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Abstract

Global warming is believed to be caused by the extensive emission of greenhouse
gases, for example carbon dioxide, into the atmosphere by combustion of fossil
fuels, such as coal, oil and natural gas. To reduce the emission of carbon dioxide
and hence avoid global warming, alternative fuels derived from renewable
resources are desired. Another reason for the worldwide interest in finding
alternative fuels is that the reserves of the fossil fuels are limited and the oil and
gas sources will eventually run out.

Biogas and biobutanol are renewable biofuels which are interesting alternatives
to fossil fuels. Biogas is produced during degradation of organic material forming
a mixture of mainly methane and carbon dioxide with water as a common trace
component. Biobutanol is produced from ABE (acetone, butanol and ethanol)
fermentation of biomass. Purification of biogas and biobutanol is essential to
increase the heat value of the fuels. Traditional purification processes are energy
demanding and expensive. Therefore, other separation processes are currently
sought for.

Zeolites are promising alternatives due to their great potential both as selective
adsorbents and as membranes. Due to the unique pore structure, zeolites are
capable of separating components based on their adsorption properties.

In the present work, single component adsorption of biogas components such as
methane, carbon dioxide and water in zeolite ZSM-5 was studied as well as
adsorption of water and butanol in silicalite-1 using in-situ ATR-FTIR
spectroscopy. The method was successfully further used to study
multicomponent adsorption.
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For single gas adsorption experiments, recorded infrared spectra of adsorbed
methane, carbon dioxide and water showed characteristic, well separated, bands
for each gas. Adsorbed concentrations were determined from the recorded
infrared spectra. The Langmuir model was fitted to the adsorption isotherms and
the model matched the experimental data very well. The fitted Langmuir
parameters obtained in the present work was in agreement with values reported
in the literature.

For multicomponent adsorption experiments, the Ideal Adsorbed Solution Theory
(IAST) was used to predict the adsorbed concentrations of methane, carbon
dioxide and water using the single component adsorption isotherm parameters
as input. In general, the IAST was shown to be a fairly good model for predicting
the adsorbed concentrations of methane and carbon dioxide from binary
mixtures. For the amount of adsorbed methane from mixtures including water,
the IAST predicted the values fairly well. However, for mixtures containing water
and carbon dioxide, the IAST could not fully describe the adsorption behavior of
the two components.

The CO2/CH4 adsorption selectivity was determined for various gas compositions
and temperatures showing a general increase in the selectivity with decreasing
temperature. This indicates that the separation of carbon dioxide from biogas
should be more efficient at lower temperatures. Compared to the literature, the
selectivity observed in the present work is relatively high indicating that
Na-ZSM-5 may be an effective membrane material for upgrading biogas.
Moreover, butanol was preferentially adsorbed over water in silicalite-1,
indicating that silicalite-1 may be a promising material for recovery of butanol
from dilute water solutions.
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“At every crossroad on the road that leads to the future,
each progressive spirit is opposed by a thousand men
appointed to guard the past”

-Maurice Maeterlinck






Chapter 1 Introduction

1.1 Fossil fuels

Today’s society has become deeply dependent on fossil fuels such as coal, oil and
natural gas. Fossil fuels were formed from organic remains of prehistoric plants
and animals millions of years ago and combustion of these fuels produces
greenhouse gases, for example carbon dioxide. Due to its long atmospheric
lifetime, carbon dioxide is accumulated in the atmosphere and hence changes the
atmospheric composition. The anthropogenic emission of greenhouse gases is
believed to be the main reason for global warming.! Furthermore, our
dependence on fossil fuels is a great risk for the future since the fuel reserves are
limited and at the current and predicted rate of consumption, they will eventually
run out. Hubbert2 3 was the first to describe what was later named “the peak oil
theory”, stating that the US conventional oil production would reach the peak of a
great bell-shaped curve and then start to decline. Back then the theory was
ignored, but it has proven itself to be quite accurate; the oil production in the USA
has been declining since the 70’s, as Hubbert predicted.# Based on the peak oil
theory, various predictions have shown that that the global oil peak production
might occur before 2030.47 Depending on how rapidly the fossil fuels are
consumed, the reserves might be 80% depleted in 35-84 years. Regarding the
current rate of consumption, the global oil reserves are believed to run out in
about 40 years, assuming no new significant deposits.”

Due to the environmental effects and the decline in easily extracted raw oil, there
is a great need for sustainable alternatives to reduce the consumption and the
dependence of fossil fuels.



1.2 Biofuels

Biogas and biobutanol are examples of two renewable biofuels which are
interesting sustainable alternatives to fossil fuels. Biogas is produced during
anaerobic degradation of organic material where anaerobic bacteria break down
the organic matter into simple organic compounds. During the degradation, a
mixture of methane (60-70%), carbon dioxide (30%) and trace components
(such as water) is formed.8 2 Biobutanol is produced from ABE (acetone, butanol
and ethanol) fermentation of biomass through a two-step process. First, sugar is
first converted to acetic acid and butyric acid and secondly, sugar and acids are
converted to acetone, butanol and ethanol.19 However the resulting concentration
of butanol in the fermentation broth is limited to ca. 20 g/L as it is toxic to the
microorganisms. Purification of biogas and biobutanol is essential to increase the
heat value of the fuels. Amine absorption is a commonly used technique for the
removal of carbon dioxide from gases. This process is for example sometimes
used for the closely related separation of carbon dioxide from natural gas. It is
possible to achieve low concentrations of carbon dioxide in the gas using amine
scrubbers; however, the process is expensive and complicated.!! Recovery of
butanol by conventional distillation is energy demanding. Therefore, other
separation processes are desired.

Adsorbent and membrane based processes are in general considered as energy
efficient separation techniques and are consequently interesting alternatives for
upgrading biofuels. Among the materials available, zeolites have received much
attention in the scientific literature due to their great potential in these
separations.!?.17 As the adsorption properties are crucial in both adsorbent and
zeolite membrane based separations, a fundamental understanding of these
properties are of outmost importance for further developing these materials.

1.3 Zeolites

Zeolites were first described by the Swedish mineralogist Axel Fredrik Cronstedt
in 1756. The word zeolite originates from the Greek words zein and lithos which
means boiling stones since the stones seemed to boil due to its rapid water loss
upon heating.18 A zeolite is a crystalline solid with a well-defined structure. The
three dimensional structure is based on silicon, aluminum and oxygen where the
silica [SiO4]* and alumina [AlO4]5> tetrahedra are linked by shared oxygen
atoms.1% 20 The alumina tetrahedra gives the structure a negative charge which is
balanced by a counter ion, for example H*, Na* or Ba2*. The counter ions are



exchangeable which gives the zeolite an ion-exchange capacity. Zeolites can be
represented by a general structural formulal9 20

Mx/n[(AIOZ)x(SiOZ)y] “wH,0 (1)

where M is a cation of valence n and w is the number of water molecules. The
silicon to aluminum ratio (Si/Al) is determined by the y/x ratio and is always >1.
In synthetic zeolites, the ratio is determined by the synthesis mixture, and higher
aluminum content (i.e. lower Si/Al ratio) will result in a more hydrophilic
zeolite.l® Some properties of the zeolite, such as ion exchange capacity and
adsorption properties, are to a large extent determined by the Si/Al ratio.20 For
porous materials, pore size can be divided into three groups based on the
classification of the International Union of Pure and Applied Chemistry (IUPAC)?2!

Micropores (pore diameter < 2 nm)
Mesopores (pore diameter between 2-50 nm)
Macropores (pore diameter > 50 nm)

The size of zeolite pores varies with the structure of the framework usually in the
0.3-1.3 nm region of the pore diameter and zeolites are thus classified as
microporous materials.? 20 There are more than 250 zeolite frameworks known
today, both natural and synthetic, and new frameworks are reported every year.22
Each zeolite framework is represented by three capital letters. In this work, the
MFI zeolite type has been used and the framework is illustrated in Figure 1. The
MFI framework exists in two forms; silicalite-1 and ZSM-5. Silicalite-1 contains no
(or a very small amount of) aluminum and consequently lacks counterbalancing
cations and thus ion-exchange capacity. The low amount of aluminum in
silicalite-1 makes it less hydrophilic compared to ZSM-5. The three dimensional
pore structure of the MFI framework contains straight channels (0.51x0.55 nm)
with intersecting zigzag channels (0.54x0.56 nm).1°

Zeolites are typically prepared at high pH (~10-11). It is well-known that zeolites
prepared in the presence of hydroxide ions contain structural defects resulting in
Si-OH groups at internal defect sites. These defects results in additional /different
adsorption sites compared to a defect free lattice. For high silica ZSM-5 and
silicalite-1, these defects will increase the hydrophilicity of the materials. The
formation of silanol defects could to a large extent be avoided by an alternative
zeolite synthesis using the fluoride route?3 where the synthesis is performed
close to neutral pH.



Figure 1. Skeletal model of the MFI framework viewed along the b-direction.22

Zeolites are commonly used as powders, for example as ion-exchangers in
detergents2* and as adsorbents or shape selective catalysts in the refining and
petrochemical industries. However, zeolites can also be synthesized as films on a
variety of supports for membranes applications such as gas separations as well as
structured catalysts and adsorbents. Upgrading biofuels using zeolite membranes
and adsorbents requires knowledge regarding adsorption separations in order to
obtain efficient separation conditions and for optimizing the materials.

1.4 Sorption

Sorption is a general term describing the process in which one substance
becomes incorporated into or attached to another substance. The process is
divided into three categories; absorption, adsorption and ion exchange.

Absorption is a process in which particles (atoms, molecules or ions) penetrate a
bulk phase (solid, liquid or gas) and where the particles are captured by the
volume of the bulk phase.

Adsorption is a process where particles are attached to the surface of a bulk
phase. The particles attaching are called adsorbate, and the bulk phase is called
adsorbent. Adsorption may be classified as; physical adsorption (physisorption)
or chemical adsorption (chemisorption). Physisorption involves intermolecular
forces such as van der Waals attractions between the particles and the surface of
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the bulk phase. Chemisorption involves a chemical reaction between the particles
and the bulk phase where covalent bonds are formed. Adsorption is a reversible
process, and the process in which the particles detach from the surface is known
as desorption.

Ion exchange is a process in which ions are exchanged between an ion exchanger
and a solution containing ions. An ion exchanger is an insoluble material, for
example a zeolite, containing exchangeable ions.

1.5 Separation by adsorption

Adsorption separations are based on three mechanisms.2> First, in the steric
mechanism, molecules are separated due to the pore size of the adsorbent.
Molecules which are larger than the pores are rejected while smaller molecules
are able to enter the pore structure. Second, in the equilibrium mechanism,
molecules are separated based on differences in affinity towards the adsorbent.
Third, in the kinetic mechanism, molecules are separated due to their different
rates of diffusion. In this work, the equilibrium mechanism was studied measuring
how affinities of different adsorbates varied with different conditions.

