dose amount of TIPB, 0.6 μL.
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performed by mechanical mixing with basic materials such as
MgO; such works will be reported elsewhere. The mecha-
nochemical treatment proposed in this study is expected to
develop as a new methodology for the fabrication of shape-
selective catalysts.
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