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Zeolites are commonly used for selective CO2 adsorption from biogas and flue gas. One of the biggest
challenges for zeolites in this application is the presence of water vapour in the raw gas streams. While
zeolites with low Si/Al ratio typically display high CO2 adsorption, they are hydrophilic and H2O com-
petes for adsorption on the active sites. On the other hand, zeolites with high Si/Al ratio are hydrophobic,
but display lower CO2 adsorption capacities. In order to overcome this limitation and to combine the high
CO2 adsorption capacity of low Si/Al zeolites and the hydrophobicity of high Si/Al zeolites into a single
material, we designed and synthesized novel core-shell zeolitic beads comprising a ZSM-5 core and a
Silicalite-1 shell. Two different strategies were employed to synthesize these macroscopic core-shell
beads. In both approaches, the initial step was the synthesis of binderless ZSM-5 beads with hierar-
chical porosity using resin beads as hard template. In the first strategy, a shell of Silicalite-1 was syn-
thesized on the external surface of the calcined ZSM-5 beads, yielding Sil-ZSM-A core-shell beads
(0.84 ± 0.12 mm). In the second strategy, the Silicalite-1 shell was synthesized without first removing the
polymeric template from the ZSM-5 beads, resulting in core-shell composite beads that after calcination
yielded Sil-ZSM-B core-shell beads (0.73 ± 0.14 mm). Characterization by SEM, XRD, XRF, ICP-AES and N2

physisorption indicated that both Sil-ZSM-A and Sil-ZSM-B beads displayed the desired zeolitic core-
shell structure with hierarchical porosity. Both core-shell beads showed the anticipated increase in
hydrophobicity. The most promising results were obtained with Sil-ZSM-A beads, which displayed a 40%
decrease in H2O adsorption capacity at 20% relative humidity (RH) and a 28% decrease at max RH
compared to the parent ZSM-5 beads. At the same time, their CO2 adsorption capacity (1.94 mmol/g at
1 bar) decreased only slightly compared to the parent ZSM-5 beads (2.13 mmol/g at 1 bar). These results
indicate that these core-shell beads present the desired combination of the high CO2 adsorption capacity
of the ZSM-5 core with the hydrophobicity of the Silicalite-1 shell. This is a promising feature for
application in the adsorption of CO2 from water-containing streams.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Carbon dioxide is the most abundant anthropogenic greenhouse
gas in the atmosphere and, therefore, has been identified as a major
contributor to global warming [1,2]. Carbon Capture Storage and
Utilization (CCSU) is considered a viable option to mitigate CO2
emissions [3,4]. Using this strategy, CO2 is captured from large point
sources, such as power plants, to either achieve long-term storage
of CO2 in the ground (CCS) or, preferably, to employ the CO2 directly
rmona).

ier Ltd. This is an open access artic
(e.g. as a solvent under supercritical conditions) or as a feedstock
for the production of chemicals and synthetic fuels [5e8]. Amongst
the most commonly used techniques for CO2 separation - i.e. ab-
sorption in a liquid phase, membrane separation and adsorption on
solids - adsorption is considered an attractive technology because it
does not generate liquid waste and is a straightforward process
[9,10]. Zeolites are an attractive class of materials for CO2 adsorp-
tion due to their high stability, low cost and the possibility to tune
their physicochemical properties. For example, by varying the Si/Al
ratio, the hydrophobicity of zeolites can be tuned [11]. Besides the
removal of CO2 from flue gas and other CO2-rich emissions, CO2
adsorption is also important for the upgrading of biogas, which
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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consists of approximately 40 vol% CO2 and 60 vol% CH4. Upgrading
of biogas yields bio-methane which is a direct replacement for
natural gas. Furthermore, utilization of methane from biogas pre-
vents emission of the greenhouse gas to the atmosphere from e.g.
agricultural waste or landfills.

Besides CO2, biogas and flue gas also contain water vapour in
variable amounts (up to 10% for biogas and 20% for flue gas),
depending on the specific process conditions [12e14]. Commonly,
zeolites with low Si/Al ratio are used for CO2 adsorption, as the
countercations that balance the presence of Al in the zeolite
framework are highly active sites for CO2 adsorption, thus leading
to high CO2 adsorption capacities. However, these zeolites are hy-
drophilic, and H2O competes for the active sites, having a stronger
interaction with the zeolite compared to CO2 [15,16]. Therefore, in
industrial applications, the bio- or flue gas streams generally
require a drying pretreatment [15,17]. This additional step is
energy-demanding and, therefore, drives up the cost of the whole
separation process. All-silica zeolites are hydrophobic, but their CO2
adsorption capacity is significantly lower than that of their low Si/
Al analogues [18]. A strategy that can allow combining the assets of
both types of zeolites consists in coating a low Si/Al zeolite with an
all-silica zeolite shell. In such core-shell material, the zeolite with
low Si/Al ratio provides high CO2 adsorption capacity and the all-
silica zeolite shell provides the desired hydrophobicity.

In an industrial CO2 adsorption process, the adsorbent must be
macroscopically shaped in order to decrease the pressure drop over
the column. For this purpose, zeolites are commonly compressed
into the desired shape (e.g. pellets or beads) using an inert binder
material (about 20 wt%). The compression and the binder impart
mechanical strength to the beads, but this generally leads to a
decrease in surface area and in accessibility to themicropores of the
zeolitic adsorbent. Furthermore, the binder is typically a poor CO2
adsorbent, thus leading to a decrease of the CO2 adsorption capacity
per gram of shaped material. An interesting alternative method is
the synthesis of binderless zeolitic beads using a hard-templating
method [19e21]. The hard template, an anion-exchange resin,
shapes the zeolite into a bead format, and upon removal of the
template, a network of meso- and macropores is generated which
provides access to the micropores of the zeolite. Tosheva et al. first
reported the synthesis of Silicalite-1, ZSM-5 and zeolite Beta beads
using this hard-templating method [22e24]. Several other zeolites
and zeotypes have since been synthesized using this method, such
as titanosilicates [25,26], zeolite Beta, ZSM-5 and Faujasite Y as
heterogeneous catalysts [27,28]. More recently, we reported the
synthesis and application of LTA, Faujasite and SAPO-34 beads as
selective CO2 adsorbents [19e21].

