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ABSTRACT: Zeolite-based catalysts are globally employed in
many industrial processes, such as in crude-oil refining and in
the production of bulk chemicals. However, to be implemented
in industrial reactors efficiently, zeolite powders are required to
be shaped in catalyst bodies. Scale-up of zeolite catalysts into
such forms comes with side effects to its overall physicochem-
ical properties and to those of its constituting components.
Although fundamental research into “technical” solid catalysts is
scarce, binder effects have been reported to significantly impact
their catalytic properties and lifetime. Given the large number of
additional (in)organic components added in the formulation, it
is somehow surprising to see that there is a distinct lack of
research into the unintentional impact organic additives can
have on the properties of the zeolite and the catalyst bodies in general. Here, we systematically prepared a series of alumina-
bound zeolite ZSM-5-based catalyst bodies, with organic additives such as peptizing, plasticizing, and lubricating agents, to
rationalize their impacts on the physicochemical properties of the shaped catalyst bodies. By utilizing a carefully selected arsenal
of bulk and high-spatial resolution multiscale characterization techniques, as well as specifically sized bioinspired fluorescent
nanoprobes to study pore accessibility, we clearly show that, although the organic additives achieve their primary function of a
mechanically robust material, uncontrolled processes are taking place in parallel. We reveal that the extrusion process can lead to
zeolite dealumination (from acid peptizing treatment, and localized steaming upon calcination); meso- and macropore
structural rearrangement (via burning-out of organic plasticizing and lubricating agents upon calcination); and abating of known
alumina binder effects (via scavenging of Al species via chelating lubricating agents), which significantly impact catalytic
performance. Understanding the mechanisms behind such effects in industrial-grade catalyst formulations can lead to enhanced
design of these important materials, which can improve process efficiency in a vast range of industrial catalytic reactions.

KEYWORDS: zeolites, extrudates, additives, binder, catalysis, catalyst body

1. INTRODUCTION

The role zeolite-based catalysts play in producing many of our
everyday needs, such as fuels, chemicals, and materials, cannot
be stressed enough.1−4 Their excellent physicochemical
properties, such as well-defined pores/channels and tailored
acidity, allow them to function efficiently in a variety of
essential catalytic processes, such as alkylation, isomerization,
and cracking.5−10 Normally, in an academic setting, the focus is
heavily on “research” solid catalysts. Examples include zeolite
single crystals and/or powders, which provide necessary
fundamental insights into their catalytic properties.11−14

However, if they are to be used in industrial reactors, then
more often than not, they are required to be scaled-up into

shaped catalyst bodies. Here, the zeolite is dispersed in a
binder/matrix/filler in a multiscale, multicomponent body,
which, as compared to a powder, primarily limits pressure
drop, enhances mechanical stability, and improves heat-mass
transfer (among others).15,16 The process of forming shaped
catalyst bodies, for example, catalyst extrudates, requires
homogenization and densification of a proprietary formulation,
to form a paste with an optimum solid-to-liquid ratio, prior to
extrusion of green bodies and drying. Although experimental

Received: January 12, 2019
Revised: March 23, 2019
Published: April 26, 2019

Research Article

pubs.acs.org/acscatalysisCite This: ACS Catal. 2019, 9, 4792−4803

© 2019 American Chemical Society 4792 DOI: 10.1021/acscatal.9b00151
ACS Catal. 2019, 9, 4792−4803

This is an open access article published under a Creative Commons Non-Commercial No
Derivative Works (CC-BY-NC-ND) Attribution License, which permits copying and
redistribution of the article, and creation of adaptations, all for non-commercial purposes.

D
ow

nl
oa

de
d 

by
 1

93
.5

5.
72

.2
01

 a
t 0

1:
03

:4
4:

09
2 

on
 J

un
e 

20
, 2

01
9

fr
om

 h
ttp

s:
//p

ub
s.

ac
s.

or
g/

do
i/1

0.
10

21
/a

cs
ca

ta
l.9

b0
01

51
.

pubs.acs.org/acscatalysis
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.9b00151
http://dx.doi.org/10.1021/acscatal.9b00151
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html


details on the scale-up process are particularly vague, it is
known that a large number of components are added to the
formulation, that is, active phase, binder, filler, lubricant,
plasticizer, porogen, and peptizing agents.16−21 Each of these
components is added with a specific role(s) in mind, with the
overall goal to achieve an extrudate with high mechanical
strength, so as to withstand harsh reactor conditions. The
primary function(s) of the organic additives used in the
formulation design stems from a great deal of knowledge in the
ceramics industry22 and supported transition metal catalyst
bodies.23,24 For instance, peptizing agents such as acetic acid
and citric acid are present to homogenize and disperse
particles, and can be added in the form of acid or base.25

Lubricating and plasticizing agents like polyethylene glycol and
cellulose are somewhat harder to distinguish from each other,
as one compound can play both roles, but primarily their role
is to reduce friction and decrease viscosity of the paste upon
extrusion, with viscous oils and polar/nonpolar materials
commonly employed.17 Unlike in ceramic extrudates/mono-
liths, components such as zeolites in catalyst bodies can
potentially interact with organic additives prior to and during

their decomposition upon drying. It has already been shown
that side effects such as solid-state ion exchange between
intimate binder and zeolite interactions can occur when
shaping with a binder in zeolite-based catalyst bodies, being
either beneficial or detrimental to their catalytic properties.26

Surprisingly, the binder component is often referred to as an
inert material, mainly present to increase the mechanical
properties of the catalyst body. However, past and more recent
research has shed light on the significant impact the interaction
of the binder can have on the zeolite active phase, such as
entrapment of poisons, modification of deactivation character-
istics, and neutralization of active sites, among others.27−36

