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Abstract

Composite materials for shaped catalysts were prepared from three commercial Beta
zeolites using bentonite as an aluminosilicate clay binder. All pristine materials and the
synthesized powder mixtures were characterized using X-ray powder diffraction for phase
purity and structure, scanning electron microscopy for morphology, transmission electron
microscopy for porosity and periodicity, nitrogen physisorption for surface area, pore volume
and pore size distribution, Fourier transform infrared spectroscopy using pyridine as a probe
molecule to elucidate presence, strength and amount of Bregnsted and Lewis acid sites.
Elemental analysis was carried out using energy dispersive X-ray micro-analysis.

Through a systematic comparison of the properties of the individual components and
powder zeolite—binder composites, the study elucidated the crucial binder influence on the
key properties of the catalytic supports already during synthesis of the composites in the
powder form, i.e. prior to shaping. It can be concluded that the promoting effect of the
bentonite binder is derived from chemical interactions with the zeolite. The resulting effect of
the binder on composite properties is not a simple additive just reflecting the nominal ratio of
components. The synthesis process, zeolite type (SiO,/Al,Os ratio of the framework, particle
size) and binder concentration play a significant role in the resulting binder effect in
composites.
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1 Introduction DOI: 10.1035/CBCY01951G

Zeolite catalysts bodies are employed on a global scale in important chemical processes,
such as synthesis of many bulk chemicals as well as in crude-oil refining **. There are many
papers devoted to explaining the catalytic properties and industrial applications of zeolites *.
Zeolites are crystalline, micro porous, hydrated aluminosilicates that are built from an
infinitely extending three dimensional network of [SiO4]* and [AlO4]> tetrahedra linked to
each other by sharing of oxygen atoms, normally in the 1 — 10 pm particle size range **°.

However, if a zeolite based catalyst is to be used at an industrial level, it is shaped into
bodies such as granules, spheres, and extrudates. Zeolites are pelletized with a binder to
obtain larger and more resistant particles and to avoid an extremely high pressure drop in
fixed-bed reactors. Shaping of the zeolite powder into pellets is commercially done using
natural clays such as bentonite, attapulgite, and kaolin amounting of 15 — 20% of the zeolite
pellet. The overall aim is to obtain the required mechanical strength to resist attrition losses,
maintain chemical stability for prolonged use and limit expenditure (among many others),
whilst achieving high catalytic activity and selectivity > * "8,

Although binders might not be catalytically active, binder-zeolite interactions can exert
effects on catalytic performance through both physical and chemical means. This makes a
marked influence on activity, selectivity, and stability of a zeolite. The binder presence can
affect the acidic properties of a zeolite as a result of changes in the ion exchange between
zeolite protons and sodium in clay. Other influence can include porosity modifications,
trapping coke precursors by the binder, and/or blocking of zeolite channels during
pelletization * > * "% The work of Hargreaves and Munnoch ° highlights the importance of
binder effects that occur in such zeolite based materials. The binder can also influence the
catalytic performance of a zeolite by trapping metal poisons such as nickel and vanadium

from feedstock of a petrochemical origin ’.
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Even if the catalytic properties of the zeolite can be strongly altered, consideration of-the
binder impact is seldom done in the academic literature. Such considerations are, however,
rather important, as some effects can be very prominent for e.g. catalyst promotion and
extension of the catalyst lifetime. Due consideration needs to be given not only to the nature
of the agents used for binding but also to the method, and the stage of their addition to the
catalyst formulations to achieve the optimal technical performance *= 7% 112,

In the recent years, there were significant advancements in the characterization of shaped

12, 16, 17

bodies achieved by Pérez-Ramirez and co-workers as well as by Weckhuysen and co-

authors °1°

using novel characterization methods. These characterization tools allowed
probing the multi-dimensional parameters of zeolite-binder materials with a high
spatiotemporal resolution and have provided significant insights into the structure—
performance relationships of these industrially relevant technical catalysts.

Clay binder minerals are crystalline substances evolved primarily from chemical
weathering of certain rock/forming minerals. Chemically, they are hydrous aluminosilicates

having metallic ions '8

. Bentonite is a laminar and expandable clay with wet binding
properties being widely available throughout the world’. The dispersability of clays in
aqueous suspensions is the reason for their agglomeration properties. Zeolite particles are
surrounded by clay laminae, and when water is removed, a solid phase is obtained in which
the zeolite particles are bound by the clay ’. It has been shown *° that the acidic forms of
clays do not have binding properties while their sodium forms exhibit better performance.
Clay minerals are distinguished from other colloidal materials by a highly anisometric and
often irregular particle shape, a broad particle size distribution, flexibility of the layers,

different types of charges and heterogeneity of the layer charges, a pronounced cation

exchange capacity, disarticulation (in case of smectites) and different modes of aggregation "

18, 20-24
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In this work, the composite materials for shaped catalysts were prepared from three ‘Beta:
zeolites (with different SiO,/Al,O3) ratios using the bentonite clay as a binder in different
quantities ranging from 10 to 65 wt.%. The study is focused on the influence of SiO,/Al,05
ratio, clay binder concentration and calcination temperature on key properties of the prepared

powder compositions. For clarification, all materials were characterized in detail using several

analytical methods.