In this work, we combined the assets of the bead morphology
with those of a core-shell structure in which the core consists of a
zeolite with high CO2 adsorption capacity and the shell is a zeolite
with high Si/Al ratio to provide the desired hydrophobicity. To
promote the growth of the shell over the core, it may prove ad-
vantageous to choose two zeolite structures with different Si/Al but
with the same framework type. Therefore, we chose to prepare
binderless core-shell beads with a ZSM-5 core and a Silicalite-1
shell (both with MFI framework). This combination was previ-
ously reported for zeolites in powder format [29e34]. By coating a
ZSM-5 powder (Si/Al¼ 34) with a shell consisting of Silicalite-1 (an
all-silica zeolite), the water vapour adsorption capacity decreased
from 4.96 mmol/g for ZMS-5 powder to 0.56 mmol/g for the core-
shell material (Si/Al ¼ 55) at saturated water vapour pressure
(7.4 kPa at 40 �C) [34]. At the same time, the CO2 adsorption ca-
pacity only decreased from 1.7 mmol/g to 1.5 mmol/g.

The synthesis of binderless core-shell beads with a ZSM-5 core
and a Silicalite-1 shell is demonstrated here for the first time. Other
types of macroscopic core-shell beads were reported before and
2

comprised a BEA core and a thin MFI shell [35]. More recently,
binderless zeolite NaX beads were coated with an NaA film to in-
crease the CO2/CH4 and CO2/N2 selectivity [36]. Our ZSM-5/
Silicalite-1 core-shell beads are the first example of binderless,
macroscopically-shaped CO2 adsorbents designed with the target
of decreasing the hydrophilicity of the material while maintaining
suitable CO2 adsorption capacity. This combination of properties is
highly desirable for the adsorption of CO2 from water-containing
streams.

2. Experimental

2.1. Materials

Amberlite IRA-900 in chloride form (particle size 650e820 mm),
ammonium fluoride (NH4F, �95%), fumed silica (SiO2), silica gel
(SiO2, high purity grade, 230e400 mesh particle size), sodium
aluminate (NaAlO2), tetrapropylammonium bromide (TPABr, 98%),
tetrapropylammonium hydroxide (TPAOH, 1 M in H2O) were pur-
chased from Sigma-Aldrich. Commercial ZSM-5 powder was ob-
tained from Zeolyst. The H2O used in this work was always MilliQ
grade.

2.2. Methods

The synthesis method of the binderless ZSM-5 beads was
developed by adapting a previously reported synthesis protocol for
ZSM-5 powder [37] to include the use of Amberlite IRA-900 resin
beads as hard template [28]. In a typical synthesis, 20.24 g TPAOH
(1 M in H2O) and 4.58 g SiO2 were added to a 100 mL beaker, and
the resulting mixture was stirred at 500 rpm using a magnetic
stirring bar. The mixture was heated to 95 �C to promote dissolu-
tion of SiO2. Once the mixture reached 95 �C, the heating was
turned off and the mixture was stirred for 1 h. Meanwhile, 0.64 g of
NaAlO2 was dissolved in 10.7 g deionized H2O by stirring for 10 min
at 500 rpm. The aluminate solutionwas then added drop-wise over
10 min to the silicate mixture, and the resulting silicoaluminate
mixture was stirred for 1 h. Then, the reaction mixture was trans-
ferred into the Teflon liner of a 100 mL stainless steel autoclave,
after which 1.81 g of Amberlite IRA-900 resin beads were added
while stirring. The autoclave was placed in an oven for the static
hydrothermal crystallization at 150 �C for 6 d. Next, the autoclave
was allowed to cool down to room temperature, after which the
product mixture was filtered over a Büchner funnel and washed
with 1 L of deionized H2O. The resulting product was a mixture of
zeolite powder and composite beads consisting of the Amberlite
resin filled with zeolite crystallites. The beads were separated from
the powder fraction by sieving. The beads and the powder fraction
were calcined using the following programme: heating 3 �C/min to
200 �C, 6 h at 200 �C, heating 2 �C/min to 600 �C, 6 h at 600 �C. This
method yielded 0.50 g ZSM-5-containing beads and 3.08 g ZSM-5
powder.

The ZSM-5 beads were subsequently coated with a Silicalite-1
shell, following a previously reported fluoride-assisted synthesis
(in which the fluoride medium is aimed at decreasing the presence
of silanol nests and, therefore, the hydrophilicity) [34]. For pre-
paring Sil-ZSM-A, the calcined ZSM-5 beads were used, while for
preparing Sil-ZSM-B the calcination step in the synthesis of the
ZSM-5 beads was skipped. Briefly, 0.56 g NH4F (important safety
note: this is a particularly toxic chemical, consult safety data sheet
before using) and 0.55 g TPABr were dissolved in 9.9 g deionized
H2O in the Teflon liner of a 100 mL stainless steel autoclave. Sub-
sequently, 1.0 g fumed SiO2 was added and the mixture was stirred
for 2 h at 500 rpm using amagnetic stirring bar. 0.25 g ZSM-5 beads
(for Sil-ZSM-A) or 1.0 g uncalcined ZSM-5 beads (for Sil-ZSM-B)



D.G. Boer, Z. Asgar Pour, S. Poli et al. Materials Today Chemistry 32 (2023) 101621
were added and the reaction mixture was carefully stirred at
200 rpm until the beads were homogenously distributed in the gel
(about 1 min). The autoclave was then placed in an oven for the
static hydrothermal crystallization at 180 �C for 90 h. After allowing
to cool down to room temperature, the reaction mixture was
filtered over a Büchner funnel, and the solids were washed with 1 L
of deionized H2O. The resulting product was of a mixture of
Silicalite-1 powder and core-shell beads consisting of a core of
ZSM-5 and a shell of Silicalite-1. The solid mixture was sieved to
separate the beads from the powder fraction. The beads and the
powder fraction were calcined using an air flow at 650 �C for 15 h
with a heating rate of 1.2 �C/min. Yields of the bead and the powder
fraction for Sil-ZSM-A and Sil-ZSM-B are given in Table 1.
2.3. Characterization

