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Abstract

Zeolites are microporous crystalline aluminosilicates with unique properties, and are
therefore used in adsorption processes, for membrane separation, and as catalysts. Thin
zeolite films grown on honeycomb monolith supports represent a new type of material
and may be used as structured catalysts and adsorbents, and improve the processes
significantly.

Pressure swing adsorption (PSA) and vacuum swing adsorption (VSA) are commonly
used technologies for gas separation. Currently, adsorbents in form of zeolite beads or
pellets are used in PSA and VSA processes. Although these adsorbents exhibit high
adsorption capacity, the main drawback of these materials is the limited mass- and heat-
transfer, which reduce the performance of the PSA and VSA processes.

Novel structured adsorbents with reduced heat and mass transfer limitations may
represent a competitive alternative to currently used adsorbents. In this work, novel
adsorbents in the form of thin zeolite films of NaX and ZSM-5 type were grown on
ceramic cordierite monoliths and the CO2 and NOx adsorption properties were studied.

NaX zeolite films with controllable thickness and free from sediments were grown with
a multiple step synthesis procedure on the walls of porous ceramic cordierite monolith
supports with different cell density. The structured adsorbents have lower adsorption
capacity per gram adsorbent compared to beads. However, the pressure drop for the
structured adsorbents is much lower than for beads.

CO2 breakthrough fronts for the best structured NaX adsorbents were much sharper
than for NaX beads. The sharp breakthrough fronts indicate that the flow distribution
in the structured adsorbent is even and that the mass transfer resistance is very low due
to the small film thickness and high effective diffusivity for CO2 in the film. At the same
time, the adsorption capacity of the structured adsorbents is considerable.

NOx adsorption for structured ZSM-5 adsorbents with varying Si/Al and Na/Al ratio
was also systematically studied for the first time. An increased aluminium and sodium
content in the films resulted in a higher amount of physisorbed NO2 at low temperature,
due to increased number of weak adsorption sites. At higher temperature, the amount
of NO2 adsorbed was nearly independent of aluminium and sodium concentration for all
ZSM-5 film samples, which indicated that an increase in Al and Na concentration in the
films increased only the number of weak adsorption sites.

The VSA separation performance of the structured adsorbents was compared with
that of adsorbent beads by numerical simulation. These results demonstrate the potential
advantage of structured adsorbents, in particular in rapid cycle adsorption processes. The
even flow distribution, very low mass transfer resistance and low pressure drop in combi-
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nation with considerable adsorption capacity in the best structured adsorbents indicate
that these novel materials are promising adsorbents for PSA and VSA applications.
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Chapter 1

Introduction

1.1 Adsorbents

Adsorbents represent a very important class of materials, and can be used in a wide
variety of applications. An adsorbent is typically a solid porous material that allows
molecules of a gas or liquid mixture to adhere to its surface, and this process is called
adsorption [1]. In separation processes via adsorption, the role of the adsorbent is to
provide a large surface area for the adsorption of certain molecules. The strength with
which these molecules are bonded to the surface is determined by the nature of the
interaction between the molecule and the surface of the adsorbent.

1.1.1 Principles and terminology in adsorption processes

Adsorption is a process where atoms or molecules accumulate on the surface of a material.
This process creates a layer of the adsorbate (the molecules or atoms being accumulated)
on the adsorbent’s (solid material) surface. For a binary mixture consisting of species
A and B, an adsorbent may selectively adsorb one of the two molecular species in the
mixture, as shown schematically in Figure 1.1. Adsorption is an exothermic process
and, depending on the strength of the interaction occurring between the adsorbed phase
and the surface of the adsorbent, it is distinguished between physisorption (involving
relatively weak forces) and chemisorption (involving the formation of a chemical bond
between the adsorbate and the surface of the adsorbent) [1].

Adsorption is an equilibrium process, and the driving force is the difference in chemical
potential between the adsorbed phase and the ambient gas phase [1]. Hence, for a given
adsorbate concentration (partial pressure) and temperature, an equilibrium concentration
exists on the adsorbent’s surface. The curve describing the adsorption equilibria is called
isotherm, and describes how the amount adsorbed on a specific mass of adsorbent varies
with the pressure of the adsorbate at a constant temperature. Brunauer has divided the
isotherms into six classes, as shown in Figure 1.2 [2]. Isotherms of type I are typical
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2 Introduction

Figure 1.1: A schematic drawing illustrating selective adsorption of a molecule of a binary
mixture onto the surface of an adsorbent.

for microporous adsorbents, in which there is a definite saturation limit corresponding
to complete filling of micropores. Isotherms of type II and III are generally observed
in adsorbents with a wide range of pore sizes; isotherms of type IV present hysteresis
loop at higher pressures, which is typical for condensation in mesopores; isotherm of type
V is basically a type III isotherm but with a hysteresis similar as in type IV isotherm;
isotherms of type VI represent stepwise adsorption on a non-porous surface or adsorption
on different sites [1, 2].

Figure 1.2: Isotherms classification according to Brunauer [2].

Adsorbents may be characterized by breakthrough experiments. In these experiments,
a column is loaded with adsorbent and inert gas is first fed to the column. The experi-
ment is started by introducing the adsorbate in the feed at time zero, as a step change
in adsorbate concentration. If the adsorbate is instead introduced as a pulse, the exper-
iment is denoted a chromatographic experiment. The concentration of the adsorbate is
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measured as a function of time at the exit of the column. Step-change experiments were
performed on the adsorbents studied in this work. Figure 1.3 shows an example of a
breakthrough curve. It is possible to distinguish three regions. In region I, no adsorbate
is detected in the effluent, since all adsorbate is adsorbed by the adsorbent in the column.
In region II there is a progressive increase of the concentration of the adsorbate in the
effluent, until when the concentration of the adsorbate in the effluent is the same as the
initial concentration (region III). The adsorbent in the column is now saturated with
adsorbate.

Figure 1.3: Example of concentration profile during a breakthrough experiment. The concentra-
tion of the adsorbate in the feed is 10%.

To mathematically describe the breakthrough profile, a mass balance for a differential
element of the adsorption column must first be derived. Figure 1.4 shows an element of
the bed through which a fluid stream containing a concentration c(z, t) of an adsorbing
species is flowing.

Figure 1.4: Differential element in an adsorption column.
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where z is the distance coordinate, t is the time, v is the interstitial velocity of the
gas, c the concentration of the adsorbate in the fluid phase, and q̄ is the adsorbate
concentration in the adsorbent particle.
Under the assumption that the flow is represented by an axially dispersed plug flow, the
differential mass balance of the fluid phase is described by:

DL
δ2c

δz2
+

δ

δz
(vc) +

δc

δt
+

1− ε

ε
· δq

δt
= 0 (1.1)

where DL is the axial dispersion coefficient, and ε is the void volume in the column.
The first term in equation 1.1 describes variation in concentration of the adsorbate in
fluid phase if axial dispersion is occurring in the column [3]. The second term describes
variation of concentration along the column due to convective flow. The third term
represents variation of concentration in time, and the last one the adsorption (or uptake)
rate in the adsorbent.

The adsorption rate is a function of concentration in both the adsorbent and in the
gas:

δq

δt
=f(q, c) (1.2)

The adsorption rate equation used to describe the adsorption systems studied in this
work is the one described by the linear driving force approximation [4]:

δq

δt
=k(q∗ - q) (1.3)

where q is the adsorbate loading, q∗ the adsorbate loading in equilibrium with the
fluid phase, and k is the mass transfer coefficient, which measures how fast the molecules
diffuse and adsorb into an adsorbent. For a column loaded with spherical adsorbent
particles having radius R, and subjected to a step-change in adsorbate concentration,
the initial and boundary conditions for the column are:

t < 0, q(R, 0, z) = c(0, z) = 0 (1.4)

t ≥ 0, c(t, 0)= c0 (1.5)

To obtain the solution for the breakthrough curve is necessary to solve equations 1.1
and 1.3, together with the boundary conditions described by equations 1.4 and 1.5.

Under the assumptions of isothermal plug flow systems in which a single trace com-
ponent with linear adsorption isotherm is adsorbed, the analytic solution for the break-
through profile is given by the Klinkenberg equation [5]:

c

c0

=
1

2
· erfc (

√
ξ -
√

τ -

√
ξ

8
-

√
τ

8
) (1.6)

ξ =
kKzmax

v
· 1− ε

ε
(1.7)
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τ = k (t-
zmax

v
) (1.8)

where c/c0 is the dimensionless concentration, k (s−1) the mass transfer coefficient,
K the dimensionless Henry constant (the slope of the isotherm), ε the void volume, zmax

the column length, ξ and τ the dimensionless bed length and time, respectively.
For adsorbent particles in form of beads where mass transfer resistance is dominated

by the size of the adsorbent particle, and the geometry of the adsorbent is approximated
with spheres, the effective diffusivity in the beads can be estimated from [6]:

De,beads=
kR2

15
(1.9)

where R (m) is the radius of the bead. In this work, thin films of adsorbent materials
were developed. For these samples where thin films dominate the mass transfer resistance
and the geometry of the adsorbent can be approximated by a slab, the effective diffusivity
in the film may be estimated from [6]:

De,film=
kl2

3
(1.10)

where l (m) is the film thickness.

1.1.2 Adsorbent materials

A small amount of adsorbate adsorbs on the surface of an adsorbent in a monolayer
or multilayer [7, 8]. Thus, the requirement for significant adsorption capacity restricts
the choice of adsorbents to porous materials, with a high surface/volume ratio, with
pore sizes ranging from few Ånsgtröms to a few tens of Ångströms [1]. Some adsorbent
materials currently used in adsorption separation processes are briefly described below.

Silica gel is a highly porous form of silica with high surface area (ca. 800 m2/g),
prepared synthetically from sodium silicate. The material was developed during World
War I for use in gas masks, although the material was later substituted by activated
carbon. Silica gel is used as a desiccant, for example for drying the air in systems for
compressed air, or to avoid degradation of consumer products such as electronics during
shipment.

Activated alumina is aluminium oxide with a surface area higher than 200 m2/g. As
adsorbent it is used in industry for drying warm air or other gas (up to 200◦ C).

Activated carbon is a form of carbon which has been processed first by thermal
decomposition of carbons with mineral or vegetal origin followed by activation with steam
or carbon dioxide at high temperatures, and it has a very high surface area exceeding
500 m2/g. Activated carbon is widely used for air purification in industry. However,
due to the low selectivity of activated carbon for molecules of different sizes, carbon
molecular sieves have been developed [9], which are widely used for nitrogen separation
from oxygen.
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Adsorbents based on zeolites are a special class of microporous inorganic adsorbents
[10, 11] and will be described in detail later in this thesis.

1.2 Pressure and vacuum swing adsorption

Pressure swing adsorption (PSA) is a widely used technology for gas purification [1, 12].
The technology was introduced commercially in the 1960s by Skarstrom, and today PSA
is used extensively in the production and purification of oxygen, nitrogen, and hydrogen
for industrial use. PSA processes are based on the capacity of adsorbents, to selectively
adsorb and desorb a gas as the pressure is raised and lowered. PSA is a cyclic process
where a number of connected columns containing adsorbent material undergo successive
pressurization and depressurization steps in order to produce a stream of purified product
gas.

Conventional PSA systems used today in industry typically operate at low cycle
speeds of 0.05-0.5 cycles/minute since higher cycle speeds would cause the adsorbent
beads to fluidize in the vessel, causing the adsorbent beads to wear. At higher cycle
speeds, the high pressure drop in the adsorbent bed also become troublesome. Based on
the total cycle time, it is possible to distinguish among PSA (hundreds of s/cycle), rapid
pressure swing adsorption (RPSA, total cycle time less than 20 sec.) and ultra rapid
pressure swing adsorption (URPSA, total cycle time less than 10 sec.) [13]. In vacuum
swing adsorption (VSA), low pressure is used to desorb the adsorbed species, when a
high recovery of the preferentially adsorbed species is needed. Successful PSA and VSA
operations require a careful choice of the materials and process conditions in order to
obtain high selectivity and capacity with no breakthrough of the adsorbed species in the
bed. The overall performance of a PSA or VSA process depends both on thermodynamic
and kinetic factors.

The columns used in PSA and VSA processes should ideally fulfill the following cri-
teria:

• Low capital cost,

• Mechanical resistance and durability,

• Efficient heat exchange with the environment,

• Good temperature control,

• Flexible design for the use of different adsorbents.

The adsorbent should ideally meet the following requirements:

• High adsorption selectivity toward one of the components in the gas mixture,

• High volumetric working capacity (loading per adsorbent unit volume),
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• Low pressure drop,

• Effective heat and mass transfer,

• Low voidage,

• Straightforward regeneration,

• Unsensitive to trace amounts of contaminants in the feed.

No existing PSA or VSA process meets all these requirements. For instance, a con-
ventional packed bed with traditional zeolite pellets or extrudates meets most of the
requirements except the low pressure drop and the effective mass- and heat-transfer.
This limits the possibility to operate the process at optimum conditions in terms of en-
ergy consumption and overall system efficiency [14]. A solution to the problem could be
the development of adsorbents with improved geometries, such as honeycomb structures
coated with thin layers of adsorbing materials, which potentially could give lower pres-
sure drop in the column and reduced heat- and mass-transfer limitations. On the other
hand, the main disadvantage associated with this kind of structured adsorbents may be
the larger columns needed for sufficient adsorption capacity and the high cost for the
material, thus increasing the investment costs.

1.3 Zeolites

1.3.1 General

Zeolites are microporous crystalline aluminosilicates of natural or synthetic origin with a
three-dimensional microporous framework of [SiO4]

4− and [AlO4]
5− tetrahedra [10]. Iso-

morphous substitution of Al3+ for Si4+ causes a negative charge of the zeolite framework,
which is compensated by charge balancing cations [14]. Zeolites have uniform microp-
ores, with size selective adsorption and catalytic properties. Zeolite minerals were first
described in 1756 by the Swedish mineralogist A.F. Cronstdedt [15]. The name zeolite
stems from the Greek words zein, to boil, and lithos, stone, as the minerals were found
to rapidly release water upon heating. The zeolite structure may be represented by the
formula

Mx/n[(AlO2)x(SiO2)y]·wH2O (1.11)

where M is a cation of valence n, y/x is the silicon/aluminium ratio (Si/Al), and w is the
number of water molecules. All known zeolite frameworks have been assigned a three-
letter code and today there are over 190 known framework structures [16]. For a given
framework, it is possible to tailor the properties of the zeolite for a desired application,
by varying the Si/Al ratio and the counterion. In this work, the zeolites ZSM-5 and X
having MFI and FAU framework type, respectively, were studied. The MFI framework
has a three-dimensional pore structure with straight pores running in the b-direction
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with pore openings of 0.53 × 0.56 nm, and zig-zag pores running in the a-direction with
pore openings of 0.51 × 0.55 nm, see Figure 1.5. Two zeolite types have the same MFI
framework, namely silicalite-1 and ZSM-5, and differ only in the Si/Al ratio. There is
no formal convention about the Si/Al ratio of the two zeolites; however, silicalite-1 has a
very high Si/Al ratio (basically no Al in the structure), and ZSM-5 has a Si/Al ratio from
several hundreds to 10 [11, 10]. The FAU framework also has a three-dimensional pore
structure with pores running perpendicular to each other in the a-, b-, and c-direction,
see Figure 1.5. The pore diameter is 0.7 nm and there is also a cavity with a diameter
of 1.2 nm where the channels intersect. Two zeolites have the same FAU framework,
namely zeolite X and zeolite Y, and the difference between these two zeolites is only the
Si/Al ratio, which varies between 1 and 1.5 for zeolite X, and between 1.5 and 5.6 for
zeolite Y [11, 10].

Figure 1.5: Schematic drawing illustrating the MFI framework in the b-direction (a) and the
FAU framework (b).

Three commonly used zeolites and some of their current major industrial applications
are listed in Table 1.1. Zeolites are one of the main components in detergents, where
their ion-exchange properties are used to soften the water. Zeolites are very useful as
solid-acid catalysts, as summarized in Table 1.1, due to the high activity and selectivity
they provide. The most important application for zeolite catalysts is in the oil refining
industry [17] for hydrocarbon cracking in the fluid catalytic cracking (FCC) process using
ultra-stable Y (USY) zeolite. Zeolite ZSM-5 is also used as catalyst in acid-catalyzed
reactions such as xylene isomerisation [10, 18].

1.3.2 Gas separation applications for zeolites

Beyond industrial gas drying, zeolites are excellent adsorbents due to selectivity with
respect to specific components in a gas mixture [20, 21]. The most important applications
for zeolite adsorbents are oxygen enrichment from air (low silica zeolite X) [22, 23, 24, 25],
CO2 removal from natural gas (zeolite X) [1, 26], or H2 removal from refinery coke gas
(zeolite A) in carbon-zeolite layered beds to increase hydrogen purity (>99.9%) [1, 12, 27].
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Table 1.1: Examples of zeolites and their current major industrial applications [10, 19].
Framework Zeolite

type
Si/Al
ratio

Current major applications

code
Zeolite X 1-1.5 Industrial gas drying, O2 enrichment from air

FAU
Zeolite Y 1.5-5.6 Fluid catalytic cracking

LTA Zeolite A 1-1.7 Softener in detergents, industrial gas drying

MFI ZSM-5 > 10 Xylene isomerization

One potential new application for zeolite NaX adsorbents is CO2 removal from flue
gas. Processes based on chemical absorption of carbon dioxide in mono-, di-, or tri-
ethanolamine (MEA, DEA, TEA, respectively) work with limited loadings and are highly
energy intensive [28]. One potential new application for zeolite ZSM-5 adsorbents is for
NOx abatement or as components in NOx storage and reduction systems [29]. Three
way catalysts cannot reduce NOx sufficiently during lean burn conditions due to excess
oxygen in the exhaust. Therefore, reduction of NOx during lean burn conditions is
currently of great interest [30]. Structured adsorbents may play an important role in
terms of improved performance in NOx abatement from car exhaust. NOx in the exhaust
gas can be reduced by selective catalytic reduction (SCR) [31, 32] or by using a NOx

storage and reduction catalyst. NH3 is normally used as a reducing agent in the SCR
process with V2O5/TiO2, zeolite or Pt-based SCR catalysts [31]. Thus, there is increasing
interest in developing zeolite adsorbents suitable for the applications described above.

1.4 Traditional and structured zeolite adsorbents

Traditionally used zeolite adsorbents in adsorption separation processes are manufactured
in form of beads or extrudates, consisting of small crystals (1 - 10 μm) formed into the
desired shape and size with the help of a binder material. Hence, there is a bimodal
distribution of pores; large intercrystalline pores between the zeolite crystals, and small
intracrystalline pores within the zeolite crystals. The mass transfer in these adsorbents
is controlled by the diffusion path, and is determined by the radius of the adsorbent bead
or the size of the zeolite crystals, or a combination of both.

In PSA processes, the deleterious effects of mass transfer resistance generally increases
at higher gas velocities associated with higher cycle frequencies. In conventional packed
beds, with cycle times of the order of minutes or even hours, the timescale for adsorption
into/out of the pellets is about 5-100 times shorter than the cycle time and hence mass
transfer resistance is not affecting the process significantly. However, when rapid cycles
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are employed, mass transfer effects become important since here the cycle times are
similar to the time scale for adsorption [14]. In order to have a high internal mass
transfer in pellets, it would thus be preferable to have small pellets/beads comprised of
small crystals. On the other hand, the pressure drop in a packed bed consisting of small
pellets would become unmanageable, and, with increasing velocity, bed fluidization may
also occur [33]. Hence, it is evident that in PSA processes employing the conventional
pellets there is a trade-off between mass transfer kinetics and pressure drop, whereas
larger adsorbent particles result in lower pressure drop, but increased mass- and heat-
transfer limitations, and vice-versa, as discussed above. Structured adsorbents in the
form of monolith adsorbents or coated monoliths described below may offer a solution
to the mass and heat transfer problem, as they are characterized by a low pressure drop
and lower mass and heat transfer resistances than the traditionally used beads or pellets
[34].

1.4.1 Monolith adsorbents

Recently, the preparation and evaluation of monolith adsorbents in adsorption systems
have been reported [35, 36, 37, 38]. Monolith adsorbents combine low resistance to mass
transfer (short diffusion path in the adsorbent wall) with low pressure drop. However,
in order for monolith adsorbents to be competitive with packed beds, they must have
sufficient adsorption capacity. The CO2 adsorption on carbon monolith adsorbents with
wall thicknesses of 1.6 or 2.8 mm was studied using the Zero Length Column (ZLC)
method [38]. The ZLC data showed that the dispersion in the monolith was controlled
by mass transfer resistance rather than axial mixing. Zeolite monoliths consisting of 5A
zeolite and Na-bentonite with square lattice channels and a wall thickness of 0.98 mm
were prepared by Li et al. [36, 39]. The O2 adsorption separation performance of the
zeolite monolith was compared with that of 5A zeolite pellets with a diameter of 1.5 mm
and legnth of 3.6 mm. The main outcomes of the work were that the adsorption capacity
per column volume was of the same magnitude as for pellets whilst the pressure drop
over the zeolite monolith was 3-5 times lower than that for the packed bed. The lower
pressure drop resulted in a 3-5 times faster pressurization time when the PSA unit was
loaded with the zeolite monolith as compared to when it was loaded with pellets. Shorter
pressurization time is an advantage [39, 36, 14] and allows faster PSA cycles which re-
sults in a higher productivity and should compensate for the lower adsorbent loading
when using monoliths instead of traditional adsorbents. However, due to the large wall
thicknesses of these monoliths, the mass transfer resistance is still significant and compa-
rable to conventional beads. Possible ways of improving the separation performance of
the zeolite monoliths would thus be to reduce the wall thickness and increasing the cell
density of the zeolite monolith [6, 14]. Alternatively, thin zeolite films may be grown on
the walls of ceramic cordierite monoliths, which was the approach used in this work.



1.5. Scope of the present work 11

1.4.2 Monolith supports

Monoliths are structured supports with parallel channels, available with various cell den-
sities and geometries [34, 40]. Low pressure drop, uniform flow distribution, thermal
stability and easy scale-up are some of the advantages with these materials. The mineral
cordierite, (Fe, Mg)2Al4Si5O18 is often used for monoliths, since it has a low coefficient
of thermal expansion and a tailorable macrostructure. Monoliths are widely used in cat-
alytic converters for cars since the 1960s [34, 41] rather than in adsorption processes.
Further, they may also be employed as diesel particulate filters to purify the exhaust
gases from diesel engines.

1.4.3 Coated monoliths

The monolith supports may be coated with an active material (adsorbent or catalytic
material) using different techniques, such as wash-coating, dip-coating, slip-coating, or
slurry-coating. Due to the difficulties in washcoating the monolith with pure zeolite,
a binder material is needed. However, the binder causes a reduction in the accessible
surface area of the zeolite coating and increases the diffusion resistance of the adsorbing
species. Further, due to surface tension effects during manufacturing, more material is
deposited in the corners of the monolith channels, consequently increasing the diffusion
path [37]. Alternatively, a zeolite film may be grown on the monolith as explored by our
group [42]. Thin ZSM-5 zeolite films without binder material were grown on 400 cpsi
cordierite monoliths by first depositing a monolayer of colloidal zeolite seed crystals on the
monoliths and then growing the crystals to thin films. The catalytic activity of the films
was subsequently evaluated by p-xylene isomerisation, and the effect of film thickness
on mass transfer was clearly demonstrated. As opposed to washcoated monoliths, these
films had an even thickness, i.e. no effects of surface tension leading to thicker films in
the corners.

1.5 Scope of the present work

In this work, very thin zeolite films were grown on the walls of ceramic cordierite mono-
liths to arrive at adsorbents with desirable adsorption and mass transfer properties. The
goal was to develop a competitive alternative to traditionally used adsorbents in the form
of beads or extrudates.

In order to reach this goal, the scope of the present work was:

• To study the effect of different synthesis routes on the growth of zeolite films on
cordierite monoliths

• To study the effect of different ceramic cordierite monoliths on zeolite film growth

• To investigate the CO2 and NOx adsorption properties of the structured adsorbents
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• To compare the adsorption performance of the structured adsorbents with tradi-
tionally used bead-type adsorbents in a VSA process

The structured adsorbents were characterized by a number of different techniques
including scanning electron microscopy (SEM), X-ray-diffraction (XRD), X-ray photo-
electron spectroscopy (XPS), and mercury intrusion porosimetry (MIP). The adsorp-
tion properties of the films were evaluated by determination of adsorption/desorption
isotherms and breakthrough data.



Chapter 2

Experimental

2.1 Preparation of structured adsorbents, Papers A-

F

Two types of films (NaX and ZSM-5) with controlled thicknesses were grown on the walls
of ceramic cordierite supports by a seeding method, similarly as described previously by
Öhrman et al. [43]. The supports were seeded with colloidal MFI crystals (60 nm) or FAU
crystals (80 nm) as described in previous works [43, 44]. A film was then grown on the
seeded surface of the supports by hydrothermal synthesis in an autoclave or under reflux
at atmospheric pressure, rinsed, and then dried in a ventilated oven. The film growth
method is very flexible and allows for control of the thickness and preferred orientation of
the crystals in the film [45, 46, 47, 48]. In addition, some adsorption as well as diffusion
properties of ZSM-5 films prepared with the method have been reported [42]. The film
preparation procedures are briefly described below, details are reported in papers A, B,
and C, and in references therein.

2.1.1 Pre-treatment of ceramic cordierite monoliths

The supports used for zeolite film growth were ceramic cordierite monoliths with 100
(Rauschert Inc.), 400 (Corning), 900 (Corning) cpsi, see Figure 2.1. All supports were
cut to a cylindrical shape (2 cm diameter and about 11 cm long) from the original
monolith, and, prior to zeolite film growth, the samples were rinsed in toluene, acetone,
and finally in a 0.1 M NH3 solution. The supports were then dried at 110◦ C in a
ventilated oven, and thereafter cooled to room temperature and stored in a desiccator.
Table 2.1 summarizes the geometrical properties of the structured substrates.

13
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Figure 2.1: Structured substrates used in this work. The images show 100 (a), 400 (b), and 900
(c) cpsi ceramic cordierite monoliths.