2 Experimental

2.1  Preparation of the powder mixture of zeolites and binder

Three different commercial Beta zeolites with varying SiO,/Al,O3 ratio were obtained
from Zeolyst International, namely NH;-Beta-25 (CP814E), H-Beta-150 (CP811E) and H-
Beta-300 (CP811C-300). The last number in the zeolite reflects the nominal SiO,/Al,O3; molar
ratio. The NH," form of zeolite NH;-Beta-25 was transformed to the corresponding proton
form in a muffle oven using a step calcination procedure: initial temperature 250 °C (held for
50 min), increased at 4 °C/min to 400 °C and held at the final temperature for 4 h. Such
treatment is sufficient for a complete conversion of ammonium ions to Brgnsted acid sites.

As a binder, aluminosilicate clay bentonite from VWR International was selected. All
materials were crushed and sieved into a fraction < 63 pm in a vibratory micro mill (Fritsch).

The zeolite / clay binder mixtures were prepared using a five-step synthesis procedure
(Figure 1). This procedure involved dry mixing, wet mixing, evaporation, drying and
calcination. In the first step, the H-Beta forms of the catalysts (< 63 um) and the bentonite
binder (< 63 um) were ground and mixed in a ball mill (Fritsch) for 4 hours. The aim of the
ball milling was intensive mixing of the materials and removal of the influence of broad
particle size distributions, which indirectly may influence the physico-chemical and catalytic

properties. The amount of the bentonite binder was varied in the mixture as follows: 90% H-
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Beta + 10% bentonite, 80% H-Beta + 20% bentonite, 70% H-Beta + 30% bentonite and 85%:¢ o
H-Beta + 65% bentonite. The total amount of the mechanical mixture was 5 g. In the second
step, 100 mL of distilled water was added to the obtained mixture. The aqueous solution was
stirred with 50 rpm at ambient temperature for 24 h. In the subsequent steps, water was
evaporated at 40 °C under vacuum and drying was carried out at 100 °C for 7 h. In the final
step, the dry mixture was calcined in a step calcination procedure: initial temperature 250 °C

(held for 50 min), increased at 4 °C/min to 500 °C and held at the final temperature for 4 h.

The resulting mixtures were characterized in detail.

Dry mixing: Wet mixing:
Zeolite/Binder: 90/10, 80/20, 70/30, (35/65) + Distilled water (100 mL)
<63 um, 5g,4 h, 25 °C —_——— 24 h, 25 °C, 50 rpm -——
in ball mills (Fritsch) in rotoevaporator (R-114 ) H
i
R e e ————
Evaporation: v Drying: Calcination:

~ 20 mbar, 40 °C, 50 rpm N 7 h, 100 °C o 4 h, 500 °C (350 °C, 450 °C)
in rotoevaporator (R-124 ) in oven in muffle oven

Figure 1.The scheme of a five-step synthesis procedure.

2.2  Characterization of synthesized powder mixtures

2.2.1 X-ray powder diffraction (XRD)

The crystal structure was determined by X-ray diffraction (XRD) with a Philips X’Pert Pro
MPD X-ray powder diffractometer. The device was operated in Bragg-Brentano diffraction
mode, and the monochromatized Cu-Ka radiation (A=1.541874 A) was generated with a
voltage of 40 kV and a current of 45 mA. The measured 20 angle range was 5.0° — 85.0°, with
a step size of 0.026° and the measurement time of 100 s per step. The measured

diffractograms were analyzed with Philips X'Pert HighScore and MAUD programs.
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HighScore together with MAUD was used for the phase analysis and MAUD for the Rijetveld:e onine

Y01951G

refinement.

2.2.2 Scanning electron microscopy (SEM) and energy dispersive X-ray microanalysis

(EDX)

Morphological studies were performed by scanning electron microscopy. A scanning
electron microscope (Zeiss Leo Gemini 1530) was used for determination of the crystal
morphology. Elemental analysis of microporous materials was done by energy-dispersive
X-ray microanalysis (Zeiss Leo Gemini 1530). SEM images were obtained by sputtering the
samples with a thin carbon coating and using an accelerating voltage of 2.7 kV with ca. 5—6

mm working distance.

2.2.3 Transmission electron microscopy (TEM)
Particle size and porosity of materials were characterized by transmission electron
microscopy (JEOL JEM-1400Plus) using imaging and electron diffraction functions. The

samples were prepared by blowing a powder on the TEM grid with a pipette.

2.2.4 Nitrogen physisorption

Nitrogen-physisorption using Sorptometer 1900 (Carlo Erba Instruments) determined the
textural properties of microporous materials. A sample was outgassed at 150 °C for 3 h before
each measurement. The Dubinin equation and the Horvath-Kawazoe method® were used for
calculation of the specific surface area and pore volume, respectively. The measurement

temperature was —196 °C.