1.6 Adsorption in zeolites

Zeolites are characterized by having a large surface area and hence a high
adsorption capacity. A common way to describe and evaluate adsorption in
zeolites is to determine the amount of adsorbed molecules as a function of
concentration in the fluid or gas feed at constant temperature; an adsorption
isotherm. For gases, the concentration in the gas feed (in this work also referred
to as the gas phase) is often expressed in partial pressure. Adsorption models are
frequently fitted to the experimental data for increased understanding and easier
comparison to other related work. In this work, the Langmuir model (see
Chapter 2) was fitted to the experimental data. Five general classes of adsorption
isotherms exist which are characterized according to the Brunauer?é
classification shown in Figure 2. The type I isotherm is typical for microporous
materials like zeolites; this isotherm shape is also recognized as a Langmuir
adsorption isotherm. At lower pressure, the surface coverage increases drastically
as the partial pressure of the adsorbate in the gas feed is increasing. At higher
pressure, the surface coverage will level off and finally reach a saturation limit
which corresponds to complete filling of the pores. This type is also typical for
chemisorption where only a monolayer may form. Isotherms of type Il and III are



common for adsorbents containing pores of various sizes in which adsorbed
multilayers may form, for instance, by capillary condensation in increasingly
larger pores at increasing partial pressures. Isotherms of type IV character are
common for adsorbents in which the pore size is significantly larger compared to
the diameter of the adsorbed molecule. This type of isotherm is observed when
two layers of adsorbate are formed. The layers are suggested to form on a plane
surface or on the porewall. Isotherms of type V character are quite rare and occur
only if intermolecular attraction effects are significantly large.2”

Typel Type 11 Type 111 Type IV Type V

=i

Partial pressure

Adsorbed concentration

Figure 2. Adsorption isotherms according to the Brunauer classification.

Single component adsorption is commonly studied as a start when determining
the adsorption properties of zeolites. Single component adsorption of methane,
carbon dioxide and water in MFI zeolite has been fairly well studied in the
literature, in particular carbon dioxide and methane. Adsorption of carbon
dioxide in MFI is dependent on the composition of the framework where carbon
dioxide is adsorbing in reasonable amounts in both silicalite-1 and high silica
ZSM-5.28-32 The adsorption is enhanced by introduction of polar sites i.e.
increasing the aluminum content.31 33 The adsorption of methane in MFI is also
dependent on the composition of the framework where methane is adsorbing
stronger in low silica MFI, however the difference in adsorption strength in
silicalite-1 and a in low silica ZSM-5 is much smaller for methane than for carbon
dioxide.3! Overall, carbon dioxide adsorbs stronger than methane in MFI zeolite,
which is attributed to the larger quadropole moment and slightly higher
polarizability of carbon dioxide compared to methane. Adsorption of water in MFI



zeolite is highly dependent on the composition as well as the presence of
intracrystalline defects forming polar internal silanol groups. Water shows very
low affinity for defect free silicalite-1. However, with increasing aluminum
content or by introduction of internal defects the amount of adsorbed water
increases. Moreover, it has been shown that water forms small clusters at the
polar sites associated with aluminum or intracrystalline defects.23 3436 Binary
adsorption of methane and carbon dioxide in zeolites has been well studied in the
literature!s 16 37-40 showing that carbon dioxide is preferentially adsorbed, and
that the adsorption selectivity in general increases with increasing polarity of the
framework. However, reports on adsorption in zeolites from binary mixtures of
carbon dioxide or methane in combination with water are scarce.*% 42

The adsorption results summarized above have been determined using a wide
range of different techniques. These methods include gravimetry,28-3135
volumetric measurements,32 42 concentration pulse methods,1¢ 39 40 zero length
column43 and infrared spectroscopy.3* 41 Grand Canonical Monte Carlo and
molecular dynamics simulations have been widely used to model
adsorption.1s 37. 38, 44-47 In this work, adsorption of methane, carbon dioxide and
water in MFI zeolite was studied using ATR-FTIR spectroscopy, which will be
described in the following sections.

1.7 Fourier Transform Infrared (FTIR) spectroscopy

In 1891, A. A. Michelson revolutionized the world of spectrometry by designing a
two-beam interferometer. The interferometer is a main part of virtually all
infrared spectrometers used today (FTIR spectrometers). The Michelson
interferometer consists of two mirrors, one fixed and one movable, and a beam
splitter. An infrared beam is created by a source and is guided by mirrors via the
interferometer through the spectrometer onto the sample compartment and
finally reaches the detector. The detected signal (also denoted interferogram) is
subsequently Fourier Transformed to yield a spectrum. This calculation is the
reason for the name given to this spectrometric technique (FTIR).#8 The intensity
of the signal which reaches the detector depends on the absorption of the
infrared beam when interacting with the sample. All molecules have a certain
natural vibrational frequency and when a molecule is illuminated with infrared
radiation of the same frequency as that of the molecule, the infrared radiation
may be absorbed by the molecule. The molecule is only able to absorb infrared
radiation of the same frequency as its natural vibrational frequency. The
molecular vibration is infrared active if the dipole moment of the molecule



changes during the vibration. Hence, when a molecule is illuminated with
infrared radiation of various frequencies (which is usually the case in a
spectrometer) it will selectively absorb radiation with frequency matching the
natural vibrational frequency of the molecule, see Figure 3. When absorbing
infrared radiation, the molecule will undergo a transition from one vibrational
energy state to another and the molecule will increase its own vibrational energy,
hence it will vibrate with increased amplitude.#® Two important modes of
molecular vibrations used in this work are the stretching modes and bending
modes. The former is characterized by changes in the bond length between the
atoms in the molecule and the latter is characterized by changes in the bond angle
between the atoms. When the infrared radiation is absorbed by the sample, the
intensity of the signal which reaches the detector is decreased.

O

Figure 3. Schematic figure illustrating absorption of infrared radiation. Before interaction
(left); infrared photons of different frequencies approach the molecule in the ground state. After
interaction (right); photons of the same frequency as that of the vibration of the molecule has
been absorbed and the vibrational energy of the molecule is increased.
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1.8 The Attenuated Total Reflectance (ATR) technique

The attenuated total reflectance (ATR) technique is based on internal reflection
where the infrared beam is totally reflected inside an ATR crystal,>° see Figure 4.
To achieve total reflection, the ATR crystal must have a higher refractive index
(n1) than the sample (n2). Total reflection only occurs if the angle of incidence is
larger than the critical angle. The angle of incidence is defined as the angle with
respect to the normal and the critical angle is defined according to>°

.1 (T2
Ocriticar = Sin ! <n_) (2)
1

At each point of reflection in the ATR crystal, an evanescent wave from the
infrared beam is created perpendicular to the surface of the ATR crystal, see
Figure 5. The electric field of the evanescent wave interacts with the sample in
the vicinity of the ATR crystal where parts of the electric field may be absorbed
by the sample resulting in an attenuation of the intensity of the reflected infrared
beam, hence the name of the technique. The amplitude of the electric field
declines exponentially with distance from the surface, z, of the ATR crystal
according to

E = Eje?/% (3)
where E and Ey are the electric field after and before the exponential decline,

respectively, and the penetration depth, dp, is a measure of how far the electric
field reaches from the surface of the ATR crystal.

Figure 4. Schematic figure illustrating the ATR technique where the infrared beam is totally
reflected several times inside the ATR crystal (in this case a trapezoidal element). [ and [ are the
intensity of the infrared beam before and after interaction with the sample, respectively.
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Distance from element surface, z

Evanescent wave where Zeolite sample
E = Eoe_z/dp \5 !
10 ;."""\“ﬁ\dp 1
[ n, AR '
ny
7 \
ATR element Angle of incidence, 8

Figure 5. Schematic figure illustrating the ATR technique where the evanescent wave is
penetrating the zeolite sample.

The penetration depth may be approximated by>°

A
dp = 1 4)
2nt(sin?0 — n3,)?

where A; is the wavelength of the infrared radiation inside the ATR crystal, 8 is
the angle of incidence and n; is the ratio of the refractive indices (nz/ni1).

The penetration depth is typically some hundreds of nanometers to a few
micrometers, which makes ATR spectroscopy a technique ideal for studying
surfaces and thin films.

1.9 Scope of the present work

The scope of the present work was to study adsorption properties of high-silica
MFI zeolites using in-situ ATR-FTIR spectroscopy. The first step was to study the
single component adsorption of methane, carbon dioxide and water in zeolite
Na-ZSM-5. In the next step, the method was used to study multicomponent
adsorption of the CH4/C0O2/H20/Na-ZSM-5 system. Further, the ability of the Ideal
Adsorbed Solution Theory (IAST) to predict adsorbed amounts from mixtures
was assessed. Adsorption of water and butanol in silicalite-1 was also studied
using ATR-FTIR spectroscopy.

12



Chapter 2 Theory

2.1 Concentration of the adsorbate

The well-known Beer-Lambert law describes the relationship between the
absorbance observed in an infrared spectrum and the concentration of the
species of interest.5! For adsorbed concentrations in powders, the Beer-Lambert
equation may be written according to Equation 5, which was used in the present
work to determine the molar absorptivity, €, for methane, carbon dioxide and
water adsorbed in Na-ZSM-5

n-d,

s+dg

A=¢ccl=c¢

(5)

where A is the integrated absorbance, c is the concentration of the adsorbate, I is
the path length, n is the amount of molecules adsorbed in the powder sample
(wafer), s is the surface area of the wafer, d, is the optical path length in the wafer
and d; is the geometric thickness of the wafer. Since the optical path and the
geometric thickness are most likely not identical and the optical path is almost
impossible to determine, the powder was assumed to behave as an isotropic
scatterer i.e. with an optical path length twice the geometrical thickness.

Since the Beer-Lambert law cannot be applied directly to the ATR technique,
Tompkins52 and Mirabella5? developed a method to calculate the concentration of
adsorbate in ATR experiments. The absorbance (for a band of interest) per
reflection is given by

13



A n21E§£oo -2z
N coso C(z)e “rdz (6)

0
where A is the integrated absorbance, N is the number of reflections inside the

gasket sealing in the cell, nz; is the ratio of the refractive indices (nz/ni) of the
denser (ATR crystal, n;) and the rarer (zeolite film, nz) medium, Ey is the
amplitude of the electric field at the ATR crystal/zeolite film interface, € is the
molar absorptivity determined by Equation 5, 6 is the angle of incidence which
was 45° during all experiments, C(z) is the concentration of the adsorbate in the
zeolite film, z is distance from the surface of the ATR crystal and d, is the
penetration depth determined by Equation 4. After integration the following
equation is obtained

A n, E3d,C _2dg
_:u£<1_e ap> 7

N 2cos0

where d, is the thickness of the zeolite film. A hypothetical thickness referred to
as the “effective thickness” of the sample, de, must be introduced in order to apply
the Beer-Lambert law to the ATR data where d. is given by

_nabidy ®)
€ 2cos6

de represents the distance required to achieve the same absorbance in a
transmission experiment as in an ATR experiment. The value of d. is dependent
on the polarization direction of the infrared beam and may be estimated by

IOII IOJ.
= d d
IOII + IOJ_ ell + el (9)

d
¢ Torr + 1oy

where lo; and Ioy are the intensity of the radiation without sample for parallel
and perpendicular polarized radiation, respectively. der is the effective thickness
for parallel polarization and is determined by

2n,,d,cos6(2sin*0 — 2n3,)
(1 —=n3)[ + n)sin?6 — nZ,]

(10)

depy =

14



de. is the effective thickness for perpendicular polarization and is determined by

2n,,d,cos6
d = 11
el 1-— (Tl21)2 ( )

By combining Equations 4-11 it was possible to determine the concentration of
methane, carbon dioxide and water in the Na-ZSM-5 film as well as of water in the
silicalite-1 film, assuming the same molar absorptivity for water in the two films.

2.2 Adsorption isotherms - the Langmuir model

Adsorption isotherms were retrieved from spectral data by integrating the
characteristic infrared band for each of the adsorbed species. The calculated band
areas were converted to concentrations using Equations 4-11 and plotted against
the partial pressure, see Chapter 4. The Langmuir model is commonly used to
describe adsorption in zeolites. For adsorption on one type of sites (all sites are
equivalent, one molecule on each site and no interaction between molecules on
adjacent sites) in the zeolite film the single site Langmuir model was used

St 12
1+ b,P (12)

Qtot = 1

where q; is the saturation concentration of the site (mmol g1), b; is the Langmuir
adsorption coefficient or affinity constant (Pa-1) and P is the partial pressure of
the species in the gas phase (Pa). For adsorption on two different sites, the dual
site Langmuir model was used

+q;
1+ b,P 1+ b,P

dtot = 1 (13)

where the subscript number indicates the two sites in the zeolite film. These
models were fitted to single component adsorption isotherms and will be
discussed in detail later.