Table 2.1: Geometrical properties of supports used.
Support Channel Wall
type width, μm thickness, μm
100 cpsi 1400 700
400 cpsi 1100 100
900 cpsi 800 70

2.1.2 Zeolite film growth

Zeolite films were grown on the rinsed supports by first treating the supports with a 0.4
wt% cationic polymer solution for 10 minutes to render the surface positively charged.
The polymer solution was prepared by diluting a commercial polymer mixture (Redifloc
4150, EKA Chemicals) in distilled water. The pH was adjusted to 8.0 by addition of a
dilute ammonia solution. After charge reversal and rinsing with a 0.1 M NH3 solution to
remove excess polymer solution, the substrates were treated in a 1 wt% seed sol (either
FAU or silicalite-1) for 10 minutes and thereafter rinsed to remove excess seeds. After
seeding, films were grown by hydrothermal treatment in a clear synthesis solution or in
a synthesis gel. The molar composition of the synthesis mixtures are given in Table 2.2.
The zeolite films were grown for different synthesis times at different temperatures (100 or
180◦) in an autoclave or in an oil bath under reflux and atmospheric pressure. The films
were grown either in one long hydrothermal treatment or using a multiple step synthesis
procedure. When performing synthesis in one long hydrothermal treatment, NaX films
were grown in one long hydrothermal treatment with a duration of 4 or 9 h when using a
clear synthesis solution or a synthesis gel, respectively; when performing a multiple step
synthesis procedure, NaX films were grown in 5 steps of 1 h and 20 minutes in the clear
synthesis solution. ZSM-5 films were grown in one long hydrothermal treatment with a
duration of 12 h when using a synthesis gel. In addition, ZSM-5 films were also grown
in a clear synthesis solution with a multiple step synthesis procedure consisting of 13 or
9 steps of 48 or 96 h, respectively.
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Table 2.2: Type and molar composition of synthesis mixtures used for NaX and MFI film growth.

Zeolite Type of Molar

type synthesis composition of the

solution synthesis solution

NaX gel 14Na2O:Al2O3:10SiO2:800 H2O

clear solution 80Na2O:Al2O3:9SiO2:5000H2O

ZSM-5 gel 100SiO2:Al2O3:30Na2O:4000H2O

clear solution 12TPAOH:100SiO2:Al2O3:4Na2O:6400H2O:400EtOH

2.2 General characterization, Papers A-F

The weight gain (gzeolite/gsample) was determined by measuring the weight of the support
before and after hydrothermal treatment of rinsed and dried samples.

A Philips XL30 scanning electron microscope (SEM) equipped with a LaB6 emission
source was used for studies of surface morphology of the structured adsorbents and also
to measure film thicknesses. The monoliths were cut in the channel direction prior to
SEM investigation. Images were recorded on samples covered with a thin layer of gold
(about 10 nm) deposited by sputtering.

X-ray diffraction data (XRD) in the 2θ range 5-35◦ were recorded with a Siemens
D5000 powder X-ray diffractometer (XRD) running in Bragg-Brentano geometry.

Nitrogen adsorption/desorption isotherms at liquid nitrogen temperature were mea-
sured with a Micromeritrics ASAP 2010 instrument after outgassing at 300 or 350 ◦C
for 12 h or 24 h prior to analysis. The surface area was calculated from the adsorption
isotherm using the Brunauer-Emmet-Teller (BET) equation. The surface area was used
to calculate the zeolite loading (gzeolite/gsample) as the ratio between the surface area of
the zeolite film sample and the surface area of a powder of zeolite crystals grown in the
same synthesis mixture as that used for film growth. The pore size distribution was de-
termined by the Barrett-Joyner-Halenda (BJH) method applied to the desorption branch
of the isotherm.

A Micromeritrics ASAP 2020 instrument was used to determine carbon dioxide or
nitrogen adsorption/desorption isotherms at 0, 20 or 40◦ C for NaX samples. A water
bath was used to control the temperature.

Mercury Intrusion Porosimetry (MIP) data were recorded using a Micromeritics Au-
topore 9220 V1.04 mercury porosimeter, operated between 0.1 and 3500 bar.

The Si/Al and Na/Al ratios of the discrete ZSM-5 crystals was determined by induc-
tively coupled plasma-atomic emission spectrometry (ICP-AES, Analytica AB, Sweden)
by using an ARL-3560 spectrometer. The surface Si/Al and the Na/Al ratios of the
ZSM-5 zeolite films were determined by X-ray photoelectron spectrometry (XPS) using
a KRATOS Axis ultra electron spectrometer.
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2.3 Breakthrough profiles, Papers A-D & F

The NaX structured adsorbents were also characterized by measuring the CO2 break-
through profile with step change experiments. The experimental setup consisted of a gas
feed section, an adsorption column and a gas analysis section, and is schematically shown
in Figure 2.2. The column was 30 cm long and 2.1 cm in diameter. The structured ad-
sorbents or zeolite beads were placed in the adsorption column and were activated under
a nitrogen flow (99.995%, Linde Gas) of 0.2 l/min at 300◦ C for 3 hours with a heating
and cooling rate of 2◦C/min. The samples were thereafter cooled to room temperature.
At time zero, the feed was switched from N2 to a 0.2, 0.5 or 1 l/min flow of 10% CO2

in N2 using a pneumatic actuator (switching time of less than 0.1 s). The concentration
of CO2 in the gas exiting the column was measured as a function of time using a CO2

analyzer (IR 1507 fast response CO2 infrared transducer). The goal of the experiments
was to estimate the overall mass transfer coefficient k. The experimental breakthrough
curves were shifted by the delay time stemming from the volume of tubing and valves,
and the analytic solution of the breakthrough curve provided by Klinkenberg, see eq. 1.6,
was fitted to the experimental data with k as the parameter to be fitted. The effective
diffusivity for the structured adsorbents was subsequently estimated using equations 1.9
or 1.10.

Figure 2.2: Scheme of the apparatus used for the pressure drop and breakthrough measurements.

To evaluate the potential use of structured ZSM-5 adsorbents for NOx adsorption,
NO2 adsorption was measured by mounting the ZSM-5 film samples in a quartz tube,
which was heated with an electrical heater. The set up is shown in Figure 2.3. Prior
to tests, the sample was activated at 500◦C for 15 minutes in a feed of 8% O2 in Ar
with a flow rate of 3000 cm3/min (STP). The sample was then cooled to 30 or 200◦C
for NO2 adsorption. At the beginning of the adsorption experiment (time = 0), the feed
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was changed to 600 ppm NO2 in Ar with a flow rate of 2600 cm3 min−1 (STP). The
concentration of NO and NO2 in the reactor effluent was measured continuously by a
chemiluminescence detector (Ecophysic CLD 700 EL ht). After adsorption, the reactor
was flushed with pure Ar for 4 minutes.

Figure 2.3: Scheme of the reactor used for NOx adsorption experiments.

2.4 VSA separation performance, Paper D

The VSA separation performance was simulated for the structured NaX adsorbents and
NaX beads. A three-step (adsorption - desorption - repressurization) VSA cycle was
considered, see Figure 2.4. Simulations were performed for a system with a single column
loaded with beads or structured zeolite adsorbents using the MINSA (Monash Integrator
for Numerical Solution of Adsorption) software. The simulator is based on mass and
energy balances, and incorporates features to simulate pressure drop across adsorbent
beds, and switching and control valves which accurately reflect the experimental VSA
system [49]. In the first step, feed gas containing 10 % CO2 in N2 at different flow rates
(0.2, 0.5 and 1 litre/minute) at 300.85 K and 1.2 bar pressure enters the bottom of the bed.
This step ends when CO2 starts to break through. In the second step, the bed is evacuated
counter-currently. This step ends when the bed pressure reaches 0.02 bar pressure. In
the third step, N2 is used to re-pressurize the bed to feed pressure in a countercurrent
direction. These simulations were performed to explore the behaviour of the different
adsorbent structures in particular to judge the merits of structured adsorbents at short
cycle times. It is worth noting that the three step cycle tested here is not a typical cycle
which would be used in an industrial CO2 capture plant [50]. However, the major steps
of adsorption and desorption (regeneration) are captured and it is these features which
are important in demonstrating the impact on the performance of the adsorbent.

The effect of adsorbent structure was evaluated in terms of product purity, product
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Figure 2.4: Scheme of the three steps VSA cycle simulated in this work.

recovery, and throughput.
The CO2 recovery is calculated as number of moles of CO2 recovered in the desorption

step 2 divided by the number of moles fed to the bed in step 1. The CO2 purity is
determined as number of moles of CO2 recovered in step 2 divided by the total number
of moles recovered in step 2. The throughput attainable in a given volume of vessel in a
cyclic adsorption system is the amount of CO2 recovered (kg) per unit time (h).
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Results and discussion

3.1 General properties of structured adsorbents

3.1.1 Selection of synthesis mixture, Papers B-C

Figure 3.1 (a) shows a top-view SEM image of a NaX film grown in a gel (Table 3.1)
on a 400 cpsi cordierite monolith. The film appears to be well intergrown and typical
NaX crystals with octahedral habit and with a size ranging between 600 and 2000 nm
are observed. The average thickness of the film is about 1.1 μm, as shown in Figure
3.1 (c) and reported in Table 3.1. Figure 3.1 (e) shows a top-view SEM image at low
magnification of the same sample. The arrows indicate aggregates with radii ranging
from ca. 0.5 to 10 μm on top of the film. These aggregates were probably deposited by
sedimentation from the synthesis gel. Sediments deposited on top of and embedded in
the film may be a disadvantage in PSA applications due to the increased diffusion path
of the adsorbing species in the relatively large aggregates, as will be discussed later in
the thesis. In order to avoid sediment deposition, a clear synthesis solution was used for
film growth in the following experiments. Figure 3.1 (b) shows a top-view SEM image
of a NaX film grown in a clear synthesis mixture in 5 steps of 1 hour and 20 minutes.
The film is well intergrown; however, a few hydroxysodalite crystals with a ball-of-yarn
habit are observed, which will be discussed in the next paragraph. The film grown in the
clear synthesis mixture has an average thickness of 1.5 μm, as shown in Figure 3.1 (d)
and reported in Table 3.1. A much lower amount of sediments was observed for the film
grown in the clear synthesis mixture, see Figure 3.1 (f). These results were supported
by weight gain measurements; although the NaX film grown in the gel has a lower film
thickness than the one grown in the clear synthesis mixture, the weight gain is higher for
the former sample, see Table 3.1, which suggests the presence of more sediments on the
film grown in the gel, in accordance with SEM observations.

Figure 3.2 shows XRD patterns of the NaX samples grown in the gel and in the clear

19
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Figure 3.1: SEM images of the NaX films grown in the gel (a, c, e) and in the clear synthesis
solution (b, d, f). Arrows indicate aggregates of crystals deposited from the bulk of the synthesis
solution by sedimentation.

synthesis mixture. The data show that the samples are comprised of randomly oriented
NaX and cordierite crystals, and the intensity of the NaX zeolite peaks is highest for the
film grown in the gel, in accordance with the weight gain.

Figure 3.3 (a) shows a top-view SEM image of a ZSM-5 film grown in a template-free
synthesis gel on a 400 cpsi cordierite monolith. The film consists of well intergrown crys-
tals and has an average thickness of 1.9 μm, see Figure 3.3 (c) and Table 3.1. Although
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Table 3.1: Film thickness and weight gain of NaX and MFI film samples grown in a gel and a
clear solution.

Zeolite Type of Film Weight
synthesis thickness, gain
solution μm gzeolite/gsample

NaX gel 1.1 0.060
clear solution 1.5 0.036

ZSM-5 gel 1.9 0.16
clear solution 1.9 0.10

Figure 3.2: XRD patterns of the NaX films grown in the gel and in the clear synthesis solution
on 400 cpsi supports. The cordierite and NaX peaks are indicated by ◦, and ∗, respectively.

most of the film is smooth and free from sediments as shown in Figure 3.3 (a), large
agglomerates of crystals formed in the bulk of the synthesis solution have deposited by
sedimentation in some areas, as shown in Figure 3.3 (e). Figure 3.3 (b) shows a top-view
SEM image of a ZSM-5 film grown in a clear solution containing template molecules. The
film covers the entire monolith surface and has a film thickness of 1.9 μm, see Figure 3.3
(d) and Table 3.1. The morphology of the film is completely different to the film grown
in the gel and some cracks are observed.

The morphologies of the two samples vary due to differences in relative growth rates
in the various crystallographic directions in the synthesis gel and in the clear solution,
respectively. Cracks are formed in the film prepared in the clear solution, due to con-
traction of the crystals during calcination [51]. A few crystals originating from the bulk
synthesis mixture and deposited on top of the film are observed only at certain locations
on the sample, however fewer than when the films were grown with the synthesis gel.
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Figure 3.3: SEM images of the ZSM-5 films grown in the gel (a, c, e) and in the clear synthesis
solution (b, d).

Figure 3.3 (b) was intentionally recorded at one such location. No sediments were ob-
served on the films grown in the clear solution. Although the thickness of the ZSM-5
films grown in the gel and the clear solution are the same, the weight gain of the former
sample is about 50% higher, see Table 3.1, which indicates the presence of sediments on
the sample grown in the gel in accordance with SEM observations.
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All these results suggest that clear solutions are more suitable than gels for growth
of thin NaX or ZSM-5 zeolite films free from sediments on the walls of ceramic cordierite
monolith supports.

3.1.2 Selection of synthesis procedure, Papers A-C

Figure 3.4 (a) shows a top-view SEM image of a NaX film grown in the clear solution in
one long hydrothermal treatment with a duration of 4 h. The film consists of small and
not well intergrown crystals with a size ranging between 170 and 1000 nm. In addition,
hydroxysodalite (HS) crystals with a typical ball-of-yarn habit and a diameter of about
2000 nm are observed. The pores in HS zeolite are too small to allow any CO2 adsorption
[52]. Phase changes are common in the crystallization system of zeolite NaX upon longer
synthesis duration [11], this is probably the reason why HS crystals are observed in this
sample. The NaX film has started to dissolve and HS crystals are formed as reported
previously. Since the zeolite coating consists of small, not well intergrown crystals, it is
difficult to define a film thickness. However, the NaX coating has an average thickness
of about 0.4 μm, as shown in Figure 3.4 (b). In addition, the weight gain of the NaX
film sample grown in 4 h is about half of the one grown with a multiple step synthesis
procedure, as will be described later in the thesis and in more detail in paper B, while
the film thickness of the former sample is about 3 times lower, suggesting also presence
of sediments after one long hydrothermal treatment in the clear solution.

To limit the formation of HS crystals and sediments, and to obtain a better inter-
grown film, a multiple step synthesis procedure was developed, where the clear synthesis
solution was replaced every 1 h 20 min. Figure 3.4 (c) shows a top-view image of the
film grown in 5 steps of 1 h 20 min; the film appears better intergrown than the film
grown in one long hydrothermal treatment, and the number of HS crystals embedded
in the zeolite film was significantly reduced. As discussed above, the film has an aver-
age thickness of about 1.5 μm, see Figure 3.4 (d), and again appears to be well intergrown.

By varying the number of steps in the multiple step synthesis procedure it was possible
to control the thickness of the zeolite films. Figures 3.5 (a, b) show cross sectional SEM-
images of ZSM-5 films grown in the clear synthesis solution in 6 and 13 steps of 48 h,
with film thicknesses of about 0.8 and 1.9 μm, respectively.

The results presented above demonstrate that a multiple step synthesis procedure
using a clear solution is effective for preparation of zeolite films with:

• A low amount of sediments in case of NaX and ZSM-5 films

• Controlled thickness in case of NaX and ZSM-5 films

• A low amount of other crystalline phases (i.e HS crystals) in the case of NaX films

• Well intergrown films in case of NaX films.
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Figure 3.4: Top-view and cross-sectional SEM images of the NaX films grown in the clear
synthesis solution in one hydrothermal treatment of 4 h (a, b) and in 5 steps of 1h 20 min (c,
d).

Figure 3.5: Cross-sectional SEM images of the ZSM-5 films grown in 6 (a) and 13 (b) steps of
48 h in the clear synthesis solution. The arrows indicate defects in form cracks in the films.
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3.1.3 Cell density of support, Papers D-E

Figures 3.6 (a, b) show top-view SEM images of 400 and 900 cpsi cordierite monoliths.
Cordierite grains form an uneven surface and some macropores are also observed between
the grains. The walls are 100 or 70 μm thick for the 400 or 900 cpsi cordierite monolith,
respectively, see Figure 3.6 (c, d) and large macropores with a size up to tens of microns
are observed.

Figure 3.6: Top-view and cross-sectional SEM images of the 400 (a, c) and 900 (b, d) cpsi
ceramic cordierite monolith supports.

The total pore volume as determined by MIP of the 400 and 900 cpsi supports were
quite similar, ca. 0.24 and 0.19 cm3/g. However, the size distribution of the pores in
the wall is narrower for the 900 cpsi support and shifted somewhat to smaller pore sizes,
about 0.8 - 2 μm, compared to about 2 - 25 μm for the 400 cpsi support, as shown in
Figure 3.7. The cumulative pore volume of the structured adsorbent sample in the form
of a ca. 1.7 μm NaX film grown on the 900 cpsi support almost overlaps with that of the
corresponding support, as expected, see Figure 3.7. However, the 1.5 μm NaX film on
the 400 cpsi cordierite monolith displays pores in the range 0.01 - 1 μm, that are absent
in the corresponding 400 cpsi support and in the ca. 1.7 μm NaX film grown on the
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Figure 3.7: MIP cumulative pore volume distribution of an uncoated 400 cpsi cordierite monolith
and a 1.5 μm thick NaX film grown on a 400 cpsi support (a) and an uncoated 900 cpsi cordierite
monolith and a 1.7 μm thick NaX film grown on a 900 cpsi support (b).

900 cpsi support. These pores should thus stem from the zeolite film grown on the 400
cpsi monolith and may represent open grain boundaries and cracks in the film. It is well
known that NaX zeolite crystals contracts significantly upon dehydration [53, 54], which
may result in the formation of cracks and open grain boundaries in the film. A hypoth-
esis is that more open grain boundaries and cracks formed in the film grown on the 400
cpsi support due to that this sample was activated a few more times at a temperature
of 200◦ C compared to the 900 cpsi structured adsorbent, prior to MIP experiments. In
addition, a higher number of cracks and open grain boundaries may affect the kinetic
of adsorption in the zeolite films, and may result in sharper breakthrough fronts for the
zeolite film samples, as will be described in more detail later in the thesis.

These results demonstrate that the use of 400 or 900 cell density supports does not
have a significant effect on the growth of zeolite films, since films with similar thickness
were grown under the same synthesis conditions. The observed difference in pore volume
of the NaX films most likely seems to stem from sample treatment prior to MIP.

3.1.4 Si/Al and Na/Al ratios of ZSM-5 crystals and films, Paper
C

Table 3.2 summarizes the ICP-AES data for ZSM-5 crystals grown by adding colloidal
silicalite-1 seed crystals to the synthesis mixtures. The Si/Al ratio of the ZSM-5 crys-
tals grown in the clear solution decreases from 367 to 178 when the duration of each
hydrothermal treatment is increased from 48 to 96 h, respectively, as expected for ZSM-5
crystals grown using template molecules [10, 55]. The Si/Al ratio for the ZSM-5 crystals
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grown in the template-free gel is equal to 14 and is similar to the value reported pre-
viously by Mintova et al. [56]. These results indicate that it is possible to control the
Si/Al ratio by varying the synthesis time in a clear solution or using a gel. The Na/Al
ratio of the ZSM-5 crystals grown in the clear solution and in the gel indicate that these
samples are in sodium form, i.e. Na-ZSM-5, as expected, since the synthesis solutions
contain sodium ions, see Table 2.2.

As discussed earlier, it was possible to control the thickness of the ZSM-5 films by
the number of hydrothermal treatment steps, see Figure 3.5. The main conclusion from
these results is that by varying the synthesis conditions, the Si/Al and Na/Al ratios in
the ZSM-5 films can be controlled. In particular:

• Si/Al ratio decreases with increasing the duration of each synthesis step for ZSM-
5 crystals grown in the clear synthesis solution with the multiple step synthesis
procedure. However, the amount of sediments deposited on the films also increases
with increased duration of each hydrothermal treatment

• Si/Al ratio is highest in ZSM-5 crystals grown in the template-free synthesis gel in
one long hydrothermal treatment

• All films are in sodium form

• The film thickness could be controlled by the number of hydrothermal treatments.

Table 3.2: Si/Al and Na/Al ratios of ZSM-5 crystals determined by ICP-AES.
ZSM-5 crystals ZSM-5 crystals ZSM-5 crystals
grown in the grown in the grown in the
clear solution clear solution synthesis gel
for 48 h for 96 h for 14 h

Si/Al 367 178 14
Na/Al 5.7 3.2 0.9

3.2 Adsorption performance of structured adsorbents

3.2.1 Adsorption/desorption isotherms, Papers A and D

Figure 3.8 shows the N2 adsorption/desorption isotherms measured at liquid nitrogen
temperature of the NaX films grown in the synthesis gel and in the clear solution on a
400 cpsi support. Although the thickness of the film grown in the clear solution is greater
than for the film grown in the gel (see Table 3.1), the amount of nitrogen adsorbed by
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the latter is higher. This is due to the high zeolite loading caused by the presence
of sediments on the latter sample, as discussed earlier. Under the assumption that
the observed nitrogen adsorption capacity for the film grown in the clear solution (0.21
mmol/gsample) stems from a 1.5 μm film, the adsorption capacity for the 1.1 μm film
grown in the gel should be about 0.15 mmol/gsample. However, the observed adsorption
capacity for the structured adsorbent grown in the gel was 0.43 mmol/gsample, suggesting
that the remaining 0.28 mmol/gsample stem from the sediments. On the basis of these
results, as much as 65% of the adsorption capacity in the NaX film grown in the gel
stems from the sediments, whereas only 35% originates from the film.

The total mesopore volume per g zeolite of the NaX film samples grown in the clear
solution and in the gel is equal to 0.08 and 0.02 cm3/gzeolite, respectively. The mesopore
volume is an indication of the crystal intergrowth in the zeolite films, and the NaX film
sample grown in the gel shows the lowest mesopore volume, indicating that this film is
better intergrown than the one grown in the clear synthesis mixture with the multiple
step synthesis procedure.

Figure 3.8: N2 adsorption/desorption isotherms of NaX zeolite films grown in the clear synthesis
solution and in the gel on 400 cpsi monoliths.

Figure 3.9 shows a schematic representation (not drawn to scale) of the NaX films
grown in the clear synthesis solution and in the gel, in concert with SEM and N2 ad-
sorption results. The NaX film sample grown in the clear solution with the multiple step
synthesis procedure consists of a 1.5 μm thick zeolite film of slabs of intergrown crystals
with closed grain boundaries. The slabs are separated by some open grain boundaries
and there are no sediments on top of the film. On the other hand, the NaX film sample
grown in the gel consists of a 1.1 μm thick zeolite film of slabs of smaller and better



3.2. Adsorption performance of structured adsorbents 29

intergrown crystals than the former sample. In addition, sediments with an average
radius of about 5 μm are observed. Since most of the zeolite in this sample is com-
prised of sediments, these sediments with their long diffusion paths, will have a major
influence on the CO2 uptake during breakthrough experiments, as will be discussed later.

Figure 3.9: Schematic representation of NaX samples grown in the clear synthesis solution (a)
and in the synthesis gel (b).

Figure 3.10 shows the CO2 isotherms (expressed in mmol/gsample) measured at 20◦

C on the NaX film samples grown in the clear synthesis mixture with the multiple step
synthesis procedure on the 400 and 900 cpsi cordierite supports (a) and the traditional
NaX adsorbents in form of beads (b). The CO2 adsorption capacities for the samples
agree well with the observed weight gain and zeolite loading as expected. By considering
the amount of sample loaded in the adsorption column and the CO2 adsorption capacity
at 100 kPa, the CO2 adsorption capacity per column volume was calculated. The CO2

adsorption capacity per unit volume of the adsorption column loaded with the structured
adsorbent grown on the 400 cpsi support is about 45 times lower than that for a packed
bed of beads. This indicates that, by increasing the film thickness by 45 times to 67
μm, the adsorption capacity of the structured adsorbents may equal the one of NaX
beads. However, for thicker films, internal diffusion limitations may become significant.
Therefore, the structured adsorbents should be optimized as regarding film thickness and
cell density.

3.2.2 Breakthrough profiles, Papers A-D & F

Figures 3.11 (a, b) show the experimental breakthrough curves of the NaX film samples
grown on 400 cpsi cordierite monoliths in the clear solution and in the gel at different
flow rates (0.2, 0.5, and 1 l/min), respectively. The breakthrough front for the sample
grown in the clear solution is characterized by a steep increase in the CO2 concentration,
indicating an even flow distribution in the monolith channels and a very low resistance
to mass transfer in the film. The breakthrough front for the adsorbent grown in the gel
is much more dispersed, indicating a higher resistance to mass transfer in the sediments,
which represent the main fraction of zeolite in this sample, as discussed earlier. For



30 Results and discussion

Figure 3.10: CO2 adsorption isotherms recorded at 20◦ C for the 1.5 and 1.7 μm thick NaX
films grown in the clear solution on the 400 and 900 cpsi ceramic cordierite monoliths (a) and
NaX beads (b).

all volumetric flowrates, the time to reach 50% of the final concentration for the sample
grown in the clear solution is about half of that for the sample grown in the gel, see Table
3.3. The time to reach 50% of the final concentration is related to the adsorption capacity
of the sample, see Paper B for more details. The breakthrough experiments thus indicate
twice as large adsorption capacity for the sample grown in the gel compared to the sample
grown in the clear solution, in accordance with the zeolite loading, as discussed earlier.
It is worth noting that the short time to reach 5% of the final concentration for the samples
grown in the gel (4 s at 1 l/min) compared to the one grown in the clear solution (18 s at
1 l/min) is most likely due to a gas velocity distribution across the monolith channels in
the former sample. This may be caused by sediments on top of the film, implying that
the experimental curve originates from a convolution of different breakthrough fronts
from different channels experiencing diverse flow rates.