Proximity of the binder and zeolite, together with the presence
of water and heat treatment during shaping, ensure the
transport of species from the binder to the zeolite (and vice
versa), and solid-state ion exchange of the Brønsted acid sites
takes place. The latter provides a definitive indication as to
what consequences intimate contact between organic and
inorganic components might have upon shaping.
It is therefore somewhat surprising to see that fundamental

research into rationalizing the potential side effects of the

Scheme 1. (a) Illustration of a Freshly Extruded Zeolite-Catalyst Body, and the Distribution of Components Therein;a and (b)
(Non)primary Processes That Have Been Found To Occur in This Work, upon the Use of Additives in Zeolite-Based Alumina-
Bound Catalyst Body Formulations

a(a) Examples are depicted of commonly employed inorganic components and organic additives burnt-off upon calcination. The primary role of
each component/additive is as follows: zeolite is the active phase; binder provides mechanical strength to the technical body; peptizer disperses
particles to achieve homogeneity; plasticizer enhances rheological behavior of the paste to be extruded; and lubricant aids the passage of the paste
during extrusion into technical bodies. Typical amounts of each catalyst body are given on the basis of patent literature.19,20,42−46 (b) (i)
Lubricating and plasticizing agents effectively act as pore forming agents after their removal upon calcination, leading to variations in mesopore and
macropore diameters/volume; (ii) peptizing agents lower the pH of the paste below the point zero charge (PZC) of the boehmite binder (∼9),
causing hydrolysis of the oxobridges between particles and protonation of the surface of the alumina binder, creating repulsion between particles;
(iii) depending on the peptizing agent selected (i.e., acids with different pKa values), varying degrees of zeolite dealumination take place (with lower
pKa values (<1) leading to extra framework Al (EFAl) dissolution); (iv) Al migration taking place via mobile species from the γ-Al2O3 binder to the
zeolite, reacting with silanol groups (terminal framework and/or silanol nests (via dealumination)) to create additional acid sites; and (v) the use of
lubricating agents such as glycerol can disrupt the prior-mentioned Al migration process, given the chelating nature of glycerol, depleting mobile Al
species from the binder that could potentially form new acid sites.
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organic additives in zeolite-based catalyst bodies is clearly
lacking. Due to their individual physical and chemical
characteristics, for example, structural dimensions and pH,
one can expect a large impact to the physicochemical
properties of the zeolite and the catalyst body in general. For
instance, the use of acidic solutions to dealuminate zeolites is
well-known,37−39 so what happens to the zeolite acid sites in a
shaped body when an acid peptizing agent is used in the
formulation? Or indeed, what happens to the pore structure
when lubricants of either short-chain polymers or long-chain
polymers are burnt out upon drying? Each of these factors,
among many possible others, has the potential to severely
influence the catalytic properties of the final shaped catalyst
bodies. Given the multidimensional nature of these important
materials, together with the large number of components
added, it is vital that a carefully chosen set of complementary,
multiscale characterization techniques are used (e.g., electron
microscopy, X-ray diffraction, solid-state nuclear magnetic
resonance, etc.),40,41 as well as employing a rational approach
to investigate the effect of formulations when preparing these
catalyst bodies.
In this work, to elucidate the side effects organic additives

can have on the catalytic properties of zeolite-based catalyst
bodies, we have systematically prepared a series of alumina-
bound zeolite ZSM-5 catalyst bodies, adding commonly
employed additives both separately and combined (Scheme
1), together with multiple state-of-the-art and novel multiscale
characterization techniques. Such knowledge can lead to
improved design of these important materials, to enhance
process efficiency in a multitude of industrial catalytic
processes.

2. EXPERIMENTAL SECTION
2.1. Shaped Catalyst Body Preparation. Zeolite H-

ZSM-5 (ACS Materials, M38) was mixed as a dry powder with
alumina (Sasol, Catapal D (Boehmite)) and the required
amount of Milli-Q water to ensure an optimum solid-to-liquid
ratio for extrusion (measured using a Mixer Torque
Rheometer, Caleva). The paste, containing a ratio of 70:30
wt % zeolite:binder, was extruded using a Mini-Screw Extruder
(Caleva), through a 2 mm (Ø) cylindrical die plate. To
determine the effect of additives (e.g., peptizing agents,
plasticizing agents, and/or lubricating agents), 2 wt % acetic
acid (Merck-Chemicals, glacial 100%), nitric acid (Fluka,
>65%), methylcellulose (Sigma-Aldrich, 4000 CP), poly-
ethylene glycol (Sigma-Aldrich, Mn 400), and glycerol (Acros
Organics, 83.5−88.5 wt %) were either combined or added
separately. After being dried overnight at room temperature,
the extrudates were calcined in a tubular oven furnace at 600
°C for 6 h (5 °C min−1) in flowing air. As a reference, a zeolite
ZSM-5 extrudate was also prepared using the same method as
above, but without the use of additives (i.e., only Milli-Q
water). Sample names were labeled according to those in Chart
1.
2.2. Physicochemical Characterization. Ar physisorp-

tion of the catalyst bodies was performed using a Micromeritics
TriStar 3000 instrument. Before the measurements, the
samples were outgassed for 16 h at 300 °C under dry N2
flow, with measurements performed using Ar at −196 °C. Hg
porosimetry was measured in a Micromeritics Autopore IV
9500 instrument. A contact angle of 130° for Hg intrusion and
a pressure equilibration of 10 s were applied. Scanning electron
microscopy (SEM) was performed using a FEI Helios Nanolab

G3 instrument, and, prior to analysis, the extrudate cross
sections were coated with a layer of Pt to increase the
conductivity of the samples. X-ray diffraction (XRD) patterns
of the catalyst bodies (crushed and flattened) were recorded
on a Bruker D8 X-ray powder diffractometer equipped with a
Co Kα X-ray tube (λ = 1.7902 Å). Prior to scanning
transmission electron microscopy (STEM) analysis, samples
were embedded in Epofix resin and dried in air at 60 °C
overnight. The cured resin was then sliced into 70 nm thick
sections with a Diatome Ultra 35° diamond knife using a
Reichert-Jung Ultracut E ultramicrotome. The obtained
sections were deposited on Formvar carbon TEM grids.
High-angle annular dark-field (HAADF)-STEM imaging and
EDX mapping were performed on a Talos F200X (FEI)
microscope, operated at 200 kV, which is equipped with an X-
FEG electron source and a Super-X detector. HAADF-STEM
images were acquired with a frame time of 20 s using TIA
software. STEM-EDX elemental maps of 512 × 512 pixels
were acquired with 10 min acquisition time using Velox
software. Crush strength measurements were performed on
similarly sized single horizontal extrudates using a homemade
load cell. To ensure reproducibility, extrudates were tested
three times per sample, and the average crush strength was
taken. Acidity measurements were recorded with a Nicolet
iZ10-IR spectrometer at 2 cm−1 optical resolution using
pyridine and collidine as probe molecules. Prior to the
measurements, 20 mg of the catalysts was pressed in self-
supporting discs (diameter: 1.6 cm) and pretreated in the IR
cell attached to a vacuum line at 450 °C for 4 h up to 10−6