The heat of adsorption (enthalpy change), 4H, was determined using the van’t
Hoff equation

AH AS
= — 14
Inb T (14)
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where R is the gas constant (J mol? K1), T is the temperature (K) and 4S is the
entropy change (kJ/mol). By plotting Inb against 1/T a straight line with the
slope -AH/R and the y-intercept AS/R was obtained. Adsorption is an exothermic
reaction resulting in negative AH values which represents the bond strength
between the adsorbate and the adsorbent.

2.3 Ideal Adsorbed Solution Theory

Based on Gibbs adsorption isotherm, Myers and Prausnitz>3 proposed that the
Ideal Adsorbed Solution Theory (IAST) provides a link between single and
multicomponent adsorption, where multicomponent adsorption data is predicted
using only single component data as input. The IAST is similar to Raoult’s law in
vapor-liquid equilibrium according to

P = Pio(ni)xi (15)

where ; is the spreading pressure of component i in the adsorbed phase, x; is the
adsorbed molar fraction and P! is the pure component hypothetical pressure
which yields the same spreading pressure as that of the mixture. The spreading
pressures at the adsorbed equilibrium must be the same for each component in
the mixture

P}

0
. 0(p
wi=ri= [P ap (16)

0
wherei = 1,2,3...,N and
Mi=n,= =ny=T7" (17)

where n?(P) is the pure component equilibrium capacity. By assuming ideal
mixing at constant T and 7, the total adsorbed amount is

1 a X;
7= 2 e 1o

i=1

with the constraint
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x =1 (19)

N
-

4

In the present work, the IAST was used to calculate predicted adsorbed amounts
for multicomponent adsorption in the zeolite using the single component
adsorption isotherm parameters as input.

2.4 Adsorption selectivity

High selectivity is required to achieve an efficient separation process using
adsorption where the process is based on one component being preferably
adsorbed in the zeolite compared to the other. In the present work, the
adsorption selectivity, a, was determined according to2?

Xi/X;
@isj = TY, (20)
where X is the equilibrium mole fractions of components i and j in the adsorbed
phase and Y is the mole fractions in the gas phase at equilibrium between the two
phases.
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Chapter 3 Experimental

3.1  Zeolite film synthesis

Trapezoidal ZnS crystals (Spectral systems) with dimensions of 50x20x2 mm3
and 45° cut edges were used as ATR crystals upon which MFI zeolite films
(Na-ZSM-5 with Si/Al = 130 and silicalite-1) were grown on both sides using two
different seeding methods. Details of the preparation methods have been
reported elsewhere>4+57 and can also be found in Paper I for Na-ZSM-5 and in
Paper V for silicalite-1.

3.2  Film characterization

SEM images of the synthesized zeolite films were recorded using a FEI Magellan
400 field emission XHR-scanning electron microscope. For the Na-ZSM-5 film, X-
ray diffraction data were recorded using a Siemens D5000 x-ray diffractometer
running in Bragg-Brentano geometry. The Si/Al ratio and the Na/Al ratio of the
zeolite film were determined wusing inductively coupled plasma mass
spectroscopy (ICP-MS) measurements. For the silicalite-1 film, X-ray diffraction
data were recorded using a PANalytical Empyrean instrument, equipped with a
PIXcel3D detector and a Cu LFF HR X-ray tube.
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3.3 Adsorption experiments

For in-situ ATR-FTIR adsorption measurements, the zeolite coated ATR crystal
was mounted into a heatable flow cell (also referred to as an ATR cell), see
Figure 6. The heatable flow cell was used to remove any pre-adsorbed species
from the zeolite film prior to measurements and to perform adsorption
experiments at elevated temperatures. The heating of the ATR cell as well as
pre-heating of the gas feed was adjusted by programmable temperature
controllers. The ATR cell was sealed with graphite gaskets to prevent gas leakage.
To mount the heatable flow cell into the spectrometer, an ATR attachment from
Spectratech was used. The ATR cell was connected to a gas delivery system, see
Figure 7, where the gas flow was controlled by mass flow controllers (MFC). For
single gas adsorption experiments of methane and carbon dioxide, the pure gas
was diluted using helium to control the partial pressure of the analyzed gas
before entering the ATR cell. Helium was also used as a carrier gas for the water
experiments where helium was fed to two saturators connected in series filled
with liquid water. The first saturator was kept at room temperature and the
second was cooled using a circuit of temperature controlled glycol. The flow rate
was controlled by the MFC’s in two different streams; one stream going through
the saturators and the other for diluting the flow from the saturators and hence
controlling the partial pressure of water. The carrier gas was not used for
multicomponent adsorption experiments. The pure gases were then mixed before
entering the ATR cell and for multicomponent experiments including water, one
of the pure gases was fed through the saturators. To remove any adsorbed
species prior to measurements, the zeolite film was dried overnight at 300 °C
under a flow of helium. Thereafter, the ATR cell was mounted in the
spectrometer. Prior to the adsorption measurements, a background spectrum of
the dried zeolite film was recorded under a flow of helium. For each composition
of the gas, infrared spectra were recorded continuously until the system reached
equilibrium and changes with time could no longer be observed. The infrared
spectra were recorded using a Bruker IFS 66v/S FTIR spectrometer equipped
with a deuterated triglycine sulphate (DTGS) detector by co-adding 256 scans ata
resolution of 4 cmL.
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Figure 6. Schematic figure illustrating the ATR cell (seen from above) with zeolite film on both
sides of the ATR element. Thermocouple and heating elements have been omitted for the sake
of clarity.
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Figure 7. Schematic figure illustrating the gas delivery system.
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3.4 Determining the molar absorptivities

The analysis for determining the molar absorptivity for methane, carbon dioxide
and water in Na-ZSM-5 was conducted using a combination of thermogravimetry
and infrared spectroscopy. Analysis by gravimetry and infrared spectroscopy
(AGIR) is a recently developed technique presented by Bazin et al.58 where
gravimetry and IR spectroscopy are combined in the same reactor cell, see
Figure 8. The balance is placed at the top of the setup and the measuring range is
+200 mg with an accuracy of 0.03 pg. The sample is attached to the balance via a
suspending rod; see Figure 9, which holds the sample in the center of the IR cell
perpendicular to the infrared beam. The infrared beam travels through the cell
and the sample. Infrared spectra are recorded simultaneously as measurements
of the mass are performed. The spectral data were collected using a Nicolet 6700
spectrometer equipped with a mercury, cadmium and tellurium (MCT) detector
by co-adding 64 scans at a resolution of 4 cm', whereas a symmetrical
microbalance SETSYS-B from SETARAM was used to record the mass. The AGIR
setup and the general methodology for determining molar absorptivities of
species adsorbed on powders have been described in more details previously.>8

In the present work, a 25 mg sample of zeolite ZSM-5 (Si/Al = 115) was pressed
as a self-supported wafer with an area of 2 cm2 The wafer was mounted in the
AGIR setup with the measurement cell connected to a gas delivery system. Prior
to measurements, the wafer was dried at 400 °C under a flow of argon. Thereafter
the adsorbate was fed to the setup and infrared spectra of the adsorbed species
and the mass of the sample were recorded simultaneously until equilibrium was
reached. The concentration of the adsorbate in the gas was monitored by a mass
spectrometer connected to the outlet of the cell. The molar absorptivity, ¢, for
methane, carbon dioxide and water was determined using Equation 5.
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Figure 8. Schematic figure of the AGIR system58 having the following compartments: 1.
Microbalance, 2. Telescopic column, 3. Link between the balance and the IR cell, 4. Support for

the IR cell, 5. IR cell, 6. Base plate.

Sample holder
Balance ———
LT r®

Suspending rod :
Stainless steel and Pt

Hooks

Cell reactor IR beam (perpendicular)

Gas in —— — Gas out
Sample

Figure 9. Schematic figure illustrating the sample holder in the AGIR system.58

23



24



Chapter 4 Results and discussion

4.1 Film characterization

SEM images of Na-ZSM-5 and silicalite-1 films synthesized on ZnS crystals are
shown in Figures 10 and 11, respectively. The zeolite films are continuous and
consist of well-intergrown crystals which form dense and homogenous films
without any pinholes. The thicknesses of the Na-ZSM-5 and silicalite-1 films are
approximately 550 and 750 nm, respectively.

Figure 10. SEM images of the Na-ZSM-5 film synthesized on a ZnS crystal; cross section (a) and
top view (b).
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Figure 11. SEM images of the silicalite-1 film synthesized on a ZnS crystal; top view (a) and
cross section (b).

The MFI phase of the zeolite films were verified by XRD and the recorded
patterns are shown in Papers 1 and V, respectively, where more detailed
information can be found.

The Si/Al and Na/Al ratios of the Na-ZSM-5 film were determined to be 130

and 1, respectively. The specific Si/Al ratio was chosen since it represents the
composition of the high silica ZSM-5 membranes prepared in our group.s9 60
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4.2 Single component adsorption experiments

Single component adsorption of methane and carbon dioxide was studied in
Na-ZSM-5 (Paper I), whereas adsorption of water was studied in both Na-ZSM-5
and silicalite-1 (Papers [ and V).

4.2.1 Infrared spectra

Infrared spectra of methane and carbon dioxide adsorbed in Na-ZSM-5 at 35 °C
and at different partial pressures in the gas phase are presented in Figures 12
and 13, respectively. Bands in the 3020-3000 cm! region are assigned to the C-H
stretching vibration®®. 62 of adsorbed methane where two bands were observed at
3015 and 3002 cmt. The asymmetric stretching vibration*! band of carbon
dioxide appeared at 2338 cm-l. At lower partial pressures, two bands can be
observed at 2350 and 2338 cm-, indicating that the carbon dioxide molecules are
less restricted at these loadings. At higher pressures, only one band at 2338 cm'!
was observed, reflecting the restricted motion of the carbon dioxide molecules
inside the narrow zeolite pores. The spectra of adsorbed methane and carbon
dioxide at higher temperatures were of same character but weaker as expected
due to reduced adsorption with increasing temperature.

|0.02
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92.9
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33.8
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Figure 12. Infrared spectra of adsorbed methane in Na-ZSM-5 at 35 °C and various partial
pressures (kPa) as indicated in the figure.
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Figure 13. Infrared spectra of adsorbed carbon dioxide in Na-ZSM-5 at 35 °C and different
partial pressures (kPa) as indicated in the figure.