2.2.5 Fourier transform infrared spectroscopy (FTIR)
The amount of Brgnsted and Lewis acid sites was quantified by Fourier transform infrared
spectroscopy using pyridine (> 99.5%) as the probe molecule (ATI Mattson FTIR Infinity

Series). The samples were pressed into thin pellets (10 -20 mg) and placed in the
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measurement cell. Prior to pyridine adsorption, the samples were outgassed under vacuumce oine

(0.08 mbar) at 450 °C for 2 h and the background spectra were recorded at 100 °C. Pyridine
was adsorbed at 100 °C for 30 min and the spectra were recorded at 100 °C after heating the
sample to 250, 350 and 450 °C respectively. The Lewis acidity was quantified from the
adsorption band at 1450 cm™ and the Bransted acidity from the adsorption band at 1550 cm™
using previously reported data of Emeis % (integrated molar extinction coefficients = 1.67 and
2.22 ecm/pumol for the Bronsted and Lewis acid sites, respectively). The strength of the acid
sites is classified based on temperature at which pyridine desorbs from the catalyst, i.e.
desorption between 250 — 350°C was ascribed to weak acid sites, while desorption at 350 —
450 °C reflects medium acid sites. Strong acid sites retain pyridine at 450 °C. The catalyst
weight in g (m¢s) was taken into account in the calculations of weak, medium and strong acid

sites (eqns. 1 and 2):

kqyxSXR?

C (pyridine on Brgnsted acid sites) = - Q)
cat
2
C (pyridine on Lewis acid sites) = kz:lﬂ @)
cat

where C is the number of acid sites per gram of catalyst (umol/g), k; = 1.88, k, = 1.42 are
coefficients % in pmol/cm, R is the radius of the catalyst pellet in cm and S is the average
peak area in cm™ from the six integrated absorbances of Brgnsted or Lewis bands at a given
temperature. For calculation of the strong acid sites S = Syso-c (peak area measured at 450 °C)
while for medium and weak acid sites the following equations were respectively used S =

Sas0°c — Sasoec @nd S = Sasp0c — Sasoec.
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2.2.6  %°Si and ?’Al MAS NMR analysis o 10 1o e Orine

23i MAS (magic angle spinning) NMR spectra were recorded on Bruker AVANCE-II
spectrometer at 14.1 T magnetic field using home-built MAS probe for 4 mm od Si3N4
rotors. Single pulse spectra of 4000 averages were accumulated with 4 us pulse (0.4 n)
excitation at 119.23 MHz with a repetition time of 20 s at 10 kHz sample spinning speed. The
chemical shifts are given in tetramethylsilane (TMS) scale.

2’Al MAS-NMR spectra were recorded at 208.49 MHz on Bruker AVANCE-III
spectrometer for 18.8 T external field using Bruker MAS probe and 3.2 mm zirconia rotors.
The spectra were collected by 40000 accumulations with single 0.6 us pulse (/18) excitation,
repetition time 60 ms and 22 kHz sample spinning frequency. The spectra are referenced to
the frequency of AINO3 solution.

The intensity in the NMR spectra was normalized to the number of accumulations and to

the mass of the sample.

3 Results and Discussion

Pristine materials were characterized to explore the influence of SiO,/Al,O; ratio on their
properties. Characterization results of the pristine materials were used as references values for
comparison with the characterization data of composites. For this reason and to avoid
potential uncertainties because of ball milling, prior to characterization all pristine zeolite
materials and pristine bentonite were also sieved into the same fraction (below 63 pum) and
underwent the same first and fifth steps of synthesis procedure as mixtures containing
bentonite, i. e. steps including ball mixing and calcination.

Characterization of the synthesized powder mixtures was done for different clay binder

concentrations and calcination temperatures.
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3.1  Effect of clay binder concentration 0L 101098 e adee e

3.1.1 Elemental analysis

Elemental analysis of pristine materials (Table S1) revealed a clear difference between the
SiO,/Al,03 ratio indicated by the manufacturer (i.e. the last number in the zeolite name) and
the measurements. Being valid for H-Beta-25, in the case of H-Beta-150 and H-Beta-300 the
measured values of SiO,/Al,O3 molar ratio are significantly lower than the nominal ones. The
presence of other substances was not found in pristine Beta zeolites. This excludes
introduction of impurity elements from the grinding tools (agate, sintered corundum,
zirconium oxide, stainless steel, hardened steel, hard metal tungsten carbide). SiO,/Al,O3
molar ratio of 9 was determined for bentonite. In the pristine bentonite, MgO, K,0 and Fe,03
were observed in small amounts, 1.9 wt.%, 1.5 wt.% and 3.1 wt.%, respectively.