Torr. Adsorption of pyridine and collidine (2,4,6-trimethylpyr-
idine) was performed at 100 °C at the pressure of 1 Torr for
30 min to reach saturation, followed by evacuation at the same
temperature for 30 min. The desorption of the probe
molecules was further monitored in the 100−450 °C
temperature range with a 1 °C min−1 heating rate. All spectra
were normalized to 20 mg wafers. Difference spectra were
obtained by subtracting the spectrum of the zeolite before
probe adsorption. The amount of adsorbed probe molecules
was determined by using the integrated area of a given band
with the molar extinction coefficients (Brønsted, 1.36 cm

Chart 1. Shaped Catalyst Body Formulations As Prepared in
This Worka

aAA (acetic acid); NA (nitric acid); MC (methylcellulose); PEG
(polyethylene glycol); GLY (glycerol).
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μmol−1; Lewis, 2.22 cm μmol−1 in the case of pyridine;47,48

and Brønsted, 8.1 cm μmol−1 when collidine was used as a
probe49). More information on the calculation method can be
found in Figures S4 and S5. Direct excitation 29Si NMR spectra
of catalyst extrudates were recorded on a Bruker 500 MHz
wide-bore magnet with an AVANCE-III console and equipped
with a 3.2 mm magic angle spinning (MAS) probe, using direct
excitation with a 90° pulse (10 s recycle delay and 15 kHz
MAS frequency). For all experiments, 29Si spectra were
averaged over 3200 scans. The silicon to aluminum (FAl)
ratio was estimated using Lowenstein’s Rule and using eq 1,50

where I denotes the intensity of the 29Si NMR signal and nmax
= 1 in the present case.

∑=
∑= =

i
k
jjjjj

y
{
zzzzz

I

nI
Si

Al 0.25n

n

n nF NMR 0

4
Si( Al)

0
4

Si( Al) (1)

2.3. Staining and Visualization. The ∼20 and ∼45 nm
fluorescent nanospheres (FluoSpheres, carboxylate-modified
microspheres in Milli-Q water, ThermoFisher Scientific) were
impregnated into each of the extrudates until saturation and
equilibration (24 h), before drying under atmospheric
conditions, bisectioning, and imaging with a 488 and 642
nm laser, respectively. Imaging was performed using a confocal
fluorescence Nikon Eclipse 90i microscope equipped with a
pinhole to filter out-of-focus light, and dichroic mirrors
corresponding with the relevant laser line wavelength were
chosen. The microscope was equipped with a Nikon A1 scan
head, accommodating the optics, which couple fiber optics for
excitation and emission light with the microscope. A Nikon
10×/0.30 objective was used along with a spectral analyzer in
the Nikon A1 system, equipped with 32 photomultiplier tubes
(PMTs), set to collect emission light in the 487−720 nm
region (resolution of 10 nm). 3-D reconstruction of the
individual imaged slices produced volumes of 1.29 × 1.29 ×
∼0.5 mm (x, y, z (depth), respectively), visualized as “top-
view” images.
2.4. Thiophene Oligomerization Reaction. Time-

resolved UV−vis diffuse-reflectance spectra were recorded
using a high-temperature UV−vis fiber optics probe, connected
to an AvaSpec 2048L spectrometer and an AvaLight-DH-S-
BAL light source. The measurements were performed using an
in situ cell (Linkam Scientific Instruments, FTIR 600)
equipped with a temperature controller (Linkam Scientific
Instruments TMS 94). ∼10 μL of thiophene was dropped on
the extrudates at room temperature and immediately heated to
120 °C with a ramping rate of 30 °C min−1. The absorption
spectra were simultaneously recorded every 10 s for a total of
1000 s in reflectance mode.

3. RESULTS AND DISCUSSION
To systematically determine the potential side effects produced
by organic additives included in zeolite-based alumina-bound
catalyst bodies formulations, a selection of peptizing,
plasticizing, and lubricating agents were added both individ-
ually and combined, prior to full characterization of their
physicochemical properties, and finally evaluation of their
effect on catalytic properties and performance.
3.1. Peptizing Agents. The main role of the peptizing

agent (Figure 1) when preparing catalyst extrudates is to lower
the pH of the paste (in relation to its point zero charge). This
is done to break up agglomerates by creating positively charged
particles (repulsion) that lead to lower viscosity, and favorable

extrusion.16 An important factor to take into account is the
need to homogeneously disperse the zeolite and binder
throughout the resulting catalyst extrudate. When Al2O3 is
selected as a binder, peptizing agents are considered necessary,
so as to achieve a high zeolite dispersion. To determine the
effect of peptizing agents on the physicochemical properties of
alumina-bound zeolite ZSM-5-based extrudates, such catalyst
bodies were prepared without and with acetic acid (pKa 4.75)
(EXT-1 and EXT-2, respectively), a commonly used peptizing
agent.23,24,51

Although X-ray diffraction (XRD) patterns showed no
change in phase and/or crystallinity of the zeolite ZSM-5 and
γ-Al2O3 (Figure S1), scanning electron microscopy (SEM)-
EDX mapping revealed the difference in the distribution of Al
and Si before (EXT-1) and after (EXT-2) the peptization
process vividly, as shown in Figures 1 and S2. In EXT-1
(Figure 1a), Al clearly visible in the SEM image as clusters is
predominantly present as large particles of γ-Al2O3 in the range
of 5−40 μm (Figure 1b) heterogeneously distributed
throughout the entire cross-section. The Si distribution (Figure
S2a) is attributed to the location of zeolite ZSM-5 domains
that are homogeneously distributed. However, EXT-2 (Figures
1c and S2b) has a far more uniform distribution of Al
throughout the cross-section, with significantly fewer large
clusters of γ-Al2O3 present. Taking a closer look at the
interaction of the γ-Al2O3 with the ZSM-5 crystals/aggregates
(Figure S2c and d), the binding role of the γ-Al2O3 is vividly
clear in the peptized sample (EXT-2) as compared to the
nonpeptized sample (EXT-1), with a “honeycomb” of γ-Al2O3
surrounding zeolite domains in the former (Figure 1d). This is
also evidenced by the crush-strength testing of both extrudates
(Table 1 and Figure S3), with the peptized sample displaying a
far superior strength (13 Newton (force required to crush/
break the catalyst bodies)) as compared to the nonpeptized
(3.5 N) and the pure zeolite ZSM-5 extrudate (2.5 N).