Infrared spectra of water adsorbed in Na-ZSM-5 and silicalite-1 at 35 °C and at
various partial pressures in the gas phase are presented in Figures 14 and 15,
respectively. The intensity of the bands correlates well with the partial pressures
showing higher absorbance at higher partial pressures. Moreover, the intensity of
the bands is higher for adsorption of water in Na-ZSM-5 compared to silicalite-1
as a result of Na-ZSM-5 being more hydrophilic due to its aluminum content. The
broad band in the 3700-2700 cm-! region was assigned to the O-H stretching
vibration (asymmetric and symmetric) of adsorbed water whereas the band at ca.
1620 cm'! was assigned to the bending vibration of adsorbed water.4%. 63 The
broad band is associated with hydrogen bonded water and indicates the
formation of water clusters, which is in agreement with Jentys et al.3* The band at
ca. 1620 cm! was observed at lower wavenumber for adsorption in silicalite-1
compared to the same vibration mode for Na-ZSM-5 (ca. 1622 cm1). This
indicates that the water-zeolite interactions were weaker in silicalite-1 compared
to Na-ZSM-5, again due to Na-ZSM-5 being more hydrophilic compared to
silicalite-1. In general, the bending vibration band is observed at a lower
wavenumber compared to bulk water (ca 1650 cm) which is a result of the
stronger hydrogen bonds between water molecules compared to water-zeolite
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interactions. The negative band at ca. 3730 cm! is assigned to the O-H stretching
vibration of free surface silanol groups.3* As water adsorbs on the silanol group
the, silanol band is red shifted leading to a negative band at the wavenumber of
the unperturbed silanol group. Similar infrared spectra of adsorbed water in
ZSM-5 and 13X zeolite have been reported previously in the literature.34 41

Comparing the spectra of methane, carbon dioxide and water presented in
Figures 12-15 show that the characteristic bands of each component appear at
different wavenumbers in the spectra. It should therefore be possible to
distinguish the different adsorbed species from each other when adsorbed from
multicomponent mixtures, which will be discussed later in this chapter.
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Figure 14. Infrared spectra of adsorbed water in Na-ZSM-5 at 35°C and various partial
pressures of the gas phase (kPa) as indicated in the figure.
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Figure 15. Infrared spectra of adsorbed water in silicalite-1 at 35°C and various partial
pressures of the gas phase (kPa) as indicated in the figure.

4.2.2 Molar absorptivity

In order to calculate the adsorbed concentrations from an ATR experiment, the
molar absorptivities, ¢, for the species adsorbed in the zeolite are needed. Such
measurements were performed using the AGIR setup, and the data were analyzed
using the Beer-Lambert law (Equation 5). The molar absorptivities for the
adsorbates in Na-ZSM-5 were determined to be 0.85 cm/umol for methane (band
centered at 3002 cm), 16.3 cm/pumol for carbon dioxide (band centered at
2340 cm!) and 0.645 cm/pmol for water (band centered at 1630 cm). The
molar absorptivity for water in silicalite-1 was assumed to be the same as for
water adsorbed in Na-ZSM-5.
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4.2.3 Adsorption isotherms

Data retrieved from the infrared spectra were converted to adsorbed
concentrations using Equations 4-11. The adsorption isotherms for methane,
carbon dioxide and water are presented in Figures 16 and 17. Curves
representing the Langmuir models fitted to the experimental data are also
included in the figures; the single-site Langmuir model was used for methane, and
the dual-site Langmuir model for carbon dioxide and water. As can be seen, the
Langmuir models fit the experimental data very well. The adsorption isotherms
determined in the present work did not reach the saturation limit at the studied
partial pressures for any of the components. The adsorption isotherms of
methane, see Figure 16 a, show quite low loading compared to the loadings
obtained for carbon dioxide and water, indicating that methane interacts weaker
with Na-ZSM-5 compared to the other two components, which is agreement with
the literature.1s 16,37 40 [t is evident that less water was adsorbed in silicalite-1
compared to Na-ZSM-5, see Figure 17, due to Na-ZSM-5 being more hydrophilic.
Water did not adsorb in detectable amounts in silicalite-1 at 120 °C and hence, no
isotherm could be determined at this temperature.

The fitted Langmuir adsorption coefficients (b) and the saturation concentrations
(gsat) for methane, carbon dioxide and water are reported in Table 1. The
saturation concentration of methane in Na-ZSM-5 was determined to be
2 mmol/g in the present work using the single-site Langmuir model. The value is
in agreement with values reported in literature for adsorption in MFI type
zeolites, which are in the 1.9-5.4 mmol/g range.29-31 6467 Regarding carbon
dioxide, the saturation concentration in MFI type zeolites has been reported in
the 1.2-5 mmol/g range and the value of 2.8 mmol/g determined in the present
work thus agrees with values in the literature.29-31, 33, 6467 The two adsorption
sites related to carbon dioxide are likely associated with cations and silanol
groups (polar sites) with stronger interactions and sites on the pore wall with
weaker interactions.33 The saturation loading on the polar sites is significantly
lower than the corresponding value for the site with weaker interaction which is
reasonable due to the low aluminum content of the zeolite. In the present work,
the saturation concentration of water in Na-ZSM-5 and silicalite-1 was
determined to be 5.8 and 3.2 mmol/g, respectively. Reports on the saturation
concentration of water in different MFI zeolites vary significantly from 0.8 to
31 mmol/g.35 36, 6870 The great variation in the values is probably due to the
varying Si/Al ratios and the amount of defects in the zeolites. Low Si/Al ratios
will make the zeolite more hydrophilic and hence more water should be
adsorbed. Crystal defects, such as the formation of silanol groups, also affect the
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adsorption of water. The presence of silanol groups in the zeolite will render it
more hydrophilic, and hence increase the adsorption of water. However, most
literature reports are in the 0.8-4.8 mmol/g range, which is similar to the value
determined in this work. As for carbon dioxide, Na-ZSM-5 and silicalite-1
probably provides the water molecules with two possible adsorption sites. The
high affinity adsorption site is probably related to sites containing cations (only
in Na-ZSM-5) and/or silanol groups. The low affinity adsorption site is however
possibly related to the formation of water clusters.
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Figure 16. Adsorption isotherms for methane (a) and carbon dioxide (b) in Na-ZSM-5 at
35°C (o), 50 °C (m), 85 °C (©) and 120 °C (e).The symbols represent the experimental data and

the lines represent the Langmuir model.
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Figure 17. Adsorption isotherms for water in Na-ZSM-5 (a) and in silicalite-1 (b) at 35 °C (o),
50 °C (m), 85 °C (©) and 120 °C (e). The symbols represent the experimental data and the lines
represent the Langmuir model.

4.2.4 Heat of adsorption

The heat of adsorption, 4H, for methane, carbon dioxide and water was
determined by analyzing the temperature dependency of the adsorption
coefficients using the van’t Hoff equation (Equation 14). The values obtained in
the present work are presented in Table 2. As for the saturation capacities, there
is significant scattering in the values reported in the literature.z8-31 33, 35 70
However, the values obtained in the present work are within the range of
previously reported data for MFI zeolites with similar Si/Al ratio and are thus in
agreement with the literature. Methane has a lower isosteric heat of adsorption
value compared to carbon dioxide and water, which might be expected due to its
slightly lower polarizability compared to carbon dioxide and its lack of
polarity.16.29. 40,71 Carbon dioxide and water are therefore preferably adsorbed in
Na-ZSM-5 compared to methane. For water, the isosteric heat of adsorption is of
the same magnitude for both Na-ZSM-5 and silicalite-1. However, more water is
adsorbed in Na-ZSM-5 due to the higher affinity of water for Na-ZSM-5 compared
to silicalite-1, see Table 1.
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As demonstrated above, the ATR-FTIR technique has proven to be a very
successful method for studying single component adsorption in thin MFI films.
The ability to use infrared spectroscopy to distinguish between different species
adsorbed from a multicomponent gas mixture will be discussed next.

Table 1. Langmuir adsorption coefficients (b, Pa'l) and saturation concentrations
(gsat, mmol/g) for methane, carbon dioxide and water.

Adsorbate  Temp. (°C) qi (mmol/g) bi(1/Pa) qz(mmol/g) bz (1/Pa)

CHq 35 2 1.04x10-¢

50 2 5.53x107

85 2 2.38x107

120 2 1.18x10-7
CO; 35 2.78 1.04x10-5 0.04 6.33x104
50 2.78 5.03x10-6 0.04 2.47x10+4
85 2.78 1.24x10-6 0.04 1.83x10-5
120 2.78 4.44x107 0.04 8.31x106
Hz0 35 5.34 3.75x104 0.50 7.90x10-2
(Na-ZSM-5) 50 5.34 1.10x10-4 0.50 2.80x10-2
85 5.34 1.10x10-> 0.50 8.10x10-3
120 5.34 8.00x10-7 0.50 4.63x104
H-0 35 2.96 1.70x10-* 0.23 4.84x10-2
(silicalite-1) 50 2.96 4.00x10- 0.23 1.21x10-2
85 0.23 3.43x103
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Table 2. Values of the heat of adsorption, 4H, for methane, carbon dioxide and

water obtained in the present work.

Adsorbate Zeolite Si/Al ratio AH (kJ/mol)
CH4 Na-ZSM-5 130 -23

CO; Na-ZSM-5 130 -37 (site 1)

-54 (site 2)

H-0 Na-ZSM-5 130 -72 (site 1)

-58 (site 2)

H20 silicalite-1 o -46 (site 1)

-79 (site 2)
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4.3 Multicomponent adsorption experiments
In the present work, adsorption of the following multicomponent mixtures have
been studied

e Dbinary adsorption of carbon dioxide/methane (Paper II)

e binary adsorption of water/methane (Paper I1I)

e binary adsorption of water/carbon dioxide (Paper III)

e ternary adsorption of methane/carbon dioxide/water (Paper [V)

4.3.1 Infrared spectra

An infrared spectrum of methane and carbon dioxide adsorbed simultaneously
from a binary mixture in Na-ZSM-5 at 35 °C is presented in Figure 18 while
Figure 19 shows an infrared spectrum from a ternary mixture (also including
water) in the same zeolite. As discussed earlier for single component adsorption,
the bands at 3015 and 3003 cm! are assigned to the C-H stretching vibration of
adsorbed methane and the band at 2338 cm is assigned to asymmetric
stretching vibration of carbon dioxide. In Figure 19, the broad band in the
3700-2700 cm! region and the band at ca. 1620 cm! indicate the presence of
adsorbed water. The broad band is assigned to asymmetric and symmetric O-H
stretching vibration and is associated with hydrogen bonded water indicating the
formation of water clusters, which is in agreement with Jentys et al.3¢ The latter
band is assigned to the bending vibration of adsorbed water. Two well resolved
bands appeared at 3698 cm! and 3596 cm-! which were only resolved in systems
containing carbon dioxide. The bands are assigned to O-H stretching vibrations
located at defects (probably silanol groups) in the zeolite film, indicating that
silanol groups might interact with each other before interacting with carbon
dioxide molecules since these bands were not seen in the background spectra.
Infrared spectra recorded for both binary and ternary mixtures at higher
temperatures were similar in appearance but with lower intensities.

Thus, characteristic bands of all the adsorbed species were observed and the

bands remained in the same positions as in the single component spectra,
indicating that no major interaction between the species occurred.
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Figure 18. Infrared spectra of methane and carbon dioxide adsorbed in Na-ZSM-5 from a
binary mixture at 35 °C. The partial pressure of methane and carbon dioxide was 98 and 3 kPa,
respectively.
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Figure 19. Infrared spectra of methane, carbon dioxide and water adsorbed in Na-ZSM-5 at
35 °C. The partial pressure of the components was 83.9, 16.8 and 0.6 kPa, respectively.
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4.3.2 Adsorbed amounts

Adsorbed concentrations of methane, carbon dioxide and water were retrieved
from infrared spectra using Equations 4-11. In general, for the mixtures studied
in this work, the adsorbed concentrations increased with increasing partial
pressure of the respective component and decreased with increasing
temperature, as expected. Figure 20 shows adsorbed concentrations of methane
and carbon dioxide, respectively, from both binary and ternary mixtures as a
function of the mole fraction of carbon dioxide in the gas phase. At lower
temperatures (35 and 50 °C), the adsorbed concentrations from ternary mixtures
are lower for both methane and carbon dioxide compared to the adsorbed
concentrations from binary mixtures at similar partial pressures of methane and
carbon dioxide. This was due to water having a higher affinity for the zeolite than
both carbon dioxide and methane. Hence, water will be preferably adsorbed
leading to a decrease in the adsorbed concentrations of both methane and carbon
dioxide in the ternary mixtures compared to the binary mixtures. At higher
temperatures (85 and 120 °C), the absorbed concentrations are of the same
magnitude for both binary and ternary mixtures indicating that neither methane
nor carbon dioxide are significantly affected by the presence of water in the
mixture. This could be explained by the overall lower total adsorbed
concentrations at higher temperatures leading to a lower dependence on the
co-adsorbed species. Further, since water has a higher isosteric heat of
adsorption value compared to methane and carbon dioxide, the affinity of water
is more affected by the increase in temperature than the other two components.
As mentioned earlier, carbon dioxide and water are preferably adsorbed on
adsorption sites related to cations or defects like silanol groups (high affinity, low
capacity sites). After occupying these sites, carbon dioxide is adsorbed on the
pore wall while water molecules tend to form clusters at the polar sites as the
partial pressure is increased (low affinity, high capacity sites).
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Figure 20. Adsorbed concentrations of methane (a) and carbon dioxide (b) from binary
mixtures (filled markers) and ternary mixtures (open markers) at 35°C (o,m), 50 °C (¢,¢),
85°C (0,0) and 120 °C (A, A). The lines are only a guide for the eyes.