Elemental analysis of the synthesized powder mixtures showed a non-linear dependence of
the mixture composition on the bentonite amount (Figure 2). MgO presented in bentonite was
observed in the mixtures containing 20 wt.% or more bentonite. At the same time, K,O was

seen in mixtures with up to 30 wt.% bentonite. These results are in line with the expectations,

Published on 19 October 2018. Downloaded on 10/29/2018 6:57:03 AM.

as pristine bentonite contained more MgO (1.9 wt.%) than K,0 (1.5 wt.%). On the contrary,
while Fe;03 (3.1 wt.%) is present in the pristine bentonite, it was observed only in the mixture
with the largest content of bentonite (i.e. 35 wt.% H-Beta-25 + 65 wt.% bentonite) in 2.3
wt.%. In other composite materials, no Fe content was detected.

A non-linear dependence of the mixture composition on the bentonite amount can be
interpreted as a result of ion exchange and interfacial interactions between Beta zeolites and
the bentonite binder. An alternative explanation of the non-linear dependence can be related
to inhomogeneous mixing of Beta zeolites and the bentonite binder. This in combination of a

lower accuracy of the utilized method because of a small area used for detection and a low

9/30
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concentration of impurities originating from bentonite (MgO, KO, Fe,0s) can give a fionze onne

linear dependence.

16

ALO;, W%
\

0 20 40 60 80 100 0 20 40 60 80 100
Concentration of binder, wt.% Concentration of binder, wt.%

0 20 40 60 80 100 0 20 40 60 80 100
Concentration of binder, wt.% Concentration of binder, wt.%

Figure 2. The influence of bentonite concentration on elemental analysis of three types of Beta zeolite. Legend:
H-Beta-25 (red circle), H-Beta-150 (blue triangle), H-Beta-300 (green square), nominal-linear dependence (dot-

dot-dash line) is shown for illustration purposes.

3.1.2 The phase purity and crystal structure

The phase purity and crystal structure were determined by X-ray diffraction. In Figure S1
XRD patterns of the pristine materials are displayed. In all pristine Beta zeolite materials, the
diffraction peaks related to only Beta zeolite polymorph A (100 wt.%, SiO, framework) were
observed. The crystal size of 7 £ 2 nm was determined by the Rietveld refinement method.
The diffractogram of bentonite consisted of peaks originating from illite (80 £ 10 wt.%,
monoclinic), montmorillonite (< 5 wt.%, hexagonal), kaolinite (< 5 wt.%, triclinic) and SiO,
(20 + 10 wt.%, hexagonal).

For illustration purposes, Figure 3 shows the base units of clay minerals and the main clay

minerals observed in the pristine bentonite. Structure of the main clay minerals of bentonite is

10/30
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based on combined crystal sheets, the tetrahedral (or silica), and the octahedral (gr aluming);se o

¢Y01951G

sheets.

Alumina sheet — E
[efefe] £ | bond é.:—.i.%—\ " H,0
===

Silica sheet P ™ H bond
Si0, (20 + 10%) Kaolinite (< 5%) llite (80 + 10%) Montmorillonite (< 5%)

Figure 3. The crystal structure of bentonite *® %,

Figure 4 show the X-ray powder diffraction patterns of the pristine H-Beta-25, H-Beta-
150, H-Beta-300 zeolites and their counter parts with varying concentrations of bentonite
from 10 to 30 wt.%. It can be inferred that modification of H-Beta-25, H-Beta-150, H-Beta-
300 with various amounts of bentonite in the crystal form as a binder did not destroyed the
parent structure of Beta zeolite. In all synthesized powder mixtures, the intensities of
bentonite related peaks (mainly from the illite phase, 26 = 19° — 28°) increased as the amount

of bentonite in the sample was increased.
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_/./\ L 80% H-Beta-25 + 20% Bentonite
_/-/\ 70% H-Beta-25 + 30% Bentonite [
= 100% Bentonite .
| T | T T |
1 —
5 10 15 20 25 30 35 40
= 100% H-Beta-150
== 90% H-Beta-150 + 10% Bentonite
= 80% H-Beta-150 + 20% Bentonite
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A n 70% H-Beta-150 + 30% Bentonite [™=
= 100% Bentonite C
- e N\ )
| T | 1 T 1 —
5 10 15 20 25 30 35 40
== 100% H-Beta-300
= 90% H-Beta-300 + 10% Bentonite
N A 80% H-Beta-300 + 20% Bentonite
A 70% H-Beta-300 + 30% Bentonite [
—— = 100% Bentonite f—
| 1 \ 1 j\_A ., ‘T -
t
5 10 15 20 25 30 35 40
Position [°20]

Figure 4. XRD patterns: Effect of the binder concentration.