Table 3.3: Time (s) to reach 50% of final CO2 concentration for 1.5 and 1.1 μm NaX films
grown on 400 cpsi supports in a clear solution and in a synthesis gel.

Sample 0.2 l/min 0.5 l/min 1 l/min
1.5 μm thick NaX film grown
in a clear solution 76 35 21
1.1 μm thick NaX film grown
in a synthesis gel 136 58 30

The analytical solution of the breakthrough curve by Klinkenberg, see equation 1.6,
was fitted to the experimental data with the overall mass transfer coefficient k as the
fitted parameter. The Henry constants were determined from isotherm data, see Table
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Figure 3.11: Experimental and fitted CO2 breakthrough curves of NaX films grown on a 400 cpsi
cordierite monolith in the clear solution (a) and in the gel (b), respectively. Points represent
experimental data, while curves represent the fitted analytic solution by Klinkenberg.

3.4. As illustrated by the curves in Figure 3.11, the Klinkenberg equation could describe
the experimental data adequately. For the sample grown in the clear solution, the best fit
was obtained with a coefficient of mass transfer of 5.2 s−1, see Figure 3.11 and Table 3.4.
The corresponding effective diffusivity was estimated to 4 · 10−12 m2/s using equation
1.10, see Table 3.4. Figure 3.11 (b) shows the experimental and fitted CO2 breakthrough
curves for the sample grown in the gel. Again, the model fit the experimental data of
the sample grown in the gel quite well for a coefficient of mass transfer of 0.072 s−1, see
Table 3.4. This mass transfer coefficient is 72 times smaller than the one for the sample
grown in the clear solution. This low mass transfer coefficient is likely an effect of the
large diffusion length in the sediments on top of the film grown in the gel. As discussed
above, the sediments represent the main fraction of this adsorbent and therefore dominate
the adsorption behavior of this sample. Further, as pointed out above, the radii of the
sediments is ranging from ca. 0.5 to 10 μm. However, under the assumption that the
sediments on the sample grown in the gel are spherical particles with an average radius
of 5 μm, the diffusivity can be estimated from equation 1.9. Under this assumption, the
diffusivity of the sample grown in the gel is about 1 · 10−13 m2/s, which is about one order
of magnitude lower than sample grown in the clear solution. This lower diffusivity in
the sample grown in the gel may be a due to better intergrown crystals in the sediments
deposited from the gel compared to the film grown in the clear solution. Even under the
assumption that the sediments on the sample grown in the gel are spherical particles with
an average radius of 10 μm (the maximum observed by SEM), the estimated diffusivity
would be about 5 · 10−13 m2/s, which is still about one order of magnitude lower than
for the film.

Figure 3.12 (a) shows the CO2 breakthrough curves measured at 1 l/min of the 400
and 900 NaX structured adsorbents with a film thickness of about 1.5 μm. The time
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Table 3.4: Summary of CO2 adsorption properties for structured adsorbents grown on 400 cpsi
supports.

Sample K k, s−1 Deff , m2/s
NaX film grown in the synthesis gel 56 0.072 1 · 10−13

NaX film grown in the clear synthesis mixture 32 5.2 4 · 10−12

to reach 50% of the final concentration occurred after ca. 21 and 62 s for the 400 and
900 structured adsorbents, respectively. This is in rough accordance with the ca. 1.8
times higher zeolite loading per column volume for the latter sample. The breakthrough
front of the NaX film grown on the 900 cpsi support is broader than that for the film
grown on the 400 cpsi support, most likely as a result of dispersion attributed to mass
transfer resistance or other features which contribute to dispersion (flow maldistribution
etc). The broader breakthrough front of the former sample may be a result of the absence
of small pores between 0.1 and 1 μm, which were detected on the sample grown on the
400 cpsi support by MIP, and which may influence the kinetic of adsorption in terms of
higher mass transfer, resulting in sharper breakthrough fronts.

Figure 3.12: Experimental CO2 breakthrough curves measured at 1 l/min for the about 1.5 μm
thick NaX films grown in the clear solution on 400 and 900 cpsi cordierite monoliths (a) and
NaX beads (b).

Figure 3.12 (b) shows the CO2 breakthrough curve measured at 1 l/min for NaX
beads. The time to reach 50% of the final concentration for the NaX beads is ca. 30
times longer than that for the sample grown in the clear solution on the 400 cpsi support,
in rough accordance with the higher zeolite loading (ca. 54 times) per column volume for
the former sample. The breakthrough front obtained for the NaX beads is significantly
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broader than for the 400 and 900 cpsi structured adsorbents, indicating a greater resis-
tance to mass transfer in the beads due to the long diffusion path (large radius of the
beads, 0.7 mm). These results indicate that the adsorbent grown in the clear solution
on the 400 cpsi support is better than the one grown in the gel or in the clear solution
on the 900 cpsi cordierite monolith. The breakthrough front for the former sample was
very sharp indicating an ideal flow patterns and effective mass transfer and at the same
time, the adsorption capacity was significant.

Figure 3.13 shows the NO2 breakthrough curves determined at 30◦ C for the about
1.9 μm thick ZSM-5 films grown in the clear solution in steps of 48 h and 96 h, and in
the gel for 12 h on 400 cpsi supports. The time to reach 50% of the final concentration
occurred after ca. 300 and 500 s for the ZSM-5 films grown in the clear solution in
steps of 48 and 96 h, respectively. The film grown in steps of 96 h thus has higher NO2

adsorption capacity than the one grown in steps of 48 h. The higher adsorption capacity
of the former sample was assigned to the higher zeolite loading and higher Al content.

The time to reach 50% of the final concentration occurred after ca. 1000 s for the film
sample grown in the gel, indicating high NO2 adsorption capacity due to the higher zeolite
loading and low Si/Al ratio. In addition, the broader breakthrough curve of the ZSM-5
film grown in the gel, as compared to the ones of the films grown in the clear solution,
might be due to a reduced effective diffusivity due to the increased Al concentration (and
thus Na ions) and an increased mass transport resistance in the sediments compared to
the films grown in the clear solution, as discussed earlier.

Figure 3.13: Experimental NO2 breakthrough curves measured at 30◦ C for the structured ZSM-
5 adsorbents with a thickness of 1.9 μm grown in the clear synthesis solution and in the gel on
400 cpsi monoliths.

The NO2 adsorption capacity was calculated by integrating the adsorption data and
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the result is given in Table 3.5. The adsorption capacity at 30◦ C of the film samples is
varying between about 400 and 1400 μmole/gzeolite and reflects the zeolite loading and
the Al and Na content, and is highest for the sample grown in the gel, which has the
highest Al and Na concentration, see Table 3.2, as well as the highest zeolite loading.
The adsorption capacity observed at 30◦ C mostly stems from weakly adsorbed NO2 on
the cations in the zeolite [57], see Paper C for more details. At higher temperature (200◦

C), the specific amount of NO2 was nearly independent on the Si/Al ratio of the ZSM-5
films, see Table 3.5, illustrating that an increase in Al concentration in the films increases
only the physisorption of NO2.

Table 3.5: NOx adsorption data for the 1.9 μm ZSM-5 films grown in steps of 48 h, and 96 h
in the clear solution, and in the gel for 12 h on 400 cpsi supports.

NO2 adsorbed
Sample Si/Al Na/Al

μmole/gzeolite

30◦ C 200◦ C
ZSM-5 film grown in the clear
solution in steps of 48 h 367 5.7 416 101
ZSM-5 film grown in the clear
solution in steps of 96 h 178 3.2 516 161
ZSM-5 film grown in the
synthesis gel 14 0.9 1401 162

3.2.3 Simulated VSA performance, Paper D

The VSA performance for the adsorbent comprised of a 1.5 μm zeolite NaX film grown
on a 400 cpsi cordierite monolith was simulated using the MINSA software. An ideal 900
cpsi structured adsorbent having the same breakthrough front as the 400 cpsi structured
adsorbent and only shifted in time because of the higher zeolite loading, was also con-
sidered in the simulations. The performance of the structured adsorbents was compared
with that of beads with a diameter of 0.7 mm.

Figure 3.14 illustrates that the product purity obtained with a bed of NaX beads is
higher than that for the 400 cpsi adsorbent and the ideal 900 cpsi adsorbent. This can
be attributed to the higher voidage and lower zeolite loadings in the monolith structures.
The channel voids in the structured adsorbents lead to significant contamination of the
product with N2. Figure 3.14 also shows that for all cases, a plateau value of product
purity is reached at large cycle times. This is due to the reduction in gas velocity resulting
in a sharper mass transfer front and hence improved CO2 purity. The product purity for



3.2. Adsorption performance of structured adsorbents 35

all adsorbents approach feed purity (10%) as the cycle time is decreased. When cycle
time is decreased below 120 s, the CO2 purity undergoes a gradual decline in the case
of monoliths whereas a much larger decrease is experienced for the packed bed. This
reduction is due to pressure drop in the packed bed, which leads to broadening of the
mass transfer front, and hence contamination of the top of the bed.

Figure 3.14: CO2 product purity as function of cycle time for the 400 cpsi adsorbent, the ideal
900 cpsi adsorbent, and NaX beads.

Figure 3.15 shows that the recovery obtained with the structured adsorbents is higher
than that obtained with the packed bed. This is directly related to the sharpness of the
mass transfer front during the feed step. The sharper front for the structured adsorbents
results in less breakthrough of CO2 during step 1 and therefore a higher recovery in
the product stream. Longer cycle time gives higher purity and recovery because the
lower resulting velocities lead to sharper mass transfer zones. The recovery could be
improved by replacing the 3-step cycle with a more complex cycle incorporating product
rinse and pressure equalisation. However, the scope of the VSA simulations was not to
optimize the system performance but rather to explore and illustrate the advantages and
disadvantages of structured adsorbents versus conventional adsorbent beads.

As expected, all three adsorbents displayed roughly a hyperbolic pattern for through-
put as a function of cycle time, see Figure 3.16. The throughput is highest for a packed
bed because of the higher zeolite loading per unit volume column. It is clear that disper-
sive effects of pressure drop and mass transfer are becoming more important at shorter
cycle times for the packed bed than for the structured adsorbents. Cycle time below 15
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Figure 3.15: CO2 product recovery as function of cycle time for the 400 cpsi adsorbent, the
ideal 900 cpsi adsorbent, and NaX beads.

s eventually leads to a drop in throughput for the packed bed, as observed in Figure 3.16
and also reported elsewhere [58]. At cycle times shorter than 10 seconds, the structured
adsorbents show higher productivity than the conventional beads. Thus, the structured
adsorbents show promising performance at short cycle times provided higher zeolite load-
ings can be obtained.

Figure 3.16: CO2 throughput as function of cycle time for the 400 cpsi adsorbent, the ideal 900
cpsi adsorbent, and NaX beads.



Chapter 4

Conclusions

4.1 Conclusions

NaX and ZSM-5 zeolite films were grown on ceramic cordierite monoliths using different
synthesis procedures and the adsorption properties of these structured adsorbents were
studied.

Different synthesis solutions influence the morphology, porosity, and adsorption prop-
erties of the structured adsorbents. Zeolite films could be grown in synthesis gels, however
a large amount of sediments were deposited on the films, which were shown to be a dis-
advantage in adsorption processes due to increased diffusion paths. Less sediments were
deposited on films grown in clear synthesis mixtures.

The duration of the hydrothermal synthesis was also found to influence the zeolite
film growth and the physical properties of the adsorbents. When growing NaX films
in one long hydrothermal treatment, the zeolite films consisted of small and not well
intergrown crystals, and sediments. In particular, NaX films grown in the clear solution
consisted of small and badly intergrown crystals, and in addition hydroxysodalite and
crystals grew in the film. ZSM-5 and NaX films with a very low amount of sediments
and other crystalline phases could be grown using a multiple step synthesis procedure
employing clear synthesis mixtures.

The best structured NaX adsorbents displayed very sharp breakthrough fronts, which
indicated a close to ideal flow through the adsorbent with virtually no axial dispersion
and very low mass transfer resistance.

The effect of Si/Al and Na/Al ratios in ZSM-5 films was found to have a great influence
on the NOx adsorption properties of the films. An increase in Al and Na content in the
films causes an increase in NO2 adsorption capacity at low temperature (30◦ C), due to an
increased number of weak adsorption sites. At higher temperature, the amount of NO2

adsorbed was nearly independent of the Si/Al ratio of the ZSM-5 films, indicating that
an increase in Al and Na concentration in the films increases only the physisorption of
NO2. The thicker ZSM-5 films showed stronger mass transfer resistance than the thinner
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ZSM-5 films, as expected.
Simulations of a three-step VSA process showed that the best NaX structured adsor-

bent prepared in the present work could achieve a product purity of 30% with a recovery
of 85% for separation of a feed of 10% CO2 in N2. Although beads perform better in
terms of purity and throughput at longer cycle times, the simulations indicated that
structured adsorbents with higher cell densities may be competitive with conventional
adsorbents at short cycle time.

The results obtained in the present thesis work will be useful for the further devel-
opment of structured adsorbents optimized for particular applications, such as CO2 and
NO2 separation by PSA and VSA.



Chapter 5

Future work

5.1 Future work

This work has increased the understanding of adsorption properties of structured adsor-
bents in the form of thin NaX and MFI films grown on monolith supports. However,
there are still many aspects that need to be investigated and suggested future work is:

• Prepare structured adsorbents with higher cell densities, for instance 1200 cpsi.
1200 cpsi cordierite monoliths are available on the market

• Grow zeolite films with variable thicknesses using a flow reactor instead of the mul-
tiple step synthesis procedure in order to grow even thicker films in a more effective
way

• Determine the maximum zeolite film thickness at which diffusion resistance starts
to reduce performance in a cyclic adsorption process

• Further modeling work to guide the experimental work. In particular, non isother-
mal models should be considered to better appreciate the advantages with struc-
tured adsorbents

• Studies on the performance of structured adsorbents in real cyclic adsorption pro-
cesses
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Abstract Structured adsorbents in the form of supported
thin zeolite films may represent a competitive alternative
to traditional zeolite adsorbents in form of beads or pellets
used in PSA processes, due to the reduction of mass- and
heat-transfer limitations typical of packed beds. Thin NaX
films were grown by hydrothermal treatment using a clear
solution on cordierite monoliths. Films grown by a multi-
ple synthesis procedure were dense and uniform with a very
small amount of sediments adjacent to the film, which may
be an advantage in PSA applications. The CO2 adsorption
capacity and the pressure drop for the supported films were
compared to those of a packed NaX bed. Although the ad-
sorption capacity of the column filled with the structured
adsorbents was 67 times lower than when the column was
filled with zeolite beads, the pressure drop was 100 times
lower for the structured adsorbent. The adsorption capac-
ity can be increased by increasing the film thickness or the
cell density of the monoliths without increasing the pres-
sure drop significantly, indicating the potential advantage of
structured adsorbents in PSA processes. Further investiga-
tions are needed in order to prove this hypothesis.
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1 Introduction

Zeolites represent a broad class of crystalline aluminosili-
cate materials used in adsorption processes, catalysis, mem-
brane, and sensor technology. Gas separation via adsorp-
tion can occur in the porous framework because of the in-
teractions between the dipole moments of the gas mole-
cules with the electrical field inside the pores of the ad-
sorbent (equilibrium separation), size or steric exclusion
of certain components (molecular sieving), or because of
the ability of some components to enter the pores faster
than others (kinetic selectivity). The vast majority of indus-
trial gas separation processes by zeolite occurs via equi-
librium. NaX zeolite is a widely used adsorbent for CO2
recovery due to its high working capacity, equilibrium se-
lectivity and low purge requirement (Chue et al. 1995;
Chou and Chen 2004). High purity carbon dioxide can be
obtained on zeolite X, where it adsorbs for equilibrium affin-
ity between the quadrupole moment of the carbon dioxide
molecules and the electrical field generated by the cations
inside the zeolite pores.
Pressure swing adsorption is a widely used technique for

carbon dioxide capture from flue gas (Gomes and Yee 2002;
Chou and Chen 2004; Reynolds et al. 2006) or oxygen
enrichment from air (Li et al. 1998a, 1998b). Adsorption
columns with randomly packed zeolite beads, pellets and ex-
trudates are generally used in PSA processes for oxygen pro-
duction and carbon dioxide separation because of the high
productivity and low cost of the adsorbent material. How-
ever, PSA processes which use adsorbing materials in this
form have high pressure drop and heat—and mass—transfer
limitations as main drawbacks.
A high pressure drop in the packed bed might gen-

erate high capital and operating costs for the pressuriza-
tion/depressurization steps in a PSA process (Jain et al.
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2001; Li et al. 1998b). The long diffusion paths through
meso- and macropores in the zeolite beads may induce
heat—and mass—transfer limitations due to temperature
and concentration gradients, thus decreasing the overall per-
formance of the PSA process (Li et al. 1998b).
Recently, parallel flow monolith structures have received

considerable attention for their use in adsorption processes.
These materials have parallel channels with controllable
shape and wall thickness (Cybulski and Moulijn 1998;
Williams 2001). In addition, zeolite monoliths, consist-
ing solely of zeolite and binder material (Lee et al. 2000;
Li et al. 2001), have been prepared and tested in an air sep-
aration application.
Monoliths have been widely used in catalytic convert-

ers since the 1960s (Cybulski and Moulijn 1998; Williams
2001) rather than in PSA processes. Ceramic cordierite
monoliths are mainly used as catalysts substrates in the au-
tomotive industry for oxidation of CO and CHx , reduction
of NOx, and as diesel particulate filters (DPF). The main
advantage offered by monoliths compared to packed beds
is the low pressure drop. Lower pressure drop is very im-
portant in PSA processes (Todd 2003) in terms of reduced
power consumption, high product recovery, purity and pro-
ductivity. In another study, the CO2 adsorption and diffu-
sion on a carbon monolith adsorbent were studied using the
Zero Length Column (ZLC) method (Brandani et al. 2004).
The ZLC curves show that at low purge rates the adsorp-
tion mechanism is equilibrium controlled, and at high flow
rate kinetic-controlled. Further, the combined effect of axial
mixing and resistance to mass transfer in the carbon mono-
lith walls result in spreading of the CO2/N2 breakthrough
curve.
The adsorption performance of 5A zeolite monoliths

(made from zeolite with a binder rather than by coating a
substrate) with square lattice channels and a wall thickness
of 0.98 mm was compared to that of 5A zeolite pellets in
the separation of oxygen from air (Li et al. 1998a, 1998b,
2001). The adsorption capacity and pressure drop in the ze-
olite monolith were slightly lower than in the pellets. The
authors assign the poorer oxygen separation performance of
the 5A monolith to the reduced ability to transfer the mole-
cules from the gas phase to the adsorbent surface, as a result
of the increased diffusion path in the thick walls of the ze-
olite monolith. However, the use of monoliths in adsorption
processes may represent a competitive alternative to packed
beds, leading to a more effective and lower cost processes by
reducing the power demand and cycle time. Possible ways of
improving the separation performance of the zeolite mono-
liths might be to reduce wall thickness, to increase cell den-
sity, or to use hexagonal rather than square cell shape (Patton
et al. 2004).
Due to the high mass transport resistance in traditional

zeolite adsorbents (beads, powder and extrudates) or in thick

walls of whole zeolite monoliths, structured adsorbents in
the form of monoliths coated with NaX films having a con-
trollable thickness were developed in this work. CO2 ad-
sorption capacity and pressure drop were evaluated for the
structured adsorbent and compared with NaX zeolite beads.

2 Experimental section

Porous cordierite monoliths (400 cpsi, Corning) were used
as structured substrates for the zeolite film growth. The sub-
strates were first rinsed in toluene, acetone and several times
in a 0.1 M NH3 solution. Prior to hydrothermal treatment,
the monoliths were dried in a ventilated furnace at 110 °C,
cooled thereafter in a desiccator and then the weight was
recorded.
Growth of adsorbed 80 nm faujasite (FAU) seeds on the

walls of the substrates was performed in a clear solution with
molar composition of 80Na2O:1Al2O3:9SiO2:500H2O, as
described by Öhrman et al. (2004a) about the growth
of thin ZSM-5 film on cordierite monoliths. To prepare
the clear solution, sodium metasilicate (Na2SiO3 × 9H2O,
Sigma-Aldrich) was mixed with pelletized sodium hydrox-
ide (99.9% NaOH, Merck) and distilled water. An aque-
ous solution of aluminium sulphate (Al2(SO4)3 × 18H2O,
Riedel-de-Häen) was added under vigorous stirring. The
synthesis of the NaX film was performed in 1 step of 6 h
and 40 min or in 5 steps of 1 h and 20 min in the clear
solution, which was heated in an oil bath at 100 °C and at-
mospheric pressure under reflux. NaX crystals were also
prepared in the clear synthesis solution for 1 h and 20 min,
and used as a reference for the determination of the zeo-
lite loading. Prior to characterization the samples were dried
at room temperature and in a ventilated furnace at 100 °C
over night, and cooled thereafter in a desiccator. The zeolite
loading (gzeolite/gsample) of the structured adsorbents was de-
termined by the weight gain, as the weight increase of the
cordierite supports after hydrothermal treatment.
NaX (13X) molecular sieve zeolite beads (Qingdao JIT

Corporation, Qingdao, China) with a diameter of 0.7 mm
were used for comparison with the NaX film coated cordierite
monoliths. The zeolite loading of the beads was determined
by liquid N2 adsorption on a Micromeritrics ASAP 2010
instrument, as the ratio between the BET surface area of
the beads and the reference NaX crystals, as described by
Öhrman et al. (2004b) for thin ZSM-5 film coated alu-
mina beads. A Philips XL 30 scanning electron microscope
(SEM) equipped with a LaB6 emission source was used for
studies of surface morphology and to measure film thick-
ness. The monoliths were cut in the channel direction in or-
der to characterize the films. The NaX beads were mounted
in a phenolic resin (Phenolic Resin Black, Buehler LTD)
and polished in order to obtain cross-sectional images. SEM
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Fig. 1 Low magnification SEM
images of (a) of the 13X beads
and (b) of the cross-section of a
400 cpsi cordierite monolith

images were recorded on samples covered with a thin layer
of gold (few nm) previously deposited by sputtering. X-ray
diffraction data (XRD) were recorded with a Siemens D
5000 powder diffractometer equipped with a Cu-target in
the Bragg–Brentano geometry. The specific carbon diox-
ide adsorption capacity (mmol/gsample) of the structured ad-
sorbents and NaX beads was measured at 0 °C by using a
Micromeritrics ASAP 2010 instrument and was used to de-
termine the adsorption capacity of a PSA column (2 cm in
diameter and 30 cm long) loaded with NaX beads or three
coated cordierite monoliths (2 cm in diameter and 10 cm
long) connected in series. Liquid nitrogen sorption at liquid
N2 temperature was performed on the structured and tradi-
tional adsorbents by using a Micromeritrics ASAP 2010 in-
strument. The samples were outgassed at 300 °C under vac-
uum prior to analysis. The pore size distribution was deter-
mined by the Barret-Joyner-Halenda (BJH) method applied
to the desorption branch. CO2 breakthrough curves were de-
termined by performing step experiments on a single PSA
column loaded with three structured samples (0.99 gzeolite
in total) or NaX beads (33.7 gzeolite). The samples were ac-
tivated in-situ and heated at a heating rate of 2 °C/min to
200 °C for 2 hours under a N2 flow and cooled thereafter
to room temperature at a cooling rate of 2 °C/min. The feed
consisted of 10% CO2 in N2 and was injected at a volumet-
ric flow-rate of 0.2 L/min. The data were collected by a CO2
analyzer (Briage analyzers INC) using Advantech GeniDaq
data acquisition software. The pressure drop was measured
as a function of air flow rates for the zeolite beads and the
structured adsorbents in a single PSA column (each 2 cm
diameter and 30 cm long).

3 Results and discussion

3.1 Characterization by SEM, weight gain and XRD

Figure 1 shows low magnification SEM images (a) of the
NaX beads and (b) of the cross-section of a 400 cpsi porous
cordierite monolith. The beads are quasi-spherical with a
diameter of about 700 μm (Fig. 1a). The thickness of the
cordierite monolith wall is about 100 μm and the channel

Fig. 2 SEM top-view image of the NaX molecular sieve zeolite beads

width is about 1.1 mm (Fig. 1b). Macropores with a size up
to several μm are observed inside the walls of the ceramic
cordierite support.
Figure 2 shows the cross-sectional image of the NaX

beads. It is possible to identify the typical octahedral shape
of the zeolite X crystals.
A zeolite film was grown in a longer hydrothermal treat-

ment of 6 h and 40 min (not shown). The film was not
continuous, and the presence of pin-holes and etched crys-
tals may be due to the decreased hydrothermal stability of
the zeolite crystals. Large sediments on top of the film and
hydroxysodalite (HS) crystals were also detected by SEM.
Hydroxysodalite probably formed because of the combined
effect of the Al-leaching from the support and the thermo-
dynamics of the system (HS is a more stable zeolite than
NaX). As observed in a previous work by Lassinantti et al.
(2000) on the growth of zeolite Y films on α-Al2O3 wafers,
the film thickness as a function of time had a maximum and
decreased upon long hydrothermal treatments, due to disso-
lution of the crystals in the film and formation of zeolite P.
Sediments and zeolite crystals other than NaX may be a dis-
advantage in PSA applications in terms of reduced separa-
tion performance.
In order to minimize the detrimental effects of Al-

leaching and sedimentation, a multiple step synthesis pro-
cedure was performed. The synthesis duration of 6 h and
40 min was divided in 5 steps of 1 h and 20 min. Top-view
and cross-section images of the NaX film grown in the clear
solution on the 400 cpsi cordierite supports in 5 steps of 1 h
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Fig. 3 Top-view (a) and
cross-section (b) images of the
NaX film sample grown in the
clear solution in 5 steps of 1 h
and 20 min on the 400 cpsi
ceramic substrate

and 20 min (from now denoted as “structured sample”) are
shown in Fig. 3a, b. The film is dense and uniform and has a
thickness of 1.5 μm. The amount of sediments on top of the
NaX films, as well as the number and size of the HS crystals
embedded in the zeolite coatings, lowered compared to the
one grown in one longer hydrothermal treatment.
The weight gain for the NaX films grown in the clear

solution on the porous support in one long hydrothermal
treatment and in five steps is 0.030 and 0.036 gzeolite/gsample,
respectively. The NaX film thickness recorded for the sam-
ples grown in one step is lower (0.7 μm) than the one of the
structured adsorbent grown in 5 steps (1.5 μm), although the
weight gain of the two samples is of the same order of mag-
nitude. This indicates that more sediments are deposited on
the monolith after 6 h and 40 min, according to SEM obser-
vations.
It could be inferred from these results therefore that suit-

able conditions for growth of structured adsorbents in the
form of supported thin and dense zeolite films with limited
amount of sediments for PSA applications is represented by
the use of a multiple step synthesis.
Figure 4 shows the XRD patterns for the NaX beads

and structured sample grown with the multiple step synthe-
sis procedure. The XRD patterns are typical for randomly
oriented NaX crystals, and no hydroxysodalite crystals are
detected. The patterns are similar except for the presence
of amorphous background, zeolite A and other unspecified
reflections (probably due to the binder) in the beads, and
cordierite reflections in the structured sample.