4.3.3 The Ideal Adsorbed Solution Theory

Predicted values for multicomponent adsorption were determined through the
IAST using the single component Langmuir adsorption isotherm parameters
(b and gsar) as input. The predicted values were compared to the experimentally
determined adsorbed concentrations to assess if the IAST was an accurate model
to use for the systems studied.

Figure 21 shows the adsorbed phase mole fractions of methane and carbon
dioxide from binary mixtures (Paper II) as a function of the mole fraction of
carbon dioxide in the gas phase. Values predicted using the IAST are also included
in the figure and are in excellent agreement with the experimental data. This is in
accordance with findings previously reported in the literature!> where it has been
shown that the binary adsorption of carbon dioxide and methane in zeolite MFI
may accurately be predicted using the IAST. Figures 22 a and b show the
adsorbed phase mole fraction of methane and carbon dioxide, respectively, from
binary mixtures with water (Paper III) as a function of the mole fraction of water
in the gas phase. In general, the values predicted by the IAST (lines) for methane
are in reasonably good agreement with the experimental data. At 120 °C, the
predicted values deviate slightly from the experimental data which could be an
effect of the low amount of adsorbed methane at this temperature. The values
predicted by the IAST for carbon dioxide tend to follow the same trend as the
experimental data. However, the IAST cannot fully describe the adsorption
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behavior of carbon dioxide and water indicating a non-ideal adsorption behavior,
which is in agreement with previous reports for zeolites NaX, 5A and 13X.41. 42
The adsorbed phase mole fractions of methane, carbon dioxide and water from
ternary mixtures (Paper IV) as a function of the mole fraction of carbon dioxide in
the gas phase are presented in Figures 23 a, b and c, respectively. Again, values
predicted using the IAST are included in the figures. The predicted values for
methane are in reasonably good agreement with the experimental data with only
the highest temperature as an exception. At 120 °C, the IAST is overestimating the
amount of adsorbed methane. This deviation was also noticed in binary mixtures
of methane and water (Paper III) and could be an effect of the low amount of
methane being adsorbed at the highest temperature. Moreover, the predicted
values of carbon dioxide and water seem to be following the same trend as the
experimental data, but the IAST cannot describe the adsorption behavior of the
two components in ternary mixtures. This non-ideal adsorption behavior was
also observed for binary mixtures of carbon dioxide and water (Paper III) and is
most likely related to the adsorption behavior of water forming clusters and the
inability of the dual-site Langmuir model to describe this behavior.

The IAST is a reliable model for predicting the amount adsorbed from binary
methane/carbon dioxide mixtures. The non-ideal behavior of mixtures containing
water may not be described by the IAST and instead more advanced models like
the Real Adsorbed Solution Theory (RAST) or the Vacancy Solution Theory (VST)
may be needed to accurately predict the amount of adsorbed carbon dioxide and
water. In addition, a single component model accurately describing the
adsorption behavior of water in high silica MFI, especially considering cluster
formation, should be developed.
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Figure 21. Adsorbed phase mole fraction as a function of carbon dioxide in the gas phase at
35°C (o,m), 50 °C (0,¢), 85°C (0,e) and 120 °C (A, A) using a total pressure of 101.3 kPa. The
filled markers represent carbon dioxide, the open markers represent methane and the lines are
representing values predicted using the IAST.
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Figure 22. Adsorbed phase mole fraction of methane (a) and carbon dioxide (b) as a function of
water in the gas phase at 35°C (m,-), 50 °C (¢,---), 85°C (®,-) and 120 °C (A ,--) using a total
pressure of 101.3 kPa. The lines represent values predicted by the IAST.
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Figure 23. Adsorbed phase mole fraction of methane (a), carbon dioxide (b) and water (c) at
35°C (o,-), 50°C (9,--), 85°C (o,) and 120°C (A,--). The markers represent the experimental
data and the lines represent values predicted using the IAST. The total pressure was 101.3 kPa.
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4.3.4 Adsorption selectivity

The CO2/CH4 adsorption selectivity for various compositions of the gas phase at
different temperatures are shown in Figures 24 a and b for both binary and
ternary mixtures at low (35 and 50 °C) and high temperatures (85 and 120 °C),
respectively. The introduction of water in the methane/carbon dioxide system
has a larger effect at lower temperatures where the CO:/CHs adsorption
selectivity is slightly higher for ternary mixtures compared to the binary
mixtures. This could be an effect of water having a much higher affinity at lower
temperatures compared to both methane and carbon dioxide where water is
preferentially adsorbed leading to a decrease in the adsorbed concentrations of
both the other components, as mentioned before (see Figure 20). The adsorbed
concentrations of methane and carbon dioxide were essentially unaffected by the
presence of water at higher temperatures (see Figure 20) explaining the similar
COz/CH4 adsorption selectivity for binary and ternary mixtures at higher
temperatures.

The composition of the gas phase, where the content of methane is the highest, is
perhaps of greatest interest since biogas (and many natural gas sources) mainly
consists of methane with a carbon dioxide content of 5-30%. The CO2/CH4
adsorption selectivity at 35 °C was determined to be 18.3 for a ternary mixture
containing 66.6 % methane, 33.3 % carbon dioxide and 0.1 % water and 16.9 for
a binary mixture of 65 % methane and 35 % carbon dioxide. The slightly higher
selectivity for the ternary mixture can be explained by the higher affinity for
water and carbon dioxide compared to methane where methane has difficulties
competing with the other components for the adsorption sites. These CO2/CH4
adsorption selectivity results imply that the separation of carbon dioxide and
water from methane in biogas using a ZSM-5 membrane would be more efficient
at lower temperatures, in line with experimental findings.”2

The CO2/CH4 selectivity for an equimolar mixture of carbon dioxide and methane
is also of great interest since most of the values reported in the literature are for
this gas phase composition. The CO2/CH4 adsorption selectivity at 35 °C was
determined to be 17.6 for a ternary mixture containing 49.9 % methane, 49.9 %
carbon dioxide and 0.2 % water and 15.4 for an equimolar mixture of methane
and carbon dioxide. Again, the selectivity is improved when a small amount of
water is present in the mixture. Table 3 shows the values obtained in the present
work together with values previously reported in the literature for MFI zeolites.
As literature data on adsorption selectivity are scarce, some membrane
permeation selectivities are also included for comparison. In general, the
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adsorption selectivity is higher compared to the permeation selectivity of
membranes (it should be noted that the definition of selectivity differs between
the two processes, where perm=0adsxaditf)®> 73, but also the Si/Al ratio is a
contributing factor. Higher aluminum content generally results in a higher
selectivity towards carbon dioxide.

The relatively high selectivity values obtained in this study indicate that the
separation of carbon dioxide from methane may be efficient using a high-silica
Na-ZSM-5 membrane.
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Figure 24. CO2/CH4 selectivity from binary (filled markers) and ternary (open markers)
mixtures at a total pressure of 101.3 kPa. Figure (a) shows the selectivity at low temperatures,
35°C (o,m) and 50 °C (0,4), and figure (b) shows the selectivity at high temperatures, 85 °C (©,e)
and 120 °C (A, A).
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Table 3. CO2/CH4 selectivity, in an equimolar mixture, obtained in the present
work presented together with values reported in the literature.

Zeolite Si/Al  Adsorbent/ Temperature CO2/CH4 Reference
ratio  membrane (°0) selectivity
Na-ZSM-5 130 adsorbent 35 15.4 Present work
(binary mixture)
Na-ZSM-5 130 adsorbent 35 17.6 Present work
(ternary mixture)
silicalite-1 - adsorbent 40 7 Li and Tezel3°
silicalite-1 - membrane 25 2.23 Othman et
Na-ZSM-5 25 membrane 25 6.28 al.74
silicalite-1 - membrane r.t. 2 Poshusta et
H-ZSM-5 - membrane r.t. 5.5 al.7s
H-ZSM-5 139 membrane 4 4.5 Sandstrom et
al.72
MFI - membrane 27 2.2 Krishna and

van Baten?!5

Moreover, a limited number of adsorption experiments studying binary
butanol/water mixtures in silicalite-1 were carried out in Paper V. At 35 °C, a
butanol/water adsorption selectivity as high as 107 was obtained, illustrating
that silicalite-1 may be a promising material for recovering butanol from ABE
fermentation broths, however this should system should be studied in greater

detail.
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Chapter 5 Conclusions

In the present work, single component adsorption of methane, carbon dioxide
and water has been studied using ATR-FTIR spectroscopy and the method has
successfully been further used to study multicomponent adsorption of these
components.

Infrared spectra of adsorbed methane, carbon dioxide and water from single gas
experiments showed distinct, non-overlapping bands for the adsorbed species,
which made it possible to distinguish each adsorbed species when adsorbed from
multicomponent mixtures.

From the recorded infrared spectra, the adsorbed concentrations of the studied
components were determined. The Langmuir model was fitted to the adsorption
data from the single component adsorption experiments and the model matched
the experimental data very well. Further, the fitted Langmuir parameters
obtained agreed with values previously reported in the literature.

The IAST was used to predict the adsorbed concentrations of methane, carbon
dioxide and water in multicomponent mixtures using the single component
adsorption isotherm parameters as input and the predicted values were
compared to the experimental data. The IAST accurately predicted the amount of
adsorbed methane and carbon dioxide from binary methane/carbon dioxide
mixtures. For the amount of adsorbed methane from binary methane/water
mixtures and ternary mixtures, the IAST predicted the values fairly well
However, for mixtures containing carbon dioxide and water (both binary and
ternary mixtures), the IAST could not fully describe the adsorption behavior of
the two components, indicating a non-ideal behavior. The IAST is therefore not
recommended and other models, such as the Real Adsorbed Solution Theory
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(RAST) or the Vacancy Solution Theory (VST), may be needed to accurately
predict the amount of adsorbed carbon dioxide and water. In addition, a single
component model accurately describing the adsorption behavior of water in high
silica MF], especially considering cluster formation, should be developed.

The CO2/CHs4 selectivity was studied for various gas compositions and
temperatures. In general, the selectivity was increasing with decreasing
temperature indicating a more efficient separation of carbon dioxide from biogas
at lower temperatures. The CO2/CHs selectivity was higher for ternary mixtures
compared to binary mixtures indicating that a small amount of water enhances
the selectivity. The relatively high CO2/CH4 selectivity obtained in the present
work compared to the literature indicates that the separation may be efficient
using a high-silica Na-ZSM-5 membrane. It was also shown that silicalite-1 is
butanol selective from butanol/water mixtures indicating that this zeolite may be
efficient for recovery of butanol from dilute water mixtures.
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Chapter 6 Future work

The present work has shown that ATR-FTIR spectroscopy is an efficient method
to study both single and multicomponent adsorption of methane, carbon dioxide
and water in MFI zeolites. The adsorption study, however, was only referring to
the equilibrium mechanism. Therefore, to get a complete picture of the
adsorption behavior, the kinetics should be studied as well.

