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Abstract: Additional porosity, such as meso- and macropores, was introduced in zeolite extrudates
with the intention intuit of improving the effective diffusivity of the catalysts. The samples were
characterized in depth by nitrogen adsorption-desorption, mercury intrusion porosimetry, ammonia
temperature programmed desorption and adsorption of pyridine followed by infrared spectroscopy.
The results revealed no significant change in the acidity but an increase of the pore volume.
According to significant improvement in the effective diffusivity, the samples were tested in the
methanol-to-hydrocarbons reaction. The catalytic stability was greatly enhanced with an increase in
the pore volume, demonstrating a relation between effective diffusivity and resistance to deactivation
by coke formation. Further experiments also revealed a higher toluene adsorption capacity and a
raise in the breakthrough time over the most porous samples due to better accessibility of toluene
molecules into the active sites of the zeolite.
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1. Introduction

Since their discovery, zeolites have been widely used in industrial applications [1,2]. Their unique
properties, such as crystalline structure, shape-selectivity, and strong acidity render them extremely
useful materials for catalysis. In principle, zeolites are synthesized in the form of a powder with poor
mechanical strength that can induce damage or degradation of the catalyst, thus leading to fines at the
industrial reactor bottom. In this way, these catalysts are often shaped into centimeter-sized bodies, by
addition of a non-zeolitic binder, to be abrasion and fracture resistant during loading and transport.

The presence of those binders may affect the zeolite performance [3–12]. For instance, the binder
can block the pores of the zeolite, thus diminishing the rate of mass transfer within the porosity.
Associating this feature with the known slow molecular diffusion in the zeolite structure itself [13–17],
several strategies for improving the molecular transport in technical zeolite bodies have been developed,
such as (i) introduction of hierarchical porosity within the zeolite structure; (ii) coating of zeolite
crystals onto monoliths; (iii) binder-free strategies. The first approach has been widely investigated,
with results showing improvements of conversion, selectivity and catalyst lifetime in many important
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acid-catalyzed reactions [18–25]. However, there is a lack of understanding of the real influence of the
binder in hierarchical zeolites, despite important contributions from Pérez-Ramirez’s group [9,26–28].
In processes where the pressure drop plays a crucial role, structured catalysts remain the best strategy
to overcome mass transfer limitations [20]. Several approaches to prepare zeolite macrostructures
have been reported as the coating of zeolite onto ceramic/metallic structures [29–36]. Besides, several
researchers also succeeded in avoiding the use of binders to overcome those issues encountered during
the shaping process. They are based in the compression of zeolite powders, the use of removable
matrix, the hydrothermal transformation of dense aluminosilicate gels, and the use of pre-shaped
amorphous materials [37–46]. However, these methodologies remain at the laboratory scale due to
expensive or unpractical techniques and materials, with little prediction of any industrial use in the
near future.

In this article, we propose a strategy to improve the mass transfer within zeolite bodies, by means
of introduction of additional porosity in the alumina binder used during the conventional extrusion
process. In our previous study [47], an improvement of effective diffusivity of toluene attributed to
additional meso- or macropores was assessed. Herein, an in-depth characterization of the samples is
presented, along with toluene adsorption under plug-flow conditions and catalytic tests in order to
enlighten the influence of the effective diffusivity on the conversion, selectivity, and catalyst lifetime.

2. Results and Discussion

2.1. Structural Properties

Table 1 summarizes the textural properties obtained by N2 isotherms and mercury intrusion
porosimetry (MIP), namely, specific surface area, SBET, micropore volume, Vµ, and pore volume at
P/P◦ = 0.95, Vp, total intrusion volume, Vtotal intrusion, and porosity, respectively.

Table 1. Summary of the structural properties of as-prepared samples.