Powder X-ray diffraction (PXRD) measurements were per-
formed on a Bruker D8 Advance apparatus with Cu Ka1 radiation
(l ¼ 1.5418 Å) under 40 kV and 40 mA. Before performing the XRD
measurements, the beads were ground into a powder using mortar
and pestle. Samples were measured in the range 5e60� with a step
size of 0.02 �. The slit-width was 2 mm. X-ray fluorescence (XRF)
was used to perform elemental analysis of the materials. The
samples were measured in plastic cups with 6 mm mylar film
supporting the sample in an Epsilon 3XLE spectrometer from PAN-
alytical. Quantification was performed using the fundamental pa-
rameters method. The elements were assumed to be in their oxide
forms and the sum of the obtained concentrations was normalized
to 100%. The Si/Al ratio of the beads was also determined using
Inductively Coupled Plasma - Atomic Emission Spectroscopy (ICP-
AES) analysis. Prior to the analysis, the beads were ground and
dissolved in aqueous solutions of HNO3 (1.3%) and HF (40%). The
obtained samples were measured on a PerkinElmer Optima 7000
DV optical emission spectrometer. Thermogravimetric analysis
(TGA) was used to determine whether the polymer template was
completely removed from the zeolitic beads upon calcination. A
PerkinElmer thermogravimetric analyzer (TGA 4000) was used for
the measurements. About 2 mg of ground beads was used for each
analysis. The samples were heated in air from 35 to 900 �C with a
heating rate of 10 �C/min. Carbon elemental analysis was used to
determine whether residual carbon was present in the zeolitic
beads after calcination. Combustion experiments with oxygenwere
conducted on an Elementar Vario Micro Cube organic elemental
analyzer. Nitrogen physisorption measurements were performed
at �196 �C using a Micromeritics ASAP 2420 system. The specific
surface areawas calculated using the Brunauer-Emmet-Teller (BET)
approach. The Barrett-Joyner-Halenda (BJH) model (from the
desorption branch) was used to calculate the pore size distribution
and the meso- and macropore volume. The micropore volume was
calculated using the t-Plot method. A VHX-7000 Keyence digital
microscope was used to calculate the average bead size from a
sample size of 110 beads. The obtained bead size was reported as
the average diameter (mm) ± standard deviation (mm). Scanning
electron microscopy (SEM) images were taken using a FEI Nova-
Nano SEM 650 apparatus and were used to determine the surface
morphology of the beads. The beads were coated with a 20 nm gold
layer to increase image quality. A Micromeritics ASAP 2020
Table 1
Yields of Sil-ZSM-A and Sil-ZSM-B beads and their powder side products.

Sample Yield beads (g) Yield powder (g)

Sil-ZSM-A 0.37 0.68
Sil-ZSM-B 0.61 0.88

3

apparatus was used to measure the CO2 and CH4 adsorption iso-
therms. The measurements were performed at room temperature
(24 �C). Before each test, the samples were degassed under vacuum
at 350 �C for 10 h to remove H2O and other possible adsorbates.
Water vapour adsorption isotherms were measured by Delft Solid
Solutions using a Hiden IGASorp-HT gravimetric analyzer. The
sample was placed in the instrument and a gas flow of pure N2 was
applied. Prior to the measurement, the samples were pretreated at
350 �C until a stable mass was obtained in order to remove any
adsorbed contaminants. The sample was step-wise subjected to
increased specific relative humidity from 0 to 95% (the step sizewas
5% relative humidity). Mechanical strength measurements of the
beads were carried out on an Instron 4301 compression tester with
a maximum load of 1 kN. A stainless steel sample holder was filled
with a small bed of adsorbent. During the compression test, the
piston (which fits exactly in the sample holder) moved with a rate
of 2 mm/min and crushed the bed until it reached the maximum
load (1 kN). The load at break is divided by the surface area of the
adsorbent bed to determine the mechanical strength of the bed
(see Supplementary Information for further details).

3. Results and discussion

Two different types of core-shell zeolitic beads (Sil-ZSM-A and
Sil-ZSM-B beads) were synthesized with the purpose of improving
the hydrophobicity of the parent ZSM-5 beads, thus generating
materials that are more suitable for application as CO2 adsorbents
with real gas streams, which almost invariably contain H2O that
would compete with CO2 for the adsorption sites. Silicalite-1 was
chosen as material for the shell, because this zeolite has the same
framework type as the ZSM-5 crystals constituting the beads, and
this is expected to facilitate the growth of the shell over the core.
The obtained core-shell beads were characterized by XRD, XRF, ICP-
AES, TGA, SEM and N2 physisorption. The applicability of the beads
for CO2 adsorption was investigated and subsequently the hydro-
phobicity of the beads was evaluated using water vapour adsorp-
tion isotherms.

3.1. Synthesis and characterization of the zeolitic core-shell beads

The synthesis of the core-shell beads consisted of two steps: (i)
synthesis of ZSM-5 in bead format, and (ii) synthesis of the
Silicalite-1 shell around the ZSM-5 bead. For the synthesis of the
ZSM-5 beads, Amberlite resin beads were used as a hard template.
These anion-exchange resin beads shape the material in a macro-
scopic bead format and generate a network of meso- and macro-
pores connecting the zeolite crystals (Fig. 1 and Fig. S1), thus
engendering a hierarchical porous structure in which the zeolitic
micropores are accessed through larger pores [19e21]. Two alter-
native strategies have been used to synthesize two different core-
shell beads. The first step in the synthesis of the core-shell beads,
i.e. the synthesis of the ZSM-5 in bead format, is the same for both
routes. In the basic reaction mixture, negatively charged zeolite
oligomers are formed which can exchange with the anions of the
Amberlite resin. Condensation and crystallization of the oligomers
during the hydrothermal crystallization yielded polymer beads
filled with zeolite crystallites. Part of the oligomers did not diffuse
into the Amberlite beads but remained in solution, and these
crystallized to yield ZSM-5 zeolite in powder form as a side product.
In route A, the polymer-zeolite composite was calcined, and by
burning off the polymer an interconnected network of meso- and
macropores was generated within the ZSM-5 beads (Fig. 1). Sub-
sequently, a shell of Silicalite-1 was synthesized around the ZSM-5
beads, yielding Sil-ZSM-A core-shell beads. For this route, the
challenge was to prevent Silicalite-1 to fill the meso- and