Figure 1. The Al-energy dispersive X-ray (EDX) mapping of (a) full
cross-section of EXT-1, with large clusters of Al heterogeneously
distributed, representative of the γ-Al2O3 binder (dotted white circle
indicates the outer surface of the extrudate cross-section); (b)
representative magnification of (a), with clusters of Al2O3 clearly
visible with sparse Al distribution; (c) full cross-section of EXT-2,
with Al more homogeneously distributed upon peptization; and (d)
representative magnification of (c), clearly displaying the homoge-
neous “honeycomb” network of the Al2O3 binder.
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To reveal a higher degree of detail about the location and
interaction of zeolite ZSM-5 and γ-Al2O3 in both EXT-1 and
EXT-2, transmission electron microscopy (TEM)-EDX studies
were performed on 70 nm thin sections of extrudates prepared
by ultramicrotomy, and are presented in Figures 2 and S4.

Looking first at EXT-1, single zeolite ZSM-5 crystals are visible
in Figure 2a, with no clear indication that γ-Al2O3 is present
around the zeolite crystals. However, a more detailed analysis
(Figure S4a) reveals a thin layer (20−40 nm in thickness) of γ-
Al2O3 on the ZSM-5 crystal surface, and appears to be the case
on a larger scale as well (Figure S4b). Therefore, it seems that
smaller particles of γ-Al2O3 powder are gathered onto the
external surface of ZSM-5 crystals/aggregates during the
extrusion process and create a fixed zeolite−boehmite
interaction upon subsequent calcination, while the larger γ-
Al2O3 clusters remain unbroken, giving rise to limited binding
properties in EXT-1. On the contrary, γ-Al2O3 is distinctly
more dispersed in a similarly sized region within EXT-2
(Figures 2b,c and S4c). Single ZSM-5 crystals are fully
enveloped by γ-Al2O3 (Figures 2d and S4d), due to a greater
dispersion of γ-Al2O3 and thus smaller aggregates, which lead
to higher zeolite-binder interconnectivity and hence stronger
mechanical properties of EXT-2 (Table 1). Considering the
higher crush strength attributes (Table 1 and Figure S3) of
EXT-2, these extrudates are able to survive the dedicated TEM
preparation procedure, and hence macro- and mesopore space
is visible in EXT-2 (Figure 2b) as compared to that of the
disintegrated region visible in EXT-1 (Figure S4b).
To probe bulk porosity characteristics, Hg intrusion analysis

(Figure 3a and Table 1) was used to analyze both meso- and
macroporosity in EXT-1 and EXT-2. Upon the use of acetic
acid, there is a clear decrease in around one-half the macropore
volume (0.60 cm3 g−1 EXT-1 and 0.36 cm3 g−1 EXT-2),
accompanied by a doubling in mesopore volume (0.02 cm3 g−1

for EXT-1 and 0.04 cm3 g−1 EXT-2). This can be attributed to
the hydrolysis of the oxobridges between alumina particles and
protonation of the surface of the alumina binder, creating
repulsion between particles (Figure 1).16 It is also possible to
vary the acid/alumina ratio, to tailor the particle size
distribution, and hence the final pore architecture.52

Deagglomeration of the alumina effectively decreases its
aggregate size, and leads to more interparticle interactions
with other alumina particles, as well as zeolite ZSM-5 particles,
coinciding with an increase in mesopore volume/diameter.

Table 1. Physicochemical Properties of ZSM-5-Based Extrudates

aMeasured using Ar physisorption. bVolume of meso- (3−50 nm in diameter) and macropores (>50 nm) measured using Hg intrusion.
cConcentration of Brønsted acid sites (BAS) per gram of zeolite in the sample, measured by pyridine adsorption IR (peak at 1545 cm−1).
dConcentration of Brønsted acid sites (BAS) per gram of zeolite in the sample, measured by collidine adsorption IR spectroscopy. eConcentration
of Lewis acid sites (LAS) per gram of extrudate material, measured by pyridine adsorption IR (peak at 1454 cm−1). fPredicted value based on
experimental values and wt % of the pure components (ZSM-5 and peptized γ-Al2O3) present in the catalyst extrudate material. gAverage crush-
strength measurements on similarly sized single catalyst extrudates, with the standard deviation also shown (Figure S3).

Figure 2. TEM images of (a) EXT-1 and (b) EXT-2. The ZSM-5
crystal (highlighted by blue dot centered in the crystal) in EXT-1 is
coated with a thin layer of γ-Al2O3, while the remaining γ-Al2O3
appears to be isolated in large aggregates (inlay). In EXT-2, a
significantly higher quantity of γ-Al2O3 is visible as smaller aggregates
(magenta dot) binding ZSM-5 crystals. Pore space is indicated via a
green dot. (c) EDX map (Al in magenta, Si in blue) of EXT-2,
showing the homogeneous binding of the zeolites by γ-Al2O3. Pore
space is displayed in black regions (note, small black “cracks” within
the blue Si (zeolite) domains are an artifact of the TEM preparation
procedure, not intrinsic zeolite porosity). (d) Magnified EDX map of
a single ZSM-5 crystal very tightly bound with γ-Al2O3 along the very
well-defined zeolite edge (corresponding TEM image displayed in
Figure S4d).
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Considering the porosity differences highlighted by Hg
intrusion in EXT-1 and EXT-2, an attempt was made to
visualize the accessibility of these pores using bioinspired
fluorescent nanospheres of specific sizes, coupled with confocal
fluorescence microspectroscopy (CFM) to visualize the
nanosphere uptake/accessibility.53 By impregnating EXT-1
and EXT-2 with a solution containing either ∼45 or ∼20 nm
nanospheres, prior to excitation with a 642 nm laser or 488 nm
laser, respectively, regions of accessibility can be visualized.
Figure 3b compares the top-view 3-D cross sections of EXT-1
and EXT-2 impregnated with ∼45 nm nanospheres,
respectively. A more substantial penetration depth is observed
for EXT-1, stopping at around 250−300 μm in the 2 mm (Ø)
extrudate. Considering the expected larger macropore volume
due to the heterogeneous γ-Al2O3 aggregate size in EXT-1, it is
possible that, upon drying/calcination, water is first removed
efficiently and rapidly from the outer region of the cylindrical
catalyst extrudate, leaving a region of larger and more
accessible pores than in the core. There is only minimal
penetration into EXT-2 (∼50 μm), suggesting that the
narrower pore network formed upon γ-Al2O3 particle
peptization exists throughout the majority of the catalyst

