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ABSTRACT Binderless hierarchically porous monoliths have been produced from silicalite-1 and ZSM-5 zeolite powders by a rapid
and facile powder processing method where the zeolite powders are assembled in a graphite die and subjected simultaneously to a
compressive pressure and a pulsed current. Pulsed current processing (PCP) or, as it is commonly called, spark plasma sintering,
enables rapid thermal processing of zeolite powder assemblies with heating and cooling rates at 100 °C/minute or more, which results
in the formation of strong powder bodies without any addition of secondary binders. Nitrogen adsorption measurements show that
it is possible to form strong zeolite monoliths by PCP that maintain between 85 and 95% of the surface area of the as-received silicalite-1
and ZSM-5 powders. Line-broadening analysis of X-ray powder diffraction data by the Rietveld method and high-resolution electron
microscopy showed that the formation of strong interparticle bonds is associated with a local amorphization reaction at the interfacial
contact points between the zeolite particles. The PCP-treated binderless ZSM-5 monoliths display a high selectivity in xylene isomer
separation.
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INTRODUCTION

The well-defined pore size and pore structure of zeo-
lites together with the flexible acid/base surface prop-
erties makes them highly useful in a number of

industrial applications, e.g., as ion exchangers for water
softening, as drying agents or absorbents for organic vapors,
as molecular sieves and separation membranes, or as
catalyst for the production of petrochemicals (1, 2). The use
of zeolites in industrially important applications, e.g., gaso-
line upgrading and gas purification requires that the primary
micrometer-sized zeolite particles are assembled into strong
macroscopic secondary structures, i.e., granules, pellets,
cylinders, and discs (3-5). Indeed, the preparation of hier-
archically porous materials that display a multimodal poros-
ity is a necessary step toward creating porous materials with
a high surface area and a low pressure drop for various
potential applications in catalysis and adsorption and as
support materials.

The current technology for producing, e.g., zeolite mono-
liths for catalytic and adsorbent applications involves extru-
sion or pressing zeolite particles together with a nonzeolitic

binder, followed by a drying and heating step (4). The
nonzeolitic binders are usually added to impart a high
mechanical strength and sufficient resistance to attrition.
Examples of suitable inorganic binders include alumina,
silica, and various types of clays (6).

Fugitive templates, e.g., carbon aerogels (7), polyurethane
foams (8), and resin beds (9) have been used to produce
hierarchically porous zeolite materials directly during syn-
thesis. It is also possible to deposit zeolite films onto the
surfaces of macroporous ceramic foams or honeycomb
structures (10-15).

Hydrothermal transformation routes (16, 17) can be used
to reduce the amount of nonzeolitic material; zeolite beta
monoliths were, e.g., produced via the transformation of the
amorphous walls of silica monolith using carbon as a
transitional template (18). However, the applicability of the
hydrothermal conversion and templating approaches are
limited by the lengthy reaction times and elaborate process
schemes.

In this study, we show how a rapid and facile powder
processing technique, pulsed current processing (PCP), can
be used to produce strong hierarchically porous zeolite
monoliths from silicalite-1 and ZSM-5 powders without the
use of any secondary binders. Line-broadening analysis of
X-ray powder diffraction data by the Rietveld method and
high-resolution electron microscopy were used to analyze
the origin of the formation of strong interparticle bonds
during the PCP process. Nitrogen sorption, mercury intru-
sion, scanning electron microscopy, and diametral compres-
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sion tests were used to determine the effect of processing
temperature on the porosity and mechanical strength of the
zeolite secondary structures. The catalytic activity of bind-
erless ZSM-5 monoliths was evaluated by a xylene isomer-
ization study.

EXPERIMENTAL SECTION
Materials. ZSM-5 and silicalite-1 are microporous, crystalline