Fig. 1. Schematic representation of the synthetic routes used to prepare the core-shell zeolitic beads.
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macroporous network present inside the ZSM-5 beads. This risk is
intrinsically avoided in route B (Fig.1), inwhich the Silicalite-1 shell
was synthesized around the as-prepared polymer-zeolite com-
posite and only afterwards the beads were calcined. The presence
of the polymer template during the synthesis of the Silicalite-1
shell prevents the formation of Silicalite-1 within the bead. Sub-
sequent calcination of the beads should generate the desired
network of meso- and macropores within these Sil-ZSM-B core-
shell beads. However, it may be challenging to fully remove the
Amberlite template if the shell of the beads is too thick or not
porous enough. Based on these considerations, each synthetic
strategies has advantages and possible limitations, and thus
deserved being investigated. This approach yielded two different
materials in bead format (Sil-ZSM-A beads and Sil-ZSM-B beads). In
both routes, during the synthesis of the Silicalite-1 shell, not all of
the Silicalite-1 was formed around the beads but part of the
Silicalite-1 was formed in powder form as a side product (Sil-ZSM-
A pow and Sil-ZSM-B pow). For route A, the yield of the beads was
35% of the total yield and for route B the yield of the beads was 41%
(see also Table 1).

The Sil-ZSM-A and Sil-ZSM-B beads were investigated by SEM to
determine whether the desired core-shell format was obtained.
Indeed, from the SEM images (Fig. 2C, Fig. 2G and H) it can be
clearly seen that a core-shell structure was obtained for both Sil-
ZSM-A and Sil-ZSM-B beads as the exterior and the interior of the
beads presented different crystal morphologies. Though both beads
displayed the desired core-shell structure, their physicochemical
properties differed significantly. For the Sil-ZSM-B beads, the
interior of the beads consists of more or less spherical aggregates of
small crystals (Fig. 2H and I), while the shell consists of thin,
elongated hexagonal crystals (Fig. 2J and K). That fact that this shell
consists of the desired Silicalite-1 phase is supported by the SEM
images of Silicalite-1 powder, which display similar elongated
hexagonal crystals whereas the ZSM-5 powder consists of small,
more or less spherical crystals (Fig. S2). For the Sil-ZSM-A beads, the
exterior also consists of elongated hexagonal crystals (Fig. 2E), but
the interior consists of larger crystals (Fig. 2D) compared to those in
the ZSM-5 powder (Fig. S2) or in the interior of the ZSM-5 beads
(Fig. S1) and Sil-ZSM-B beads. Besides being larger, the crystals in
the interior of Sil-ZSM-A also present the thin hexagonal structures
that are characteristic of Silicalite-1 (Fig. 2D). This suggests that not
4

only the exterior of the bead, but also part of the ZSM-5 interior
crystals was coated by Silicalite-1 crystals. This was only observed
for the Sil-ZSM-A beads and not for the Sil-ZSM-B beads because
during the synthesis of the Silicalite-1 layer, the Sil-ZSM-B beads
still contained the Amberlite template, which prevented the
Silicalite-1 crystals from growing in the interior of the beads.
Additionally, the shell of the Sil-ZSM-A beads seems thicker
compared to that of the Sil-ZSM-B beads (Fig. 2C and H). This is
supported by the average bead size of the different materials: the
average size of the Sil-ZSM-B beads (0.73 ± 0.14 mm) is similar to
that of the parent ZSM-5 beads (0.74 ± 0.15 mm, see Fig. S1), while
the size of the Sil-ZSM-A beads is clearly larger (0.84 ± 0.12 mm).
The difference between Silicalite-1 and ZSM-5 cannot be observed
by XRD since they both possess the MFI framework. The parent
ZSM-5 beads displayed all the characteristic peaks representing the
MFI framework, and additionally a broad peak centred at 23� cor-
responding to an amorphous silica/aluminosilicate phase. The in-
tensity of the peaks representing the MFI framework increased
after adding the Silicalite-1 shell and no new peaks were observed,
indicating that the shell layer completely consists of the MFI
framework (Fig. 3). For both the Sil-ZSM-A and Sil-ZSM-B beads, the
surface of the beads was not completely covered by a Silicalite-1
shell, but defects were observed (Fig. 2C, G, H). Additionally, for
both the Sil-ZSM-A and Sil-ZSM-B beads, some overgrown crystals
were observed on the surface of the beads (Fig. 2A, B, F, G), with
such overgrowth phenomenon being more common and more
pronounced for the Sil-ZSM-A beads.

The Si/Al ratio of the beads was determined by XRF and ICP-AES
analysis and that of the powders was determined only by XRF
analysis (Table 2, full chemical compositions in Table S1). Though
the Si/Al values of the beads obtained by XRF and ICP-AES showed
some degree of discrepancy (particularly in the case of Sil-ZSM-B
beads), the trend in Si/Al ratio between the materials is the same
with the two techniques. Since the Silicalite-1 used for the shell is
an all-silica zeolite, an increase in Si/Al ratio is expected in the final
core-shell material compared to the parent ZSM-5 beads. Indeed,
the Si/Al ratio of the Sil-ZSM-A beads (57 based on XRF, 50 based on
ICP-AES) and Sil-ZSM-B beads (27 based on XRF, 18 based on ICP-
AES) are both higher than that of the parent ZSM-5 beads (13
based on XRF,15 based on ICP-AES), indicating that the shell formed
around the ZSM-5 beads contains low amounts of aluminium and is