extrudate cross-section and is less accessible and/or less
interconnected.
To probe accessibility into such smaller pore space in both

extrudates, 20 nm fluorescent nanospheres were applied
(Figure 3c), revealing an even deeper penetration into EXT-
1 (>500 μm) and to a far lower extent in EXT-2 (<100 μm). It
is clear, therefore, that a gradient of larger to smaller pores
and/or a decrease in interconnected pores exists from outside
to inside the extrudates, with the constituent particle sizes
highly influential in determining the final pore architecture.
Interestingly, the penetration of the nanospheres is not equal
across all sides of EXT-1, which is most likely due to the
heterogeneous drying nature of a tubular oven calcination
setup (i.e., catalyst extrudates at the bottom of the calcination
boat experience inconsistent heat/air flow).
It is clear that the use of a peptizing agent achieves its

intended aim by producing a much stronger extrudate, with the
active and binder components more homogeneously dispersed
than when absent. However, as stated previously, the use of
acid solutions and heat treatment is a well-known method of
zeolite dealumination.37−39 Therefore, the use of an acid
peptizing agent during the extrusion of alumina-bound zeolite
ZSM-5 and its subsequent calcination should surely influence
the final zeolite properties. Infrared (IR) spectroscopy of
adsorbed probe molecules and solid-state 29Si MAS NMR were
employed to analyze the amount of both Brønsted (BAS) and
Lewis (LAS) acid sites, as well as to determine if zeolite
framework dealumination has taken place in the ZSM-5-based
catalyst bodies. The amount of BAS present in the parent
zeolite ZSM-5 extrudate and EXT-2 upon pyridine adsorption/
desorption appears to be unchanged (Table 1 and Figure S5);
however, it is clear that there is a large increase in the amount
of LAS present in EXT-2 (176 μmol g−1) as compared to the
predicted value (129 μmol g−1, using experimentally measured
values of the pure zeolite and binder components). An increase
in LAS is expected upon zeolite framework (FAl) deal-
umination, creating extra-framework aluminum (EFAl), which
can act as LAS (Scheme 1).54 Deconvolution of the 29Si MAS
NMR spectra enables a quantitative analysis of the Si
tetrahedral sites, which can confirm if desilication or
dealumination has taken place within the zeolite frame-
work.55,56 Four peaks arise from the spectra of ZSM-5 and
EXT-2 (Figure 4), centered at −100, −106, and −112 and
−116 ppm, which are attributed to (Q2) SiOH, (Q3) Si(3Si,
1Al), and (Q4) Si(4Si), respectively. A decrease in Q3 species,
coupled with an increase in Q2 species, is related to
dealumination in the zeolite framework, which gives rise to a
change in the framework Si:Al ratio from 20.9 (ZSM-5) to 21.8
(EXT-2) (via eq 1).
Given that the number of Lewis acid sites (LAS) increases

upon shaping of ZSM-5 and its framework undergoes
dealumination, the unchanged number of the Brønsted acid
sites (BAS) from the parent ZSM-5 suggests a parallel process
is also taking place. Although a full understanding of the
mechanism is lacking, Si and/or Al migration has been
reported upon the shaping of zeolites with an alumina or silica
binder.29,30,57,58 In the case of an alumina binder, Al species
have been proposed to migrate from the binder to the
zeolite,59 whereby upon the interaction with Si and O,
additional acid sites can then be created (Scheme 1). However,
there is some discrepancy in the mechanism of how this may
occur, and also if these acid sites are created within the zeolite
framework, or at the zeolite−binder interface. To observe if Al

Figure 3. (a) Hg intrusion analysis displaying pore diameter
variations between EXT-1 (gray, ●) and EXT-2 (black, ▲). (b)
Fluorescence top-view 3-D CFM images of cross sections of EXT-1
(top) and EXT-2 (bottom) impregnated with 45 nm fluorescent
nanospheres (for 24 h) and excited with a 642 nm laser. EXT-1 shows
a far higher penetration depth into the center of the extrudate as
compared to EXT-2. (c) True fluorescence top-view cross-sectional 3-
D CFM images of EXT-1 (top) and EXT-2 (bottom), impregnated
with 20 nm fluorescence nanospheres (for 24 h) and excited with a
488 nm laser. The smaller size of the probe allows further penetration
into the center of both extrudates, with a greater effect seen for EXT-1
(scale bars represent 500 μm). (d) TEM-EDX maps of sections of
EXT-2 (black) and EXT-6 (light purple), with Si (light blue)
attributed to zeolite domains and Al (magenta) mainly attributed to
alumina binder domains (scale bar represents 5 μm). (e)
Corresponding dark pixel intensity threshold images of those
displayed in (d), with marked green regions highlighting the pore
space observed. In line with Hg porosimetry data, EXT-2 reveals
larger pore space overall as compared to EXT-6.
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migration has indeed taken place during shaping (and
peptization) and also to determine if acid site creation is
indeed located at the zeolite−binder interface, collidine
(Figure S6 and Table 1) was employed as a probe molecule
instead of pyridine, to selectively probe the external BAS at the
surface of the zeolites. A 2-fold increase in BAS located outside
the zeolite pores was measured for EXT-2 as compared to the
parent zeolite ZSM-5 extrudates, suggesting that Al migration
has indeed taken place, creating new acid sites at the interface.
The presence of an acid peptizing agent (EXT-2) appears to
form +AlOOH species in the binder that are the species
involved in Al migration (Scheme 1). Previously, it has been
suggested that such species are capable of neutralizing BAS in
the zeolite (via replacement of a BAS H+ with AlO+);60