3.1.3 Morphology, porosity and periodicity

SEM images show that the structure of Beta zeolites does not exclusively contain single
crystallites of spherical shape. Beta zeolites contains mainly aggregates of crystals, being also
partially amorphous (Figure 5). Note that this a zeolitic catalyst used on the industrial scale in
oil refinery processes. H-Beta-25 and H-Beta-150 morphology is almost identical, which is in
line with the results of XRD and EDX analysis. The particle size of these materials is 60 nm
on average, while the particle size of H-Beta-300 is five times larger (300 nm on average).
The structure of bentonite is non-amorphous, mainly consisting of fibers and of platelets with
sharp edges (Figure S2). The observed particle size of bentonite being on average just 450 nm
could be as large as ca. 28 um. Based on the work of Das ?’ the observed average particle size
can be attributed to Illite, while the unique large particles can be attributed to kaolinite. This is
in line with the XRD results showed above illustrating that the used bentonite consists of 80%

illite and less than 5% kaolinite.
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TEM images with a scale bar 1 pm clearly show large differences of the particle size'ofc o
H-Beta-25 and H-Beta-150 vs. H-Beta-300 and morphology differences of pristine materials
(Figure S3). TEM images with the scale bar of 50 nm exhibit high periodicity of porosity for
Beta zeolites with the pore diameter of ca. 0.4 nm (Figure S4). Figure S4d reveals different
phases in bentonite (crystals and fibers) in line with XRD analysis. The length and width of
the fibers were determined to be 60 and 0.9 nm, respectively, which are typical dimensions of
montmorillonite *°. In addition to a high aspect ratio, the montmorillonite fibers also showed
high flexibility.

SEM images of the synthesized powder materials (Figure 5 and Figure 6) confirmed that
there are not just mechanical mixtures. In composite materials, the morphological characters
that cannot be clearly attributed to either of the neat materials. Red circles in the SEM images
show the selected interfacial interactions of the phases for the illustration purposes. On the
other hand, the neat structures of Beta zeolite and bentonite were also observed here, which
were largely interconnected with a smooth bentonite bridge. Locally, small particles of Beta

zeolite placed on the large bentonite particle were also observed. Beta zeolite crystallites

deposited on bentonite platelets can be clearly observed in the SEM images of H-Beta-300

Published on 19 October 2018. Downloaded on 10/29/2018 6:57:03 AM.

with the scale bar of 2 um.
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Figure 5. SEM images: Morphology of three types of pristine Beta zeolite (left) and composite materials (right).
Scale bar 200, 200 nm and 2 pm for H-Beta-25, H-Beta-150 and H-Beta-300, respectively. Interfacial

interactions of the phases are shown in red for illustration purposes.

TEM images of the synthesized powder mixtures show selected areas where H-Beta zeolite
and the bentonite binder interact (Figure 6). The image of 80 wt.% H-Beta-300 + 20 wt.%
bentonite composite again clearly confirms significant interactions of the phases in the
synthesized materials. On the contrary, the image of 80 wt.% H-Beta-25 + 20 wt.% bentonite
illustrates that the mixtures may also contain pure components without interactions thereby
maintaining the original porosity of Beta zeolites. These pristine components without

interactions with the second phase were only observed in few cases.
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H- Beta 25 % bé’ﬁ‘t@ﬁﬁf@ 01951

50 nm

Flgure 6. TEM images: Morphology of three types of prlstme Beta zeolite (left) and composne materials (rlght)

Scale bar 50, 50 — 100 nm and 1 pm for H-Beta-25, H-Beta-150 and H-Beta-300, respectively. Interfacial

interactions of the phases are shown in red for illustration purposes.

3.1.4 Textural properties

Textural properties of pristine microporous materials were determined by nitrogen
physisorption. The surface areas of H-Beta-25 and H-Beta-300 were 681 m?/g and 629 m?/g,
respectively, while the surface area of H-Beta-150 was ca. 100 m?/g lower compared to the
latter one. Very similar values of specific surface areas for Beta zeolites (664 — 807 m?/g)

|22

were presented in the work of Liu et al. =, where the results also did not correlate with the
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Si0,/Al,05 ratio. The surface area of bentonite was only 186 m?/g. This is in line withethece onine
XRD results presented above confirming that the used bentonite consists of 80% illite in
agreement with 21 reporting the specific surface areas of kaolinite, illite, and montmorillonite

of ca. 15, 90 and 800 m?/g, respectively.

Similar pore diameters of 0.4 nm were revealed by TEM for all Beta zeolites. For
bentonite, it was not possible to determine the pore diameter by TEM, because only the spaces
between fibers of montmorillonite were visible. The gap size between montmorillonite fibers
was 0.24 nm. The highest pore volume of 0.69 cm®/g was observed for H-Beta-25, while
bentonite exhibited the lowest value.

Dependence of the specific surface areas and the micropore volume on the amount of
bentonite in composites is non-linear (Figure 7). This is in line with the above presented data
suggesting that the prepared composites are not simple mechanical mixtures, but exhibited
clear chemical interactions. Changes in the textural properties can be attributed to the
mechanical impact during ball milling.