Fig. 2. SEM images of Sil-ZSM-A beads (A), Sil-ZSM-A bead with significant overgrowth (B), Sil-ZSM-A bead with a hole in the shell (C) through which the interior of a Sil-ZSM-A
bead (D) can be visualized, shell of a Sil-ZSM-A bead (E), Sil-ZSM-B beads (F), Sil-ZSM-B bead with a hole in the shell (G) and magnification of the hole area (H), interior of a Sil-ZSM-
B bead (I), shell of a Sil-ZSM-B bead (J, K).
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thus expected to be hydrophobic. The Si/Al ratio of Sil-ZSM-A beads
is higher than that of the Sil-ZSM-B beads, which is attributed to the
observed coating of the interior of the Sil-ZSM-A beads by Silicalite-
1 and to the thicker shell and more prominent overgrowth
observed for the Sil-ZSM-A beads compared to the Sil-ZSM-B beads
(vide supra). For the same reasons, the mechanical strength of the
Sil-ZSM-A beads (0.31e2.69 MPa) was higher than that of the Sil-
ZSM-B beads (0.20e1.16 MPa, see Figs. S3eS5 and Table S2 for
more information). Yet, the thinner shell of the Sil-ZSM-B beads
still led to enhanced mechanical strength compared to the parent
ZSM-5 beads (0.16e0.87 MPa). The ZSM-5 beads displayed com-
parable mechanical strength to LTA beads (0.14e0.82 MPa) syn-
thesized using a similar hard-templating method and for which it
was calculated that they should be strong enough to be used in an
industrial process (with an adsorption column that is 3 m high and
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1 m in diameter) without suffering significant deterioration [19].
Thus, the core-shell beads, having enhanced mechanical stability
compared to the ZSM-5 and LTA beads, are expected to display
suitable mechanical strength for large scale application.

It should be noted that the ZSM-5 beads were synthesized in
their H-form and, therefore, both core-shell zeolites are also in their
H-form (Table S1). For application as CO2 adsorbents, the extra-
framework cations may be exchanged with Naþ or other alkali,
alkaline earth, transition or rare earth metals to optimize the
adsorption behaviour (e.g. adsorption capacity, enthalpy of
adsorption or cyclic adsorption performance) for a specific sepa-
ration process [38].

The powder side products obtained in the synthesis of Sil-ZSM-
A and Sil-ZSM-B beads are expected to have the same composition
as the shell and are thus expected to be Silicalite-1. Indeed, XRD



Fig. 3. XRD pattern of ZSM-5 beads, Sil-ZSM-A beads and Sil-ZSM-B beads.
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analysis of the powders indicated that they consist of an MFI
framework (Fig. S6). While Sil-ZSM-B pow is an all-silica material
and is thus Silicalite-1, Sil-ZSM-A pow also contains a small amount
of aluminium (Table 2, full chemical compositions in Table S3) and
is thus a Si-rich ZSM-5 rather than a Silicalite-1. It is likely that
some aluminium (and possibly also silicon) from the ZSM-5 beads
was dissolved during the hydrothermal crystallization due to the
relatively harsh reaction conditions, and that these Al atoms were
incorporated in the powder product. Another possibility is that
some of the beads may have been broken due to the agitation with
the magnetic stirrer, which resulted in the presence of some ZSM-5
in the powder fraction. These issues are unlikely to happen during
the hydrothermal synthesis of the Sil-ZSM-B beads, as the
Amberlite template is still present around the ZSM-5 parent beads,
thus preventing leaching of Al into the reaction mixture and
providing additional mechanical strength to the beads, making
them more resistant to the agitation of the magnetic stirring bar.
This explains why the powder side product, Sil-ZSM-B pow, is a
Silicalite-1 structure.

N2 physisorption isotherms of the core-shell beads show that
while all beads possess microporosity (as observed from the sharp
increase at low relative pressure p/p0 < 0.05) and meso- and/or
macroporosity (as observed from the hysteresis at higher relative
pressure p/p0 > 0.45), the meso- and macroporosity of the Sil-ZSM-
A beads and Sil-ZSM-B beads differ significantly (Fig. 4). While the
N2 physisorption isotherm of the Sil-ZSM-B beads had analogous
features to those of the ZSM-5 beads, the isotherm for the Sil-ZSM-
A beads was notably different. For the Sil-ZSM-A beads, the
Amberlite resinwas removed before the synthesis of the Silicalite-1
shell. Therefore, it is likely that while we aimed to form only a shell
around the bead, part of the Silicalite-1 was also formed within the
meso- and macropores of the parent ZSM-5 bead (vide supra). The
presence of Silicalite-1 within the pores of the Sil-ZSM-A beads
significantly decreased the meso- and macropore volume and the
pore width compared to the parent ZSM-5 beads (Table 2 and
Fig. 4). In the pore size distribution for the Sil-ZSM-A and Sil-ZSM-B
beads (Fig. 4), a peak around 2 nm is observed. However, this is not
caused by an actual porosity but to a transition of the adsorbed N2

between a disordered “fluid” phase to a more ordered “crystalline”
phase [39]. This behaviour is characteristic of materials with a Si/Al
> 100 (as the Silicalite-1 shell) [39]. Indeed, this feature is more
pronounced for Sil-ZSM-A pow and Sil-ZSM-B pow, as they possess
a higher Si/Al ratio (Fig. S7). The N2 adsorption isotherm of the Sil-
ZSM-A beads furthermore displays a tensile strength effect (TSE)
around p/p0 ¼ 0.45e0.5, which leads to an artefact peak at 4 nm in
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the pore size distribution (Fig. 4). At this partial pressure, the hys-
teresis due to capillary condensation in meso- and/or macropores
undergoes a forced closure due to instability of the hemispherical
meniscus during desorption [40]. The impact of this TSE becomes
larger when pore network effects occur, i.e. when large pores are
connected to the outer surface of the material through smaller
pores. This suggests that the beads possess so-called ink-bottle
pores, i.e. the interior of the Sil-ZSM-A beads still contains relatively
large pores, but their openings giving access the surface of the bead
are probably restricted by the formation of Silicalite-1 in the pores.
The Sil-ZSM-B beads displayed a very similar N2 adsorption
isotherm to the parent ZSM-5 beads, because for both materials the
last step of the synthesis was the calcination of the Amberlite
template, which generates a network of meso- and macropores.
The pore volume of the Sil-ZSM-B beads was therefore only slightly
lower than that of the ZSM-5 beads (Table 2, Fig. 4). The presence of
the Amberlite template during the synthesis of the Silicalite-1 shell
is thus crucial for obtaining a core-shell bead with similar porosity
to that of the pristine ZSM-5 beads.