Sample SBET (m2/g) Vµ (cm3/g) Vp (cm3/g) Vtotal intrusion (mL/g) Porosity (%)
Boeh_ext 237 - 0.36 - -

CBV3020E 369 0.11 0.23 - -
Catal_ref 337 0.09 0.25 0.43 43

Catal_5PA1 347 0.09 0.25 0.58 52
Catal_10PA1 344 0.09 0.25 0.65 54
Catal_20PA1 348 0.09 0.25 0.78 58

Catal_PA2 348 0.09 0.32 0.81 60

It is obvious that extruded boehmite (boeh_ext) exhibits lower SBET than pristine commercial
zeolite (CBV3020E) and mesopores of 4.5 nm obtained by BJH method (Figure S1). This result is in line
with former studies on γ-alumina [48–52]. Concerning shaped ZSM-5 (Catal_ref), both SBET (Table 1)
and micropore volume of the catalytic bodies diminished upon extrusion, probably associated with the
binder presence [10]. BJH pore size distribution profiles are given in Figure 1. All samples exhibit at
least two peaks in the range of 3.5 to 6.5 nm characteristic of crystalline voids formed between zeolite
crystals. In addition, Catal_PA2 presents extra-mesopores centered at 12 nm, whereas Catal_10PA1
exhibited macropores ranging from 400 to 1000 nm as determined by MIP. This can be attributed to the
pore former agent added during the extrusion step, which upon calcination was burned off, leaving
voids in the catalyst body. It is worthy to mention that an increase in the quantities of PA1 (Catal_5PA1,
Catal_10PA1, and Catal_20PA1, respectively) led to an increase of the macropores presence (Figure S2).
This result is in agreement with the higher intrusion volume reported in Table 1 and the pore profile of
the samples in Figure S3. Regarding the Catal_PA2 sample, macropores in the 10–1000 µm range were
evidenced by MIP. However, the latter macropores are probably due to cracks present in the technical
body rather to macropores formed by the presence of pore former agents. Indeed, microprobe SEM
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analysis (Figure 2) reveals the presence of macropores in Catal_10PA1 that are not present in Catal_ref,
as well as the presence of cracks in Catal_PA2.
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Figure 2. Microprobe SEM image of Catal_ref, Catal_10PA1, and Catal_PA2 revealing the macropores
(black mark) formed by the presence of the pore former agent during the extrusion process.

NH3 thermal desorption analysis (Figure 3) shows two peaks at 220 and 500 ◦C, that can be
associated to two types of acid sites: weak and strong, respectively. Considering the peak at higher
temperatures, the concentration of acid sites could be estimated as 249µmol/g for CBV3020E, 223µmol/g
for Catal_ref, 250µmol/g for Catal_10PA1, and 218µmol/g for Catal_PA2. The acidity profile of boeh_ext
revealed the presence of mainly weak acid sites, being located at 220 ◦C. This shows that the presence
of the binder in the zeolite extrudates did not induce additional acidity, as the total acidity of the
extrudates corresponds approximately to 80% of the acidity of CBV3020E (quantity of zeolite used in
the extrusion process). Moreover, it is noteworthy that no shift of the peak at higher temperatures
could be evidenced among the different samples. In contrast to previous studies showing a higher
desorption temperature, hence a higher acid strength [53,54], the strategy presented herein did not
induce changes in the acidity of the materials. This is extremely important for catalytic purposes.
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Figure 3. Temperature programmed desorption of NH3 (NH3-TPD) profiles of as-synthesized catalysts.

The adsorption of pyridine followed by FTIR allowed the determination of the total quantity
of BrØnsted acid sites, being 350 µmol/g for CBV3020E, 300 µmol/g for Catal_ref, 240 µmol/g for
Catal_10PA1, and 310 µmol/g for Catal_PA2 (Figure S4). The results deviate only slightly from the
ones of NH3-TPD, being explained by different methods used for both techniques. In general, one may
admit low changes in the acidity of the samples, confirming aforementioned observations.