The influence of bentonite concentration on the surface area is significant and reflects the
same trend as the influence of bentonite concentration on the micropore volume.
Interpretation of the bentonite concentration influence on the meso- and macropore volume is
on the contrary not straightforward. The results of the composites that deviated most from the
theoretical value were repeated with a relative error of less than +10%.

For H-Beta-25 composites with 10% and 20% of bentonite concentration, the surface area
was significantly lower and the meso- and macropore volume was up to 1.5 fold higher than
the theoretical value. This phenomenon was also observed by Lucas et al.?®, who stated that
upon shearing and agglomeration by extrusion the binder modified porosity of the zeolite
providing meso- and macropores. This caused a partial blocking of the micropore mouths

leading to an increase the tortuosity. It should be noted that in the current work an increase in
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meso- and macropore volume was observed for the powder composites, i.e. before formatignce oine
of the shaped catalysts by extrusion. It can be concluded that a partial blocking of the
micropore mouths already occurs during synthesis of the composite materials also involving
shearing by ball milling.

Interestingly enough such behaviour was not present for H-Beta-150 and H-Beta-300
composites. For H-Beta-300 containing materials the binder effect on the textural properties
was opposite to that for Beta-25 composites, i.e. a slightly higher surface area and an
extremely low meso- and macropore volume were observed compared to the theoretical
values. The reason can be a significantly higher SiO,/Al,O3 ratio as well as a larger particle
size of the zeolite used. The same effect was observed for the USY and Beta zeolites in the
work of de Lucas et al.?, who stated that Beta zeolite crystallizes with many stacking faults,
suggesting that most of their mesoporosity is associated with intra-crystalline voids. When
zeolites are agglomerated the binder fills part of these mesopores and the mesoporosity loss
due to the filling up of the voids is more important than mesoporosity provided by the binder.

For H-Beta-150 the observed effect of the binder on the textural properties was not

straightforward. For a composite with the bentonite concentration of 20%, the binder effect on

Published on 19 October 2018. Downloaded on 10/29/2018 6:57:03 AM.

the textural properties was similar to that for Beta-300 composites. For the composite with a
higher bentonite concentration of 30%, the binder effect was similar to that for Beta-25

composites.
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Figure 7. Influence of bentonite concentration on textural properties of three types of Beta zeolite. Legend: H-
Beta-25 (red circle), H-Beta-150 (blue triangle), H-Beta-300 (green square), nominal-linear dependence (dot-

dot-dash line) is shown for illustration purposes.

3.1.5 Brgnsted and Lewis acid sites

In agreement with the expectations, the total acid sites of Beta zeolites are decreasing with
an increase of the SiO,/Al,O3 ratio. All samples contain ca. 5 fold more Bragnsted acid than
Lewis acid sites. The amount of weak Lewis acid sites in Beta zeolites is ca. two fold larger
compared to the amount of medium and strong Lewis acid sites.

The high total acidity was observed for H-Beta-25 (349 umol/g) and H-Beta-150 (320
pmol/g). On the contrary, an extremely low total acidity was observed for bentonite being
only 23 umol/g, although it exhibits the lowest SiO,/Al,O3 ratio. This is in line with its a
completely different, nonporous crystalline structure compared to Beta zeolites. The reason
for a lower concentration of Brensted acid sites in bentonite as compared to Beta zeolites is
the location of Al species. Even though bentonite has the lowest SiO,/Al,0; = 5 i.e. the
largest amount of bulk Al as compared to Beta zeolites. Most of Al in bentonite is located in
the extra-framework resulting in small amounts of Lewis acid sites and Brgnsted acid sites.

Creation of Brgnsted acid occurs when Al is situated in the tetra-hedra (IV) framework of the
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aluminio-silicate material. Hence, Beta zeolites with Al situated in the tetrahedral /(f\/)cc onne
framework showed the largest amount of Brgnsted acid sites. The identification and location
of Al in tetrahedral (IV) and extra-framework (V, VI, VIII) in the bentonite binder, H-Beta-25
and Beta-25 composite samples was performed using 2 ’Al MAS NMR and #® Si NMR
spectroscopy. The detailed description of NMR spectra analysis for Al speciation can be
found in the supporting information Figure S5, Figure S6, Table S2 and Table S3. A very
similar value of 38 umol/g was determined for bentonite by Lucas et al. %. However, only
weak acid sites were observed there. On the contrary, the same or higher amounts of strong

and medium acid sites were reported in *® compared to the amount of weak acid sites for

bentonite in the current work.

3.1.6 Brgnsted and Lewis acid sites

Reactivity and selectivity of zeolites as catalysts are determined by active sites provided by
an imbalance in the charge between the silicon and aluminium ions in the framework. Each
aluminium atom in the zeolite framework induces a potential active acid site. As well known

acidity is typically classified as Brensted and Lewis one °. The results of the composites that

Published on 19 October 2018. Downloaded on 10/29/2018 6:57:03 AM.

deviated most from the theoretical value were repeated with a relative error of less than
1+9.2%.