however, this was not observed in our materials.
3.2. Plasticizing and Lubricating Agents. In most cases

of zeolite shaping, particularly during extrusion, the use of
additives such as plasticizing and lubricating agents is essential.
Plasticizing agents (Scheme 1) offer a means to enhance the
rheological behavior of the paste to be extruded, and are
inorganic (e.g., clay) or organic (e.g., cellulose) in nature. The
latter appears to be far more popular, given the range of
possibilities, such as poly alcohols, alginates, celluloses, and
sugars, among others.17 The choice is dependent on the
material at hand, but it is not uncommon to include a vast
number of these additives in a proprietary mixture.19 The same
can be said for lubricating agents, which are used to aid the
passage of the paste as it passes along the inner wall of the
extrusion equipment, in effect lowering shear pressure.16 The
role of the lubricating agent is sometimes not discernible from

the plasticizing agent, and similar organic compounds are
available, such as ethylene glycol and propylene glycol.
As with peptizing agents, these additives are used with a

primary role in mind, and being organic in nature, are burnt
out during drying/calcination of the shaped bodies, which can
lead to unintentional physicochemical changes in the
components of the extrudate. To discriminate the beneficial
and detrimental roles of the plasticizing agent, methylcellulose
was added to the formulation (without peptizing agent) prior
to the extrusion of the paste (EXT-3). As compared to EXT-1
(no additives), a significant decrease in macropore volume
from 0.60 to 0.43 cm3 g−1 (Table 1) and pore diameter within
the macroporous region was observed (Figure 3a). The
combustion of methylcellulose upon drying leads to it being
driven out of the extrudate after initially lying between
particles, which can cause interparticulate sintering, and hence
macropore collapse. Measuring the crush strength of EXT-1
and EXT-3, it is clear that the primary role of the plasticizing
agent has been achieved, with an increase from 3.5 to 17 N,
respectively. However, comparing the amount of BAS
measured via pyridine adsorption of EXT-3 with that of the
pure ZSM-5 extrudate, a slight decrease is observed, but is
consistent with the decrease observed in EXT-1. For both
EXT-1 and EXT-3, this decrease could be attributed to zeolite
dealumination due to localized steaming of the zeolite from the
water/methyl cellulose added during extrusion. This is
observed by 29Si MAS NMR in Figure 4 for EXT-3, with an
even larger degree of zeolite FAl dealumination observed
(Si:Al = 23.5) as compared to those of EXT-2 (21.8) and the
parent ZSM-5 (20.9). It is possible that the decomposition
products of methylcellulose formed during calcination61 and
their subsequent combination with water can locally deal-
uminate the zeolite crystals.
Although we have now investigated the effects of peptizing

and plasticizing agents individually, these are commonly added
jointly in a formulation. Interestingly, the combination of
acetic acid and methylcellulose (EXT-4) leads to significant
changes in physicochemical properties when compared to their
separate use (EXT-2 and EXT-3, respectively). In terms of
macropore properties, it appears that acetic acid has the bigger
influence over methylcellulose, with 0.35 cm3 g−1 measured for
EXT-4, consistent with 0.36 cm3 g−1 measured for EXT-2
(Table 1), and similar pore size distribution (Figure 3a).
However, EXT-2 presents a mesopore volume of 0.04 cm3 g−1,
which has now decreased to 0.02 cm3 g−1 upon incorporation
of methylcellulose to the formulation (EXT-4), revealing the
dominant role of the plasticizing agent on the mesopore
properties (as observed in EXT-3). This suggests that acetic
acid is still able to protonate the alumina binder particles, but
as the methylcellulose is burnt out during calcination, the
interparticle porosity, attributed to the mesopore volume, is
decreased. The result of a decrease in both macropore and
mesopore volume coincides with a further increase in extrudate
strength, with a value of 25 N measured for EXT-4, as
compared to that of 13 N (EXT-2) and 17 N (EXT-3),
showing the beneficial combination of additives in this case.
Pyridine adsorption IR spectroscopy of EXT-4 revealed a

remarkable increase in the amount of BAS (396 μmol g−1)
when compared to those of parent ZSM-5 (342 μmol g−1),
EXT-2 (345 μmol g−1), and also EXT-3 (321 μmol g−1)
(Table 1 and Figure S5). The large increase in BAS for EXT-4
as compared to that of EXT-2 indicates the combination of
methylcellulose with the acetic acid further promotes Al

Figure 4. Direct-excitation 29Si solid-state MAS NMR spectra of
parent zeolite ZSM-5 and shaped zeolite ZSM-5 extrudates prepared
with varying formulations. Si-species identified as Q4 (−112 and −116
ppm), Q3 (−106 ppm), and Q2 (−100 ppm), with corresponding
Si:Al calculated (cf., eq 1).
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migration from the binder to the zeolite, creating a greater
amount of additional BAS. However, the comparable amount
of external BAS measured using collidine of EXT-4 (12 μmol
g−1) and EXT-2 (11 μmol g−1) suggests that not all newly
created acid sites in EXT-4 are located at the zeolite−binder
interface. This adds doubt to the theory that Al migration
creates acid sites solely at the zeolite−binder interface, and
realumination of the zeolite is now also a possibility. An
increase in LAS was also observed (165 μmol g−1) for EXT-4
as compared to the predicted value calculated from the pure
components (129 μmol g−1). This means that, although extra
BAS are being created in EXT-4, dealumination of its zeolite
FAl is still taking place, as expected and previously observed for
EXT-2 and EXT-3, due to the presence and thermal treatment
of acid, water, and methylcellulose upon calcination. This is
again confirmed using the zeolite framework sensitive 29Si
MAS NMR (Figure 4), with an increase from Si:Al = 20.9
(ZSM-5) to 23.1 (EXT-4). Given the combination effect of the
acetic acid and methylcellulose on the physicochemical
properties of EXT-4, the effect of combining an alternative
peptizing agent with methylcellulose was also investigated.
Acetic acid was replaced by nitric acid (EXT-5), and a similar
trend is observed, with some key differences. Not only is a
larger decrease in macropore volume observed in EXT-5 as
compared to EXT-4 (0.30 and 0.35 μmol g−1, respectively),
but also a narrowing of the macropore diameter, as well as a
slight increase in mesopore volume, and a decrease in the
amount of LAS (Table 1). In each case, the higher acid
strength of nitric acid (pKa < 1) as compared to acetic acid
(pKa 4.75) is the cause of these differences, as it creates a
greater degree of particle deagglomeration and also leads to the