2.2. Catalytic Activity

The performance of zeolite extrudates was evaluated in the conversion of methanol to hydrocarbons.
The catalyst lifetime could be estimated as the time for which the conversion of oxygenates (methanol
and dimethyl ether) decreased below 90%, represented in Figure 4. The selectivity in C2-C4 olefins and
C5+ products after 1 h of reaction are summarized in Table 2.
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Figure 4. Profiles of the different catalysts’ lifetimes.

The extrudate commercial zeolite (Catal_ref) exhibited a lifetime almost half of the pristine powder
CBV3020E catalyst, and only minor differences in selectivity were noted. This may prove former
observations concerning the hampering effects of binders on the catalytic activity, possibly caused by
a decrease of the effective diffusivity through the catalyst body. Previous reports suggested that the
presence of the binder may partially block the pores of the zeolite, thus hindering the diffusion of the
molecules to and from the active sites. In contrast, the samples where meso- and macropores were
introduced (Catal_PA1 and Catal_PA2), present a substantial improvement in the catalyst lifetime,
reaching almost the same behavior as the commercial powder. We recently reported that the presence
of hierarchical porosity in the zeolite extrudates allowed better mass transport, verified by three
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different techniques of effective diffusion measurements [47]. The catalytic activity of the samples in the
methanol-to-hydrocarbons (MTH) reaction seems therefore directly related to the effective diffusivity,
as its increase led to a superior catalyst lifetime.

Table 2. Selectivity of the samples in methanol-to-hydrocarbons (MTH) of C3H6 (propylene), C2-C4

(olefins with two to four carbons) and C5+ (hydrocarbons with more than five carbons including
aromatics).

Sample SC3H6 (%) SC2-C4 (%) SC5+ (%)

CBV3020E 25 65 33
Catal_ref 27 70 29

Catal_10PA1 26 68 30
Catal_PA2 24 64 33

Besides, it is known that BrØnsted acid sites play a key role in the conversion of methanol, and it
was observed that the selectivity of all samples remained unchanged in comparison with the commercial
zeolite (Table 2). This may be due to the fact that the acidity was not altered during the extrusion
process as showed in the previous section. Moreover, our strategy was aimed at the introduction of
additional porosity in the binder only, preserving the zeolite structure intact. Since alumina did not
exhibit significant activity in the methanol conversion reaction (Figure S5), the differences may only be
attributed to the improvement of the effective diffusivity in the overall catalyst body.

To further analyze the impact of macropores presence in zeolite extrudates, the samples prepared
with different quantities of the pore former agent PA1 were also tested. An increase in the catalyst
lifetime is clearly evidenced when the quantity of PA1 was enhanced (Figure 5). Although diffusion
measurements were not performed, the sole difference between these three samples remains the
quantity of macropores formed (Table 1), which led to an improvement of the effective diffusivity
in comparison with Catal_ref. Furthermore, the coking behavior was analyzed by TGA (Figure 6)
showing larger quantities of the latter in samples which exhibited superior lifetime. It seems that
the macropores may have the ability to “trap” coke molecules, hence, to keep the acid sites on the
zeolite internal surface “free” for performing the reaction, allowing a full conversion of oxygenates
(methanol and dimethylether) over a longer time (Figure 5). This agrees with the results obtained
for the samples Catal_XPA1, however this is not observed in Catal_PA2 that exhibited lower coke
amount than Catal_ref (the sample with lower lifetime). This may be attributed to the presence of
both mesopores and cracks, that may induce a network of pores in the binder allowing the exit of coke
precursors instead of trapping them as suggested for the remaining samples.Catalysts 2019, 9, x FOR PEER REVIEW 6 of 11 
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Figure 6. Percentage of mass lost during the increase of the temperature determined by TGA under air.