3.2 Comparison of the structured sample grown in 5 steps
with traditional NaX zeolite beads

The zeolite loading of the beads (0.83 gzeolite/gsample) was
23 times higher than for the structured sample (0.036
gzeolite/gsample). This shows that the adsorption capacity of
the structured sample should be about 23 times lower than
the beads for any adsorption measurement, due to the lower
amount of zeolite per g sample of the former one.
The carbon dioxide isotherms at 0 °C of the structured

adsorbent and of the beads are shown in Fig. 5a, b.

Fig. 4 XRD diffractograms of the NaX beads and structured adsor-
bent. ‘x’, ‘a’, ‘u’, and ‘c’ indicating NaX, zeolite A, unspecified reflec-
tion, and cordierite peaks, respectively

The CO2 adsorption capacity per gram sample of the
structured adsorbent is 25 times lower than the one mea-
sured for the NaX beads, thus in agreement with the zeolite
loading measurements from liquid nitrogen sorption. The
CO2 adsorption capacity per unit volume of the adsorption
column loaded with the structured adsorbents (0.06 mmol
CO2/cm3) is about 67 times lower than for the packed bed
(4.02 mmol CO2/cm3). This result indicates that, by in-
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Fig. 5 CO2 equilibrium
isotherm measured at 0 °C on
the NaX beads and structured
adsorbent

creasing the film thickness 67 times to 100 μm, the adsorp-
tion capacity per unit volume of the structured adsorbent
may equal that of the NaX beads. It is known from literature
(Ruthven 1984) that the resistance to mass transfer in ze-
olite beads occurs in the meso- and macropores. The linear
driving force approximation (Glueckauf and Coates 1947) is
often used to describe the rate of uptake into an adsorbent:

dq

dt
= kDe(q

∗ − q) (1)

In this expression, k (m−2) is a factor related to the geom-
etry of the material and De is the effective diffusivity
(m2 s−1). The factor k is 15/R2 or 3/l2 for beads or thin
films, respectively (Patton et al. 2004). Since the cumula-
tive mesopore volume determined by nitrogen adsorption
of the beads (0.08 cm3/gzeolite) and structured adsorbents
(0.03 cm3/gzeolite) is of the same magnitude, the effective
diffusivity should be comparable in films and beads. If we
assume that the effective diffusivity is the same in beads
and films, the thickness l of a film with corresponding mass
transfer resistance to beads with radius R can be estimated
and it follows from above that:

l = R√
5

(2)

The radius of the beads used for comparison in the present
work is 350 μm and the corresponding film thickness is thus
157 μm. A 67 times ticker film (100.5 μm) would thus have
equal adsorption capacity per unit volume adsorption col-
umn and at the same time, lower resistance to mass trans-
fer than the 700 μm beads used in this work (under the as-
sumption that the effective diffusivity is the same in films
and beads). Another option to increase the adsorption ca-
pacity per unit volume would be to use a support with higher
cell density in combination with thicker film. However, a 67
times thicker film was not grown in the clear solution with
the multiple step synthesis procedure used in the present
work, since it would be unpractical to perform 335 growth
steps. In future work, we plan to grow thicker films on sup-
ports with higher cell density in a flow reactor instead of
using multiple growth steps.

Fig. 6 CO2 breakthrough curves measured with 10% CO2 in N2 with
a flow of 0.2 L/min for the structured adsorbent and NaX beads

Figure 6 shows CO2 breakthrough curves of the struc-
tured sample and packed bed. The breakthrough time is
about 72 or 2800 s for the structured adsorbents or beads,
respectively. The breakthrough time is thus 39 times longer
for the beads than for the structured sample. The column was
loaded with 0.99 or 33.7 g zeolite of the structured sample
or the beads, respectively. The zeolite loading was thus 34
times larger for the beads than the structured sample. The
breakthrough time is thus almost proportional to the zeolite
loading, as expected. Thus, instead of increasing the film
thickness, the cycle time could be about 39 times shorter for
the structured adsorbent, which would result in similar pro-
ductivity for a column loaded with structured sample com-
pared to a column loaded with beads.
The pressure drop for the column loaded with the struc-

tured adsorbent (0.99 g zeolite) or the beads (69.6 g zeo-
lite) as a function of flow rate of air is shown in Fig. 7. For
volumetric flow rates between 1 and 7 L/min, the Re num-
ber varies between 3.52 to 24.74 and 0.27 to 1.94 for the
packed bed and the structured adsorbents, respectively. The
pressure drop measured in the packed bed (Fig. 7a) is 100
times higher than for the structured adsorbent (Fig. 7b), al-
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Fig. 7 Pressure drop
measurements on the NaX beads
and the structured adsorbent

though the volume of the packed bed and the monolith is the
same. By increasing the film thickness 67 times to 100 μm to
reach the same adsorption capacity for the structured adsor-
bent as for the beads, the channel width would reduce from
1100 to 900 μm. Since the pressure drop is inversely propor-
tional to the channel width to the power of four (Patton et
al. 2004), the pressure drop should only increase about 2.2
times for a structured adsorbent with a 100 μm film. Thus,
a structured adsorbent with the same adsorption capacity as
traditional beads will still have 45 times lower pressure drop
than beads.
These results suggests that structured adsorbents have a

great potential compared to traditionally used beads and that
there is considerable scope to increase the film thickness
and/or monolith cell density to increase the zeolite loading
while still maintaining a lower pressure drop than that of a
packed bed. In addition, shorter cycle times can be employed
for the structured samples with thin films.
However, in order to verify that the structured adsorbents

are better than the beads in a PSA process, a complete math-
ematical model and/or PSA experiments are needed, but this
is beyond the scope of the present paper and will be pre-
sented in future work.

4 Conclusions

Dense, uniform structured adsorbents with limited amount
of sediments were grown in 5 steps on porous ceramic
cordierite supports. The CO2 adsorption capacity and the
pressure drop of the NaX film grown with the multiple-
step synthesis on the porous support were compared with
the ones of NaX beads. Due to the low zeolite loading, the
adsorption capacity per unit volume adsorption column of
the thin NaX films grown in 5 steps was about 67 times
lower than the NaX beads. However, the pressure drop in the
column loaded with the structured adsorbent was 100 times
lower than for the NaX packed bed, thus representing an ad-
vantage for PSA applications. By increasing the film thick-
ness 67 times it may be possible to equal the adsorption ca-
pacity of the beads, while the pressure drop of a PSA column

loaded with the structured adsorbents still would be 45 times
lower than when the column is loaded with beads. These re-
sults suggest the potential of structured adsorbents as com-
petitive alternative to traditionally used packed beds in PSA
processes. The adsorption capacity of the structured adsor-
bents may be increased by growing thicker NaX films on the
cordierite monoliths or by using substrates with a higher cell
density. In addition, heat—and mass—transport phenomena
in the films should be investigated and PSA cycles evaluated
to explore the possibilities of these novel adsorbents.

Nomenclature

q: adsorbate loading on adsorbent, kg/kg
k: geometric factor in mass transfer coefficient expression
in LDF equation, m−2

De: effective diffusivity, m2/s
q∗: adsorbate loading in equilibrium with fluid phase,

kg/kg
l: zeolite film thickness, m

R: radius of a zeolite bead, m
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Abstract

Novel structured adsorbents in the form of thin zeolite films grown on substrates designed for 

low pressure drop have a great potential to improve pressure swing adsorption (PSA) 

processes. In the present work, template free films of NaX zeolite were grown on the walls of 

ceramic cordierite supports using a seeding technique. The supports had 400 parallel channels 

per square inch. Films were grown both from a gel and a clear synthesis solution. The 

materials were analyzed by scanning electron microscopy, X-ray diffraction, N2 

adsorption/desorption measurements, Hg-porosimetry as well as CO2 breakthrough 

experiments. When a gel was used for film growth, a film consisting of well intergrown 

crystals with a thickness of about 1 m was obtained. However, a large amount of sediments 

were deposited on top of the film, which resulted in a dispersed CO2 adsorption breakthrough 

front.  Zeolite films grown in one longer hydrothermal treatment in a clear solution were less 

intergrown and consisted of both NaX and hydroxysodalite crystals and, in addition, some 

sediments were deposited on top of the film, which again resulted in a dispersed breakthrough 

front.  By using a multiple-step synthesis procedure and a clear synthesis solution, well 

intergrown NaX films, free from sediments and with only a very small fraction of 

hydroxysodalite crystals could be prepared. The CO2 breakthrough front for the latter 
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adsorbent was sharper than the front for an empty adsorption column and only shifted in time. 

This indicates that the flow distribution in the adsorbent is even and that the mass transfer 

resistance in the film is very low due to the small film thickness and high effective diffusivity 

for CO2 in the NaX film and still, the adsorption capacity is considerable. The even flow 

distribution, very low mass transfer resistance and low pressure drop in combination with 

considerable adsorption capacity in this adsorbent indicates that it is a promising adsorbent 

for PSA applications. The findings from the present work will be important for the 

development of structured adsorbents to use as a competitive alternative to traditionally used 

adsorbents in PSA.   

Keywords: Structured adsorbents, NaX film, monolith, CO2 adsorption 

1. Introduction 

Pressure swing adsorption (PSA) is a commonly used technology for gas separation which 

is relying on selective adsorption of one of the components in a gas mixture at elevated 

pressure on certain materials, such as zeolites [1-4]. A typical PSA system involves a number 

of connected columns containing adsorbent material that undergo successive pressurization 

and depressurization steps in order to produce a continuous stream of purified product gas.  

Zeolites are porous crystalline aluminosilicates of SiO4
4- and AlO4

5- tetrahedra connected by 

oxygen bridges [5]. Zeolites are widely used in PSA gas separation processes and are 

particularly suitable for oxygen enrichment from air by PSA (low silica zeolite X) [6 – 10] or 

H2 recovery from refinery fuel gas or coke oven gases [38, 56], whereas zeolite 5A is used in 

carbon-zeolite layered beds  to obtain a high purity ( >99.99%) hydrogen stream. 

Zeolite NaX is particularly suitable for carbon dioxide capture from flue gas or oxygen 

enrichment from air by PSA [6-10]. CO2 and N2 are adsorbed in the zeolite pores due to the 

strong quadrupolar interaction between the molecules and the electric field generated by the 

charge balancing cations in the micropores of the zeolite [5]. The possibility to exchange the 
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cations represents a valuable measure for tuning the volume available for adsorption, as well 

as the selectivity. Consequently, the adsorption capacity of CO2 in zeolite X increases with 

decreasing ion size and increasing charge density, in the order Cs+, Rb+, K+, Na+, Li+ [11]. 

Low silica zeolite X in the Li+ form (Li-LSX) exhibits a higher selectivity with respect to N2 

than zeolite NaX , due to the higher polarizing power of the small Li+ cation and is therefore 

the most widely used zeolite adsorbent in air separation processes [10]. The adsorption 

capacity may also be controlled by tuning the Si/Al ratio of the zeolite.  

In PSA processes, there is a trade-off between pressure drop and mass- and heat-transfer 

limitations [12]. The adsorbents in industrial PSA processes are usually in the form of beads, 

pellets or extrudates. Larger adsorbent particles results in lower pressure drop, but increased 

mass- and heat-transfer limitation due to the long mass and heat transfer path along the radius 

of the particles resulting in a reduced  performance of the process [38, 51]. Thus, it is of great 

importance to develop novel structured adsorbents, which may exhibit higher mass transfer 

coefficients, higher throughputs, and lower pressure drop, and represent a competitive 

alternative to adsorbents in form of beads/pellets [13-15, 48-51].  

High mass transfer coefficients may be achieved by using thin films of an adsorbent 

material grown on structured supports, with the advantage of having a short diffusion path. 

Although the adsorbent loading is often small compared to traditional adsorbents, high 

throughputs may be achieved by increasing the cycle frequency and still maintain a low 

pressure drop whereas using structured supports with defined geometry [51]. In this context, 

monolithic adsorbents are of great interest, and a few reports on the use of monolith structures 

in adsorption processes have been published [13-15, 51]. Monoliths are structured materials 

with parallel channels, available with various cell densities and cell shapes. Low pressure 

drop, uniform flow distribution, thermal stability and unproblematic scale-up are some of the 

advantages with these materials [13, 15]. The mineral cordierite, 2MgO x 2Al2O3 x 5SiO2, is 

often used as the main material in monoliths. Cordierite monoliths with tailored 
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macrostructure, high porosity and low thermal expansion are used as supports in automotive 

catalytic converters and as diesel particulate filters (DPF) [16, 17]. Monolith substrates may 

be wash-coated, dip-coated, slip-coated, slurry-coated or extruded directly into catalytic 

bodies using appropriate materials [18, 19]. Due to the difficulty in washcoating the zeolite, a 

binder material is needed, which causes a reduction in the accessible surface area of the 

zeolite coating and increases the diffusion resistance of the adsorbing species. Due to surface 

tension effects of the washcoat during manufacturing, more material is deposited at the 

corners of the monolith channels, consequently increasing the diffusion path of the adsorbing 

species [18]. However, the performance of a zeolite coating is dependent on its morphology. 

A perfect, smooth film without intercrystalline pores will have other transport properties than 

a coating comprised of a multilayer of crystals with intercrystalline porosity. For well defined 

zeolite films, the mass transfer resistance can be controlled by varying the film thickness.  

This was demonstrated recently by our group [20], where thin ZSM-5 zeolite films without 

binder material were grown on 400 cells per square inch (cpsi) cordierite monoliths by first 

depositing a monolayer of colloidal zeolite seed crystals on the monoliths and then growing 

the crystals to thin films. The catalytic activity of the films was subsequently evaluated by p-

xylene isomerisation, and the effect of film thickness on mass transfer was clearly 

demonstrated. As opposed to washcoated monoliths, these films had an even thickness i.e. no 

effects of surface tension in the corners. Growth of zeolite films without binder material on 

ceramic cordierite supports was previously also reported by Zamaro et al. [46] (mordenite) 

and our group [30] (faujasite). 

In another work, the adsorption and diffusion of CO2 in a carbon monolith adsorbent were 

studied with the Zero Length Column (ZLC) method by Brandani et al. [21]. The ZLC data 

showed that the dispersion in the monolith was controlled by mass transfer resistance rather 

than axial mixing. Zeolite monoliths consisting of 5A zeolite and Na-bentonite with square 

lattice channels and a wall thickness of 0.98 mm were prepared by Li et al. [14, 19, 22]. The 
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adsorption performance of the zeolite monolith was compared with that of 5A zeolite pellets 

(1.5 mm in diameter and 3.6 mm long) used for the production of oxygen enriched air. The 

main outcomes of the work were that the adsorption performance of the zeolite monolith was 

of the same magnitude as the pellets whilst the pressure drop through the zeolite monolith was 

3-5 times lower than that for the packe bed. The lower pressure drop resulted in a 3-5 times 

faster pressurization time when the PSA unit was loaded with the zeolite monolith. Shorter 

pressurization time is an advantage [14, 19, 22, 51] and allows faster PSA cycles which 

results in a higher productivity and should compensate for the lower adsorbent loading when 

using monoliths instead of traditional adsorbents [51].  

Possible ways of improving the separation performance of the zeolite monoliths would 

thus be to reduce further the mass- and heat-transfer resistance by reducing the wall thickness 

and increasing the cell density of the zeolite monolith [12, 51].  

In the present work, another approach, i.e. zeolite coated monoliths, was pursued to 

arrive at adsorbent monoliths with low mass and heat transfer resistance. Instead of preparing 

zeolite monoliths, very thin zeolite NaX films with thicknesses ranging from 0.4 to 1.5 m 

were grown on 400 cpsi cordierite monoliths to arrive at zeolite coated monoliths. The zeolite 

coated monoliths were characterized by scanning electron microscopy (SEM), X-ray 

diffraction (XRD), mercury intrusion porosimetry (MIP), N2 adsorption and desorption at 

liquid nitrogen temperature and CO2 adsorption breakthrough profiles. 

2. Experimental section 

2.1 Synthesis 

A seeding method was used for zeolite film growth on monoliths. The method is very 

flexible and allows for control of the thickness and preferred [23-25] orientation of the 

crystals in the film. In addition, the adsorption [26, 27] as well as diffusion [28, 29]  

properties of the film has been studied and reported. In the present work, cordierite monoliths 
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with a cell density of 400 cpsi (Corning) were used as supports. Twelve monolith samples 

were cut with a sharp tool to a cylindrical shape (11 cm long and 2 cm in diameter) from the 

original monolith and NaX films were grown on the monolith samples in a similar way as 

described in previous works [20, 30]. 

In order to remove contaminants that could affect zeolite crystallization, the monoliths 

were cleaned by rinsing in toluene, acetone and several times in a 0.1 M NH  solution. The 

monoliths were subsequently first dried at room temperature, then in a ventilated oven at 110

3

º 

C and thereafter cooled in a desiccator.  

The seeding method used for film preparation consisted of three main steps. (i) 

Preparation of 80 nm template free colloidal faujasite seeds. A 1 wt% template free colloidal 

faujasite seed sol was prepared as described earlier [55]. (ii) Deposition of seeds onto the 

surface of substrates by electrostatic adsorption. An aqueous solution of 0.4 wt% cationic 

polymer was prepared by diluting a commercial polymer mixture (Redifloc 4150, EKA 

Chemicals) in distilled water. The pH was adjusted to 8.0 by addition of a dilute ammonia 

solution. The surface charge of the substrates was reversed by treatment in the cationic 

polymer solution for 10 minutes. After charge reversal, the substrates were rinsed with a 0.1 

M NH3 solution six times to remove excess polymer and were subsequently immersed in the 

seed sol for 10 minutes to adsorb a monolayer of the 80 nm faujasite seeds. Excess seeds were 

removed by rinsing six times with a 0.1 M NH3. The sample was left in a 0.1 M NH3 solution 

prior to film growth. (iii) Growth of the colloidal seed crystals into a continuous 

polycrystalline film. A gel with molar composition of 14Na2O:Al2O3:10SiO2:800H2O or a 

clear synthesis solution with molar composition of 80Na2O:Al2O3:9.0SiO2:5000H2O was used 

for film growth. To prepare the solutions, sodium metasilicate (Na2SiO3  9 H2O, 98%, 

Sigma-Aldrich) was mixed with pelletized sodium hydroxide (99.9 % NaOH, Merck) and 

distilled water. An aqueous solution of aluminum sulfate (Al2(SO4)3  18 H2O, Riedel-de-
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Häen) was added. Thereafter the mixture was vigorously stirred for 2 minutes or 2 hours for 

the clear solution and the gel, respectively. 

Hydrothermal treatment was performed in an oil bath under reflux at 100º C at 

atmospheric pressure. During synthesis, the channels of the support were oriented vertically to 

reduce zeolite sedimentation from the bulk synthesis mixture onto the walls of the substrate. 

When using the clear solution, zeolite films were grown in two ways. In the first method, a 

single hydrothermal treatment was performed for 4 hours. In the second method, a multistep 

procedure was used where the hydrothermal treatment was carried out in 5 steps of 1 hour and 

20 minutes. When performing the multiple step synthesis procedure, 91 g of fresh synthesis 

solution was used for each step. Films grown from the gel where grown in one step for 9 

hours, using 91 g of synthesis mixture. The sample codes starts with the letter C or G for clear 

solution or gel, respectively, followed by a number indicating the duration of the 

hydrothermal treatment in hours, see Table 1. After hydrothermal treatment, the samples were 

carefully rinsed several times in a 0.1M NH3 solution and then dried at room temperature and 

thereafter for 5-6 hours at 100º C in a ventilated oven. The samples were subsequently cooled 

in a desiccator prior to characterization. The top ends of all samples were polished to a final 

length of 10 cm, in order to remove any potentially sedimented zeolite. 

The zeolite film samples were not calcined as they are grown from template free seeds 

(as discussed above) in a template free synthesis mixtures, and thus template free. 

Relatively large discrete crystals (sample label DC) of NaX zeolite were also grown and 

the powder was used as a reference material. A synthesis mixture with a molar composition of 

4.76Na2O:Al2O3:3.50SiO2:450H2O:2.00TEA was used, similarly as described by Hamilton et 

al. [32]. Aluminum wire (Aldrich, 99,999%) was dissolved under gentle heating and reflux in 

a 0.8 M NaOH solution prepared from NaOH pastilles (Merck, NaOH > 99.999%) and 

distilled water. The resulting aluminate solution was then filtered through 0.2 m syringe 

filters (Acrodisc® Syringe Filters). Thereafter, TEA (98% +, Aldrich) was added to the 

 67



 
filtered aluminate solution. A silicate solution was prepared by dissolving sodium metasilicate 

pentahydrate (Na2SiO3  5 H2O, 98%, Sigma-Aldrich) in distilled water. The silicate solution 

was also filtered through 0.2 m syringe filters after dissolution of the sodium metasilicate 

pentahydrate. Thereafter, the aluminate and silicate solutions were mixed, and the resulting 

solution was stirred for 1 minute and a gel formed. The gel was then placed in a Teflon lined 

autoclave and synthesis was performed under autogeneous pressure at 115° C for three days. 

The crystals obtained were purified by repeated centrifugations (14,000 g) and redispersion in 

distilled water, four times in total. The crystals were subsequently used for SEM observations 

and as a reference for N2 adsorption and desorption at liquid nitrogen temperature.  

 

2.2 Physical characterization 

The weight gain (gzeolite/gsample) was calculated by measuring the weight increase of the 

support before and after hydrothermal treatment.  

A Philips XL 30 scanning electron microscope (SEM) equipped with a LaB6 emission 

source was used for studies of surface morphology of crystals and films and also to measure 

film thickness. The monoliths were cut in the channel direction prior to SEM investigation. 

Images were recorded on samples covered with a thin layer of gold (about 10 nm) deposited 

by sputtering. For each structured adsorbent sample, more than ten SEM pictures were 

recorded at various locations (i.e. close to the walls, at the end and in the center) in order to 

fully appreciate the morphology of each sample. The selected SEM pictures shown in this 

paper are representative for each sample.  

  The average particle size of 100 crystals in sample DC was estimated by measurements in 

SEM images to 7 m, with a standard deviation of  200 nm. Due to the size of these crystals, 

there are only macropores between these crystals (that can not be detected by nitrogen 

adsorption) and these crystals should thus be an ideal reference material for nitrogen 

adsorption measurements with minimum mesoporosity between the crystals. 
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X-ray diffraction data (XRD) in the two-theta range 5 – 35º were recorded with a 

Siemens D 5000 powder diffractometer equipped with a Cu-target and running in Bragg-

Brentano geometry. 

Nitrogen sorption at liquid N2 temperature was measured for all samples with a 

Micromeritrics ASAP 2010 instrument after outgassing for 12 hours at 300º C. The BET 

equation was used to calculate the zeolite loading (gzeolite/gsample) of the samples from N2 

adsorption data. It was assumed that the surface area of the zeolite in the film was 721 m2/g in 

accordance with the measured surface area for the reference material, sample DC. The pore 

size distribution was determined by the Barrett-Joyner-Halenda (BJH) method applied to the 

desorption branch. 

Mercury Intrusion Porosimetry (MIP) was performed using a Micromeritics Autopore 

9220 V1.04 mercury porosimeter, operated between 0.1 and 3500 bar.   

 

2.3 Breakthrough experiments 

The films were also characterized by measuring the CO2 breakthrough profile with step 

change experiments. The experimental set-up consisted of a gas feed section, an adsorption 

column and a gas analysis section. Three identical coated monolith samples, each 10 cm long 

and 2 cm in diameter were used in the step change experiment. 

The samples where placed in series in the adsorption column (30 cm long and 2 cm 

diameter). The adsorbents were activated under a nitrogen flow of 0.2 l/min. at 300º C for 3 

hours with a heating and cooling rate of 2º C/min. The samples were thereafter cooled to 

room temperature (26º C and 101 kPa, respectively). At time zero, the feed was switched 

from N2 (99.995%, Linde Gas) to a 0.2, 0.5 or 1 l/min flow of 10% CO2 in N2 (9.99% CO2 in  

N2, Linde Gas) using a pneumatic switching valve (switching time of less than 0.1 s). The 

concentration of CO2 in the gas exiting the column was measured as a function of time using 
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a CO2 analyzer (IR 1507 fast response CO2 infrared transducer). The response of the analyzer 

is less than 1 s to reach 95% of its final value and the dispersion by axial diffusion in the line 

is small (Peclet number: 36) and hence it was assumed that dispersion in the line is mainly 

caused by the mass transfer kinetics [58], which justified the use of the analytical solution by 

Klinkenberg [37, 38] to model the data. 