For mixtures containing carbon dioxide and water, where the IAST could not fully
describe the adsorption behavior, the Real Adsorbed Solution Theory or the
Vacancy Solution Theory could be used. It would be interesting to compare the
models to evaluate which model is more accurate when predicting the amount of
adsorbed carbon dioxide and water in the zeolites. A single component model
which accurately describes the adsorption behavior of water in high silica MFI,
especially considering cluster formation, should be developed.

[t would also be interesting to study the adsorption of methane, carbon dioxide
and water in ZSM-5 exchanged with a different cation, for example barium, as
well as zeolites synthesized using the fluoride route with less internal defects
instead of the hydroxide route.

Furthermore, the separation of other components typically found in biogas and

natural gas, such as hydrogen sulfide or heavier hydrocarbons, from methane
would be interesting to study.
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Part II

“No amount of experimentation can ever prove me right;
a single experiment can prove me wrong”

-Albert Einstein



60



Paper I

Adsorption of CO2, CHs and H:0 in zeolite ZSM-5 studied using in situ
ATR-FTIR spectroscopy

Lindsay Ohlin, Philippe Bazin, Frédéric Thibault-Starzyk, Jonas Hedlund and
Mattias Grahn

The Journal of Physical Chemistry C






THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCC

Adsorption of CO,, CH,, and H,0 in Zeolite ZSM-5 Studied Using In

Situ ATR-FTIR Spectroscopy

Lindsay Ohlin,*" Philippe Bazin,* Frédéric Thibault-Starzyk,i Jonas Hedlund,” and Mattias Grahn'

Chemical Technology, Lulea University of Technology, 971 87 Lulea, Sweden
*Laboratoire Catalyse and Spectrochimie, CNRS-ENSICAEN-Université de Caen, 6 Boulevard Marechal Juin, Caen Cedex 14050,

France

© Supporting Information

ABSTRACT: Biogas and natural gas are interesting fuels with high H/C
ratio. However, these gases frequently contain carbon dioxide and water
which lowers the heat value of the gas and may induce corrosion.
Therefore, the development of more efficient processes, such as
membrane processes and improved adsorbents, for the separation of
carbon dioxide and water from biogas and natural gas is of great
importance. Zeolite ZSM-S membranes are promising for this separation
which is controlled by the adsorption and diffusion of the different species
in the zeolite. Multicomponent adsorption data are therefore required for
development of new membrane and adsorption processes. In the present
work, the adsorption of water, carbon dioxide, and methane in a Na-ZSM-
S zeolite film at various temperatures was studied by in situ Attenuated
Total Reflectance-Fourier Transform Infrared (ATR-FTIR) spectroscopy

Pore structure of the zeolite film,

i Adsorbed species
where adsorption occurs

IR beam

— Zeolite film
R L - < | ¥

o A
Z N4 N\
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for the first time. Adsorption isotherms were retrieved from the experimental data and the Langmuir model fitted the isotherms
very well. Limiting heat of adsorption was determined from the Henrys law regime and the values determined agreed well with
previously reported data. A few experiments were conducted with multicomponent mixtures and the experimentally determined
amounts adsorbed were compared with values predicted by the Ideal Adsorbed Solution Theory (IAST). It was found that for
the binary mixture of carbon dioxide and methane there was good agreement between the experimental values and those
predicted by the IAST. However, when water was also introduced, the IAST could not fully capture the adsorption behavior of
the multicomponent mixture, probably because the adsorbed phase is not ideal. These findings are in line with previous reports
for adsorption in zeolites. The multicomponent adsorption behavior of this system will be further investigated in forthcoming

work.

B INTRODUCTION

To lower the consumption of traditional fuels derived from oil,
such as gasoline and diesel, biogas and natural gas are
interesting alternatives. Biogas is a renewable resource that is
produced by anaerobic degradation of biomass, resulting in a
mixture of carbon dioxide and methane (usually 60—70%)."* In
natural gas, methane is the main component (usually 80—90%)
along with contaminants such as water and carbon dioxide.>*

There are two main reasons for the removal of carbon
dioxide and water from biogas and natural gas. First of all, from
an economical aspect, there is a desire to lower the cost for the
transportation of undesired gases. Second, the heat value of the
gas decreases in the presence of inert species and to increase
the heat value of biogas and natural gas, removal of carbon
dioxide and water is desired. Adsorption or membrane based
processes have been proposed as interesting alternatives for this
separation. Among the different adsorbent or membrane
materials available, zeolites have received much attention in
the scientific literature due to its great potential.>~®

A zeolite is a microporous, crystalline solid with a well-
defined structure of which the framework is based on silicon,

v ACS Pub“ca‘tions © 2013 American Chemical Society

aluminum, and oxygen.9 The material is unique due to its
uniform micropores which give the zeolites the characteristics
of separating molecules based on their sizes,'"’ shape, and
polarity.”

Silicalite-1 and ZSM-S are two forms of the zeolite type MFI
where silicalite-1 is a pure silica analogue of ZSM-S. Silicalite-1
does not contain any aluminum, it lacks counterbalancing
cations and thus ion-exchange capabilities, and it is classified as
a molecular sieve rather than a zeolite. The lack of aluminum in
silicalite-1 also makes it more hydrophobic compared to ZSM-
51

During the last ten years, there has been a significant amount
of research focusing on the usage of zeolites for carbon dioxide
and methane separation by, e.g, membrane and adsorption
technologies.'>™" Recently, our group has demonstrated very
effective separation of CO, from synthesis gas using MFI
membranes.’® Adsorption of carbon dioxide and methane in
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MEFI zeolites is fairly well studied whereas adsorption of water
has been less investigated. Choudhary et al.'” studied single gas
adsorption of carbon dioxide and methane on silicalite-1 at 32
and 80 °C using gravimetry. The results showed that the
Langmuir isotherm model fits the experimental data for carbon
dioxide and the Dubinin—Polanyi equation fits for methane at
32 °C. At 80 °C, the Freundlich equation fits the experimental
data for both of the analyzed gases. An isosteric heat of
adsorption of —20 kJ/mol was reported for carbon dioxide and
—27.5 kJ/mol for methane. Sun et al."® also used gravimetry to
study single gas adsorption of carbon dioxide and methane in
silicalite-1. The adsorption isotherms for both gases were of
Type 1 in the Brunauer classification and the Virial equation
was fitted to the isotherm data. The isosteric heats of
adsorption for carbon dioxide and methane were reported to
be aggroximately —28 and —20 kJ/mol, respectively. Dunne et
al’”? studied single gas adsorption of carbon dioxide and
methane in silicalite-1, H-ZSM-5 (Si/Al = 30), and Na-ZSM-5
(Si/Al = 30) using gravimetry. The isosteric heat of adsorption
of carbon dioxide was —27 kJ/mol in silicalite-1, 38 kJ/mol in
H-ZSM-5, and —50 kJ/mol in Na-ZSM-S, which shows an
increase in the isosteric heat of adsorption with increasing
aluminum content and a rather strong dependency on the type
of counterion. The choice of counterion also affects the
isosteric heat of adsorption for methane, which was reported to
be —21 kJ/mol in silicalite-1 and —27.3 kJ/mol in Na-ZSM-$
showing a slight increase with increasing aluminum content.

Olson et al?' used thermogravimetry to study single gas
adsorption of water in H-ZSM-5 materials of various Si/Al
ratios. The adsorption isotherms were of Freundlich type for H-
ZSM-S materials having a low Si/Al ratio and of Type 6
(according to the Brunauer classification) character for high Si/
Al ratios. An isosteric heat of adsorption of water of —113 kJ/
mol was reported for a Si/Al ratio of 38 and —75 kJ/mol for a
Si/Al ratio of 250 showing that the isosteric heat of adsorption
is increasing with increasing aluminum content. Bolis et al.>*
studied single gas adsorption of water in silicalite-1 and H-
ZSM-S5 using microcalorimetry. The isosteric heat of adsorption
was reported to be in the range of 61—68 kJ/mol for silicalite-1
and in the —69 to —84 kJ/mol region for H-ZSM-S (Si/Al =
3.8) showing a slightly higher value for the aluminum
containing material. Our group has also studied adsorption of
water and hydrocarbons in silicalite-1 films using spectroscopic
ellipsometry.”

Garcia-Pérez et al."? investigated the adsorption properties of
carbon dioxide and methane in different all silica zeolites for
both single and binary mixtures using molecular simulations. At
the conditions studied, the adsorption of carbon dioxide was
always favored but to what extent was highly dependent on
zeolite structure and bulk gas consumption. Harlick et al'*
studied the adsorption of carbon dioxide and methane in high
silica H-ZSM-5 and used the IAST to predict the adsorbed
loadings from binary mixtures. It was concluded that the IAST
cannot fully predict the binary adsorption behavior. However,
from the models tested, it gave the best fit to the experimental
data. Krishna and van Baten® used Grand Canonical Monte
Carlo and molecular dynamics simulations when studying the
adsorption behavior of carbon dioxide and methane in MFL
The IAST was used to predict loadings in the mixture. It was
reported that the IAST fitted the simulated data very well. Bao
et al."® compared the adsorption of carbon dioxide and
methane in ZSM-$ and silicalite-1 by volumetric measurements
showing that ZSM-$S has a higher affinity for carbon dioxide

than methane. Our group has previously shown that even small
differences in the Si/Al ratio in MFI membranes affect the
separation performance for hydrocarbon isomers.**

Although some data may be found in literature, experimental
data on multicomponent adsorption in zeolites still remain
scarce. Our group has developed a method based on ATR-
FTIR spectroscopy for studies of adsorption in zeolites and
reported single component adsorption of n-hexane and p-
xylene in silicalite-1 films.>>*® However, the method allows
adsorbed concentrations from multicomponent mixtures to be
retrieved from infrared spectra.

In this work, we use the ATR-FTIR technique to study the
adsorption of water, carbon dioxide, and methane in a low
alumina Na-ZSM-$ zeolite film. From the single component
data we used the IAST to predict the amount adsorbed from a
multicomponent mixture and the predicted values are
compared to experimental data on multicomponent adsorption.

B EXPERIMENTAL SECTION

Synthesis. A zeolite ZSM-5 (Si/Al = 130) film was
prepared on a trapezoidal ZnS crystal (S0 X 20 X 2 mm, 45°
cut edges, Spectral systems) using a seeding method. This
particular Si/Al ratio was chosen as it is the typical composition
of the zeolite membranes produced by our group.””?* Details of
the film preparation procedure have been given elsewhere'" and
only a short summary of the procedure is given here. Prior to
synthesis, all glass and plastic ware were rinsed in a 4% HF
aqueous solution. The Zn§ crystal was cleaned by immersing it
in acetone (VWR, 99.9%), ethanol (VWR, 99%), and distilled
water while sonicating for 10 min in each solution. After
cleaning, the Zn$ crystal was treated with an aqueous solution
of cationic polymer to render the surface positively charged.
Thereafter, the crystal was immersed in a suspension of 50 nm
silicalite-1 crystals for about 5 min and then rinsed in 0.1 M
ammonia solution, which resulted in a monolayer of silicalite-1
seed crystals on the ZnS crystal surface. Subsequently, the ZnS
crystal was kept for 48 h in a synthesis solution with a molar
composition of 3TPAOH:0.1A1,0;:0.4Na0,:25S8i0,:-
1534H,0:100EtOH. Note that the Si/Al ratio in the synthesis
mixture is 125, which results in a Si/Al ratio of 130 in the film,
as will be shown below. The synthesis solution was heated
under reflux in an oil bath kept at 100 °C to grow the seed
crystals to a continuous zeolite film. After synthesis, the sample
was cooled to room temperature and rinsed with a 0.1 M
ammonia solution. The sample was subsequently rinsed with
distilled water and dried at 50 °C overnight. Thereafter, the film
was calcined at 500 °C for 4 h with a heating and cooling rate
of 0.8 deg/min to remove the template molecules from the
pore system of the zeolite.""?’