inorganic materials that belong to the MFI type of molecular
sieves (19, 20). The ZSM-5 powder with a SiO2/Al2O3 ratio of
280 was obtained from Zeolyst. The silicalite-1 powder was
synthesized by first adding 5.29 g of a solution of tetrapropy-
lammonium (TPAOH: 40 wt % solution, Applichemie) and then
7.81 g of precipitated silica (Merck) to 20.25 g of distilled water
until a homogeneous gel was formed (21). The mixture was
subsequently transferred to a Teflon-lined autoclave and hy-
drothermal treatment was carried out at 170 °C under autog-
enous pressure for 24 h. The obtained particles were purified
by repeated filtration (Munktell 00H filter paper) and washed
with distilled water. After drying the resulting cake at 110 °C
for 12 h, the powder was gently disagglomerated in a mortar
and calcined for template removal in a tubular furnace at 500
°C for 8 h (heating rate 1 °C/min, cooling rate 1.5 °C/min) under
flowing oxygen (100 mL/min). The resulting powder was con-
firmed to be silicalite-1 by X-ray diffraction (XRD) and consisted
mostly of twinned crystals of about 10 × 10 × 14 µm3 with a
narrow size distribution.

The zeolite powders were loaded in cylindrical graphite dies
(diameter 12 mm) and treated in vacuum with a uniaxial
pressure of 20 MPa at a heating rate of about 100 °C/min using
a pulsed current processing apparatus (Dr. Sinter 2050, Sumi-
tomo Coal Mining Co. Ltd., Japan) at maximum temperatures,
TPCP, between 900 and 1200 °C where the temperature was
held for 3 min before the materials were rapidly cooled down.

Methods. The scanning electron microscope (SEM) JEOL JSM-
7000F was used to study both zeolite powders that were thinly
spread onto a carbon film supported on a brass stud and zeolite
monoliths that were fractured and/or polished. Representative
cross sections were obtained using a JEOL SM-09010 cross
section polisher operated at 6 kV for 7 h.

X-ray powder diffraction patterns of the as-received zeolite
powders and ground PCP-treated monoliths were recorded
using CuKR1 radiation and a PANalytical X’pert PRO MPD
diffractometer equipped with a Pixel detector.

Nitrogen sorption data were recorded using a Micromeritics
ASAP 2020 analyzer. The PCP-treated cylindrical samples and
as-received powder were degassed at 573 K and adsorption and
desorption data were collected at 77 K. The specific surface
areas were calculated using the Brunauer-Emmett-Teller (BET)
model in the relative pressure region of 0.05-0.15 p/po. The
macropore volume and the pore size distribution between 3 nm
and 360 µm were determined using mercury intrusion poro-
simetry (Micromeritics AutoPore III 9410). The surface tension
and the contact angle of mercury were set to 485 mN/m and
130°, respectively.

Diametral compression tests were carried out at ambient
conditions using an electromechanical testing machine (Zwick
Z050, Germany) at a constant cross-head displacement rate of
0.5 mm/min. The test specimens were subjected to a compres-
sive stress using two parallel plates. Tensile strength was
calculated as σT ) 2P/d · t · π, where P ) load at failure (N), d
) specimen diameter (mm), and t ) specimen thickness (mm).

A tubular stainless steel reactor was used for the catalysis
experiments. The internal diameter and length of the reactor
were 17 mm and 200 mm, respectively. The zeolite materials
were mixed with 90 wt % acid leached sea sand and ethanol.
The lower portion of the reactor was first loaded with (inert)
glass beads and the zeolite/sand mixture was subsequently

loaded in the middle of the reactor. Finally, the upper portion
of the reactor was filled with glass beads. Glass wool was used
as a barrier to stabilize the zeolite/sand mixture and the glass
beads in the reactor. The zeolite pellets were ground for 5 min
in an automatic mortar grinder (Fritsch Pulverisette 2). The as-
received ZSM-5 powders and ground monoliths were heated in
a furnace at 500 °C for 6 h, with a heating and cooling rate of
0.2 °C/min to obtain the material in catalytically active H+ form.
The samples were calcined in situ at 450 °C for 6 h prior and in
between testing. The feed and the products were analyzed with
a gas chromatograph (Varian CP 3800) with a polar column (CP
Xylene) and a flame ionization detector (FID) connected online.
The product distribution (molar ratio of m-xylene/o-xylene) was
measured three times for each p-xylene feed, and the standard
deviations ranged from 1 to 3%.