The results revealed that acidity of the composite materials decreases non-linearly with
increasing bentonite concentration. This is in line with the results presented above. Observed
total acidity of all composite materials was lower than the theoretical prediction (calculated
from the contribution of the raw materials: zeolite and bentonite). The largest decrease of
acidity was observed for H-Beta-150 composites compared to the theoretical value. Although
H-Beta-150 and H-Beta-25 zeolites are chemically, morphologically and texturally very close,
H-Beta-150 composites revealed a roughly 1.4 fold higher decrease of acidity than H-Beta-25

composites compared to the theoretical values. H-Beta-300 composites showed a slight
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decrease close to the theoretical value. According to the literature ' 2%

, @ decrgase, IHhers i
number of expected total acid sites could be attributed to a partial solid-state ion exchange
between cations of the clay by protons of the zeolite during mechanical mixing. This
neutralization is also responsible in part of the stability improvement, which is mainly due to
the selective poisoning of active sites to prevent coke-forming reactions and trapping of the
coke precursors by the binder hence decreasing coke deposition on the zeolite®®. Such
explanation of acidity decrease by ion exchange is also consistent with the results of the
elemental analysis presented above.

Although the total amount of the acid sites was lower than the theoretical value, the
amount of Lewis sites was significantly higher for H-Beta-25 composites with more than 30%
bentonite. The same behaviour was observed for ZSM-5 with kaolin as a binder'’. An

increase in the Lewis acidity was also observed by Wu et al. 33 for ZSM-5 zeolite with

alumina as a binder accompanied, however, with an increase of total acidity.
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Figure 8. Influence of bentonite concentration on weak, medium and strong acidity of Beta zeolite with different
SiO,/AlL,O; ratios. Legend: H-Beta-25 (red circle), H-Beta-150 (blue triangle), H-Beta-300 (green square),

nominal-linear dependence (dot-dot-dash line) is shown for illustration purposes.

In line with the literature®® **3*  lower levels of the strong acidity than the predicted ones

were observed especially for H-Beta-150 composites. On the contrary, while some studies 2
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% have described an increase in the weak acidity for ZSM-5, USY, mordenite and ‘Betac: o
composites, the opposite trend was observed in the current work. All Beta composite
materials showed a significant decrease in the weak acidity (Figure 8). An exception is H-

Beta-25 composite with 65% bentonite, where the weak acidity is nearly the same as the

theoretical value.

3.1.7 Siand Al speciation

Figure 9 shows 2°Si and ?’Al MAS NMR spectra of the studied samples. *Si spectrum of
bentonite (Figure S5) displays several lines characteristic for clay samples with a considerable
amount of amorphous silica. The spectrum consists of several resonance lines. The most
intense component (50% of the total intensity) at -111 ppm belongs to Q* sites (silicon sites in
SiO4 tetrahedra connected with four other SiO,4 units in 3D silica. The next component (22%
of intensity) belongs to silicon sites in typical clay samples, which is noted as QSday sites in
silica sheets where three nearest neighbor oxygen ions are connected to three other silicon
ions in the silica layer and the fourth oxygen is connected to two Al ions in an alumina layer.

The peak at -101 ppm (19%) can be assigned to silicon sites Q® in amorphous silica, where

Published on 19 October 2018. Downloaded on 10/29/2018 6:57:03 AM.

silicon has three SiO4 groups and one OH group as nearest neighbors. The peak at -86 ppm
(2%) is assigned to the Q3c|ay(1AI) sites, where one of the silicon neighbors in a silica layer is
substituted by Al ions. The broad line at -84 ppm (6%) can be attributed to amorphous sites
Q% and Q%1ay(1Al) sites. A sharp peak at -107.4 ppm (0.6%) belongs to silicon in quartz. The
spectrum of 2’Al of bentonite (Figure S6) shows the main line at 4.7 ppm from 6-coordinated
aluminium sites in alumina sheets of the clay and the line at 71.7 ppm from tetrahedral
aluminium sites in silica layers.

29Sj spectrum (Figure 9, Table S2) of B25B10 (90% H-Beta 25 +10% Bentonite)
consisting of five Gaussian lines is typical for H-Beta zeolite with the lines at -115 ppm, -111

ppm from the framework T-sites and at -103 ppm from defect Q° sites. In addition, 44 % of
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the intensity shows up as an unresolved line with a maximum at -110 ppm, which cafy-hece onne
considered as an effect of bentonite.

2TAl spectrum (Table S3) of this sample is close to that of parent H-Beta zeolite with the
main lines at 58 ppm and 54 ppm from tetrahedral aluminium sites and some octahedral
alumina around 0 ppm. Interestingly no lines from original bentonite can be recognized. At
higher bentonite concentration one can notice in *Si NMR spectra an increase of the
unresolved line at -110 ppm and increase of the intensity below -100 ppm. In ?’Al spectra an

increase of the intensity around 4 ppm from octahedral Al sites and appearance of the lines

around 60-70 ppm from tetrahedral aluminium of clay can be noticed.
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Figure 9. %Si (left) and 2’Al (right) MAS NMR spectra of Bentonite and Beta zeolite/Bentonite samples. Legend:
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B25B10: 90% H-Beta 25 +10% Bentonite; B25B20: 80% H-Beta-25 +20% Bentonite; B25B30: 70% H-Beta-25

+30% Bentonite; B25B65: 35% H-Beta-25 + 65% Bentonite.