The goal of the experiments was to estimate the mass transfer coefficient k and from that 

derive the effective diffusivity De in the zeolite adsorbents. It was assumed that all the 

channels in the monolith samples were identical and that the velocity in all channels were the 

same [33-36]. To model the data, the experimental breakthrough curves were shifted by the 

delay-time stemming from the volume of tubing and valves, and simulation was performed on 

the resulting curves. The analytical solution for the breakthrough front by Klinkenberg was 

used [37, 38]: 
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where c/c0  is the dimensionless concentration, k (s-1) the mass transfer coefficient, K  the 

dimensionless Henry constant, z (m) the column length (m), t (s) the time, v (m/s) the 

superficial velocity, the void volume, defined as the ratio between the square of the channel 

width and the square of the sum of channel width, zeolite layer thickness, and wall thickness, 

 and the dimensionless bed length and time, respectively. The Klinkenberg solution is valid 

for an isothermal plug flow systems in which a single trace component with linear adsorption 

isotherm is adsorbed. The dimensionless Henry constant K (estimated from CO2 adsorption 

isotherm recorded at 20º C, not shown here) is equal to 32.1 or 55.7, and the void volume  is 

0.84 for samples C5*1h20min or G9.  The mass transfer coefficient k in the model was fitted 

to experimental data by minimizing the sum S of squared residuals: 
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where n is the number of data points. The standard deviation  for the fitted model to 

experimental results was also estimated by: 

  
1n

S
     Eq.(8). 

The effective diffusivity De was estimated from the mass transfer coefficient and a 

geometrical model of the adsorbent. For samples where the zeolite film dominated the mass 

transfer resistance, the geometry of the adsorbent was approximated with a slab, and the 

effective diffusivity for the film was estimated from: 

3

2lkD film
e      Eq.(9), 

where l represent the thickness of the film or slab. 

For samples where mass transfer resistance was dominated by relatively large sediments 

deposited from the bulk of the synthesis mixture on the growing film, the geometry of the 

adsorbent was approximated with spheres, and the effective diffusivity was estimated from: 

15

2RkDaggregate
e      Eq.(10), 

 

where R  represent the radius of sediments or spheres, respectively. 

 

3. Results and discussion 

3.1 Characterization by SEM, weight gain, and zeolite loading 

Figure 1 (a) shows a SEM image of a surface of the wall of an uncoated 400 cpsi 

cordierite monolith. Cordierite grains form an uneven surface and some macropores are also 

observed between the grains. A low magnification SEM top view-image of the 400 cpsi 
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cordierite monolith is shown in Figure 1 (b), which illustrates macropores with various size 

between the grains in the cordierite monolith. Figure 1 (c) shows a monolayer of 80 nm NaX 

seeds crystals adsorbed onto the surface of the support. The seeds cover the entire external 

surface of the cordierite monolith walls. A few aggregates of seed crystals with a size between 

200 nm and 400 nm are also observed. 

Figure 2 (a) shows a top-view SEM image of sample G9. The film appears to be very 

well intergrown and typical NaX crystals with octahedral habit and with a size ranging 

between about 600 and 2000 nm are observed. A SEM image of sample C4 grown in the clear 

solution by a single hydrothermal treatment for 4 h is shown in Figure 2 (c). The film is less 

intergrown and comprised of NaX crystals with a size ranging between about 170 and 1000 

nm and in addition, hydroxysodalite (HS) crystals with a typical ball-of-yarn habit and a 

diameter of about 2000 nm are observed. These hydroxysodalite crystals will not contribute to 

the CO2 or N2 adsorption capacity of the film due to the very small pore size (2.2 – 2.8 Å) 

[39] of this zeolite. Zeolite HS likely forms as a result of the decreased hydrothermal stability 

of the NaX crystals during a longer hydrothermal treatment as phase changes are common in 

the crystallization system of zeolite NaX upon longer synthesis durations [40]. However, no 

HS crystals formed on the G9 sample, which was prepared from a quite different synthesis 

mixture, i.e. a gel. To limit the deposition of sediments, formation of HS crystals, and obtain a 

better intergrown film in the clear solution, a multiple step synthesis procedure was developed 

where the clear synthesis solution was replaced every 1 h 20 min.  

A NaX film was grown in 5 steps of 1 h 20 min, see Figure 2 (e). This film (sample 

C5*1h20min) appears more well intergrown than the film in sample C4, but not as intergrown 

as the film in sample G9, and the number and size of HS crystals embedded in the zeolite film 

was significantly reduced compared to the one grown in one longer hydrothermal treatment 

(sample C4). The average thickness of the NaX film sample grown in the gel (sample G9) is 

about 1.1 m, as shown in Figure 2 (b) and reported in Table 1. Figure 2 (d) shows a cross-
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sectional image of the NaX film grown in the clear solution in a single hydrothermal 

treatment (sample C4). As already observed from top-view images, the zeolite coating 

consists of small, not well intergrown crystals and it is therefore difficult to define a film 

thickness. However, as shown by Figure 2 (d), the NaX coating has an average thickness of 

about 0.4 m. Figure 2 (f) shows a side-view image of a NaX film grown in the clear solution 

in 5 steps of 1 h and 20 min. The film has an average thickness of about 1.5 m and again 

appears to be well intergrown. 

Figure 3 (a) shows a top-view image at low magnification of the film grown in the gel. 

Large aggregates, with radii ranging from ca. 0.5 to 10 m, are observed on top of the film. 

These aggregates were probably deposited by sedimentation from the synthesis mixture. 

Sediments deposited on top of and embedded in the film may be a disadvantage in PSA 

applications due to the increased diffusion path of the adsorbing species. Figure 3(b), 

recorded at higher magnification, illustrates that the sediments are well intergrown. A much 

lower amount of sediments was observed for the film sample C5*1h20min, as shown in 

Figure 3 (c).  

The weight gain of the samples increases in the order C4 < C5*1h20min < G9 and is 

hence highest for the zeolite film sample grown in the gel, see Table 1. The high weight gain 

for sample G9 suggests the presence of sediments in accordance with SEM observations.  

The measured surface area of the monolith support was 0.24 m2/g, which was about 35, 80 

and 140 times lower than those measured for the zeolite film samples C4, C5*1h20min and 

G9, respectively. The observed surface area of the zeolite coated monoliths thus stem almost 

entirely from the deposited zeolite, see Table 1. The surface area of the monolith was 

consequently neglected when estimating the zeolite loading of the zeolite coated monoliths 

from nitrogen adsorption data. The zeolite loading estimated for all zeolite film samples by 

liquid nitrogen adsorption is, as expected, in rough accordance with the measured weight 

gain, see Table 1. In the absence of sediments and zeolite growth inside the pores of the 
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support, a linear relationship between zeolite loading (or weight gain) and the thickness of the 

zeolite films should be observed. The zeolite loading of the film sample grown in the gel 

(sample G9), 0.046 gzeolite/gsample, is about 2 times higher than the one grown with multiple 

steps (0.025 gzeolite/gsample), although the film thickness is lower on the former sample. This 

suggests the presence of sediments on sample G9 as observed by SEM, see Figure 3 (a). The 

zeolite loading of the sample grown in the clear solution for 4 h is 0.012 gzeolite/gsample about 

half of that for the sample grown by the multi-step synthesis procedure (sample 

C5*1h20min), although the thickness of the latter NaX film is approximately four times 

higher. This indicates that the zeolite coating grown by the multi step procedure 

(C5*1h20min) has less sediments than sample C4, in concert with the SEM observations. In 

summary, all results discussed in this section indicate that films grown by the multiple step 

synthesis procedure have less sediments and HS crystals than the films grown using the other 

procedures.  

3.2 Characterization by XRD 

Figure 4 shows XRD patterns for all samples. The data show that the discrete crystals 

(sample DC) are comprised of randomly oriented zeolite X crystals and a very small fraction 

of zeolite P, in accordance with previous results [32].    

The film samples are composed of randomly oriented NaX and cordierite crystals. It is 

worth noting that the intensity of the low-angle peaks (between 5 and 11º) is lower for the 

discrete crystals (sample DC) than the films. This is the result of the presence of template 

molecules (TEA) in sample DC, which affect the electron density inside the crystals, similarly 

as observed for template containing silicalite-1 crystals [41, 42]. For the zeolite film samples, 

the intensity of the NaX zeolite peaks increases in the order C4<C5*1h20min<G9, i.e. with 

increasing zeolite loading and weight gain as expected. No hydroxysodalite reflections were 

observed by XRD for the NaX film samples although few HS crystals were observed by SEM 
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for sample C4 and very few for sample C5*1h20min. The fraction of sodalite crystals should 

thus be very small and should not affect the adsorption performance of the adsorbents. At 2  

of about 16.5º and 27.8º, some minor unidentified reflections were observed for the film 

samples. 

 

3.3 Nitrogen adsorption-desorption isotherms and pore size distribution 

The N2 adsorption-desorption isotherms expressed as mmol/gsample (gsample is the total 

weight of each sample including both zeolite and support) for a cordierite monolith support 

and the NaX coated supports are shown in Figure 5 (a). The amount of nitrogen adsorbed by 

the uncoated cordierite monolith is very low compared to the coated samples, which shows 

that the volume of nitrogen adsorbed by the coated samples mainly originates from the zeolite 

film and larger adsorbed amounts per gram sample is a result of higher zeolite loading for the 

film coated samples as discussed above. Although the thickness of the film grown in the clear 

solution with the multiple step synthesis procedure (sample C5*1h20min) is higher than the 

gel (sample G9), the amount of nitrogen adsorbed by the latter is higher, this is due to the high 

zeolite loading caused by the presence of sediments on the latter sample, as discussed earlier. 

The contribution of the sediments to the total adsorption capacity in sample G9 was estimated 

from nitrogen adsorption data and SEM observations under the assumption that the observed 

nitrogen adsorption capacity (0.21 mmol/g sample) of sample C5*1h20min entirely stem from 

a 1.5 m film as follows. This assumption is supported by SEM observations. The adsorption 

capacity for the 1.1 m film in sample G9 should thus be about 0.15 mmol/g sample (0.21 

mmol/g sample*1.1/1.5). The observed adsorption capacity for sample G9 was 0.43 mmol/g 

sample and the adsorption capacity of the sediments on this sample should thus be about 0.28 

mmol/g sample (observed-film mmol/g sample). Sediments thus represent the main fraction 

of zeolite in sample G9, and their contribution to the total adsorption capacity is about 65%, 

whereas about 35% is due to adsorption in the film. Thus, the sediments, with their long 
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diffusion paths, will dominate the CO2 uptake during breakthrough experiments, as will be 

discussed below.  

Figure 5 (b) shows the isotherms expressed as mmol/g zeolite (gzeolite is the weight of 

zeolite on each sample determined from nitrogen adsorption, as discussed above). The N2 

adsorption/desorption isotherm of the reference powder DC is also included in the figure. 

Note that the y-scales for the films are shifted, since data would overlap otherwise. For all 

samples, the volume adsorbed at low pressure increased rapidly up to about 9 mmol/gzeolite 

due to adsorption in zeolite pores. The isotherm of the reference powder DC is typical for a 

microporous sample consisting of large crystals, essentially free of mesopores between the 

crystals and consequently no hysteresis loop is observed. For all film samples (but not for the 

powder DC), a hysteresis loop that closes at a relative pressure p/p0 of 0.45 is observed, 

similarly as observed previously for MFI zeolite films grown on cordierite monolith supports 

[43]. This loop is an effect of capillary condensation, most likely in the intercrystalline 

mesopores in the form of grain boundaries in the zeolite films.   

 Figure 6 shows the cumulative mesopore volume, per g zeolite, of the film samples and 

reference powder DC. The total mesopore volume of the reference powder DC is 0.003 cm3/g 

zeolite i.e. very low, as expected for large NaX crystals. The total mesopore volume per g 

zeolite of the film samples C4, C5*1h20min, and G9 is equal to 0.111 0.082 and 

0.024cm3/gzeolite, respectively, as reported in Table 1. The mesopore volume per gram zeolite 

of the samples is thus significantly higher than for the reference powder. This difference is 

assigned to mesopores in the form of grain boundaries and cracks in the films formed during 

drying. The mesopore volume is an indication of the crystal intergrowth in the zeolite films, 

and sample G9 shows the lowest mesopore volume, indicating that this film is better 

intergrown than samples C5*1h20min and C4, in concert with the SEM observations. 

      

3.4 Characterization by MIP 
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Figure 7 shows the cumulative pore volumes (cm3/g sample) determined by MIP of a 

support and the NaX film samples G9, C4, and C5*1h20min, see Figure legend for details. In 

the region between 80 and 2 m, the cumulative pore volume shows a steep increase for the 

uncoated support as well as for samples C4 and G9, probably due to Hg filling the pores in 

the walls of the monolith (wall thickness about 100 m). Sample C5*1h20min shows a lower 

pore volume between 80 and 2 m, which indicates that this film blocks the pores in the 

monolith walls for mercury intrusion, by pore filling, similarly to capillary condensation 

phenomena at a certain relative pressure, likely since this film is the thickest and thus blocks 

some of the macropores in the monolith wall. Below 2 m, down to 7 nm (MIP detection 

limit) all film samples feature a similar cumulative pore volume, indicating open grain 

boundaries in the films, as observed by SEM and nitrogen sorption.  

 

3.5 Characterization of breakthrough properties 

3.5.1 Qualitative interpretation of CO2 breakthrough profiles 

Figure 8 (a) shows the CO2 breakthrough curves measured at a volumetric flowrate of 

0.2 l/min. The time to reach 50% of the final concentration occurred after about 28 s both for 

the empty column and the column loaded with an uncoated support, see also Table 2. 

The shape of the breakthrough front is sharp and the breakthrough curves for the empty 

column and the uncoated substrate are almost completely overlapping. This indicates that the 

observed dispersion might not due to the support but rather to dispersion in the tubing and 

valves of the system. Since the curves are overlapping, the widths of the breakthrough curves, 

defined as the difference between the time to reach 5% and 95% of the final concentration 

[44], were ca 17 s, both for the empty column and the column loaded with the uncoated 

monolith substrates. This result indicates that the gas velocity is uniform in all the channels of 

the uncoated monoliths. The volume of the empty column and all pipes in the system is about 

167 cm3 and the geometrical volume of the monolith walls is as much as 41 cm3 (25 % of the 
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empty system). The fact that the breakthrough curves for the empty column and the column 

loaded with an uncoated support overlaps, indicate that the breakthrough front is delayed by 

diffusion into the pores of the support resulting in dispersion in the breakthrough front. 

However, this dispersion is exactly counteracted by the acceleration of the breakthrough front 

that should be caused by the geometrical volume occupied by the monolith walls, which 

explains why the two breakthrough curves overlap.  

The time to reach 50% of the final concentration occurred after about 33 s for sample 

C4, see Table 2. The time to reach 50% of the final concentration is linked to the adsorption 

capacity and also morphology of the sample. The time to reach 50% of the final concentration 

for sample C4 is almost the same as for a monolith without film, due to the very low 

adsorption capacity and low zeolite loading of this sample, as discussed earlier. The 

breakthrough curves for this sample are therefore not discussed further. On the other hand, the 

time to reach 50% of the final concentration is about 76 s and 136 s for samples C5*1h20min 

and G9, respectively, see Table 2. These samples thus show a significant adsorption capacity, 

in accordance with the measured zeolite loading, as discussed above. 

The breakthrough front for the film C5*1h20min is characterized by a steep increase in the 

CO2 concentration compared to the other sample, indicating an even flow distribution in the 

monolith channels.  

The width (9 s) of breakthrough front of sample C5*1h20min is even smaller than for the 

uncoated monolith (17 s). This indicates that for the C5*1h20min sample, the flow pattern is 

close to ideal (virtually no axial dispersion) and that the resistance to mass transfer in the film 

is very low. MIP showed that the number of pores in the 1 m-100 m range is smaller for the 

C5*1h20min sample as compared to the uncoated monolith. The reduced macroporosity 

observed for the zeolite coated sample C5*1h20min probably explains the reduced dispersion 

of the breakthrough front compared to the breakthrough front observed for the uncoated 
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monolith. Narrower widths of the breakthrough fronts were also observed at 0.5 or 1 l/min for 

sample C5*1h20min (ca. 7 or 6 s) than for the uncoated monolith (12 or 9 s), respectively.  

The time to reach 5% of the final concentration is about half of sample C5*1h20min (72 s), 

although sample G9 shows the highest zeolite loading (0.064 g/g, see Table 1) and thus has 

the highest adsorption capacity, The short time to reach 5% of the final concentration despite 

the high zeolite loading for sample G9 is most likely due to a gas velocity distribution across 

the monolith channels in this sample, due to sediments on top of the film, implying that the 

experimental curve originates from a convolution of different breakthrough fronts from 

different channels experiencing diverse flow rates. The width of the breakthrough profile is 

about 140 s for sample G9. The greater width of the breakthrough curve, is an indication of 

higher resistance to mass transfer (in the sediments). As pointed out above, the main fraction 

of zeolite in this sample is in the form of relatively large sediments with long diffusion paths. 

Figure 8 (b) shows the carbon dioxide breakthrough profiles measured at 1 l/min. The curves 

show a similar trend as at 0.2 l/min, with the difference that the time to reach 5% of the final 

concentration is shorter and the width of the breakthrough curves are smaller due to faster 

saturation of the zeolite at the higher flow rate.  

 

3.5.2 Quantitative interpretation of CO2 breakthrough profiles 

As described above, the results from SEM and liquid nitrogen sorption suggest that the 

diffusion paths may be different in the NaX film samples studied in this work. Figure 9 shows 

a schematic representation (not drawn to scale) of the film samples C5*1h20min and G9, in 

concert with SEM and N2 sorption results. Sample C5*1h20min consists of a 1.5 m thick 

zeolite film of slabs of intergrown crystals with closed grain boundaries. The slabs are 

separated by some open grain boundaries and there are no sediments on top of the film. The 

diffusion length may be thus assumed to be the film thickness (l = 1.5 m) and equation 9 

should be used to estimate the effective diffusivity De from the mass transfer coefficient k.  
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Figure 10 (a) shows the experimental (points) and fitted (lines) CO2 breakthrough curves of 

sample C5*1h20min at different flow rates.  

The model fit the experimental data of sample C5*1h20min quite well with  = 0.05 for a 

coefficient of mass transfer k of 5.2 s-1, see Table 2. The corresponding effective diffusivity 

was estimated to 4 · 10-12 m2/s using equation 9.  

Literature data on the diffusivity of CO2 in NaX is scarce and scatters significantly. Plant et 

al. [58] reported a diffusivity of 6·10-10 m2/s, whereas data presented by Böhm et al. [59] and 

Bulow [45] indicated that the diffusion of CO2 in NaX showed a complex behaviour which 

was assigned to two superimposed steps with different rates. No attempts where made to 

deconvolute the different steps, however the data presented by Bulow indicated that the 

overall diffusivity was significantly lower than 3·10-11 m2/s which is in agreement with the 

diffusivity obtained in this work. 

Figure 10 (b) shows the experimental and fitted CO2 breakthrough curves for sample 

G9. Again, the model fit the experimental data of sample G9 quite well with  = 0.03 for a 

coefficient of mass transfer k of 0.072 s-1. This fitted mass transfer coefficient is 72 times 

smaller than the one for sample C5*1h20min. This low mass transfer coefficient is likely an 

effect of the large diffusion length in the sediments on top of the film, which constitute the 

main fraction of this adsorbent as discussed above and dominates the adsorption behavior of 

this sample. As pointed out above, the radii of the sediments is ranging from ca. 0.5 to 10 m.   

However, under the assumption that the sediments on sample G9 are spherical particles with 

an average radius of 5 m, the diffusivity can be estimated from Eq. (10). The diffusivity of 

sample G9 is thus about 1 · 10-13 m2/s and is thus about one order of magnitude lower than 

sample C5*1h20min (4 · 10-12 m2/s), see Table 2. This lower diffusivity in sample  G9 may be 

a result of better intergrown crystals in the sediments of sample G9 compared to the crystals 

in the film of sample C5*1h20min as discussed above. Even under the assumption that the 

sediments on sample G9 are spherical particles with an average radius of 10 m (the 
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maximum observed by SEM), the estimated diffusivity is about 5 · 10-13 m2/s, which is still 

about one order of magnitude lower than for the film. 

Conclusions

Well intergrown zeolite films with a limited amount of sediments and HS crystals were 

grown on 400 cpsi cordierite monoliths by using a clear solution and a multiple step 

synthesis. Films grown in the clear solution in one longer hydrothermal treatment were less 

intergrown and sediments and large HS crystals were observed. Films grown in the gel were 

well intergrown but a large amount of sediments on top of the film was observed.  The 

different morphologies of the zeolite films resulted in different adsorption performances as 

revealed from breakthrough experiments. The CO2 breakthrough front for the film grown by a 

multiple step procedure was very sharp and the adsorption capacity was significant, which is 

ideal for PSA applications. The experimental evidence in the present work will be important 

for the development of novel CO2 adsorbents to use as a competitive alternative to 

traditionally used zeolite beads or extrudates.  

Nomenclature

t time, s 

c concentration at time t, vol% 

c0 concentration at time 0, vol % 

K dimensionless Henry constant 

k coefficient of mass transfer, s-1

k* geometric factor, m-2 [12] 

z column length, m 

v superficial velocity, m s-1

dt
qd  uptake rate 

q*  equilibrium adsorbate loading, kg/kg 
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_

q  adsorbate loading, kg/kg 

Deff effective diffusivity, m2 s-1

R radius of sediments, m 

l film thickness 

Greek Letters 

dimensionless concentration 

dimensionless time 

void fraction 

 82



 

Table 1. Sample characteristics. 

Sample

code

Synthesis

conditions

Film

thickness

m

Weight

gain

gzeolite/gsample

BET

surface

area

m2/g sample

Zeolite 

loading a

gzeolite/gsample

Mesop.

vol.b

cm3/gzeolite

G9 Gel, 100o C, 9 

h 

1.1 0.060 33.16 0.046 0.024 

C4 Clear solution, 

100o C, 4 h 

0.4 0.015 8.65 0.012 0.111 

C5*1h20min Clear solution, 

100o C, 5 steps 

of 1 h 20 min 

1.5 0.036 18.02 0.025 0.082 

a from BET 

b from BJH method 
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Table 2. Summary of  CO2 adsorption properties extracted from breakthrough curves. 

Flow rate: 0.2 

lmin-1

Time to reach 

50% of the 

final

concentration,

s

Breakthrough 

width a, s 

k, m s-1 Deff, m2 s-1

Empty

column

28.2 16.7 n.a. n.a. n.a. 

Column

loaded with 

support

28.5 17.0 n.a. n.a. n.a. 

C4 32.7 17.2 n.a. n.a. n.a. 

C5*1h20min 75.7 9.0 5.2 0.05 4·10-12

G9 135.8 146 0.072 0.03 1·10-13

a Breakthrough width as defined as difference between time to reach 95 and 5% of final 

concentration [44]
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List of figures. 

Figure 1. Top-view SEM images of an uncoated  400 cpsi cordierite monolith support at high 

(a) and low (b) magnification. Top-view SEM image of a seeded 400 cpsi cordierite monolith 

support (c). 

Figure 2. Top-view and cross-sectional SEM images of the NaX film samples G9 (a), C4 (b), 

and C5*1h20min (c). 

Figure 3. Low magnification SEM images of the NaX films samples G9 (a), sediment of 

sample G9 (b), and  low magnification SEM image of  C5*1h20min (c).  

Figure 4. XRD patterns for the NaX film samples G9, C4, and C5*1h20min. The cordierite, 

the NaX, and the zeolite P peaks are labeled by the symbols “o”, “*”, and , respectively. The 

symbol  indicates unidentified reflections. 

Figure 5. Nitrogen adsorption-desorption isotherms of the NaX film samples and reference 

NaX crystals (sample DC) per g sample (a) and per gram zeolite (b). 

Figure 6. Cumulative BJH mesopore volume (cm3/g zeolite) for the film samples and 

reference powder as a function of pore diameter (nm). 

Figure 7. Mercury intrusion pore volume distributions for the uncoated 400 cpsi cordierite 

monolith and the NaX film samples G9, C4, and C5*1h20min. 

Figure 8. CO2 breakthrough profiles determined at 0.2 l/min (a) and 1 l/min (b) for the NaX 

film samples C4, C5*1h20min, and G9.  

Figure 9. Schematic representation of the samples C5*1h20min and G9. Film thickness ( l ) 

and average sediments radius ( 
_

r ) is given for sample C5*1h20min or G9. 

Figure 10. Experimental (dotted lines) and approximated breakthrough curves of carbon 

dioxide of samples C5*1h20min (a) and G9 (b) at 0.2, 0.5 and 1 l/min and 10% CO2 in 

N2.  
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a b s t r a c t

MFI crystals or films with controlled thicknesses and different Si/Al ratios were grown on seeded cordi-
erite monoliths using a clear synthesis mixture with template or a template-free gel. The materials were
analyzed by scanning electron microscopy, X-ray diffraction, inductively coupled plasma-atomic emis-
sion spectrometry, X-ray photoelectron spectroscopy, thermogravimetric analysis and sorption experi-
ments using N2 or NO2 adsorbates. The films were uniformly distributed over the support surface. As
expected, the specific monolayer N2 adsorption capacity (mol/gzeolite) was constant and independent of
film thickness. The specific molar NO2 adsorption capacity was significantly lower than the specific molar
monolayer N2 adsorption capacity, indicating that NO2 is adsorbed at specific sites rather than evenly dis-
tributed in a monolayer. A number of NO2 adsorption sites with varying strengths were observed by TPD
experiments. At 30 �C, the amount of adsorbed NO2 in the MFI films increased with increasing Al and Na
content as opposed to the N2 adsorption capacity, which was independent of these parameters. At 200 �C,
the adsorbed amount of NO2 was lower than at 30 �C and apparently independent on Al concentration in
the Na-MFI films. These results indicate that different mechanisms are involved in NO2 adsorption. NO2

may adsorb weakly on Na+ cations and also react with silanol groups and residual water in the zeolite, the
latter two results in more strongly bound species. Upon NO2 adsorption, formation of NO was observed.
This work represents the first systematic study of the effects of Al and Na content on NO2 adsorption in
MFI films.

� 2008 Elsevier Inc. All rights reserved.