RESULTS AND DISCUSSION
Pulsed current processing (PCP) or, as it is usually called,

spark plasma sintering, is a novel powder processing method
that has mainly been used to produce dense ceramic materi-
als (22, 23). The PCP method simultaneously subjects pow-
der bodies to a pulsed electrical current and a compressive
stress. The electric current generates Joule heat which cre-
ates a rapid temperature increase. The rapid heating rates
suppress grain growth and allows a fine-grained microstruc-
ture to be maintained when consolidating and sintering
nanomaterials (23, 24). Recently, we showed that monoliths
with a bimodal meso/macro porosity can be produced by
the PCP technique from an assembly of mesoporous par-
ticles with amorphous silica walls, providing that the maxi-
mum temperature (TPCP) is kept sufficiently low to inhibit
pore collapse (25). The PCP technique has also been used
to produce macro/macroporous monoliths from assemblies
of diatomite powders (26).

The as-prepared silicalite-1 particles have a narrow par-
ticle size distribution and a well-defined, faceted morphology
(Figure 1a). Figure 1b shows that treating the silicalite-1
particles by the pulsed current processing technique at a
compressive pressure of 20 MPa and a TPCP of 1100 °C
results in the formation of a powder body where the faceted
morphology of the individual primary silicalite-1 particles is
preserved. Increasing TPCP to 1300 °C results in a collapse
of the material and a significant loss of the characteristic
features of the primary silicalite-1 particles (Figure 1c). This
is corroborated by X-ray powder diffraction studies, which
show that a PCP-treatment at TPCP of 1200 °C and above
results in a significant loss of crystallinity and a subsequent
transformation of the silicalite-1 zeolite to R-cristobalite
(Supporting Information, Figure S2). The high magnification
scanning electron microscopy image in Figure 1d shows that
the faceted silicalite-1 primary particles, PCP-treated at 20
MPa and 1100 °C, deform or even collapse locally at the
contact points (shown by the white ovals). More examples
are given in the Supporting Information (Figure S3). It is
important to note the absence of any necks, i.e., material
that has been transported to the grain boundaries, suggests
that sintering is insignificant under these conditions. Figure
1e gives examples of various shapes of zeolite monoliths that
have been produced using different types of dies.
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Analysis of the nitrogen adsorption isotherms (Figure 2a)
shows that PCP-treatment at a TPCP of 1000 and 1100 °C
only results in a loss of 3 and 8% of the surface area,
respectively, (Table 1) compared to the as-received sili-
calite-1 powder. At a TPCP of 1200 °C, the BET surface area
falls sharply, which suggests that the microporous structure

of the zeolite powders have collapsed. Figure 2b shows that
the PCP-treated monoliths possess macropores with a size
of around 3 µm. This demonstrates that monoliths with well-
defined bimodal macro/micro porosity can be produced by
PCP-treatment of zeolite powder assemblies. The total vol-
ume of the macropores, determined by mercury porosim-

FIGURE 1. Morphology and microstructure of silicalite-1 powders and PCP-treated monoliths. Scanning electron microscopy (SEM) images of
(a) as-received silicalite-1 powder; and fracture surfaces of silicalite-1 monoliths prepared at (b) 1100 °C and (c) 1300 °C; and (d) image of
higher resolution of silicalite-1 particles PCP-treated at 1100 °C with the partially collapsed contact region indicated by the white ovals. (e)
Examples of monoliths produced using different dies.

FIGURE 2. Characterization of the porosity of the as-received silicalite-1 powders and monoliths PCP-treated at different temperatures by (a)
nitrogen adsorption isotherms and (b) mercury intrusion porosimetry.
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etry (Table 1), for the silicalite-1 monoliths is relatively large
and decrease with increasing TPCP, from 43 vol % at a TPCP

of 1000 °C to 31 vol % at a TPCP of 1200 °C.
We have used the PCP-technique to prepare hierarchically

porous monoliths also from ZSM-5, which is one of the most
industrially important zeolite catalysts (2). Figure 3a shows
a fracture surface of a monolith produced from an irregular
and highly polydisperse ZSM-5 powder PCP-treated at 20
MPa and a TPCP of 1200 °C. The cross polished section in
Figure 3b shows that the primary particles are connected in
a network. Similar to the silicalite-1 material, we find that
PCP-treatment at 20 MPa up to a TPCP of 1200 °C has a
negligible effect on the shape of the nitrogen isotherms
(Figure 3c). Analysis of the isotherms verifies (Table 2) that
the ZSM-5 monoliths preserve a relatively high surface area
and micropore volume up to a TPCP of 1200 °C. However,
increasing the TPCP to 1300 °C results in almost total loss of
porosity, which can be related to a collapse of both the
microporous and macroporous structure of the PCP-treated

ZSM-5 monolith. The mercury intrusion data in Figure 3d
shows that the ZSM-5 monoliths display a macroscopic pore
size around 200-700 nm, which corresponds to the size of
the larger interstices between the primary particles and an
additional mesoporosity with a pore size around 5-20 nm.