Instrumentation. Scanning electron microscopy (SEM)
images was recorded with use of a FEI Magellan 400 field
emission extremely high resolution (XHR) microscope and X-
ray diffraction data were recorded on a Siemens D5000 X-ray
diffractometer (XRD) running in Bragg—Brentano geometry.
For determining the molar absorptivities of species adsorbed in
zeolite a dedicated instrument for combined analysis by
gravimetry and infrared spectroscopy (AGIR) was used.®
The infrared spectra from the AGIR measurements were
recorded on a Nicolet 6700 spectrometer equipped with a
mercury, cadmium, and tellurium (MCT) detector by coadding
64 scans at a resolution of 4 cm™ and the mass of the zeolite
wafer was recorded simultaneously by a SETSYS-B micro-
balance from SETARAM. For the in situ ATR-FTIR measure-
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ments, infrared spectra were recorded on a Bruker IFS 66v/S
FTIR spectrometer equipped with a deuterated triglycine
sulfate (DTGS) detector by coadding 256 scans at a resolution
of 4 em™.

Determination of Molar Absorptivity for Adsorbates
in Zeolite. Molar absorptivities of species adsorbed in the
zeolite were determined by using the AGIR setup. In this setup,
a microbalance has been adapted to an infrared reactor cell
facilitating simultaneous measurements of weight and infrared
spectra from solid samples under gas flows and at temperatures
up to 500 °C. The setup and procedure for retrieving the molar
absorptivities have been described in detail elsewhere.’® A
sample of commercial zeolite powder (ZSM-S, Si/Al =115, Eka
Chemicals) was pressed to a self-supported wafer with a weight
of 25 mg and an area of 2 cm? Prior to measurements, the
zeolite was dried at 400 °C under a flow of argon (AIR
LIQUIDE, 99.998%) of 25 mL/min. During the adsorption
measurements, infrared spectra and mass were recorded
continuously until the system reached equilibrium and no
changes could be observed. The molar absorbance coefficient, &
(cm/pmol), was determined using Beer—Lamberts law, which
gives the relationship between the absorbance of a particular
band and the amount of corresponding molecules®® according
to

sdg )

where A (cm™) is the integrated absorbance, n (umol) is the
number of molecules adsorbed in the wafer, s (cm?) is the
surface area of the wafer, d, (cm) is the optical path in the
wafer, and d, (cm) is the geometric thickness of the wafer.
Since the optical path and the geometrical thickness are most
likely not identical and since the optical path is almost
impossible to determine,** the sample was assumed to act as an
isotropic scatter, which means that the optical path is twice that
of the geometrical thickness.

Adsorption Experiments. The ATR crystal was mounted
in a steel flow cell connected to a gas delivery system; the
system and the ATR cell have been described in detail
elsewhere.®® Prior to measurements, the zeolite film was dried
overnight by heating the cell to 300 °C with use of a heating
and cooling rate of 0.9 deg/min while flowing helium (AGA,
99.999%) through the cell to remove any adsorbed species
from the zeolite pores. After drying, the ATR cell was mounted
into the spectrometer equipped with a Specac vertical ATR
attachment with a 45° angle of incidence, without disconnect-
ing the helium flow to the cell. After mounting the cell, a
background spectrum of the dried film under a flow of helium
was recorded. The adsorption measurements of water (distilled
water), carbon dioxide (AGA, 99.995%), and methane (AGA,
99.9995%) were performed by stepswise increasing the partial
pressure of the adsorbate in the helium carrier gas with a total
pressure of 1 atm. At each partial pressure, infrared spectra were
recorded continuously until the system reached equilibrium.

Theory. Concentration of the Adsorbate. The procedure
for calculations of the concentrations of the adsorbate has
previously been described by Tompkins** and Mirabella®® and
more specifically for adsorption in zeolite films by our group.”®
The amount of absorption per reflection is given by the
following equation

2
A _ myBye /‘°° C(2)e /% dz
0

N cos O ()

where A is the integrated absorbance, N is the number of
reflections (20 in our case) inside the gasket sealing the cell,
and n,, is the ratio of the refractive indices of the denser (ATR
element) and the rarer (zeolite film) medium. The refractive
index of the Zn$ crystal is 2.25.° Nair and Tsapatsis®” have
reported the refractive index of empty zeolite films in the
infrared region and to account for changes in the refractive
index with loading, a linear model®® was used with refractive
indices®® of water, carbon dioxide, and methane of 1.33, 1.35,
and 1.3, respectively. Furthermore, E; is the amplitude of the
electric field at the ATR element/zeolite film interface, € is
determined by eq 1 (note that according to Harrick,* the
molar absorbance coefficient determined in a transmission
experiment, €,¢ry, is related to the molar absorbance coefficient
in an ATR experiment, €51y, Via €xrr = My1€aG1), 0 is the angle
of incidence (45°), C(z) is the concentration of the adsorbate
in the zeolite, and d, is the penetration depth. After integration
over the zeolite film (it will be shown later that the contribution
from the gas phase is negligible) the following equation is
obtained

A ”ZIEOdeC8(1 RN

N 2 cos 0 (3)
where d, is the thickness of the zeolite film. The penetration
depth, d,, is given by

_ A

d=—
P 2a(sin® 0 — ny2)'? 4)
where 4, is the wavelength of the infrared radiation inside the
ATR crystal. The “effective thickness”, d,, of the electric field is
defined as

2
3 nyEyd,

¢ 2 cos 6 (5)

The effective thickness is dependent on the polarization
direction of the infrared radiation and was estimated by

Loy Ioy
e=T o it
ol T ot

d

Toj+ Ioy - (6)
where Iy and Iy, are the intensity of the radiation without
sample for parallel and perpendicular polarized radiation
respectively. In this work, the contribution from parallel and
perpendicular polarized radiation was 55% and 45%,
respectively. Further d is the effective thickness for parallel
polarization and is determined by

i 2ny,d,, cos 6(2 sin® @ — 2n,,%)
T = DI+ ) sin? 0= 0y, @

d,, is the effective thickness for perpendicular polarization and
is determined according to

2nyd,, cos
T () ®

By using the molar absorption coefficient determined from
the AGIR measurements and by combining eqs 3-8, the
concentration of adsorbed species in the zeolite may be
calculated.
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Figure 1. SEM images of the Na-ZSM-S film synthesized on a Zn$ crystal: side (a) and top view (b).

Adsorption Isotherms. Adsorption isotherms were retrieved
from the spectral data by integrating the characteristic bands of
the adsorbed species. For water, the bending vibration at ca.
1620 cm™" was integrated, for carbon dioxide, the asymmetric
stretching vibration at ca. 2350—2339 cm™! was integrated,
whereas for methane, the C—H stretching vibration at ca.
3015—3003 cm™' was integrated. The calculated areas were
subsequently converted to concentrations of the adsorbate in
the zeolite film by using eqs 3—8. The single and dual site
Langmuir isotherm models were used for describing the
adsorption data

P

fot =9 pp ©)
bP b,P

o = 7y b,P T + b,P (10)

where g; and g, are the saturation concentrations of the sites
(mmol/g), b is the Langmuir adsorption coeflicient (Pa™"), and
P is the partial pressure (Pa) of the adsorbate in the gas phase.
The subscribed numbers represents the adsorption sites. The
heat of adsorption, AH, were determined using the vant Hoff
equation

Inb= _AH + AS

RT R (11)
where R is the gas constant, T is the temperature, and AS is the
entropy change upon adsorption.

Ideal Adsorbed Solution Theory (IAST). Myers and
Prausnitz* proposed that the IAST, based on Gibbs adsorption
isotherm, provides a link between single-component and
multicomponent adsorption. The IAST is similar to Raoult’s
law in vapor—liquid equilibrium according to

= P(m)x, (12)

where P! is the pure component hypothetical pressure which
yields the same spreading pressure as that of the mixture, 7; is
the spreading pressure of component i in the adsorbed phase,
and ; is the adsorbed molar fraction. The reduced spreading

pressures, at the equilibrium, must be the same for each
component and the mixture

7, 2 n0(P)
K= L= S22 dp i=1,2,3.,N
=R fo P =123, (13)

m* =m* = .. = =¥ (14)

where n’(P) is the pure component equilibrium capacity. By
assuming ideal mixing at constant T and 7, the total amount

adsorbed is

i [ °(P°)] (15)

with the constraint

N
x =1
,g (16)

In the present work, the IAST has been used to predict the
adsorbed amounts from multicomponent mixtures by using the
determined single component isotherm parameters as input.

M

B RESULTS AND DISCUSSION

Film Characterization. Representative SEM images of a
zeolite coated ATR crystal are shown in Figure 1. The film is
polycrystalline and continuous with a thickness of about 550
nm as shown in part a. Since the film is polycrystalline, grain
boundaries are off course observed between all grains, but no
defects such as cracks or pinholes are observed as shown in part
b. The top surface of the film is very clean and no sediments of
crystals formed in the bulk of the synthesis mixture during film
growth were detected by SEM. The zeolite coated ATR crystal
was also analyzed by XRD to verify the phase of the zeolite film
and the pattern is shown in Figure 2. The peaks marked with an
asterisk emanate from the MFI zeolite film and peaks marked
with an open circle emanate from the ZnS crystal. The vertical
lines represent the pattern 42—24, recorded for calcined
randomly oriented ZSM-5 crystals from the ICDD database.
The excellent agreement between the observed peaks and the
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Figure 2. XRD diffractogram of the Na-ZSM-$ film synthesized on a
ZnS crystal in the 20 range 5—27° where peaks marked with an
asterisk represent the zeolite film, peaks marked with an open circle
represent the ZnS crystal, and the vertical lines represent the
reflections in a reference pattern for ZSM-$ zeolite.

database pattern shows that the film is comprised of ZSM-5
crystals. Inductively coupled plasma mass spectroscopy (ICP-
MS) measurements of the film showed that the Si/Al ratio of
the crystals in the film is 130 and a Na/Al ratio of 1.

Adsorption Experiments. The molar absorbance coef-
ficient for the adsorbates in the zeolite pores, &, was determined
from the AGIR measurements by using the Beer—Lamberts law
(eq 1) to 0.645 cm/pumol for water, 16.3 cm/umol for carbon
dioxide, and 0.850 cm/umol for methane.