1. Introduction

Zeolites are crystalline aluminosilicates of natural or synthetic
origin with a three-dimensional microporous framework of
[SiO4]4� and [AlO4]5� tetrahedra. Isomorphous substitution of
Al3+ for Si4+ cause a negative charge of the zeolite framework,
which is compensated by exchangeable counterions. Zeolites are
classified into low silica (1 < Si/Al < 5), medium (5 < Si/Al < 10)
and high silica zeolites (Si/Al > 10). ZSM-5 is an example of a high
silica zeolite. Zeolites have uniform micropores, with size selective
catalytic and adsorption properties. The counterions in the zeolite
can easily be exchanged in order to target the adsorption or cata-
lytic properties.

Zeolite coatings or films have previously been tested in mem-
brane applications [1–4], sensor applications [5–7] and as catalysts
[8–18]. The performance of a zeolite coating is dependent on the
morphology. A perfect smooth film without intercrystalline pores
will have other transport properties than a coating comprised of
a multilayer of crystals with intercrystalline porosity. The mass

transfer resistance in a film is proportional to the film thickness.
For well-defined zeolite films, the mass transfer resistance can thus
be controlled by varying the film thickness. This was demonstrated
recently [8,9] for xylene isomerization in ZSM-5 films supported on
alumina and quartz.

NOx abatement is an important research topic for automotive
and stationary engines [10–13]. NOx in the exhaust gas can be re-
duced by selective catalytic reduction (SCR) [13] or by using a NOx

storage and reduction (NSR) catalyst [14]. NH3 is normally used as
a reductant in the SCR process with V2O5/TiO2, zeolite or Pt-based
SCR catalysts [13]. Three way catalysts (TWC) cannot reduce NOx

sufficiently during lean burn conditions due to excess oxygen in
the exhaust. Therefore, reduction of NOx during lean burn condi-
tions is currently of great interest [11]. Alternatively to existing
methods, NOx could be removed from the exhaust via a NOx selec-
tive zeolite membrane. As a first step, the NOx adsorption proper-
ties of a zeolite film should be investigated before preparation of
selective membranes. A thin zeolite film supported on a cordierite
monolith is a suitable material for these studies. With this mate-
rial, rapid temperature and pressure changes in the reactor are
possible. The monolith structure enables a high flow rate and very
small pressure drop and the many small channels and the rough

1387-1811/$ - see front matter � 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.micromeso.2008.10.018
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surface of the cordierite support allows for a sufficiently high zeo-
lite loading so that the adsorption capacity and thermal stability of
adsorbed species can be investigated even for very thin films. Fur-
thermore, such composites may be useful as selective NOx adsor-
bents, especially in pressure swing processes (PSA) or may be
used as a component in NSR systems.

In the present work, discrete MFI crystals and cordierite mono-
liths coated with thin MFI films are characterized by SEM, ICP-AES,
XPS, N2 sorption, TG/MS, and the NO2 adsorption properties are
evaluated by NO2 adsorption and temperature programmed
desorption experiments. Different synthesis methods were used
to produce films with varying Si/Al and Na/Al ratios and the influ-
ence of the Si/Al and Na/Al ratios of the film on the NO2 adsorption
properties is determined.

2. Experimental

2.1. Synthesis of the materials

Cordierite monoliths (400 cpsi, Corning Inc.) with a diameter of
2 cm and a length of 10 cm were used as supports. MFI films were
grown on the supports as described in detail earlier [15], and only a
brief description of the preparation procedure is given below. The
support was treated with a solution containing cationic polymer
molecules followed by electrostatic adsorption of silicalite-1 seed
crystals (60 nm) [16,17]. The seeded monoliths were hydrother-
mally treated in a gel or in a clear synthesis mixture. MFI films
were grown in six or 13 steps for 48 h or nine steps for 96 h and
atmospheric pressure in a clear synthesis solution with a molar
composition of 3TPAOH:25SiO2:0.25Al2O3:1Na2O:1600H2O:100E-
tOH. The samples were rinsed with a 0.1 M aqueous ammonia
solution and treated with ultrasound for 10 min in between each
hydrothermal treatment. After the final hydrothermal treatment,
the samples were rinsed in a 0.1 M aqueous ammonia solution
for 4 days and treated with ultrasound for 1 h each day during this
period. The film thickness was controlled by the number of hydro-
thermal treatments [15]. Films were grown in several steps in or-
der to reduce sedimentation during synthesis as discussed
elsewhere [15]. An MFI film was also grown on a monolith using
a template-free gel of molar composition 100SiO2:1Al2O3:30
Na2O:3996H2O. The synthesis was performed in one step in a Tef-
lon-lined autoclave for 12 h and 180 �C. After synthesis, this sam-
ple was treated with ultrasound for 2 min and rinsed thereafter
in distilled water for six times without the use of ultrasonication.
This sample was not rinsed in a 0.1 M ammonia solution in order
to avoid ion exchange from sodium form to ammonium form.
The ends of all monolith samples were polished until the total
length of each monolith was 75 mm, to remove sedimented zeolite.
The samples were finally calcined at 550 �C for 6 h with a heating
and cooling rate of 1.75 �C/min. The sample codes for the samples
grown in the clear solution start with the letter C followed by the
synthesis duration (48 or 96 h) and the number of hydrothermal
treatments. When using the gel, the sample code is given by the
letter G. Sample codes and preparation procedures for monolith
samples are summarized in Table 1.

MFI films were also grown on polished quartz single crystals in
the clear solution (6 steps of 48 h or 9 steps of 96 h) and in the gel
(12 h), similar to the films grown on the monoliths. The quartz sup-
ports were cleaned as described previously before synthesis [18].
The same rinsing procedure used for the MFI film samples grown
on cordierite was performed after synthesis on the quartz sub-
strates, but no ultrasonication was used as before [9].

The films were calcined at 400 �C as before [8,9]. These samples
were used for XPS depth profiling, which requires a smooth sample
on a non-contaminating substrate, such as quartz single crystals.

The sample codes for the MFI film samples grown on quartz sub-
strates are the same as the ones for the films grown on cordierite,
but followed by the letter Q.

A reference MFI powder of discrete crystals [9] was prepared by
hydrothermal treatment at 100 �C for 72 h in the clear synthesis
solution with identical composition as the one used for film prep-
aration (sample denoted DC72). No support was present. The size
of the crystals in this reference powder was about 1 lm and the
micropore volume was 0.157 cm3/g zeolite, as expected for MFI
zeolite [23]. Since these crystals are relatively large, the mesopore
volume per gram sample should be small and this sample was thus
used as a reference for the N2 sorption measurements.

For comparison with films, discrete MFI crystals were also
grown at 75 �C for 48 h and 96 h in one step by adding 10 ppm
seeds to the clear synthesis solution (without support) employed
for film preparation. Discrete MFI crystals were also grown for
14 h and 180 �C by adding 10 ppm silicalite-1 seeds to the tem-
plate-free gel. The crystals were purified by repeated centrifuga-
tion (14000g, 1 h) and redispersion. These crystals were used for
ICP analysis in order to indicate the composition of the film. The
samples are labeled as DCG, DCC48 and DCC96. The first two letters
are abbreviation for discrete crystals. These letters are followed by
G (for gel), C (for clear solution), and 48 or 96 (synthesis time,
hours). Sample codes and preparation procedures for discrete crys-
tals are given in Table 2.

2.2. Characterization

The morphology of the films and film thickness were deter-
mined using a Philips XL30 scanning electron microscope (SEM)
after deposition of a thin layer of gold on the samples by sputter-
ing. The monoliths were cut with a knife in the channel direction
to smaller pieces in order to obtain cross-sections and to be able
to view the films inside the channels.

The composition of the crystals grown by seeding the two syn-
thesis mixtures was measured by inductively coupled plasma-
atomic emission spectrometry (ICP-AES, Analytica, Sweden) by
using an ARL-3560 instrument. The depth profiles (Si/Al and Na/
Al) of the films grown on the quartz crystals were measured by

Table 2
Size and composition of the MFI crystals by ICP-AES.

Sample code Hydrothermal treatment Size (nm) Si/Al Na/Al

DCC48 Clear solution, 0.001wt% silicalite-1
seeds, 48 hours, 75 �C

240 367 5.7

DCC96 Clear solution, 0.001wt% silicalite-1
seeds, 96 hours, 75 �C

450 178 3.2

DC72 Clear solution, 72 h 100 �C 1000 n.a. n.a.
DCG Gel, 0.01 wt.% silicalite-1 seeds,14 h,

180 �C autoclave
n.a. 14 0.95

Table 1
Sample characteristics.

Sample
code

Hydrothermal
treatment

Film
thickness
(lm)

Zeolite
loading
(g/g)

Micropore
vol. (cm3/
g sample)

Mesopore
vol. (cm3/
g sample)

Mesopore
vol. (cm3/
g zeol.)

C48-6 48 h � 6,
75 oC

0.8 0.06 0.009 0.005 0.09

C48-13 48 h � 13,
75 oC

1.9 0.10 0.016 0.010 0.10

C96-9 96 h � 9,
75 oC

1.9 0.14 0.022 0.015 0.11

G 12 h, 180 oC 1.9 0.16 0.025 0.009 0.06
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X-ray photoelectron spectroscopy (XPS) using a KRATOS Axis ultra
electron spectrometer. After analysis of the film surface, about
15 nm of the film was removed by argon sputtering for 30 minutes
and the sample was analyzed again. This procedure was repeated
in order to measure the depth profile in the film.

Nitrogen adsorption and desorption at liquid nitrogen tempera-
ture was measured using a Micromeritics ASAP 2010 instrument
after evacuation of the sample at 300 �C for 12 h. The specific sur-
face area, m2 per g sample, was calculated from the adsorption iso-
therm using the Brunauer–Emmet–Teller (BET) equation. By using
the specific surface area (415 m2 g�1) for ZSM-5 powder [9,16], the
mass of zeolite on the sample (g), and zeolite loading (mass zeolite/
mass sample, g/g) were estimated from the measured surface area
of the samples [9]. The surface area of the support was very small
compared to the surface area of the zeolite film and the former was
therefore safely neglected. The pore size distribution was calcu-
lated using the Barret–Joyner–Halenda (BJH) method. The micro-
pore volume per gram sample of the MFI film samples was
determined from a t-plot.

X-ray diffraction (XRD) data using CuKa radiation was collected
using a Siemens D5000 diffractometer running in Bragg-Brentano
geometry.

NO2 sorption was measured by first mounting the zeolite film
coated cordierite monoliths in a quartz tube with a length of
880 mm. The tube was equipped with an electrical heater on the
outside and a temperature regulator connected to a thermocouple
in the inlet gas. Prior to tests, the sample was activated at 500 �C
for 15 min in a feed of 8% O2 in Ar with a flow rate of
3000 cm3 min�1 (STP). The sample was then cooled to 30 or
200 �C for NO2 adsorption. At the beginning of the adsorption
experiment (time = 0), the feed was changed to 600 ppm NO2 in
Ar with a flow rate of 2600 cm3 min�1 (STP). The concentration
of NO and NO2 in the reactor effluent was measured continuously
by a chemiluminescence detector (Ecophysic CLD 700 EL ht). After
adsorption, the reactor was flushed with pure argon for 4 min.
Temperature programmed desorption was then carried out using

a heating rate of 20 �C/min up to 550 �C. Thermal analysis was per-
formed on discrete MFI crystals with different Si/Al ratios (samples
DCC96 and DCG) on a Netzsch STA 409 C balance. The samples
were heated in Ar from room temperature to 500 �C/min at
10 �C/min, kept at 500 �C/min for 15 min (mimicking the activation
of the samples prior to NOx adsorption measurements) and there-
after heated to 1400 �C/min at a heating rate of 20 �C/min. Mass
spectrometry was carried out simultaneously with the thermal
analysis.

3. Results and discussion

3.1. Characterization of MFI crystals by SEM, ICP – AES

Fig. 1 shows SEM images of the MFI crystals grown by seed
addition to the clear synthesis mixture and the gel. The diameter
of the seed crystals grown in one step in the clear solution is about
240 nm after 48 h (a) and about 450 nm after 96 h (b). This shows
that the diameter of the seed crystals (60 nm) increases linearly
and that the growth rate is about 5 nm/h, at least up to a synthesis
time of 96 h. The crystals are 90� rotational intergrowths, which is
typical when TPA+ is used as template molecule [22]. Aggregates of
crystals formed after growth of seed crystals in the gel (Fig. 1c). The
Si/Al and Na/Al ratios of the crystals grown by seed addition to the
synthesis mixture were measured by ICP-AES and the results are
given in Table 2. Note that since the seed crystals were as small
as about 60 nm, they hardly affect the average chemical composi-
tion of the grown seed crystals. The measured Si/Al ratios thus re-
flect the average composition of the skin grown around the seed
crystals. As the size of the crystals grown in the clear synthesis
solution increases, the Si/Al ratio decreases. These crystals are thus
zoned, with increased Al concentration in the outer parts of the
crystals, as expected for MFI crystals grown using TPA+

[19,28,40,41] as template molecule. The Al content (Si/Al = 178)
and the size of the MFI crystals grown in the clear solution for
96 h, see Table 2, are about two times higher than for the crystals

Fig. 1. SEM images of MFI crystals grown (a) for 48 h (DCC48) and (b) 96 h (DCC96) by adding 10 ppm silicalite seeds to the clear synthesis mixture. (c) MFI crystals grown for
14 h by adding 10 ppm silicalite seeds to the gel (DCG).
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grown for 48 h (Si/Al = 367). These results indicate that an MFI film
with a very low average Al concentration (Si/Al = 367) can be
grown to any thickness by repeated hydrothermal treatment for
48 hours. It should also be possible to grow an MFI film with about
twice as high average Al content (Si/Al = 178) in the same way but
with 96 h long steps. However, the Al concentration may vary
across the film thickness in a stepwise manner, since the films
are grown in steps. The Al content (Si/Al = 14) in the crystals grown
in the template-free gel is more than one order of magnitude high-
er than for the MFI crystals grown in the clear solution, indicating
that MFI films with Si/Al ratio of about 14 can be grown using the
template-free gel, as described in a previous work [20].

The Na/Al ratio of the discrete crystals DCC48 and DCC96 grown
in the clear solution is 5.7 and 3.2, respectively, indicating that
these samples are in sodium form, i.e. Na-ZSM-5, as expected since
the synthesis mixture contains sodium ions. In addition, there is an
excess of Na in both samples, probably due to contamination with
a sodium rich compound such as sodium silicate on the surface of
the crystals. However, the quantity of any contamination is small,
since the aluminium concentration is low. The Na/Al ratio of the
crystals grown in the template-free gel (sample DCG) is very close
to 1, indicating that these discrete crystals also are in Na form, i.e.
Na-ZSM-5, as expected.

3.2. Characterization by XPS

Surface elemental analysis of the film is based on XPS measure-
ments. Energy dispersive X-ray spectroscopy (EDS) could not be
used to determine the bulk composition of the films without inter-
ference from the support.

Table 3 shows the Si/Al XPS-depth profile for the MFI film sam-
ples C48-6Q, C96-9Q, and GQ grown on quartz. The XPS Si/Al ratio
of the sample C48-6Q is increasing from 61 at the surface to 202 at
a depth of about 30 nm, i.e. there is a concentration gradient of Al
in the outermost part of the film, grown in the last step of 48 hours.
Furthermore, the Si/Al ratio of the discrete crystal sample DC48
grown in one step was 367 according to ICP-AES (reflecting the
average composition throughout the crystal), which, together with
the XPS results for the film grown on quartz in multiple steps, sup-
ports that the samples grown in the clear solution for 48 h are
zoned, with higher aluminium concentration on the surface. The
XPS Si/Al ratio of the film sample C96-9Q is fluctuating around
an average Si/Al ratio of about 160 for the top 30 nm of the outer-
most part of the film, grown in the last step of 96 h, and no clear
concentration gradient is observed. Furthermore the Si/Al ratio of
the discrete crystal sample DCC96 grown in one step was 178
according to ICP-AES, i.e. only slightly higher than the XPS results
for the outermost part of the film sample C96-9Q grown in multi-
ple steps. The combined XPS and ICP-AES results therefore suggest
that the outer parts of sample C96-9Q is not zoned. Instead, the Si/
Al ratio for the outer parts of the film grown in multiple steps
should be relatively constant at about 150–180. However, the in-
ner parts of the samples grown for 96 h should be identical to
(zoned) the samples grown for 48 h. Both XPS and ICP-AES data

suggest that the Si/Al ratio is constant throughout the film thick-
ness of samples grown in one step in the gel. The Si/Al ratio accord-
ing to XPS is constantly 14 throughout the top 30 nm of the film
and the Si/Al ratio of sample DCG grown in one step is also 14.
Samples grown in the gel are thus not zoned, as expected for tem-
plate-free zeolite [42].

The Na/Al ratio for the MFI film samples is shown in Table 4. The
Na/Al ratio at the surface of the samples grown in the clear solution
(C48-6Q and C96-9Q) is higher than 1, indicating presence of a so-
dium rich contamination at the surface as discussed above. How-
ever, at a depth of 15 or 30 nm, the Na/Al ratio fluctuates at
about 1.0, indicating that these films are in sodium form (Na-
ZSM-5) as expected. The Na/Al ratio of the surface of the MFI film
grown in the gel (GQ) is 0.5, which shows that the surface of the
film has been partially ion-exchanged from Na form even though
this sample was rinsed in distilled water. The pH of distilled water
is typically slightly lower than 7, due to CO2 absorption, which re-
sults in formation of H+-ions. The surface of the film grown in the
gel is thus partially in H+ form. However, the Na/Al ratio of the dis-
crete crystals (DCG) measured by ICP-AES was 0.95, indicating that
most of the film should be in sodium form.

3.3. Characterization of MFI film samples by SEM and liquid N2

sorption

Fig. 2 shows side-view images of the MFI films grown in the
clear solution (a–c) and in the gel (d). As reported before [8,15],
the thickness of the films grown in the clear synthesis mixture in-
creased with the number of hydrothermal treatments and was
0.8 lm for the sample C48-6 and 1.9 lm for the samples C48-13,
C96-9 and G, see Fig. 2b–d. Continuous (epitaxial), columnar crys-
tals, extending from the support to the surface of the film are ob-
served for the samples C48-6 and C48-13, see inset in Fig. 2b, in
accordance with previous results [15,21]. We have recently re-
ported [22] that epitaxial growth occurs in this system when the
surface Si/Al ratio is sufficiently high (above 23 according to
XPS), which is the case for these films, as discussed above. Cracks
are also observed and indicated by arrows. At least some of the
cracks seem to propagate throughout the entire film thickness as
shown in Fig. 2a. However, these cracks may have formed or in-
creased in depth during sample preparation prior to SEM analysis.
For sample C96-9, shown in Fig. 2c, continuous crystals grow from
the support surface up to a film thickness of about 1 lm (corre-
sponding to 5 steps of 96 h), after which new crystals nucleate
on top of the film after each new step, creating four sandwich lay-
ers on top of the film with a thickness of about 0.9 lm (total film
thickness 1 + 0.9 = 1.9 lm). It thus seems that the surface Si/Al ra-
tio after step 5 becomes too low (<23) [22], preventing epitaxial
growth, which results in nucleation and growth of sandwich films
in the last four steps. This observation thus indicates that there is
significantly more aluminium in the film C96-9 grown on cordier-
ite than on sample C96-9Q grown on quartz. Leaching of alumin-
ium from the cordierite support may occur and increase the
concentration of aluminium in the synthesis mixture, especially

Table 3
XPS Si/Al data for film grown on quartz crystal for 6 steps of 48 h (C48-6Q), 9 steps of
96 h (C96-9Q) in the clear solution and in the gel (GQ).

Total Ar etching time (min) Approximate depth (nm) Si/Al

C48-
6Q

C96-
9Q

GQ

0 0 61 156 14.2
30 15 170 179 14.2
60 30 202 150 14.1

Table 4
XPS Na/Al data for films grown on quartz crystals for 6 steps of 48 h (C48-6Q), 9 steps
of 96 h (C96-9Q) in the clear solution and in the gel (GQ).

Total Ar etching time (min) Approximate depth (nm) Na/Al

C48-
6Q

C96-
9Q

GQ

0 0 2.4 1.8 0.52
30 15 0.9 1.4 0.53
60 30 1.0 0.8 0.50
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in this case when the synthesis mixture was replaced as seldom as
every 96 h. Aluminium leaching from the support should influence
samples C48-6 and C48-13 to a lesser extent, since the synthesis
mixture was replaced more frequently, i.e. after 48 h in this case.
In concert with previous work [20] the film thickness of the film
grown in the gel was about 1.9 lm, as shown in Fig. 2d. The crys-
tals in this film are more irregular and the growth mode is difficult
to evaluate.

Fig. 3a–c show top-view SEM images of the films grown in the
clear solution. The films are quite similar; all are smooth and dense
and cover the entire outer surface of the monoliths. Cracks and per-
haps open grain boundaries with a width between about 100 nm to
about 10 nm (resolution of the microscope on these samples) are
observed. The cracks and open grain boundaries are thus mostly
within the mesopore range. Fig. 3a shows some crystals on top of
the film, probably originating from the bulk of the synthesis mix-
ture due to sedimentation as reported before [15]. However, such
crystals can only be observed at certain locations on the sample
and this image was intentionally recorded at one such location.

Top view images of the MFI film grown in the gel are shown in
Fig. 4a and b. Also in this case, the film covers the entire monolith
surface. The morphology of the crystals is completely different to
the films grown in the clear solution and no cracks are observed.
Well facetted crystals are observed in the film top-layer as re-
ported before [20]. Although most of the film is smooth and free
of sediments as illustrated in Fig. 4a, large agglomerates of crystals
formed in the bulk of the synthesis solution have deposited by sed-
imentation in some areas, as shown in Fig. 4b.

The zeolite loading was equal to 0.06, 0.10 and 0.14 gzeolite/gsam-

ple for the samples grown in the clear solution, see Table 1. Both the
zeolite loading and film thickness increase with an additional
number of hydrothermal treatments, as expected. However, higher
zeolite loading should correspond to higher film thickness.
Although the film thickness is the same, the zeolite loading of

the sample C96-9 is 40% higher than C48-13, probably due to the
presence of more sediments on top of the former film. As zeolite
crystals in the bulk solution grow larger during hydrothermal
treatment for 96 h, these crystals will sediment faster and more
sediments should be deposited on top of the film. When using
the gel, the zeolite loading was as much as 0.16 g/g (Table 1),
which indicates the presence of sediments on top of the zeolite
film, as observed by SEM (Fig. 4 b), whereas the average film thick-
ness is equal to 1.9 lm as for samples C48-13 and C96-9.

The N2 adsorption–desorption isotherms (cm3/g sample) for the
film samples are shown in Fig. 5a. Larger adsorbed volume per
gram sample is a result of a higher zeolite loading. As expected,
the micropore volume per gram sample increases with increasing
zeolite loading, as shown by Fig. 5 and Table 1. For all film samples,
an upper hysteresis loop that closes at a relative pressure p/p0 of
0.45 (the loop is almost closing for sample C96-9) is observed. This
loop is caused by capillary condensation, likely in the intercrystal-
line mesopores in the form of grain boundaries and cracks in the
zeolite films in concert with SEM observations. In addition, a lower
hysteresis loop closing at p/p0 of about 0.1 is observed only for the
samples C48-6 and C48-13, which have the lowest Al concentra-
tion. Voogd et al. [23] measured the nitrogen sorption isotherms
on ZSM-5 powder samples with varying Al content. A hysteresis
loop was observed between p/p0 of 0.1 and 0.2 for the samples with
highest Si/Al ratio in their work, i.e. Si/Al = 49. The author assigned
this loop to a liquid-to-solid like transition of nitrogen. Since a low-
er hysteresis loop was observed for samples C48-6 and C48-13, the
N2 sorption data indicates that these samples have a Si/Al ratio
above 49, in agreement with ICP-AES data for discrete crystals
DC48 and XPS data for sample C48-6Q (see Tables 2 and 3). In addi-
tion, epitaxial growth was observed by SEM for samples C48-6 and
C48-13, which indicates that the surface Si/Al ratio is above 23 for
these films in concert with N2 sorption, ICP-AES and XPS results. No
hysteresis loop was observed for samples C96-9 and G, which

Fig. 2. Side view images of the MFI film samples grown in the clear solution (a) in 6 steps of 48 h (C48-6), (b) in 13 steps of 48 h (C48-13), (c) in 9 steps of 96 h (C96-9) and (d)
in the gel. Magnification of inset in (b) is 3.5 times larger than Fig. 2b.
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indicates that these samples should have a Si/Al ratio below 49.
This is in agreement with ICP-AES data for discrete crystals DCG
and XPS data for sample G (see Tables 2 and 3). However, both
ICP-AES for discrete crystals DC96 and XPS data for sample C96-
9Q indicate much higher Si/Al ratios than 49. Again, the Si/Al ratios
for sample C96-9 may be lower than for sample C96-9Q, due to
leaching of aluminium from the support and incorporation in the
film of the former sample. Nevertheless, all data indicates that
the Si/Al ratio is decreasing in the order C48-6 = C48-13 > C96-
9 > G. Both ICP-AES data on discrete crystals and N2 sorption data
on films indicate that sample C96-9 has lower Si/Al ratio than sam-
ples C48-6 and C48-13. In addition, sandwich growth was observed
by SEM for the upper part of sample C96-9, which indicates that
the surface Si/Al ratio is below 23 for this film in concert with N2

sorption data. The isotherm for sample C96-9 has a greater slope
than the other samples in the p/p0 region below 0.4. This indicates
presence of a higher amount of smaller mesopores in the sample

C96-9, which will be discussed below. Fig. 5b shows the volume
adsorbed per gram zeolite of the films grown in the clear solution
and the reference powder DC72 (please note that the y-scales for
the films are shifted, since data would overlap otherwise).

For all samples, the volume adsorbed increased rapidly up to
about 100 cm3 per g zeolite as expected for ZSM-5 crystals [23].
The isotherm of the reference powder crystals DC72 is typical for
microporous materials and at higher pressures, only a very small
increase in adsorbed volume is observed, which is expected for a
microporous sample of large crystals without much mesopores be-
tween the crystals. In addition, no hysteresis loop is observed, indi-
cating the absence of mesopores, in contrast to the film samples.
The micropore volume per gram sample increases with increasing
zeolite loading, see Table 1. This is expected since zeolite loading is
determined using the BET-method and the micropore volume
using a t-plot and the BET-surface area is correlated to the t-plot
[45]. The micropore volume per gram zeolite was about

Fig. 3. Top view images of the MFI film samples C48-6 (a), C48-13 (b), and C96-9 (c).