Lastly, the samples were subjected to toluene adsorption under dry conditions (Figure 7).
The capacities of toluene adsorption of the samples were found to be 15.5, 68.0, 63.4, 70.0, and 62.3 mg/g
for boeh_ext, CBV3020E, Catal_ref, Catal_10PA1, and Catal_PA2, respectively. Some differences
between the samples were observed, the most notable being the increase in the breakthrough time.
The latter is defined as the time that the adsorbent is capable of adsorbing all the toluene in the stream,
and the introduction of macropores allowed an increase from 8 to 30 min (Catal_ref and Catal_PA1,
respectively). This may suggest that the presence of highways in the catalytic technical body facilitates
the diffusion of toluene molecules to and from the active sites within the zeolite where adsorption
takes place. This is also somehow applied to Catal_PA2, although no significant improvement in the
breakthrough time (8 min) could be observed. However, the latter sample is able to reach the saturation
faster than Catal_ref without extensive loss in its adsorption capacity which suggests an improvement
in the accessibility to the active sites.Catalysts 2019, 9, x FOR PEER REVIEW 7 of 11 
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3. Experimental

3.1. Catalysts and Materials

The technical bodies were obtained by extrusion of commercial ZSM-5 zeolite (CBV3020E, Zeolyst)
with boehmite (SASOL Disperal P2) in a mass ratio of 4:1, respectively. Two different pore former
agents, consisting of surfactants with a long organic chain, were added to the mixture to introduce meso-
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or macropores in the binder, being the samples labelled Catal_PAX (being X a number corresponding
to different pore former agents). Some samples were prepared with different quantities of PA1,
specifically 5, 10, and 20 wt%, and named Catal_5PA1, Catal_10PA1, and Catal_20PA1, respectively,
while Catal_PA2 was prepared with 10 wt% of pore former agent PA2. Pure boehmite was extruded
(boeh_ext) and a reference sample without any addition of pore former agent was also prepared
(Catal_ref). The mixture of solids was wet with 40% (solids base) of an aqueous solution of HNO3 4%.
The paste formed was extruded in a Walnut Hollow Clay Extruder. All the samples were calcined in a
furnace at 600 ◦C for 4 h with a heating ramp of 1 ◦C/min, and further ground and sieved to obtain an
equivalent diameter of 2.9 mm.

3.2. Characterization

Focused ion beam scanning electron microscopy (SEM) micrographs of resin-embedded extrudates
were acquired on a microprobe JEOL FEG JXA8530F with spectrometers WDS and EDS JEOL.
The samples were coated with Au for 60 s.

The textural properties of the extrudates involving the Brunauer–Emmett–Teller surface area
(SBET) were evaluated from classical nitrogen physical adsorption-desorption isotherms measured
at −196 ◦C by means of ASAP2020M equipment (Micromeritics). In addition, mercury intrusion
porosimetry (MIP) was performed in a Micromeritics AutoPore IV 9510 operated in the pressure range
from vacuum to 414 MPa. Samples in their extruded forms were degassed in situ prior to measurement.
A contact angle of 140◦ for mercury and a pressure equilibration time of 10 s were used. The total
intrusion volume was obtained by the total quantity introduced until 414 MPa and the pore size
distribution was determined by application of the Washburn equation.

Temperature programmed desorption of NH3 (NH3-TPD) of the extrudates was carried out in an
AutoChem II from Micromeritics equipped with a thermal conductivity detector (TCD). The samples
were pre-treated at 500◦C in flowing He for 1 h. NH3 was adsorbed until saturation under a continuous
flow at 100 ◦C. The desorption was performed by increasing the temperature up to 1000 ◦C with a heating
ramp of 20 ◦C/min. During this process, the concentration of the desorbed species was monitored.