The parameters of the lines in “’Al and ?Si MAS NMR spectra of all studied lines are
given in Tables S2 and S3. The main trend from Al MAS NMR seems to be that with
increasing of bentonite concentration there was an increase in intensity of the line at ca. 4
ppm, which might correspond to aluminium octahedral sites in clay. The other finding is that

at higher bentonite concentrations additional lines appear at 65 and 71 ppm.
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Overall considering NMR spectra of bentonite, neat beta -zeolite®® and the compgsites it;
can be concluded that these spectra reflect the non-additive character of binder-zeolite Beta-

25 composites.

3.2  Effect of calcination temperature

It follows from the discussion above that a noticeable modification of the physico-chemical
properties of binder containing composites of Beta zeolites in the powder form compared with
the raw materials occurred already during synthesis involving mixing by just ball milling, i.e.
before formation of the shaped catalysts through extrusion. For this reason, the effect of
calcination temperature as a key step in the synthesis was studied by evaluating textural

properties and acidity for the selected composite materials.

3.2.1 Textural properties

Influence of the calcination temperature (350 — 650 °C) on the textural properties was
studied for pristine H-Beta-25 and bentonite as well as for a mixture comprising 70 wt.%
H-Beta-25 and 30 wt.% bentonite (Figure 10). It has been shown, that the calcination
temperature does not have a significant effect either on the composite or pristine materials in
the studied temperature range. Current results are thus different from the work of Menad et
al.*” who stated that the calcination temperature plays a crucial role in the formation of LTA
zeolite giving materials with varying structural features. In particular, calcination up to 700
°C increased the surface area as well as the meso- and micro-porous volume. Such behaviour
different from the one observed in the current work can be attributed to stability of Beta
zeolite, which is more hydrothermally stable than LTA, and to significant structural changes

already occurring with the composites prepared in this study during ball milling.
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Figure 10. Dependence of a) surface area and b) microporous volume, on calcination temperature.

3.2.2 Bragnsted and Lewis acid sites

700

While calcination temperature did not influence the surface area (Figure 10), acidity of the

composite and pristine H-Beta-25 was modified by calcination (Figure 11). The total acidity

and the amount of Brgnsted acid sites rapidly decreased, while there were almost no changes

for the amount of Lewis acid sites. As a consequence, the ratio of Lewis / Brgnsted acidity

was enhanced with the increase of the calcination temperature. In the work of Lu et al. %,

similar results were obtained for the HZSM-5 catalysts. In general, such decrease of acidity at

high calcination temperature is attributed to dehydroxylation and dealumination *. A larger

decrease in acidity (by 10%) was observed in the composite material. Therefore, it can be

assumed that a decrease of acidity could be also attributed to chemical interactions between

the phases.
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Figure 11. Acidity as a function of calcination temperature.

4 Conclusions

Composite materials for shaped catalysts were prepared from three Beta zeolites (H-Beta-
25, H-Beta-150, H-Beta-300) with bentonite as an aluminosilicate clay binder (ratios 90/10,
80/20, 70/30 and 35/65). All pristine materials and the synthesized powder mixtures were
characterized using several methods.

Through systematic comparison of chemical, morphological and textural properties of the
individual components and powder zeolite—binder composites, a crucial binder influence on
the key properties of the beta-zeolite — bentonite composites was revealed. Such influence
was detected already during synthesis of powder forms by ball milling, i.e. before shaping by
extrusion or tabletting. The results obtained in the current work point out on chemical
interactions of bentonite with the zeolite leading to an inhomogeneous mixing of the neat
materials and creation of new morphological features. As a result, properties of the composite
materials are not linear combinations of components properties corresponding to the mixing
ratio. With respect to different SiO,/Al,Oj3 ratios and particle sizes of Beta zeolites, significant

differences were observed in morphology and porosity of the composite materials.
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Significantly lower meso- and macro pore volumes than expected for simple mechanicalce onne
mixtures were observed for the composites of beta-zeolite with a high SiO,/Al,05 ratio (102
mol/mol) and a large particle size (300 nm). In other cases, the effect of the interfacial zeolite-
binder interactions on the composite properties was significantly larger than the effect of the
Beta zeolite per ser. For H-Beta-25 composite calcination temperature was influencing
acidity, while textural properties were almost unchanged.

Understanding of the complex morphological and chemical interactions within

zeolite—binder composites and procedures for their effective fine-tuning will ultimately

accelerate development of shaped catalysts with superior catalytic performance.
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