The XRD-data in Figure 4a gives more information on
how the PCP treatment influences the structural character-
istics of the zeolites. Analysis of the broadening of the X-ray
powder diffraction peaks (27, 28) by the Rietveld method
and the program FullProf (29) confirmed that the crystallite
size is unaffected by the PCP-treatment, which corroborates
that any sintering mechanism involving grain growth is of
minor importance. Figure 4b shows that the PCP-treatment
induces a lattice strain in the zeolite grains, which increases
from 0.05% in the as-received material up to 0.17% after
PCP-treatment at a temperature of 1150 °C.

We have evaluated the mechanical stability of the ZSM-5
pellets, using the diametral compression test on cylindrical

Table 1. Properties of PCP-Treated Monoliths and
Powders of Silicalite-1
maximum

temperature
(TPCP) [°C]

surface
areaa

[m2/g]

total pore
volumeb

[cm3/g]

macropore
volumec

[cm3/g]
porosity
[vol %]

median
macropore
size [µm]

376 0.19

1000 363 0.17 0.39 43 3.3

1100 345 0.17 0.32 37 3.3

1200 62 0.03 0.22 31 2.7

a BET surface area calculated within the relative pressure range:
0.05-0.15 p/po. b Single point adsorption total pore volume at a
relative pressure of p/po ) 0.99. c Macropore volume calculated by
mercury intrusion porosimetry.

FIGURE 3. Microstructure and porosity of ZSM-5 powders and PCP-treated monoliths. Scanning electron microscopy images: (a) cross section
polished and (b) fracture surface of ZSM-5 monoliths prepared at 1200 °C. Characterization of the porosity by (c) nitrogen adsorption isotherms
and (d) mercury intrusion porosimetry.

Table 2. Properties of PCP-Treated Monoliths and
Powders of ZSM-5
maximum

temperature
(TPCP) [°C]

surface
areaa

[m2/g]

total pore
volumeb

[cm3/g]

macropore
volumec

[cm3/g]

tensile
strengthd

[MPa]

385 0.21

950 351 0.21 0.47 0.7

1100 333 0.20 0.44 1.6

1200 304 0.19 2.4

1300 2.5 0.0045

a BET surface area calculated within the relative pressure range:
0.05-0.15 p/po. b Single point adsorption total pore volume at a
relative pressure of p/po ) 0.99. c Macropore volume calculated by
mercury intrusion porosimetry. d Tensile strength obtained from
diametral compression of cylindrical pellets.
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pellets prepared at different TPCP. This simple test subjects a
circular disk to a compressive stress between two dia-
metrically opposed plates, and the strength of the material
can be related to the tensile stress that develops perpen-
dicularly to the loading direction. Similar to our previous
study on PCP-treated mesoporous materials (25), we find
that the tensile strength (Table 2) of the zeolite monoliths
depends strongly on TPCP. Increasing TPCP from 950 to 1100
°C increases the strength almost three times, from 0.66 to
1.6 MPa, with only a slight decrease of the specific surface
area. Increasing TPCP up to 1200 °C increases the strength
substantially, to 2.4 MPa, while the specific surface area is
still retained above 300 m2/g. The strength of the binderless
zeolite monoliths produced by the PCP-treatment is com-
parable to the strength of monoliths produced by traditional
techniques using substantial amounts of nonzeolitic binders
(4) and is substantially higher compared to monoliths pro-
duced by other binder-free routes (30).

The significant strength of the monoliths suggests that
strong interparticle bonds are formed by the PCP treatment
of the zeolite primary particles. The electron microscopy
image in Figure 1d indicates that the bond formation is
associated with a local collapse of the zeolite grains in
contact. Recent experimental (31, 32) and simulation work
(33) have shown that zeolites may collapse into amorphous
phases of a significantly higher density on heating and/or
pressurization. This amorphization process is associated
with rearrangement and breakage of bonds, which can
promote the formation of new strong bonds between sur-
faces in close proximity.