The acidic properties of the samples were also evaluated by adsorption of pyridine followed by
infrared spectroscopy. Prior to analysis, samples were pressed at ~1 tons.cm−2 into thin wafers of
ca. 10 mg.cm−2 and placed inside the IR cell. Before pyridine adsorption/desorption experiments,
the wafers were calcined in static conditions at 400 ◦C for 1 h in O2 (15 kPa) and then outgassed
under secondary vacuum at 400 ◦C for 1 h. These wafers were contacted at 150 ◦C with gaseous
pyridine (67 Pa) via a separate cell containing liquid pyridine. The spectra were then recorded
following desorption from 150 and 300 ◦C with a Bruker Vector 22 spectrometer (resolution 4 cm−1,
64 scans). The reported spectra were obtained after subtraction of the spectrum recorded before
pyridine adsorption. The amount of Brønsted and Lewis acidic sites titrated by pyridine was obtained
using a molar absorption coefficient value of ε = 1.14 cm.µmol−1 for the ν19b vibration of protonated
pyridine (Py-H+) at ~1545 cm−1 and of ε = 1.76 cm.µmol−1 for the ν19b vibration of coordinated
pyridine (Py-L) at ~1455 cm−1 [55,56].

Coke analysis of the extrudates was performed in TGA Q5000 equipment by placing the sample
in the sample holder and raising the temperature at 15 ◦C/min from room temperature to 600 ◦C, while
holding it for 1 h under air flow. The mass of the sample was recorded during the whole process.

3.3. Methanol-to-Hydrocarbons (MTH) Reaction

Prior to use, catalysts were calcined at 550 ◦C for 1 h under argon flow. A total of 1.5 g of zeolite
bodies with 2.9 mm of equivalent diameter were placed in a tubular quartz reactor and packed between
two quartz wool plugs. CBV3020E was tested in its powder form with particle diameter around 200 µm.
A constant argon flow was fed through a methanol saturator, heated to 45 ◦C by an oil bath, to achieve
WHSV = 2.0 gMEOH/gcat.h−1. The reactant was subsequently fed to the reactor containing the catalyst
at 450 ◦C. The products at the outlet were analyzed by GC equipped with a 50 m capillary column
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(PONA) and a flame ionization detector (FID). The conversion of the samples was expressed in terms
of methanol and dimethyl ether (DME considered as a reactant) consumption, calculated from the
difference between inlet and outlet concentrations. The selectivity was given by the mole ratio of each
product referred to the moles of converted methanol and DME.

3.4. Toluene Adsorption

Catalysts were calcined at 600 ◦C for 1 h in static air, prior to use. Toluene adsorption in volatile
organic compounds (VOC) removal conditions was performed in a fixed bed reactor at 40 ◦C. The flow
consisted in 400 ppm of toluene in the presence of O2 and Argon in a total of 100 mL/min. The gas
outlet was analyzed by GC equipped with a flame ionization detector (FID) and a column Agilent
125-7062 DB-Wax 60 m × 530 µm × 1 µm.

4. Conclusions

Through systematic comparison of conventional extrudate zeolites and extrudate zeolites with
meso- and/or macropores, we demonstrated a strategy to improve the catalyst lifetime in the
methanol to hydrocarbons reaction. The introduction of additional porosity by means of pore
former agents during the extrusion process, enhanced the total macropore volume of the samples
without significantly modifying their acidity, which plays a major role in the performance of zeolites in
acid-catalyzed reactions.

By changing the quantity of pore former agent, the macropore volume was also increased, leading
to an improved catalyst lifetime. As it was assessed before, the creation of additional porosity led to
higher effective diffusivity. This parameter can therefore be directly related to the catalyst performance.
Coke analysis showed larger quantities in the samples with higher catalytic stability that may have been
kept in the macropores of the binder, leaving the active sites in operation for a longer time. Moreover,
the samples were also tested in toluene adsorption, and once again the presence of macropores had a
positive impact on the breakthrough time.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/6/545/s1,
Figure S1: Pore size distribution of boeh_ext obtained by BJH method, Figure S2: SEM images of the samples
with different quantities of PA1: (a) Catal_5PA1; (b) Catal_10PA1; (c) Catal_20PA1, Figure S3: Pore profile of the
samples with different quantities of PA1 obtained by mercury intrusion porosimetry, Figure S4: Spectra of pyridine
adsorption followed by FTIR after desorption at 150 ◦C, Figure S5: Catalytic activity of boeh_ext: Conversion of
methanol and selectivity in methane and dimethyl ether.
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