dissolution of EFAl species upon dealumination,62 which will
have drastic implications for its performance in BAS/LAS-
catalyzed reactions.
To determine the effects of lubricating agents, two

commonly used organic compounds were added separately
to the formulation of EXT-4, polyethylene glycol (EXT-6) and
glycerol (EXT-7). Although both compounds achieved their
primary goal by easing the extrusion process considerably, their
overall physicochemical properties were markedly (and
unintentionally) impacted. Pore volume analysis via Hg
porosimetry (Table 1 and Figure 3a) shows a decrease in
macropore volume in both EXT-6 (0.30 cm3 g−1) and EXT-7
(0.33 cm3 g−1) as compared to EXT-4 (0.35 cm3 g−1), with
only a minor change in mesopore volume. However, their pore
diameters differ significantly, with the macropore size
distribution EXT-6 being substantially narrower (peak maxima
centered at 282 nm, as compared to 323 nm in EXT-7 and 390
nm in EXT-4). Furthermore, the mesopore diameter range in
EXT-7 shifts to much larger diameters than all other extrudates
(peak maxima at 7.7 nm), specifically as compared to that of
EXT-6 (peak maxima at 5.6 nm). Such changes might not be
expected from the primary role of these lubricating agents;
however, these compounds are well-known pore forming
agents (Scheme 1) in porous membrane synthesis, and pore
sizes can even be tailored in the case of PEG, by altering its
molecular weight.63

Although TEM cannot be solely relied upon for visualizing/
determining pore structure (due to sample preparation and
region of interest (ROI) dimensions, representation, etc.),
there is a clear indication that the macropore structure in EXT-
6 is much more compact than that in EXT-2 (Figure 3d and e),

Figure 5. (a) Scheme displaying the oligomerization (top) and ring-opening (middle and lower) pathways taking place in zeolite Brønsted acid
site-catalyzed thiophene oligomerization reaction. (b) Time-resolved 345 nm absorbance changes and (c) 655 nm absorbance changes, for each
extrudate measured, showing that the trend in amount of total BAS (Table 1) is directly related to the absorbance intensity (normalized to ZSM-5
content) of the thiophene dimer, and that of the pentamer is directly related to the amount of external BAS (Table 1). (See Figure S8 for further
details.)
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which could also explain the large decrease in BET surface area
for EXT-6 (Table 1). This is further strengthened by pore
accessibility measurements using fluorescent nanospheres in
each of the above samples (Figures 3c and S7). Evidently, ∼20
nm nanospheres have difficulty in penetrating into EXT-6,
which, due to the macropore diameters present in the region of
150−400 nm, suggests that these pores are not well
interconnected or accessible from the outside of the extrudate,
as compared to that of EXT-2, where an increasing amount of
penetration of the nanospheres is observed (complementing
Hg porosimetry and TEM results).
Probing of LAS in EXT-6 and EXT-7 using pyridine IR

spectroscopy (Table 1) (171 and 147 μmol g−1, respectively)
and 29Si MAS NMR (Figure 4) (Si:Al = 23.2 and 23.1,
respectively, as compared to Si:Al = 20.9 for the pure ZSM-5)
again reveals a large degree of zeolite dealumination, similar to
that of EXT-4 (LAS = 165 μmol g−1 and Si:Al = 23.1).
However, a substantially lower amount of BAS is observed for
EXT-6 (328 μmol g−1) and EXT-7 (340 μmol g−1) as
compared to EXT-4 (396 μmol g−1). Given the similar
amounts of BAS of EXT-6 and EXT-7 to that of the parent
ZSM-5 (345 μmol g−1), it suggests that Al migration upon
peptization and hydrothermal treatment is hindered in the
presence of these lubricating agents (as compared to EXT-4).
Considering that both PEG and glycerol are chelating agents, it
is possible that their interaction with Al species inhibits their
migration to the zeolite, effectively scavenging excess Al that
would, in the case of EXT-4, create additional acid sites.
Given these dramatic physicochemical changes witnessed for

EXT-4, EXT-6, and EXT-7, it is crucial to carefully investigate
the choice of plasticizing/lubricating agents not only for their
primary role, but also for their unintentional side effects in
combination with other organic additives.
3.3. Catalytic Thiophene Oligomerization. To probe

the effect of the physicochemical differences induced by the
extrudate formulations on catalytic properties, a suitable acid-
catalyzed reaction was selected. Previous work has shown that
the oligomerization of thiophene is a probe reaction that can
gain insight into how the nature and/or number of BASs (and
also porosity), in zeolites and zeolite-shaped bodies, influence
catalytic reactivity and intermediate/product selectiv-
ity.27−29,64−66 Given that a large majority of oligomer species
produced during the acid-catalyzed reaction are light-
absorbing, they can be distinguished and followed in a time-
resolved manner using in situ UV−vis absorption diffuse-
reflectance spectroscopy.67,68 Figure 5a provides a general
reaction scheme for the thiophene oligomerization reaction on
a zeolite BAS, with the predominant intermediate and product
species shown, and their respective absorption wavelengths
(nm). Upon adsorption and protonation of the thiophene
monomer, at least two reaction pathways are then undertaken:
(i) oligomerization and (ii) ring-opening. Under the reaction
conditions employed, it is likely that initial conversion of
thiophene will take place on the external BAS, with the internal
BAS also playing a significant role as thiophene monomers
diffuse into the zeolite channels over time. Furthermore, the
molecular dimensions of the oligomer species formed during
the reaction are also an indication of which BAS are
responsible, but can be related to the meso-/macropore
dimensions of the extrudate under consideration.
Figure S8 reveals the time-resolved absorption spectra

recorded during ∼15 min of reaction for each zeolite-based
extrudate prepared with distinct formulations (Chart 1). It is