Xylene isomerization was used as a probe reaction to
evaluate the catalytic activity of the PCP-treated ZSM-5
material. This reaction is well-known and useful to evaluate
shape selectivity of acidic zeolite catalysts (34). The equilib-
rium composition of xylene isomers is about 50% m-xylene,
25% o-xylene, and 25% p-xylene. For p-xylene isomeriza-
tion, the equilibrium conversion is, thus, 75% and the
product distribution, i.e., the m-/o-xylene ratio, will approach
2. At lower conversion, the m-/o-xylene ratio may be much
greater than 2, since m-xylene forms first in the series
reaction p-xylene T m-xylene T o-xylene (35).

Figure 5 shows the m-/o-xylene ratio as a function of
conversion for selected ZSM-5 samples. When the reactor
was loaded with 0.2 g of the as-received ZSM-powder, an
m-xylene/o-xylene ratio of about 4.4 was observed for a
p-xylene conversion of about 1-3%. At comparable p-
xylene conversion, the PCP-treated powders display 10-20%
lower m-xylene/o-xylene ratios (3.5-4.1) compared to the
as-received ZSM-5 powder. This is comparable to the de-
crease of between 5 and 15% of the microporous surface
area of the ZSM-5 powders by the PCP-treatment, which
could suggest that the performance is directly linked to the
available surface area. However, it is difficult to directly
compare the xylene isomerization performance of the as-
received ZSM-powder and the crushed PCP-treated materials
because the PCP-treatment results in a partially amorphized
material that can display some additional mass transfer
limitations. Unfortunately, it is not possible to prepare a
calcined reference ZSM-5 as the microporous material can-
not sustain an extended heat treatment at elevated temper-
atures (950 or 1100 °C).

Also, the PCP-treatment results in a hard material that is
difficult to disintegrate by low energy milling; hence, the
granule/aggregate size of the PCP-treated material is larger
than the as-received powder which also could result in an
increased diffusion path. The main products in the p-xylene

FIGURE 4. Structural properties of ZSM-5 powders and PCP-treated monoliths. Temperature-dependent structural changes probed by (a) the
intensity dependence of the compound (-101)/(011) and (101) Bragg reflections of monoclinic ZSM-5; and (b) the estimated normalized
normalized lattice strain (Strain/Straino).

FIGURE 5. Product distribution (molar ratio of m-xylene/o-xylene)
as a function of p-xylene conversion for the as-received ZSM-5
powder and the PCP-treated powder at a TPCP of 950 and 1100 °C.
The conversion was varied by varying the feed flow rate and the
mass of catalyst in the reactor. For a catalyst mass of 1 and 0.2 g,
the observed p-xylene conversion varied between about 7-13% and
1-3%, respectively, for the as-received ZSM-5 powder.
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isomerization test reaction were o- and m-xylene. However,
a slightly larger amount of byproduct (disproportionation
products) was obtained (Supporting Information, Figure S5)
for the PCP-treated materials at comparable p-xylene con-
version, which may be related to local heating due to slower
transport of the exothermic reaction heat of the larger PCP-
treated granules.

CONCLUSIONS
We have shown how mechanically stable, hierarchically

porous ZSM-5 and silicalite-1 zeolite pellets can be fabricated
by a pulsed current processing technique. Restricting the
maximum temperature, TPCP, to below 1200 °C for ZSM-5
and 1100 °C for silicalite-1 results in monoliths with a
multimodal macro-, meso-, and microporosity, where at
least 85% of the surface area of the as-received microporous
zeolites are maintained. Rietveld refinements of X-ray dif-
fraction data and high-resolution electron microscopy sug-
gest that the formation of strong interparticle bonds during
the PCP process is associated to a local amorphization
reaction at the contact points between the zeolite particles.
Xylene isomerization studies showed that the selectivity of
the PCP-treated ZSM-5 materials is maintained at a level
between 80 and 90% of the as-received ZSM-5 powder. The
small differences were related to the minor loss of mi-
croporous surface area and a possibly increased mass and
heat transfer resistance induced by the PCP-treatment. In
summary, the possibility to produce strong, binder-free
hierarchically porous zeolite monoliths of an arbitrary shape
opens up for new catalysis and adsorption applications
where mechanochemical conditions are very demanding.
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