The meso- and macroporosity of the zeolitic beads originates
from the removal of the resin beads used as hard template. To
investigate whether the template was completely removed during
calcination, TGA of the zeolitic beads was performed (Fig. S8). This
analysis showed a small percentage of mass loss (<10%) upon
heating the samples from 35 to 900 �C. All samples showed a
relatively rapid mass decrease up to about 200 �C, which likely
stems from removal of physisorbed water from the zeolitic beads. It
is worth noting that the mass loss attributed to removal of phys-
isorbed water is more significant for the ZSM-5 beads than that
observed for the Sil-ZSM-A and Sil-ZSM-B beads, suggesting that
the core-shell beads display the desired lower hydrophilicity. If the
calcination were not sufficient to completely remove the template,
another significant mass decrease would be expected at high
temperatures (around the calcination temperature, 650 �C). How-
ever, at high temperatures no significant weight loss was observed,
indicating that the template removal was successful using the
employed calcination method. This conclusion was further sup-
ported by carbon elemental analysis, which indicated that virtually
no carbon was present in any of the calcined bead materials
(Table S4).

3.2. Application of the beads for CO2 adsorption

The applicability of the Sil-ZSM-A and Sil-ZSM-B beads for CO2
adsorption in the context of biogas upgrading was investigated by
measuring the CO2 and CH4 adsorption capacities at room tem-
perature in the 0e1 bar range. Their adsorption behaviour was
compared to that of ZSM-5 beads, commercial ZSM-5 powder and
Silicalite-1 powder (Sil-ZSM-B pow) (Fig. 5 and Table 3). The CO2
adsorption capacity of the Sil-ZSM-B beads (2.00 mmol/g at 1 bar,
1.3 mmol/g at 0.4 bar, i.e. the partial pressure of CO2 in 1 bar biogas)
is slightly higher than that of the Sil-ZSM-A beads (1.94 mmol/g at
1 bar, 1.25 mmol/g at 0.4 bar), and both beads display slightly lower
CO2 adsorption capacity compared to the parent ZSM-5 beads
(2.13 mmol/g at 1 bar, 1.60 mmol/g at 0.4 bar). In general, the CO2
adsorption behaviour can be rationalized based on the number of
accessible cation sites in the zeolitic framework acting as adsorp-
tion sites, which in turn is related to the Al-content, the degree of
crystallinity and the accessible surface area and micropore volume
of the beads [19]. Although the degree of crystallinity of the Sil-
ZSM-A beads and Sil-ZSM-B beads is slightly higher than that of
the parent ZSM-5 beads, this difference is mainly caused by the
Silicalite-1 phase in the former two materials. Since Silicalite-1
contains no or negligible amount of Al and thus of cation sites,
the higher crystallinity stemming from this phase is not expected to



Fig. 4. N2 physisorption isotherms (left) and pore size distribution (right) for ZSM-5, Sil-ZSM-A and Sil-ZSM-B beads. The N2 physisorption isotherm of Sil-ZSM-A and Sil-ZSM-B
beads are shifted upwards by 200 and 300 cm3/g, respectively, to facilitate their visualization.

Table 2
Physicochemical properties of ZSM-5, Sil-ZSM-A and Sil-ZSM-B beads and powders.

Material BET surface area (m2/g) Micropore volume (cm3/g) Meso- and macropore volume (cm3/g) Si/Al (XRF)b Si/Al (ICP)c

ZSM-5 beads 383 0.13 0.29 13 15
ZSM-5 pow 261 0.10 0.06a 8.7
Sil-ZSM-A beads 365 0.08 0.13 57 50
Sil-ZSM-A pow 399 0.06 0.04a 70
Sil-ZSM-B beads 365 0.10 0.24 27 18
Sil-ZSM-B pow 384 0.02 0.15a ∞

a These materials have no structural meso- and macropores (see Fig. S2). Therefore, the volume in the meso- and macropore range should be attributed to non-structural
interparticle voids.

b Determined by XRF analysis.
c Determined by ICP-AES analysis.

Fig. 5. CO2 (red) and CH4 (blue) adsorption isotherms at 25 �C for ZSM-5, Sil-ZSM-A and Sil-ZSM-B beads and for ZSM-5 (commercial) powder and Silicalite-1 powder.
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contribute to the CO2 adsorption capacity. Therefore, the observed
slightly lower CO2 adsorption capacity of the core-shell beads
compared to the parent ZSM-5 beads can be attributed to their Si/Al
ratios (Table 2), as zeolites with a lower Si/Al ratio possess more
cation sites that function as the adsorption sites for CO2 [41]. It
should be noted that the measured Si/Al ratio is that of the whole
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beads, which consist not only of zeolitic MFI phases, but also of an
amorphous silica/aluminosilicate phase. Therefore, the Si/Al ratio of
the zeolitic phases is not necessarily the same as that of the whole
beads. However, XRD analysis indicated that the amorphous phase
originated from the synthesis of the ZSM-5 parent beads and that
the addition of the Silicalite-1 shell did not increase the intensity of



Table 3
CO2, CH4 and H2O adsorption capacities and CO2/CH4 selectivity for ZSM-5, Sil-ZSM-A and Sil-ZSM-B beads and for ZSM-5 and Silicalite-1 powders.