Fig. 4. Top view images showing (a) the MFI film grown in the gel (G) and (b) the sediments on top of the zeolite coating. Magnification of inset in (b) is 20 times larger than
Fig. 4b.
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0.16 cm3/g zeolite for all film samples, as expected for MFI zeolite
[23]. The mesopore volume per gram sample of the film samples is
0.005, 0.010, 0.015 and 0.009 cm3/gsample, for sample C48-6, C48-
13, C96-9, and G, respectively, as reported in Table 1. The mesopore
volume per gram sample for the support is 0.001 cm3/g, which
shows that the mesopores mostly originates from the zeolite
film.The mesopore volume per gram sample is about 2–3 times
lower than the micropore volume per gram sample.

Fig. 6 shows the cumulative mesopore volume per g zeolite of
all MFI film samples and the reference powder DC72. The total
mesopore volume for the reference powder DC72 is 0.06 cm3/gzeo-
lite. The total mesopore volumes per gram zeolite of the film sam-
ples are 0.09, 0.10, and 0.11 cm3/gzeolite, for samples C48-6, C48-
13, and C96-9, respectively, as reported in Table 1. The mesopore
volume per g zeolite of the samples grown in the clear solution
is in the same range as the mesopore volume (0.075–0.16 cm3 g�1)
in ZSM-5 films grown on alumina spheres [9]. The total mesopore
volume for films grown in the clear solution is thus higher than for
the reference powder DC72. This difference is assigned to mesop-
ores in the form of grain boundaries and cracks in the films formed
during template removal by calcination at 550 �C. It is well known
that template removal results in contraction of MFI crystals [24]
and may lead to crack formation in films [25,26]. The total meso-
pore volume per gram zeolite of the film grown in the gel (sample

G) is the same as the reference powder crystals DC72 (0.06 cm3/
gzeolite). In concert with the SEM observations, the low mesopore
volume of the film sample G indicates that it is free from open
grain boundaries and cracks, at least at liquid nitrogen tempera-
ture. This film was grown in a gel in the absence of organic tem-
plate molecules, and the crystals in the film should not contract
as much during calcination at 550 �C, which may explain the ab-
sence of additional mesopores compared to sample DC72.

The mesopore volume distribution is shifted towards larger
mesopores for sample C48-13 compared to sample C48-6, which
has a thinner film. This is in agreement with our previous reports
that thicker films may have more of larger defects such as cracks
than thinner films [8,9]. The mesopore volume distribution of sam-
ple C96-9 is shifted towards smaller mesopores, although the film
on this sample it is as thick as on sample C48-13. This difference is
assigned to that the upper part of this film is of sandwich type
rather than epitaxially grown as discussed earlier. The average
crystal size in films of sandwich type will be much smaller than
in equally thick, epitaxially grown films as we have reported before
[22,27,28]. This reduction in crystals size is likely resulting in the
formation of small grain boundaries (small mesopores) in-between
the crystals rather than cracks (larger mesopores) during
calcination.

3.4. Characterization by XRD

Fig. 7 shows the XRD pattern for the discrete MFI crystals grown
in 72 h (sample DC72) and for the film sample G. The XRD data
show that the samples consist of MFI and cordierite crystals [29],
see Figure text for details.

3.5. Characterization by NO2 adsorption

Fig. 8a shows the NO2 breakthrough curves at 30 �C. The time to
reach 5% of the outlet concentration [30] occurred after 62, 232,
and 364 s for the MFI film samples C48-6, C48-13, and C96-9,
respectively. As expected, the time to reach 5% of the outlet con-
centration is linked to the adsorption capacity, which in turn is
linked to the zeolite loading, which was 0.06, 0.10 and 0.14 g/g
for these samples, and also to Si/Al ratio, which will be discussed
below. The shape of the breakthrough fronts for the films grown
in the clear solution is similar and characterized by a steep increase
in the NO2 concentration, indicating low axial dispersion and even
flow distribution in the monolith channels. The width of the

Fig. 5. N2 adsorption–desorption isotherm per gram sample (a) and per gram
zeolite (b) of MFI film samples prepared in this work.

Fig. 6. Mesopore (2–50 nm) volume distribution per gram zeolite of MFI film
samples C48-6, C48-13, C96-9, G, and reference crystals DC72.
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breakthrough curve, defined as the difference between the time to
reach 5% and 95% of the outlet concentration was equal to 246,
376, and 490 s for the samples C48-6 and C48-13, and C96-9. This
trend in width of the breakthrough profile is most likely due to a

combination of two parameters, diffusion path and equilibrium
constant for NO2 adsorption. The sample C48-6 has the thinnest
film and thus the shortest diffusion path and consequently the
smallest width of the breakthrough curve. The other films are
thicker, and sample C96-9 has the greatest width of breakthrough
profile, probably caused by increased equilibrium constant for NO2

adsorption due to the higher Al content and thus a higher concen-
tration of sodium ions in the channels for this sample. Stronger
mass transfer resistance in the thicker films C48-13 and C96-9
compared to C48-6 is expected and in agreement with our previous
results [8,9]. The time to reach 5% of the outlet concentration oc-
curred after 788 s for the sample G. The time to reach 5% of the out-
let concentration is longer for the sample grown in the gel
compared to the one grown in the clear solution, probably due to
larger adsorption capacity due to the higher Al and Na content
leading to increased equilibrium constant for NO2 adsorption in
the former. The width of the breakthrough profile was about
1200 s for the sample grown in the gel. The greater width of the
breakthrough curve in this film should be due to an increased equi-
librium constant for NO2 adsorption compared to the films of equal
thickness (1.9 lm) grown in the clear solution. As discussed above,
the concentration of aluminium atoms, and consequently of so-
dium ions, is much higher in this film compared to the films grown
in the clear solution, which should increase the adsorption capac-
ity, which will result in greater width of the breakthrough profiles

Fig. 8. NO2 and NO concentration profiles during NO2 adsorption at 30 �C (a, b) and at 200 �C (c, d) for the MFI film samples grown in the clear solution and in the gel.

Fig. 7. XRD data for the powder sample DC72 and film sample G. The symbols ‘‘o”
and ‘‘�” indicate cordierite and MFI reflections, respectively.
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as observed. In addition, the sediments on samples grown in the
gel may result in varying flow rate in the monolith channels which
also would lead to a greater width of the breakthrough curve [30–
31]. The adsorption capacity of NO2 at 30 �C was calculated by inte-
grating the adsorption data and the results are given in Table 5. The
adsorption capacity of the film samples prepared in this work is
varying between 400 to about 1400 lmole/gzeolite and reflects the
zeolite loading, the Al and thus the Na content in the films, and
is highest for the sample G, which has the highest Al and Na con-
centration. It was shown [32] that NO2 adsorbs on metal cations
such as Na+ in MFI via a disproportionation reaction (2NO2 M
NO+ + NO�

3 ). The NO+ adsorbs to a O� site of the zeolite, replacing
a cation, while the NO�

3 adsorbs directly to the cation. Another way

of expressing it is that NO2 is weakly adsorbed on the cations in the
zeolite [33,34]. For comparison, the NO2 adsorption capacity at
30 �C for MFI zeolite measured in the present work is of the same
magnitude of the NO2 adsorption capacity in H-type Mordenite
(1530 lmol/g) at 30 �C [35].

The NO2 breakthrough curves at 200 �C for all MFI films are
shown in Fig. 8c. The curves show similar trends as at 30 �C, with
the difference that the times to reach 5% of the outlet concentra-
tion are shorter due to lower adsorption capacity and that the
widths of breakthrough profiles are smaller, due to faster diffusion
and lower adsorption equilibrium constants. The adsorption capac-
ity at 200 �C for the samples studied in this work varies between
100-160 lmol/g, as illustrated in Table 5. The NO2 adsorption
capacity at 200 �C is thus lower than at 30 �C and is nearly inde-
pendent on the Al and Na content in the films. This result indicates
that other adsorption sites rather than Na+ cations are involved in
NO2 adsorption at high temperature and the concentration of these
sites is nearly constant in all samples. It is known to be difficult to
completely remove water from zeolite by heating in a non-vacuum
system [32,34]. During NO2 exposure, the residual water can result
in the formation of nitric acid, which can react either with NO2 or
other nitric acid molecules [34]. The weight loss between 500 and
800 �C for samples DCG or DCC96 is 0.15% or 0.10%, respectively,
see Fig. 10. Simultaneously, water was detected by MS. These

Table 5
Adsorption data.

Sample N2 monolayer ads. capacity (mmol/g
zeo.)

NO2 ads.
(lmol/g zeo.)

NO formed
(lmol/g zeo.)

30 �C 200 �C 30 �C 200 �C

C48-6 4.3 394 101 16 24
C48-13 4.4 416 103 16 21
C96-9 4.4 516 161 22 33
G 4.4 1401 162 56 36

Fig. 9. NO2 and NO concentration profiles from TPD starting at 30 �C (a, c) and at 200 �C (b, d) for the 1.9 lm MFI film samples C48-13, C96-9, and G.
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results indicate that residual water in the zeolite may have influ-
enced the NOx adsorption measurements, since the sample was
activated at 500 �C. However, the amount of residual water is high-
er in the sample having a lower Si/Al ratio. Therefore, additional
sites other than residual water may also be involved in the NOx

adsorption, resulting in almost constant NOx adsorption capacity
at high temperature. It is known [37,46,47] that NOx can interact
with the proton of silanol groups in the zeolite (2ZeoO� � H+ +
NO2 + NOM 2ZeoO� � NO+ + H2O). NOx may thus adsorb on these
silanol groups as well.

Low concentrations of NO were observed during the whole NO2

adsorption process. Fig. 8b and d show the concentrations of NO
released upon NO2 adsorption at 30 �C and 200 �C, respectively.
NO is detected between about 10 and 20 s after introduction of
NO2 for all MFI film samples, independently of film thickness. NO
is probably released after formation since it is weakly adsorbed
compared to NO2 in metal exchanged zeolites [32,36].

At both temperatures, the amount of NO formed is directly
proportional to the amount of NO2 adsorbed, see Table 5. It thus
seems as NO forms as a result of both weakly and strongly
adsorbed NO2, which is in concert with previous observations re-
ported in literature. It was shown [34,43,44] that NO is released
upon three mechanisms, one involving NO2 disproportionation of
species adsorbed on cations in the zeolite, one related to nitric acid
formation as NO2 reacts with residual water in the zeolite
(3NO2 + H2O? 2HNO3 + NO) and the third to adsorption on the
silanol groups, as discussed above.

The molar amount of N2 required for monolayer formation is
given in Table 5. As expected, the N2 monolayer adsorption capac-
ities in the MFI film samples (about 4.4 mmol/g) is equal to the N2

monolayer adsorption capacity reported for ZSM-5 in literature
(99 cm3 STP g�1 = 4.4 mmol/g) [38]. The NO2 adsorption capacity
is much lower than the N2 adsorption capacity, indicating that a
monolayer of NO2 is not formed even at low temperature and that
NO2 is adsorbed on specific sites rather than in a monolayer as
discussed above.

3.6. Characterization by TPD

Fig. 9a shows the measured NO2 desorption during TPD starting
at 30 �C for the MFI film samples C48-13, C96-9 and G. The peaks
are the result of desorption from a number of adsorption sites with
varying strengths, as reported in previous work [37,39]. For the
sake of simplicity, the terms weak, medium and strong adsorption
sites were used in this work in order to indicate the stability of ad-

sorbed NOx species in the Na-ZSM-5 films, in accordance to the ter-
minology used by Perdana et al. [37]. NOx desorbed in the regions
100–200 �C, 250–350 �C and 400–500 �C, thus emanates from
weak, intermediate and strong adsorption sites, respectively.

For all samples, one broad peak is observed at about 150 �C, due
to desorption of weakly adsorbed NO2, probably from Na+ cations.
For the sample C48-13, most of the NO2 is desorbed below 250 �C,
followed by desorption of a smaller amount of NO2 desorbed from
intermediate and strong sites at higher temperatures. For the sam-
ple C96-9, most of the NO2 is also desorbed below 250 �C from
weak sites but a broad peak centred at about 320 �C is observed,
as a result of desorption of NO2 from intermediate adsorption sites,
which contributes to the higher NO2 molar adsorption capacity of
the MFI film sample C96-9 (Table 5). Two desorption peaks at
about 150 �C and 400 �C are observed during TPD starting at
30 �C for the sample G, as a result from desorption from weak
and strong adsorption sites, respectively.

Fig. 9b shows the NO2 desorption curves relative to TPD starting
at 200 �C. Two broad desorption peaks at 300 �C and 450 �C are ob-
served for the samples C48-13 and C96-9, due to desorption of NO2

frommedium and strong adsorption sites. A broad desorption peak
at about 450 �C is observed for the sample G, as a result of NO2

desorption from strong adsorption sites.
A small amount of NO was released during TPD after adsorption

at 30 �C, see Fig. 9c, probably due to formation of NO+NxOy com-
plexes upon NO2 desorption. It was shown previously [34] that,
during NO2 desorption, adsorption complexes such as NO+NO2

and NO+N2O4 can form, thus resulting in NO formation. For all
MFI film samples, two desorption peaks at about 170 �C and
350 �C are detected for NO release during TPD starting at 30 �C,
see Fig. 9c, indicating that NO also formed upon NO2 desorption.
Release of NO is also observed during TPD experiments starting
at 200 �C, see Fig. 9d, as a result of strongly adsorbed complexes,
as discussed above. However, the amount of NO released during
TPD experiments at 200 �C is very low, see Table 5.

For all samples, when starting TPD at low temperature, most of
the observed NO2 results from desorption at low temperature from
weak adsorption sites, which are the charge balancing cations, as
discussed above, while, desorption at high temperature is due to
desorption of NO2 adsorbed on both residual water and silanol
groups, in accordance with our previous results [37]. The amount
of NO released during desorption reflected the NO2 adsorption on
the MFI films, as a result of formation of NO+NxOy complexes upon
NO2 adsorption [34].

4. Conclusions

Cordierite monoliths were coated with well defined MFI films of
controlled thickness and varying Si/Al ratio. The zeolite was homo-
geneously distributed over the support and the samples with
thicker film had a higher zeolite loading as expected. The alumin-
ium concentration varied throughout the film thickness for all
films grown in the clear solution (these samples were zoned),
and it was constant in the MFI film samples grown in the gel.
The zeolite films contained sediments and defects, such as open
grain boundaries and cracks resulting in mesopores. Mesopore
volumes were comparable to similar ZSM-5 films grown on other
support types.

The NO2 adsorption capacity at low temperature (30 �C) per
gram zeolite increased with the Al and Na content in the films,
due to an increased number of weak adsorption sites in the form
of Na+ cations. At 200�C, the NO2 adsorption capacity was nearly
independent on the Si/Al ratio of the MFI films, probably as a result
of reaction of NO2 with residual water or silanol groups in all
samples. Formation of NO occurred during NO2 adsorption due toFig. 10. Weight loss during TG analysis for samples DCG and DC96.
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three mechanisms. The amount of NO released during desorption
reflected the NO2 adsorption on the MFI films, as a result of forma-
tion of adsorption complexes. This work is the first systematic
study of the effect of Al (and Na) content on the NOx adsorption
properties of MFI films grown on seeded cordierite monoliths.
The experimental evidence in the present work will be important
for the development of for instance NO2 selective membranes,
adsorbents or sensors.
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Abstract

Development of structured adsorbents with attractive characteristics is an important step in 

the improvement of adsorption based gas separation processes. The improved features of 

structured adsorbents include lower energy consumption, higher throughput and superior 

recovery and purity of product due to the even flow distribution, very low mass transfer 

resistance and low pressure drop in combination with reasonable adsorption capacity.  This 

study examines the vacuum swing adsorption (VSA) - CO2 separation performance of 

structured adsorbents in the form of thin NaX films grown on the walls of ceramic cordierite 

monoliths and the results are compared with NaX pellets. Adsorption equilibrium and 

dynamic properties are explored experimentally. The CO2 breakthrough front for the NaX 

film grown on the 400 cells per square inch monolith was close to ideal and indicated that 

axial dispersion was very small and that the mass transfer resistance in the film was very low. 

The breakthrough front for the structured adsorbent with 400 cells per square inch was 

sharper than that for the structured adsorbent with 900 cells per square inch and only shifted 

to shorter breakthrough times due to the lower amount of zeolite and higher effective 

diffusivity of the former sample. In addition, the CO2 breakthrough fronts for the 400 or 900 

cells per square inch  structured adsorbents were both sharper than the breakthrough front for 

NaX beads. This indicates that the flow distribution in the structured adsorbents is more even 
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and that the mass transfer resistance in the film is very low due to the small film thickness 

and high effective diffusivity for CO2 in the NaX film. Experimental data were used to obtain 

overall mass transfer linear driving force constants which were subsequently used in a 

numerical simulation program to estimate the performance of the adsorbents for CO2/N2 

separation in a VSA process. It was found that the recovery of structured adsorbents was 

superior to a packed bed due to the much shorter mass transfer zone.  The purity on the other 

hand was not as high as that obtained with a packed bed due to excessive voidage in the 

structured adsorbents.  Increased cell density or improved zeolite loading of the structured 

adsorbents would improve CO2 purity without sacrificing recovery for the structured 

adsorbents and this represents a path forward to improved VSA performance for CO2 

capture.   

Key words: Structured adsorbent, simulation, CO2 adsorption, pressure swing adsorption, cycle time 

1. Introduction 

Over the last decade, there has been considerable interest in intensification of 

separation processes. In cyclic processes such as PSA, VSA, and TSA (pressure, vacuum and 

temperature swing adsorption, respectively), reducing cycle time is the primary means of 

achieving more production from a given quantity of adsorbent. However, as cycle time is 

reduced, cyclic processes usually face the problem of decreasing working capacity per cycle 

for the component of interest, decreasing product recovery and increasing pressure drop. The 

extent to which cycle time reduces working capacity and recovery and increases pressure 

drop is dependent on the structure of the adsorbent 1-2.  Conventional adsorbents for gas 

separations are usually prepared in the form of beads or granules and these materials are used 

in packed beds. Mass transfer and pressure drop associated with packed beds of conventional 
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adsorbents impose limitations in operating the process at optimum conditions in terms of 

energy consumption and overall system efficiency. 

Recently, various structured adsorbents with enhanced adsorption characteristics such 

as monoliths, laminates and foams have gained considerable attention as substitutes for 

conventional adsorbent particles 3-14.  A detailed review of these alternate structures and their 

merits was recently conducted by Rezaei and Webley1. 

Parallel channel monolithic structures with controllable shape, cell density and wall 

thickness have been reported for their use in adsorptive gas separation systems 3, 5-6, 8, 15-18. 

The main advantage of such configurations resides in the low pressure drop and higher mass 

transfer rates. Although it has been reported that the mass transfer characteristics of 

monolithic adsorbents is somewhat inferior to a comparable packed bed, this is more a 

consequence of early monolithic structures with thick walls rather than any intrinsic 

limitation.  Reduced channel width and wall thickness or producing a more appropriate cross 

sectional flow profile may provide superior mass transfer properties of monolithic adsorbents 

compared to packed beds.  

Although the unique structure of monoliths (continuous body with identical channels) 

significantly reduces the common problems of conventional adsorbents (i.e. fluidization, high 

pressure drop, etc.), these structures often have low loading of active adsorbent material per 

column volume because of high void volume. The active adsorbent may be presented to the 

flowing gas in two different ways.  In the first approach, the active adsorbent material is 

directly extruded in the form of a structured monolith (commonly done for carbon 

monoliths).  In the second approach, the monolith structure is inactive but acts as a 

mechanical support for the adsorbent - usually a thin film is deposited on the monolithic 

structures by various methods, namely, dip-coating, wash-coating, and slip-coating 6, 15. 

Alternatively, a film may be grown on the monolith as explored by our research group19. For 
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well defined zeolite films, the mass transfer resistance can be controlled by varying the film 

thickness 20.  

In our previous work 21-22 we have prepared structured adsorbents in the form of 1.5 m 

films of NaX zeolite grown on 400 cells per square inch (cpsi) cordierite monolith supports 

and evaluated the adsorption performance. Adsorption isotherms, pressure drop and 

breakthrough data for the structured adsorbent were compared with that for conventional 

adsorbents in the form of NaX beads. The main conclusion from our previous work was that 

structured adsorbents with higher cell density than 400 cpsi are needed to better exploit the 

potential of these novel materials for PSA processes. In the present work, we report the 

preparation of structured adsorbents with 400 and 900 cells per square inch and a NaX film 

thickness of about 1.5 m. Isotherm and breakthrough data were recorded experimentally for 

the materials. For the first time, the performance of these structured adsorbents in a vacuum 

swing adsorption cycle was simulated and the results compared with conventional 

adsorbents.  

2. Materials development 

Ceramic cordierite monoliths with cell densities of 400 and 900 cpsi (Corning Inc.) 

were used as supports for growth of zeolite NaX films. The zeolite films were grown by a 

seeding method in a similar way to that described in previous works 21-23.  Small FAU seeds 

were adsorbed electrostatically on the walls of the supports and were thereafter grown into 

zeolite films by hydrothermal treatment. This technique is very flexible and allows the 

control of the thickness and preferred orientation of the crystals in the film 24-27. During 

synthesis, the channels of the support were oriented vertically to reduce zeolite sedimentation 

from the bulk synthesis mixture on the walls of the substrate. A multistep procedure was used 

to grow the films. The hydrothermal treatment was carried out in 5 steps of 1 hour and 20 
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minutes each. More details have been reported previously 21. The sample notation used here 

starts with the letter C for clear solution, followed by a number indicating the number of 

steps (5), and a number (400 or 900) indicating the cell density of the supports, see Table 1.  

The weight gain (gzeolite/gsample) was determined by weighing the support before and after 

hydrothermal treatment. Products were characterized by scanning electron microscopy 

(SEM), nitrogen adsorption and desorption at 77 K and mercury intrusion porosimetry (MIP). 

Pure component adsorption data for N2 and CO2 were measured at 0, 20 and 40°C over 

the pressure range of 0-118 kPa. The films were also characterized by measuring the CO2 

breakthrough profile with step change experiments similar to those described in our previous 

work 22.  In these experiments, three coated monolith samples, each 10 cm long and 2 cm in 

diameter were loaded in the adsorption column (30 cm long and 2 cm diameter).  The 

samples were activated under a nitrogen flow of 0.2 l/min at 300º C for 3 hours with a 

heating and cooling rate of 2 º C/min. The samples were thereafter cooled to room 

temperature (26 º C).  The breakthrough data were used to estimate the overall mass transfer 

coefficient, k for subsequent use in process cycle simulation. To determine the overall mass 

transfer coefficient, a single breakthrough step was simulated using the numerical adsorption 

simulator (described below) with k as a variable.  

 

3.  Process simulation

Simulations of a three-step VSA cycle with a packed bed of conventional adsorbents 

and the structured adsorbents were performed using the adsorption simulator MINSA, 

(Monash Integrator for Numerical Simulation of Adsorption) which numerically solves the 

coupled partial differential equations of mass and energy balances using the finite volume 

method with flux limiters as described previously 28-29.  The linear driving force model was 

employed to model mass transfer.  Pressure drop across the adsorbent beds was calculated 
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using the Ergun equation for the case of a packed bed.  The simulator mimics the operation 

of an actual VSA process in that control valves regulate the flows to/from a bed according to 

desired end-of-step conditions (eg. pressure, purity). It is important that an adequate number 

of finite volumes are used to calculate the breakthrough fronts to avoid numerical dispersion. 

The simulations conducted here were run with at least five nodes within the mass transfer 

zone and an axial discretisation level of 30 nodes (corresponding to a node spacing of 0.01 

m), which was found to be adequate to resolve spatial profiles within the bed. The 

experimentally recorded adsorption isotherms for CO2 and N2 over a range of temperatures 

were fit to a Dual-Site Langmuir isotherm. The fitted parameters were calculated according 

to the following equations:  
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A three-step VSA cycle of adsorption/desorption/re-pressurization was considered for 

evaluating system performance (Figure 1). The initial and boundary conditions depend on the 

VSA cycle configuration. In our isothermal simulations, the boundary conditions for all the 

steps were based on flow through a valve according to the valve equation. In addition, three 

target pressures were maintained at cyclic steady state (CCS) conditions and since the valve 

settings were not known prior to cycle run, a form of the PID algorithm (control loop) was also 

used to update boundary conditions (valve coefficients) from cycle to cycle to ensure that the 

end of step bed pressures and product purity from the model achieves the required set points. In 

the first step, feed gas containing 10 % CO2/N2 at different flow rates: 0.2, 0.5 and 1 

litre/minute at 300 K and 1.2 bar pressure enters the bottom of the bed. The CO2 front 

propagates through the bed and the nitrogen exits to the atmosphere through the top of the bed. 
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The position of the CO2 mass transfer front at the end of this step is controlled by monitoring 

the concentration of CO2 in the exit gas and adjusting the exit flow rate.  In the second step, the 

bed is evacuated counter-currently and the bed pressure at the end of this step is controlled by 

adjusting the valve leading to the vacuum pump.  In the third step, N2 is used to re-pressurize 

the bed to feed pressure in a counter-current direction. The CO2 recovery and purity is 

calculated to characterize the VSA performance using different adsorbent structures.  The CO2 

recovery is calculated as number of moles of CO2 recovered in the desorption step 2 divided by 

the number of moles fed to the bed in step 1. The CO2 purity is determined as number of moles 

of CO2 recovered in step 2 divided by the total number of moles recovered in step 2.  These 

simulations were performed to explore the behaviour of the different adsorbent structures in 

particular to judge the merits of structured adsorbents at short cycle times, which corresponds 

to high flow rates. The physical properties of the adsorbents considered in the simulations are 

summarized in Table 4.  