clear that all zeolite-based extrudates produce a mixture of
both thiol-like species (ring-opening pathway) and oligomer
species (oligomerization pathway); however, there are distinct
differences between the samples. Considering each extrudate
sample contains the same weight ratio of the active zeolite
component, and the fact that the additives used (or not) in
each sample are primarily present to improve the mechanical
strength of the extrudates, it is surprising to observe the extent
of their impact on the catalytic performance.
Looking first at the species that can form on both external

and internal zeolite BAS, for example, the thiophene dimer
(345 nm) (Figure 5b), the ZSM-5 extrudate displays the
highest rate of formation initially (<200 s), as compared to the
composite extrudates. This is attributed to the high
accessibility (high surface area and mesopore volume (Table
1)) of thiophene monomers to the high number of BAS
available (342 μmol g−1) in the pure ZSM-5 extrudate, with
the composite extrudates displaying a lower initial rate of
formation due to initial limitations in mass transfer. However,
either due to the sequential conversion of these dimers to
larger oligomers, or due to the limitation in mass transfer of
these larger species in the ZSM-5 extrudate (as compared to
the composite extrudates that have macroporosity), the ZSM-5
extrudate displays the lowest overall absorbance for the
thiophene dimer over the total reaction time. Considering
EXT-5 and EXT-4 also have the high numbers of BAS (408
and 396 μmol g−1) but contrarily have high macroporosity and
display the highest overall absorbance for this dimer species
during the reaction (Figure 5a), it suggests that limitations in
mass transport in the ZSM-5 extrudate are responsible for the
lowest concentration of such species.
However, the trend is not only associated with the porosity

characteristics of the samples, as there is indeed a correlation
between the number of total BAS and the overall absorbance
of the dimer species for the composite extrudates (with EXT-3
appearing to be an exception to this trend).
To observe the impact of the additives in relation to the

zeolites external BAS and how they impact the catalytic
performance, the formation of the pentamer thiopene oligomer
(645 nm) was tracked during the reaction and is displayed in
Figure 5c. Considering the large molecular dimensions of this
oligomer, and its impossibility to fit inside ZSM-5 pores, it can
be exclusively used as a direct means to study differences in
external BAS between the samples. Similarly to the dimer
species, the pure ZSM-5 extrudate has the highest initial rate of
formation toward this species, due to the high initial
accessibility of the external BAS sites. However, given the
larger interparticle porosity and the close proximity of the
Al2O3 binder to the zeolites in the composite extrudates,
together with the larger meso- and macropore volume (Table
1), these properties allow for the transport and retention of a
larger concentration of the thiophene pentamer (and larger
oligomers λ > 655 nm).28 For the composite extrudates, there
is indeed a direct trend in the number of external BAS and the
absorbance of the 645 nm band (external BAS: EXT-5 = EXT-
4 > EXT-2, matching the top three extrudates with the highest
absorbance to the pentamer).
Considering that the concentration of oligomers and the

degree of oligomerization are directly related to the amount/
proximity of BAS for many oligomerization reactions,66,69 this
is a clear proof-of-concept that, dependent on the additives
used in the formulation, the product selectivity of a reaction
can be tuned accordingly, and therefore the role of the
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additives should go beyond just enhancement in mechanical
strength.

4. CONCLUSIONS
By systematically adding and combining commonly employed
organic additives to formulations of zeolite-based catalyst
bodies, together with their thorough physicochemical charac-
terization on multiple length scales, we have revealed the
significant impact they can have on the catalytic properties of
these industrial-grade catalysts. In terms of chemical
alterations, the addition of acidic peptizing agents, such as
acetic acid, leads to the dealumination of the ZSM-5 crystals,
and the creation of additional Brønsted acid sites via Al
migration from the binder. Such binder effects were effectively
hindered when lubricating agents were incorporated into the
formulation, possibly due to their chelating properties,
effectively scavenging Al species. Moreover, replacing acetic
acid with nitric acid had a substantial impact on the amount of
Brønsted and Lewis acid sites, with the latter reduced
considerably due to leaching of EFAl. Upon combination
with plasticizing agents, such as methylcellulose, the degree of
zeolite dealumination increased significantly, most likely due to
the decomposition products formed upon its breakdown
during heat-treatment, effectively dealuminating the zeolite.
Aside from their impact on catalytic acid sites, each organic
additive significantly influenced the pore architecture of the
catalyst bodies. Specifically, the choice of plasticizing and
lubricating agents distinctly tailored the meso- and macro-
porosity of the final catalyst body, mainly due to the “skeleton”
pore structure left behind upon the “burning off” of the
organics upon heat-treatment. Collectively, each individually
altered physical and chemical attribute has dramatic benefits
and consequences for the catalytic performance of the
materials (as shown by the acid-catalyzed thiophene
oligomerization reaction). Given the industrial importance of
these zeolite-based catalyst bodies, such fundamental insights
can lead to enhanced formulations and design, such as tailoring
BAS/LAS (key to optimum product selectivity), to achieve
enhanced process efficiency.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acscatal.9b00151.

Detailed experimental methods, characterization data,
and catalytic testing data (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: g.t.whiting@uu.nl.
*E-mail: b.m.weckhuysen@uu.nl.
ORCID
Bert M. Weckhuysen: 0000-0001-5245-1426
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank Pasi Paalanen (Utrecht University, UU) for Ar
physisorption and XRD measurements, as well as Serguei
Matveev (UU) for assistance with SEM-EDX imaging.
Furthermore, we thank Martijn van den Ende (UU), Nikolaos

Nikolopoulos (UU), and Dr. Andre Niemeijer (UU) for their
help with the crush-strength measurements. We are also
grateful to Philippe Bazin (ENSICAEN) for the technical
support with the FT-IR spectroscopy measurements. The
NMR studies were supported by a Middelgroot program (no.
700.58.102 to M.B.), and uNMR-NL, an NWO-funded
National Roadmap Large-Scale Facility for The Netherlands
(no. 184.032.207). This work was funded by a NWO Veni
grant, awarded to G.T.W. (no. 722.015.003), and a NWO
Gravitation program (The Netherlands Center for Multiscale
Catalytic Energy Conversion (MCEC)) to B.M.W.

■ REFERENCES
(1) Corma, A. Inorganic Solid Acids and Their Use in Acid-
Catalyzed Hydrocarbon Reactions. Chem. Rev. 1995, 95, 559−614.
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