Material CO2 adsorption capacity
(mmol/g)

CH4 adsorption capacity
(mmol/g)

CO2/CH4 selectivitya H2O adsorption capacity
(mmol/g)

at 1 bar CO2 at 0.4 bar CO2 at 1 bar CH4 at 0.6 bar CH4 at 5% RHb at max RHb

ZSM-5 beads 2.13 1.60 0.78 0.57 4.3 2.90 5.83
Sil-ZSM-A beads 1.94 1.25 0.70 0.49 3.8 1.67 4.18
Sil-ZSM-B beads 2.00 1.36 0.71 0.51 4.1 2.37 5.39
ZSM-5 powder (commercial) 2.35 1.82 0.77 0.55 5.1 3.61 5.92
Silicalite-1 powder (Sil-ZSM-B pow) 1.69 0.99 0.63 0.41 3.7 0.48 1.20

a The CO2/CH4 selectivity is calculated using s ¼ (qCO₂/qCH₄)/(pCO₂/pCH₄), in which q is the adsorption capacity of a compound (CO2 or CH4) at its partial pressure p in the
hypothetical gas mixture. The partial pressure of CO2 is 0.4 and that of CH4 is 0.6.

b RH ¼ relative humidity.

Fig. 6. Water vapour adsorption isotherms at 25 �C for ZSM-5, Sil-ZSM-A and Sil-ZSM-
B beads and ZSM-5 and Silicalite-1 powder; filled circles: adsorption, open circles:
desorption.
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the amorphous phase (Fig. 3). Therefore, the increased Si/Al ratio
after the addition of the Silicalite-1 shell only originates from an
increase in zeolitic phase. This means that the differences in the Si/
Al ratios between Sil-ZSM-A and Sil-ZSM-B beads and the parent
ZSM-5 beads can be used to rationalize the observed differences in
their CO2 adsorption capacity. The Sil-ZSM-A and Sil-ZSM-B beads
both displayed higher adsorption capacity compared to the
Silicalite-1 powder (Table 3), which is expected based on their Si/Al
ratio. While Sil-ZSM-A and Sil-ZSM-B contain cation sites that can
act as adsorption sites for CO2, all-silica zeolites as Silicalite-1 do
not contain cation sites and CO2 can only adsorb on the oxygen
atoms of the zeolite framework, leading to lower CO2 adsorption
capacity [11]. While the lack of cation sites due to the all-silica
nature of the Silicalite-1 powder can explain its lower adsorption
capacity, this effect was probably partially counterbalanced by its
higher degree of crystallinity (see Fig. S6). Typically, the degree of
crystallinity of zeolitic beads is lower than that of zeolites in
powder format and, therefore, zeolitic beads display (slightly)
lower CO2 adsorption capacity [19]. In line with these observations,
the ZSM-5 beads displayed lower CO2 adsorption capacity
compared to a commercial ZSM-5 powder with a similar Si/Al ratio
(Table 3; see Fig. S9, Fig. S10, Tables S3 and S5 for XRD, XRF and N2
physisorption data).

It is worth noting that all materials discussed so far were in their
H-form, which means that their CO2 adsorption behaviour can be
further optimized by ion-exchange. For example, partial ion-
exchange of the commercial ZSM-5 powder by Naþ (Na/
Al ¼ 0.46) increased the CO2 adsorption capacity from 2.35 mmol/g
(H-form) to 2.60 mmol/g at 1 bar CO2. However, optimizing the
nature of the counter-cation for all the studied materials is outside
the scope of this work, which focuses on investigating the effect of
the core-shell structure on the control of the hydrophobicity of the
zeolitic beads.

The shape of the CO2 adsorption isotherm of Silicalite-1 powder
was considerably different from that of ZSM-5 powder (Fig. 5), with
ZSM-5 powder displaying a steeper increase in the adsorption
isotherm at low relative pressure (<0.1 bar). This corresponds to a
higher enthalpy of adsorption and stems from the presence of
cation sites in ZSM-5, which are known to have relatively strong
interactionwith CO2 [11]. For Silicalite-1, the interactionwith CO2 is
less strong since there are no or very little cation sites and CO2 can
only adsorb on the oxygen atoms of the zeolite framework, which
have a relatively weak interactionwith CO2 [11]. The Sil-ZSM-A and
Sil-ZSM-B beads display an isotherm with an intermediate steep-
ness between that of the Silicalite-1 and ZSM-5 powders (Fig. 5), in
agreement with the fact that these materials contain both a ZSM-5
(core) and a Silicalite-1 (shell) phase.

For the ZSM-5, Sil-ZSM-A and Sil-ZSM-B beads and the ZSM-5
and Silicalite-1 powder, CH4 adsorption isotherms were measured
(Fig. 5, Table 3). The highest CH4 adsorption capacity at 0.6 bar and
1 bar was observed for the ZSM-5 beads (0.57 mmol/g and
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0.78 mmol/g, respectively) and the lowest for Silicalite-1 powder
(0.41 mmol/g and 0.63 mmol/g, respectively). Similarly to the CO2
adsorption capacity, the presence of cations in ZSM-5 and the lack
of cations in Silicalite-1 also affect the CH4 adsorption capacity, as
CH4 preferentially interacts with the cation-site of the zeolite
[42,43]. It is thus in line with logical expectations that both core-
shell beads display CH4 adsorption capacities between those of
ZSM-5 and Silicalite-1. The CO2/CH4 selectivity was calculated for
all materials (Table 3) andwas slightly higher for the materials with
a lower Si/Al ratio, and thus with a steeper adsorption isotherm.