It is worth noting that the three step cycle tested here is not indicative of the typical 

cycle which would be used in an industrial CO2 capture plant 30.  However, the major steps of 

adsorption and desorption (regeneration) are captured, which is sufficient in order to 

demonstrate the impact of adsorbent structure on VSA performance.  Thus we expect the 

trends observed here to be similar for more complex cycles.  

4. Results and discussion 

4.1 Materials development 

Figure 2 shows a cross-sectional image of the NaX beads. It is possible to identify the 

typical octahedral shape of NaX crystals with a size up to a few micrometers. Figure 3 (a) 

shows a top-view SEM image of sample C5400 31. The films appears to be well intergrown 

and typical NaX crystals with octahedral habit and with a size ranging from about 0.6 to 2 
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m are observed. A few hydroxysodalite (HS) crystals with a typical ball-of-yarn habit and a 

diameter of about 1 m are also observed. The pores in HS zeolite are too small to allow any 

CO2 adsorption. Hydroxysodalite may form as a consequence of aluminium depletion 32 in 

the synthesis mixture during growth of zeolite X. Figure 3 (b) shows a cross-sectional image 

of the NaX film grown on the 400 cpsi support. Again, the crystals in the zeolite film appear 

to be well intergrown, and the film has an average thickness of approximately 1.5 m. 

Figure 3 (c) shows a top-view SEM image of sample C5900. The film appears quite 

similar to the film in sample C5400. However, the number and size of HS crystals embedded 

in the zeolite film on the 900 cpsi support was reduced compared to the film on the 400 cpsi 

support. Cordierite contains aluminum, and HS formation is probably reduced by more 

aluminum leaching from the 900 cpsi support, which has a larger external area per volume of 

support than the 400 cpsi support. The average thickness of the zeolite film on the 900 cpsi 

support is about 1.7 m, as shown in Figure 3 (d). Some zeolite crystals were also observed 

in the pores of the walls of both the structured adsorbents, see Figure 4. The weight gain is 

0.036 and 0.054 g/(g sample) for sample C5400 and C5900, respectively, see Table 1. Thus, 

the weight gain is about 1.5 times higher for the latter sample. The geometrical external 

(wall) surface area per gram sample of the 900 cpsi support is about 1.4 times higher than the 

400 cpsi support which accords well with the weight gain of the samples.  The N2 adsorption-

desorption isotherms recorded at 77 K expressed as mmol/g sample for the structured 

adsorbents and the NaX beads are shown in Figure 5 (a). The amount of nitrogen adsorbed 

increases in the order of C5400 < C5900 < NaX beads. The zeolite loadings estimated from 

nitrogen adsorption data as in previous work31 for the 400 and 900 cpsi structured adsorbents 

are, as expected, in approximate accordance with the measured weight gain, see Table 1. The 

zeolite loading of the NaX beads is equal to 0.83 gz/gs
21, see Table 1, and is about 33 and 20 

times higher than that for samples C5400 and C5900, respectively.  
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The total mesopore volume per g zeolite is 0.08, 0.06, and 0.12 cm3/gz for C5400, 

C5900, and NaX beads, respectively, see Table 1. The mesopore volumes per gram zeolite 

for the structured adsorbents are quite similar, which is expected since the films were grown 

by identical procedures. The mesopore volume per g zeolite  of the NaX beads is in the same 

range of data reported in literature (0.07 cm3/gz) 33 and also similar to that for the structured 

adsorbents.  

Figure 6 (a) shows the cumulative pore volumes (cm3/gs) determined by MIP of a 400 

cpsi support and the structured adsorbent grown on the same support, sample C5400. The 

total MIP pore volume for the support is about 0.25 cm3/g. The steep increase of the 

cumulative pore volume in the region between about 25 m and 2 m corresponds to the 

pores in the wall of the support. Compared to the 400 cpsi support, the total pore volume is 

similar for the 900 cpsi support; see Figure 6 (b). However, the size distribution of the pores 

in the wall is narrower for the latter support and shifted to somewhat smaller pore sizes, 

about 0.8 - 2 m. The cumulative pore volume of the structured adsorbent sample C5900 

almost overlaps with that of the corresponding support, as expected. However, the structured 

adsorbent sample C5400 displays pores in the range 0.01 - 1 m, which are absent in the 

corresponding 400 cpsi support, and in sample C5900. These pores should thus stem from the 

zeolite film in the structured adsorbent C5400 and may represent open grain boundaries and 

cracks in the film. A hypothesis is that these pores have formed as a result of the repeated 

(>10) activations at 300 C in a flow of dry gas prior to break through experiments of this 

sample. It is well known that FAU zeolite crystals contracts significantly upon 

dehydration37,38, which may result in the formation of cracks and open grain boundaries in 

the film. Sample C5900 has only been activated two times prior to breakthrough experiments 

and characterization by MIP.    
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Figure 7 (a) shows the CO2 isotherms measured at 0-40 C expressed in mmol/gsample of 

samples C5400 and C5900. For both samples, the CO2 adsorption capacity is reduced at 

higher temperatures, as expected. For all temperatures, the CO2 adsorption capacity per gram 

sample for sample C5400 is about half of that for sample C5900, in agreement with zeolite 

loading and weight gain discussed above. Figure 7 (b) shows the CO2 isotherm per g sample 

of the NaX beads. The CO2 adsorption capacity per gram sample of the beads is about 28 or 

17 times higher than for the structured adsorbents C5400 or C5900, in rough agreement with 

zeolite loading. At all temperatures, the CO2 adsorption capacity per unit volume of the 

adsorption column loaded with samples C5400 or C5900 is about 44 or 26 times lower than 

for the packed bed, see Table 3. For all samples, dual site Langmuir adsorption isotherms 

were fitted to the experimental CO2 adsorption data as shown in Figure 7 (a-b) and the fitted 

parameters are given in Table 2. 

Figure 8 (a) shows the N2 adsorption isotherms measured at 0-40 C expressed in 

mmol/gs for samples C5400 and C5900. Similarly as observed for CO2 adsorption, the N2 

adsorption capacity of sample C5400 is about half of that for sample C5900. Figure 8 (b) 

shows the N2 adsorption isotherms measured at 0-40 C for NaX beads. At all temperatures, 

the N2 adsorption capacity per unit volume of samples C5400  or C5900  is about 54 or 30 

times lower than for the packed bed. For all samples, the N2 adsorption capacity per gram 

sample is about 10 times lower than the CO2 adsorption capacity, as expected for CO2/N2 

adsorption on zeolite X 35-36. Dual-site Langmuir isotherms were fitted to the experimental 

data and the fitted parameters are given in Table 2. 

The pressure drop (not shown here) for a column loaded  with the NaX beads 21 is about 

100 or 70 times higher than when the column is loaded with the structured 400 cpsi and 900 

cpsi adsorbents, respectively.  
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Figure 9 (a) shows the CO2 breakthrough curves for sample C5400. The time to reach 

50 % of the final concentration occurred after ca. 76, 35, or 21 s at flow rates of 0.2, 0.5, and 

1 l/min, respectively. The sharp breakthrough fronts indicate that the flow pattern is close to 

ideal (virtually no axial dispersion) and that the resistance to mass transfer in the film is very 

low. Figure 9 (b) shows the CO2 breakthrough curves for sample C5900. The time to reach 

50 % of the final concentration occurred after ca. 152, 82, or 62 s at flow rates of 0.2, 0.5, 

and 1 l/min, respectively. The time to reach 50% of the final concentration for sample C5900 

is 2-3 times longer than that for sample C5400, as a result of the higher zeolite loading (1.8 

times) per column volume for the former sample. The breakthrough front of sample C5900 is 

much broader than for sample C5400 however, which is an indication of higher resistance to 

mass transfer or other features which contribute to dispersion (maldistribution etc.) in the 

adsorbent. As pointed out above, 0.01-1 m pores, likely open grain boundaries and cracks, 

were detected by MIP in the film in sample C5400 but not in sample C5900. These pores 

may contribute to mass transfer in the film in sample C5400, resulting in sharper 

breakthrough fronts.  

Figure 9 (c) shows the CO2 breakthrough curves measured for NaX beads. The time to 

reach 50 % of the final concentration occurred after ca. 630, 1390, or 2780 s for a flow rate 

of 0.2, 0.5, and 1 l/min, respectively. The time to reach 50% of the final concentration for the 

NaX beads is about 10 or 30 times longer than that for sample C5900 or C5400, respectively, 

as a result of the higher zeolite loading (ca. 30 or 54 times) per column volume for the former 

sample. The breakthrough front of NaX beads is broader than C5400 or C5900 and is an 

indication of higher resistance to mass transfer due to the long diffusion path (radius of the 

beads).  

It is worth discussing the impact of axial dispersion on the breakthrough data.  The 

calculated Re numbers for flow in the channels of the structured supports are 4.4 (400 cpsi) 
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and 2.7 (900 cpsi) at 1 l/min.  These indicate laminar flow and thus we expect Taylor 

dispersion to intrude on the breakthrough curve.  An estimation of extent of Taylor and axial 

dispersion on the total dispersion has been done in our previous study2 in which we 

concluded that the influence of these factors on overall dispersion is negligible.  The 

dispersion observed for the 900 cpsi structured adsorbent can therefore be attributed to mass 

transfer resistance or perhaps maldistribution of the gas into the channels.  If a 900 cpsi 

structured adsorbent with mass transfer resistance and flow distribution similar to the 400 

cpsi structured adsorbent could be prepared, it would represent a better or “ideal” monolithic 

adsorbent. This “ideal” 900 cpsi adsorbent was simulated in the study described below. 

 

4.2 Process simulation Results 

In order to ensure that the simulation parameters were chosen correctly and the 

simulations mimic the real system, benchmarking against the experimental breakthrough 

curves for sample C5400 was first performed. The overall mass transfer coefficient, k400 for 

the C5400 adsorbent was first determined by fitting the breakthrough data, see Figure 10 (a). 

This figure illustrates that the model can describe experimental data adequately. Since the 

breakthrough data of the C5900 adsorbent were not indicative of an “ideal” adsorbent (as 

discussed above), we have chosen to simulate the “ideal” 900 cpsi adsorbent. The overall 

mass transfer coefficient k900 for the ideal 900 cpsi adsorbent was estimated using our 

expression for monoliths developed earlier 2: 

900

11
3 61 .(3)

4 8f e

d WWd
d Wd Eq

k k D
 

where W and d are wall thickness and channel width of monolith (as depicted in Figure 1 

(b)), kf  is external gas film mass transfer coefficient calculated from correlations presented 
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earlier2 for laminar flow in the monolith channels and De is effective diffusivity. After 

estimation of the mass transfer coefficient k900, it was then employed in the simulations to 

model the breakthrough front of the ideal 900 cpsi adsorbent, see Figure 10 (b).  

Process cycle time in semi-batch type processes such as PSA and VSA is an important 

parameter determining the adsorbent volume and total size of the adsorber. Shorter cycles on 

one hand give rise to higher throughput for the same amount of adsorbent; on the other hand, 

too short cycles may lead to insufficient time for adsorption due to mass transfer limitations. 

To investigate the impact of adsorbent geometry on VSA performance at different cycle 

times, a series of simulations were conducted for a feed temperature of 27.7 °C and a feed 

pressure of 1.2 bar for a 3-step cycle (Figure 1 (a)).  

The product purity is calculated as the ratio of CO2 to total flow obtained in the 

desorption gas during step 2 of the cycle. Figure 11 shows that the product purity obtained 

with the packed beds is higher than for the 900 and 400 cpsi structured adsorbents.  This can 

be attributed to the higher voidage and lower zeolite loadings in the monolith structures. The 

channel voids in the structured adsorbents lead to significant contamination of the product 

with N2. Figure 11 also shows that for all cases, a plateau value of product purity is reached 

by increased cycle times.  This is due to the reduction in gas velocity resulting in a sharper 

mass transfer front and hence improved CO2 purity. The product purity for all adsorbents 

approach feed purity (10%) as the cycle time is decreased. When cycle time is decreased 

below 120 s, the CO2 purity undergoes a gradual decline in the case of monoliths whereas a 

much larger decrease is experienced for the packed bed.  This reduction is due to pressure 

drop in the packed bed which leads to broadening of the mass transfer front and hence 

contamination of the top of the bed.     

Product recovery is defined as the total amount of CO2 recovered during step 2 

(evacuation step) to the total CO2 amount fed to the system. Figure 12 shows that the 
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recovery obtained with the structured adsorbents is higher than that obtained with the packed 

bed.  This is directly related to the sharpness of the mass transfer front during the feed step.  

The sharper front for the structured adsorbents results in less breakthrough of CO2 during 

step 1 and therefore a higher recovery in the product stream.  The CO2 recovery is a function 

of CO2 working capacity (WC) which decreases as cycle time decreases. As evident from 

Figure 12, in the case of C5400 and C5900 adsorbents, a decrease from 86 % to 75 % and 90 

% to 80 % occurs respectively when cycle time is decreased from 205 to 15 s, while in the 

case of 13X pellets, the recovery only reaches 80 % for long cycle times.  Longer cycle time 

gives higher purity and recovery because the lower resulting velocities lead to sharper mass 

transfer zones. The recovery could be improved by replacing the 3-step cycle with a more 

complex cycle incorporating product rinse and pressure equalisation.  However, the scope of 

the present work was not to optimize system performance but rather to explore and illustrate 

the advantages and disadvantages of structured adsorbents versus conventional adsorbent 

beads. 

The specific productivity (throughput) of adsorbents at different cycle times is 

presented in Figure 13. The throughput attainable in a given volume of vessel in a cyclic 

adsorption system may be expressed as 

                                   
day

cycle
mcycle

productiongas  (TPD) throughput
ads

_     

 WCfyroductivitspecific p     

where WC is adsorbent working capacity (moles/kg adsorbent/cycle), mads is the mass of 

adsorbent,  is the cycle time (s/cycle) and  f is a proportionality constant. As expected, all 

three adsorbents displayed a hyperbolic pattern for productivity as a function of cycle time as 

suggested by the above equation. The throughput is highest for a packed bed because of the 

higher zeolite loading per unit volume.  However, the structured adsorbents follow the 
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expected inverse trend of productivity and cycle time more closely that the packed bed, also 

at very short cycle times.  It is clear that dispersive effects of pressure drop and mass transfer 

are becoming more important at shorter cycle times for the packed bed.  Cycle times below 

15 s eventually leads to a drop in throughput for the packed bed as observed in Figure 13 and 

also observed in our earlier studies31. Thus the structured adsorbents show promising 

performance at short cycle times provided higher zeolite loadings can be obtained.  

Figure 14 (a-c) illustrates simulated pressure profiles of three adsorbents for 25 s cycle 

time at z = 0 (inlet) and z = 1(outlet). As clearly shown, both types of monoliths showed 

identical profiles at inlet (z = 0) and outlet (z = 1) of the adsorption column indicating 

negligible pressure drop along the bed, however, running a PSA cycle with a bed of granules 

gives rise to considerable pressure drop characterizing by different curves at inlet and outlet 

of the bed (Fig 14 (a)).  

 

5. Conclusion 

 Structured adsorbents were prepared by growing uniform NaX films on ceramic 

cordierite monoliths with the two different cell densities. The performance of the structured 

adsorbents in a VSA process for CO2 capture was evaluated and compared with conventional 

adsorbent beads by mathematical modelling. We found that a CO2 product purity of greater 

than 30 % and a recovery of 90 % is achievable with an ideal 900 cpsi monolith adsorbent in 

a 3 step VSA cycle. Although beads showed a better performance in terms of purity and 

throughput at longer cycle times, at shorter cycle times structured adsorbents may show less 

effect of pressure drop and hence lead to improve product recovery, purity and throughput. In 

summary, our results indicate that structured adsorbents are good candidates for use in rapid 

cycles when the system performance is compromised by using conventional beads. It is clear 

however that every effort must be made to increase the zeolite loading without compromising 

effective mass transfer.  Our future work will examine the performance of adsorbent 
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monoliths with higher cell density (1200 cpsi) with improved synthesis conditions in VSA 

processes. 
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 Notation

bi Dual-Site Langmuir isotherm constant 

di Dual-Site Langmuir isotherm constant 

d channel width, m 

De effective diffusivity, cm2/s 

f proportionality equation constant 

k400,k900 total mass transfer coefficient for 400 and 900 cpsi monoliths, 1/s 

kf external gas film mass transfer coefficients, cm/s 

ni Dual-Site Langmuir isotherm constant 

mi Dual-Site Langmuir isotherm constant 

Q1 heat of adsorption of CO2

Q2 heat of adsorption of N2 

W Wall thickness, m 

WC working capacity 

 cycle time, sec. 
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Table 1  

Sample
code 

Synthesis
conditions

Film thickness
( m)

Weight 
gain
(g/gsample)

Surface
area
 (m2/gsample)

Zeolite
loading a
(gzeolite/gsample)

Mesop.
volb
(cm3/gzeolite)

C5400 

Clear solution, 
100o C, 5 
steps of 1 h 20 
min

1.5 0.036 18.02 0.025 0.08 

C5900 

Clear solution, 
100o C, 5 
steps of 1 h 20 
min

1.7 0.054 31.00 0.043 0.06 

NaX beads n.a. n.a. n.a. 437 0.83 0.12 

a from BET 
b from BJH method 
 
 
Table 2

Structure   m1 (mol/kg) m2 (mol/kg) b0 (1/kPa) Q1 (J/mol) d0 (1/kPa) Q2 (J/mol) 
CO2

C5400 0.0894 0.0966 2.86E-07 35240.79 1.22E-07 29676.35 
C5900 0.1274 0.1546 3.98E-08 40526.02 1.48E-07 29512.72 
NaX beads 2.5495 2.4139 7.40E-07 32896.5 3.99E-08 32998.2 
N2

C5400 0.0523 0 3.09E-07 17644.1 0.00E+00 0
C5900 0.0099 0.3544 2.42E-05 14391.35 2.69E-08 21785.65 
NaX beads 0.004 2.6785 5.50E-13 59282.86 1.26E-06 15962.24 

Table 3

Adsorption capacity, mmol/cm3

C5400 C5900 NaX beads 
CO2 (0° C) 0.053 0.082 2.334
CO2 (20° C) 0.041 0.072 2.001
CO2 (40° C) 0.035 0.061 1.477
N2 (0° C) 0.003 0.006 0.181
N2 (20° C) 0.002 0.004 0.114
N2 (40° C) 0.001 0.002 0.071
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Table 4

Structure   Wall thickness 
m)

Channel width
m)

Bed density
(g/cm3)

Bed
Voidage

Linear 
driving force 
rate
constant 
(1/s) 

Adsorbent 
mass
(g)

Zeolite
 voidage 

C5400 100 1100 0.293 0.83 5 27.63 0.6

C5900 70 800 0.302 0.84 10 28.47 0.6

NaX beads - - 0.675 0.37 1  44.87 0.6
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List of figures 

List of figures 

Figure 1. Three-step VSA cycle used to assess performance of adsorbent structures (a) and a 

typical channel of monolithic adsorbent (b). 

Figure 2. Top-view SEM image of NaX beads. 

Figure 3. Top-view (a, c) and side-view (b, d) SEM images of NaX film grown in 5 steps of 

1 h and 20 minutes on 400 (a, b) and 900 (c, d) cpsi ceramic cordierite monoliths. 

Figure 4. Side-view SEM images of NaX films grown on 400 (a) or 900 (b) cpsi cordierite 

monoliths. 

Figure 5. Nitrogen adsorption-desorption isotherms per g sample of the NaX film samples 

and NaX beads. 

Figure 6. Mercury intrusion pore volume distribution for the NaX film samples.  

Figure 7. CO2 isotherms per g sample at 0, 20 or 40º C of NaX film samples (a) and NaX 

beads (b). C5400, C5900, and NaX beads are labelled by the symbols , º, and , 

respectively. 

Figure 8. N2 isotherms per g sample at 0, 20 or 40º C of NaX film samples (a) and NaX 

beads (b). C5400, C5900, and NaX beads are labelled by the symbols , º, and , 

respectively. 

Figure 9. CO2 breakthrough profiles determined at 0.2, 0.5 or 1 l/min for C5400 (a), C5900 

(b) or NaX beads (c). 

Figure 10. Comparison of CO2 breakthrough front of C5400 at 1 l/min with ideal profile of 

C5900 sample (a), Comparison of experimental and simulated CO2 breakthrough front of 

C5900 sample (b).  

Figure 11. Product purity as a function of cycle time for different adsorbents. 

Figure 12. Product recovery as a function of cycle time for different adsorbents. 
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Figure 13. System Productivity as a function of cycle time for different adsorbents. 

Figure 14. Simulated pressure histories for (a) 13X adsorbent (b) C5400 and (c) C5900 as a 

function of time during a single cycle at top and bottom of the column. 
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Figure 10. 
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SUMMARY
Thin faujasite films were grown on porous and dense cordierite monoliths by hydrothermal 
treatment using a gel or a clear solution. Well defined FAU films with a thickness of 2 m
and 1 m could be grown by using the gel on the dense and porous supports, respectively. 
However, a relatively high weight gain after synthesis was recorded for the porous monolith 
due to zeolite crystallization in the pores, which may be undesirable for PSA applications. 
The films grown in the clear solution consisted of both FAU and sodalite crystals. The 
thickness of the FAU films was about 2 or 0.7 m, depending on support type. A 5 times 
lower weight gain was observed and much less zeolite grew in the pores of the porous 
substrate, which may be an advantage for PSA applications. By using the clear solution and a 
multiple-step synthesis on the porous support a 1.5 m FAU film with no sodalite crystals 
was grown. The adsorption properties of the samples are currently under investigation. 

INTRODUCTION
Structured adsorbents in the form of supported thin zeolite films may have superior properties 

compared to traditionally used zeolite adsorbents in the form of beads [1, 2], which may have 

mass - and heat - transfer limitations in PSA applications. Structured adsorbents may thus 

result in improved performance in PSA applications. FAU zeolite is a suitable adsorbent for 

CO2 separation from flue gas or O2 enrichment from air by PSA. 

EXPERIMENTAL
Porous (400 cpsi, Corning) and dense (100 cpsi, Rauschert) cordierite monoliths were used as 

structured supports. The supports were seeded with 60 nm faujasite crystals, as described 

elsewhere [3]. A gel with molar composition of 14Na2O:1Al2O3:10SiO2:797H2O or a clear 

synthesis solution with molar composition of 80Na2O:1Al2O3:9SiO2:500H2O was used for 

film growth. Hydrothermal treatment was performed in an oil bath under reflux at 100 C. The 

samples were characterized by SEM, XRD, and weight gain after synthesis was recorded. 

RESULTS AND DISCUSSION 
Figures 1 (a, d) show SEM images of a faujasite film grown for 6 hours and 40 minutes on a 

porous cordierite monolith using the clear solution. The FAU film is uneven and relatively 

large sodalite crystals are embedded. The FAU film thickness is about 700 nm and the 

sodalite crystals vary from 1 to about 2 m in size. A faujasite film grown using the clear 

solution on a dense cordierite support is more even and with a film thickness of about 2 m

and smaller sodalite crystals are observed, as shown in Figures 1 (b, e). These results show 



that the support affects the film growth. Figures 1 (c, f) show images of a FAU film grown on 

a porous substrate using the gel. The film is more uniform with a thickness of about 1 m and 

no sodalite crystals are observed. However, because of crystallization in the monolith pores, a 

5 times higher weight gain is observed for films grown in the gel, which may be a 

disadvantage for PSA applications. A 1.5 m FAU film with no sodalite crystals was grown 

on the porous support in the clear solution with a multiple-step synthesis with short 

hydrothermal treatments of 1 h and 20 min (not shown). XRD data contains the presence of 

FAU crystals in all samples. 

Figure 1. SEM images of faujasite films grown in the clear solution on porous (a, d) and on 

dense (b, e) cordierite supports, and of a FAU film grown in the gel (c, f) on porous support. 

CONCLUSIONS

Thin faujasite films could be grown on porous and on dense cordierite supports from two 

different synthesis mixtures. Uneven FAU films with embedded sodalite crystals could be 

grown on both supports in the clear solution and long hydrothermal treatment. The weight 

gain after synthesis was very low and only a low amount zeolite was deposited in the pores of 

the support, which is an advantage for PSA applications. An even FAU film without sodalite 

crystals could be grown on both supports using the synthesis gel, but more zeolite was 

deposited in the pores of the support.

REFERENCES 
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ABSTRACT 
Structured materials in the form of supported thin zeolite films may have superior mass and heat 
transfer properties compared to traditionally used zeolite powders, beads and extrudates. FAU 
zeolite is a suitable adsorbent for CO recovery from flue gas and O  enrichment from air by 
PSA. In the present work, thin NaX films were grown on porous and dense cordierite monoliths 
by hydrothermal treatment using a gel or a clear solution. NaX films with a thickness of about 1 

m could be grown on both supports using the gel. However, a relatively high weight gain after 
synthesis was observed for the porous monoliths due to zeolite crystallization in the pores and 
sedimentation onto the film surface of crystals formed in the solution, which may be undesirable 
for PSA applications. Dense and uniform films could be grown using the clear solution. The film 
consisted of NaX crystals and some sodalite crystals (shown by SEM and XRD). The thickness 
of the NaX film varied from about 0.5 m to 1 m, as shown in Fig.1. A much lower weight gain 
was observed and much less zeolite grew in the pores of the support, which should result in 
better mass and heat transfer properties. The CO  adsorption capacity measured at 273K for a 1 

m NaX film grown on a porous monolith with the clear synthesis mixture was 0.2 mmol/g 
sample, which was 20 times lower than that measured for commercially available 13X beads. 
The pressure drop for the zeolite coated cordierite monolith was two orders of magnitude lower 
than that recorded for the beads, which may be a great advantage for PSA processes. 
Furthermore, the adsorption capacity for zeolite coated monoliths can easily be increased by 
growing thicker zeolite films and by using monoliths with higher cell density without a 
considerable increase in pressure drop. From the present study, it is concluded that zeolite coated 
monolith supports may be a competitive alternative to traditional PSA adsorbents. However, 
further investigations are needed in order to prove this hypothesis. 

2 2

2

2 m

                                  (a)  (b)
Figure 1: Top-view (a) and side view (b) images of a 1 m NaX film grown on a 400 cpsi porous       
cordierite support using a clear solution.