The core-shell structure envisaged for the Sil-ZSM-A and Sil-
ZSM-B beads was aimed at providing a hydrophobic barrier to
prevent H2O from reaching the adsorption sites in the ZSM-5
structure. To check the effectiveness of our strategy, the hydro-
phobicity of the Sil-ZSM-A and Sil-ZSM-B beads was evaluated by
single-component water vapour adsorption isotherms, and these
were compared with the water vapour adsorption isotherms of the
parent ZSM-5 beads, and of ZSM-5 and Silicalite-1 powder (Fig. 6,
Table 3). For all materials, the adsorption of H2O was relatively
more substantial at low relative humidity (RH, 5%), while at higher
RH a relatively low additional amount of H2O was adsorbed (Fig. 6).
This corresponds to a type I isotherm, which represents the
adsorption of H2O into micropores and/or a strong interaction of
H2O with the sample surface. While the shape of the H2O adsorp-
tion isotherms is similar for the different materials, there are clear
differences among them in terms of total H2O adsorption. As ex-
pected, the Silicalite-1 powder displayed the lowest H2O adsorp-
tion due to the hydrophobic nature of this all-silica zeolite. The
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ZSM-5 beads and powder displayed the highest H2O adsorption
capacity due to their relatively low Si/Al ratio. Interestingly, the
ZSM-5 beads displayed about 20% lower H2O adsorption compared
to the ZSM-5 powder at low relative humidity (5%), which could be
ascribed to its slightly higher Si/Al ratio. The fact that the isotherms
have a very similar maximum uptake should thus be ascribed to the
larger mesopore volume of the ZSM-5 beads (due to the bead
format). The Sil-ZSM-B beads displayed only slightly lower (7%)
H2O adsorption capacity compared to the ZSM-5 parent beads at
maximum relative humidity. At low relative humidity (5%), the Sil-
ZSM-B beads displayed a notably lower adsorption of H2O (18%)
compared to that of the parent ZSM-5 beads. At slightly higher
relative humidity (20%), which is a value more relevant in CO2
adsorption processes, the Sil-ZSM-B beads displayed a similar
decrease in H2O adsorption (15%) as observed at 5% RH. The
decrease in water adsorption capacity is attributed to the hydro-
phobic Silicalite-1 shell that was formed around the ZSM-5 beads.
For the Sil-ZSM-A beads, not only a shell was formed around the
beads, but also part of the interior was coated with Silicalite-1. This
ensures a more significant decrease in H2O adsorption capacity for
the Sil-ZSM-A beads compared to the parent ZSM-5 beads (42% at
5% RH, 40% at 20% RH and 28% at maximum RH). Importantly, the
CO2 adsorption capacity at 1 bar of the Sil-ZSM-A beads decreased
to a much lower extent (about 9%). The lower H2O adsorption ca-
pacity measured for the core-shell beads compared to the parent
ZSM-5 beads provides a proof of principle of the effectiveness of
our material design strategy. Future work should investigate the
competitive adsorption between CO2 and H2O over the parent and
the core-shell beads using a humid CO2 gas stream in a pressure
swing adsorption setup. Though the H2O adsorption capacity of
both core-shell beads was lowered compared to that of the parent
ZSM-5 beads, the H2O adsorption capacity is still significantly
higher than that of Silicalite-1 powder. This is likely due to the
presence of defects in the shell that was formed around the beads
(see Fig. 2C, G and H). Future work can be aimed at obtaining a shell
in which these defects are absent or minimized. This could be
achieved by reiterating the synthesis step in which the Silicalite-1
layer is formed, resulting in a less defective shell and thus in a
further decrease in H2O adsorption capacity.

4. Conclusions

Two synthetic strategies were designed and explored to prepare
novel core-shell zeolitic beadswith hierarchical porosity, consisting
of a core of ZSM-5 to impart CO2 adsorption capacity and a shell of
Silicalite-1 to provide hydrophobicity to the material. This combi-
nation of features is attractive for application of the zeolitic beads
as adsorbents in biogas upgrading, by allowing separation of CO2
from CH4 through selective adsorption while minimizing the un-
desired competitive adsorption of H2O. The two synthetic strategies
used to prepare the core-shell beads (Sil-ZSM-A and Sil-ZSM-B)
differed in the use of calcined or uncalcined ZSM-5 beads as
parentmaterial onwhich the Silicalite-1 shell was grown. SEM, XRF
and ICP-AES analysis indicated that the desired core-shell format
was achieved for both the Sil-ZSM-A and Sil-ZSM-B beads. Notably,
the Silicalite-1 shell increased the mechanical strength of both
core-shell beads compared to that of the parent ZSM-5 beads.
Therefore, these beads have the potential to be used for industrial
applicationwithout suffering significant structural degradation. For
the Sil-ZSM-B beads, the presence of the polymeric template during
the synthesis of the Silicalite-1 shell layer prevented the formation
of Silicalite-1 in the interior of the beads and, therefore, the pristine
texture of the parent ZSM-5 beads was largely retained. For the Sil-
ZSM-A beads, Silicalite-1 was not only formed as a shell around the
ZSM-5 beads, but also partly in the interior of the beads, leading to
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a lower porosity compared to the parent ZSM-5 beads and higher
Si/Al ratio compared to the Sil-ZSM-B beads. Both core-shell beads
were tested as adsorbents for CO2. The CO2 adsorption capacity of
the core-shell beads (1.94 mmol/g at 1 bar for Sil-ZSM-A beads and
2.00 mmol/g at 1 bar for Sil-ZSM-B beads) was slightly lower than
that of the parent ZSM-5 beads (2.13 mmol/g at 1 bar) due to their
increased Si/Al ratios and, therefore, lower amount of adsorption
sites per unit mass of material. On the other hand, the presence of
the Silicalite-1 shell allowed enhancing the hydrophobicity of the
zeolitic beads, as demonstrated by measuring their water vapour
adsorption isotherms. Both core-shell beads presented the desired
lower H2O adsorption capacity compared to the parent ZSM-5
beads, with the decrease being much more significant for the Sil-
ZSM-A beads (40% lower H2O adsorption compared to ZSM-5
beads at 20% relatively humidity) than for the Sil-ZSM-B beads
(15% decrease at 20% relatively humidity). This work provides a
proof of concept of the effectiveness of our strategy inwhich a shell
of hydrophobic Silicalite-1 is grown around a ZSM-5 bead core in
order to reduce the H2O adsorption capacity of the material. This
strategy has the potential to be extended to other types of zeolites.
In particular, for the core of the beads, other zeolites with higher
CO2 adsorption capacities (i.e. with lower Si/Al ratio than the ZSM-5
used in this work) and higher selectivity towards CO2 would be
desirable. Furthermore, this work offers an attractive and accessible
method to improve the mechanical stability of binderless zeolitic
beads, while preserving their hierarchical porosity.
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