Water. Figure 3 shows typical infrared spectra of water
adsorbed in the ZSM-5 film at 35 °C at partial pressures in the
range 0.002 to 2.10S kPa; the partial pressure in each
experiment is indicated in the figure. Two main bands
originating from adsorbed water appear in the spectra. The
broad band in the 2800—3700 cm ™' region is assigned to the
O—H stretching vibration of adsorbed water whereas the band
at ca. 1622 cm™' is assigned to the bending vibration of
adsorbed water.*! As can be expected, the spectral features
assigned to water adsorbed in zeolite film increase with
increasing partial pressure in the gas. The bands are typical for
water in a condensed state, without any signs of gas phase

rotational transitions. As the partial pressure of water is
increased, there seem to be different overlapping bands in the
O—H stretching region positioned at ca. 3650, 3390, and 3230
cm™. The band at 1622 cm™ is observed at lower
wavenumbers than for bulk water (ca. 1650 cm™) indicating
that the oxygen in the water molecule is directly bound to the
zeolite structure. At higher partial pressures, a shoulder appears
at ca. 1640 cm™, i.e,, closer to the wavenumber of bulk water.
Most likely the two features correspond to isolated water
molecules and clusters of adsorbed water molecules at higher
partial pressures as previously shown in molecular simu-
lations.**~* At the same time, a negative band appears at ca.
3730 cm™" in all spectra; this band has previously been assigned
to the O—H stretching vibration of silanol glroups.42 As water
adsorbs on the silanol group, this band shifts to lower
wavenumbers leading to a negative band at the wavenumber
of the unperturbed silanol group. Infrared spectra of water
adsorbed in ZSM-S and FAU have been reported in the
literature.***® Jentys et al.*? analyzed water adsorption in Na-
ZSM-S with Si/Al = 36 using transmission infrared measure-
ments and reported several bands (2—4 depending on loading)
in the 3200—3700 cm™" region as well as a band at 1631 cm™"
in their infrared spectra in accordance with the findings in the
present work. Rege and Yang46 analyzed water adsorption in
13X zeolite at 22 °C also using transmission infrared
spectroscopy. Their sample is more hydrophilic than our
sample and bands were reported in the 2900—3500 cm™'
region and one band at 1644 cm™. The band at 1644 cm™
is of similar wavenumber as for regular water indicating clusters
of adsorbed water molecules. Compared to the literature it can
be seen that the band assigned to the water bending vibration,
which we observe at 1622 cm™, appears at a lower wavelength
compared to previous reports. There are also some minor
dissimilarities in the O—H stretching region between our
spectra and those previously reported, which is ascribed to the
low aluminum content in our sample. The relatively high
aluminum content in the samples previously reported gives rise
to clear bands associated with adsorption on the O—H
stretching bands associated with the aluminum. Due to the
low aluminum content (and the stoichiometric amounts of
sodium) in our sample, we do not observe these bands. The
spectra of adsorbed water recorded at 50, 85, and 120 °C were
very similar in appearance as the ones shown in Figure 3 but
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Figure 3. Infrared spectra of water adsorbed in Na-ZSM-S$ at 35 °C at various partial pressures (kPa) which are indicated in the figure; the entire

spectral region (a) and the O—H bending region (b).
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with lower intensity as expected from the reduced adsorption at
higher temperatures.

Adsorption isotherms were retrieved from the recorded
infrared spectra by calculating the loading using eqs 3—8. The
adsorption isotherms (points) are presented in Figure 4

3.0 T T T T

25

0.5
0

0.0 0.5 1.0 1.5 20
Partial pressure (kPa)

Figure 4. Adsorption isotherms for water in Na-ZSM-$ at 35 (O), SO
(m), 85 (O), and 120 °C (@). The symbols represent the
experimental data and the lines represent the dual site Langmuir
model fitted to the experimental data.

together with the dual site Langmuir model (curves) fitted to
the data. As can be seen, the Langmuir model fits the
experimental data very well. For the three lower temperatures
(35, 50, and 85 °C), the isotherms show a steep increase in
loading at low partial pressures, corresponding to adsorption on
high energy sites. At higher partial pressures, the slopes of the
isotherms level off, but saturation is not reached at any
temperature at the conditions studied in the present work. The
fitted dual site Langmuir model parameters, i.e., the saturation
concentration (q,) and Langmuir adsorption coefficient (b),
are reported in Table 1. According to the literature, ™" ***7*3 the
saturation concentration of water in MFI varies significantly,
and concentrations in the range 0.8 and 31 mmol/g have been
reported, probably reflecting the different Si/Al ratios and the
amount of defects (ie., silanol groups) in the zeolites

Table 1. Saturation Concentrations (q,,, mmol/g) and
Langmuir Adsorption Coefficients (b, Pa™') for Water,
Carbon Dioxide, and Methane Adsorbed in Na-ZSM-5

tem

adsorbate (°CS’ (mn?él/g) b, (1/Pa) (mrr?(zll/g) b, (1/Pa)
H,0 35 5.34 3.75 x 107 0.50 7.90 X 1072
50 5.34 1.10 x 107* 0.50 2.80 X 1072
85 5.34 1.10 x 107° 0.50 8.10 X 1073
120 5.34 8.00 X 1077 0.50 463 x 107*
CO, 35 2.78 1.04 x 107° 0.04 633 x 107
50 2.78 503 x 107°° 0.04 247 x 1074
85 2.78 124 x 10°° 0.04 1.83 x 107°
120 2.78 444 x 1077 0.04 831 x 107°
CH, 35 2 1.04 X 107
50 2 5.53 x 1077
85 2 238 x 1077
120 2 1.18 x 1077

studied.>"*>** However, most values are reported in the
lower part of the interval (0.8—4.8 mmol/g) and the total
saturation concentration (q; + ¢,) determined in the present
work of 5.84 mmol/g thus agrees well with literature data.
When studying the values of the Langmuir adsorption
coefficient and saturating loadings obtained for the two sites
it can clearly be seen that water has a higher affinity for site 2
while the saturation loading is rather small (0.50 mmol/g)
compared to site 1 (5.34 mmol/g). Therefore, adsorption of
water on site 2 corresponds to adsorption on a few high-energy
sites, possibly related to defects in the form of silanol groups
and/or to sites containing sodium ions. Site 1 on the other
hand corresponds to a weaker adsorption probably on the pore
wall. The adsorption isotherm of water obtained in the present
work at 35 °C was compared to isotherms previously reported
in the literature (see Figure 1 in the Supporting Information)
showing a good agreement to previously reported data.

The heat of adsorption of water, AH, was determined to be
—71.8 kJ/mol for the first site (R* = 0.9505) and —57.5 kJ/mol
for the second site (R* = 0.9942), using the vant Hoff equation
(eq 11). Table 2 shows an overview of the values determined in

Table 2. Values of the Heat of Adsorption, AH, Determined
in the Present Work along with Values Previously Reported
in the Literature

Si/Al
adsorbate zeolite ratio AH (kJ/mol) ref
H,0 Na-ZSM-5 130 —72 (site 1) this work
—58 (site 2)
H-ZSM-5 38 -113 Olson et al.”!
250 =75
H-ZSM-$ 38  —69to—84  Bolis et al>*
silicalite-1 —61 to —68
CO, Na-ZSM-S 130 —37 (site 1) This work
—54 (site 2)
Na-ZSM-$ 27 —30.5 (site 1) Wirawan and
—61 (site 2) Creaser®
silicalite-1 -20 Choudary et al.'”
silicalite-1 —28 Sun et al.'®
silicalite-1 27 Dunne et al.'®
Na-ZSM-§ 30 —50 Dunne et al.*
CH, Na-ZSM-5 130 =23 this work
silicalite-1 =275 Choudary et al.'”
silicalite-1 -20 Sun et al.'®
silicalite-1 =21 Dunne et al.'®
Na-ZSM-§ 30 -27.3 Dunne et al.*

the present work together with values previously reported in
the literature. Olson et al>' used thermogravimetry and
reported an isosteric heat of adsorption for water in H-ZSM-
S zeolite with Si/Al ratios of 38 and 250 to —113 and —75 kJ/
mol, respectively. Bolis et al?* used microcalorimetry and
reported values of the heat of adsorption in the range —69 to
—84 kJ/mol for H-ZSM-5 zeolite with a Si/Al ratio of 3.8 and
in the —61 to —68 kJ/mol range for silicalite-1. The Na-ZSM-5
film used in the present work had a Si/Al ratio of 130 and thus
the heat of adsorption determined in the present work of —71.8
and —57.5 kJ/mol is in good agreement with previous findings
for MFI zeolite with low aluminum content.

Carbon Dioxide. Figure S shows infrared spectra of carbon
dioxide adsorbed in Na-ZSM-5 at 35 °C at partial pressures in
the range 0.5 to 101.3 kPa; the partial pressures in each
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Figure S. Infrared spectra of carbon dioxide adsorbed in Na-ZSM-$ at

35 °C at various partial pressures (kPa) which are indicated in the

figure.

experiment are indicated in the figure. The most prominent
band in the spectra is found at 2338 cm™'. This band is
assigned to the asymmetric stretching vibration of physisorbed
carbon dioxide.*® At lower partial pressures, up to 2 kPa, two
bands can be observed in the spectra at 2350 and 2338 cm™’,
indicating that the carbon dioxide molecules are less restricted
at these loadings. At higher pressures, only one band at 2338
cm™ is observed, indicating that the molecules become more
restricted as more carbon dioxide adsorbs in the zeolite. To rule
out that the double peak originates from the gas phase outside
the film, an experiment was conducted at the same conditions
albeit using an uncoated ATR crystal instead. No signal from
carbon dioxide (see Figure 2 in the Supporting Information)
was detected when the uncoated ATR crystal was used, which
shows that the two bands at 2350 and 2338 cm™ originate
from carbon dioxide in the film. Wirawan and Creaser®® used in
situ DRIFT spectroscopy to investigate the adsorption of
carbon dioxide in silicalite-1, H-ZSM-5, Na-ZSM-S, and Ba-
ZSM-S where all ZSM-5 samples had a Si/Al ratio of 27. A
band at 2354 cm™ was reported for the Na-ZSM-$ sample and
assigned to physisorbed carbon dioxide. Several bands in the
wavenumber range of 1200—1800 cm™' were also reported,
indicating the presence of carbonates and bicarbonate. Rege
and Yang*® analyzed carbon dioxide adsorption on 13X zeolite
at 22 °C using transmission infrared spectroscopy and reported
one band at 2359 cm™". Several bands in the 1200—1700 cm™
region were reported, indicating chemisorbed carbon dioxide
either on the cations or in the form of carbonate or bicarbonate
ions. Compared to the literature, it can be seen that the band
assigned to physisorbed carbon dioxide at 2338 cm™' in the
present work appears at a lower wavelength than in the
previous studies, however, no bands were observed in the
1200—1700 cm™ region, indicating that no formation of
carbonate species occurred in our study. The spectra of
adsorbed carbon dioxide at 50, 85, and 120 °C were very
similar but weaker as expected from the reduced adsorption at
higher temperatures.

Again, adsorption isotherms were retrieved from the
recorded infrared spectra and the loading was determined by
using eqs 3—8. The adsorption isotherms obtained are
presented as points in Figure 6 together with the dual site
Langmuir model fitted to the experimental data as curves. First
of all, it may be noted that saturation loading was not reached

0.5

Loading (mmol/g)

0.0 . . L .
0 20 40 60 80 100

Partial pressure (kPa)

Figure 6. Adsorption isotherms for carbon dioxide in Na-ZSM-5 at 35
(), 50 (m), 85 (O), and 120 °C (®). The symbols are representing
the experimental data and the lines are representing the dual site
Langmuir model fitted to the experimental data.

at the conditions studied and the dual site Langmuir model fit
the experimental data very well, as for water. The fitted dual site
Langmuir model parameters are reported in Table 1. The
saturation loading obtained in the present work amounts to
2.82 mmol/g. As revealed from literature,'*>%*753 the
saturation concentration in MFI type zeolites is scattering,
ranging between 1.2 and 5 mmol/g. Hence, the value obtained
in the present work is in good agreement with previous reports.
A closer inspection of the Langmuir adsorption coefficient and
saturation loadings obtained for the two sites reveals that the
carbon dioxide has a higher affinity for site 2 and that the
saturation loading of this site is rather small (0.04 mmol/g), as
for water. Therefore, adsorption of carbon dioxide on this site
corresponds to adsorption on a few high-energy sites, possibly
related to defects in the form of silanol groups and/or to sites
containing sodium ions while adsorption of carbon dioxide on
site 1 corresponds to a weaker adsorption probably on the pore
wall. The adsorption isotherm of carbon dioxide obtained in the
present work at 35 °C was compared to isotherms previously
reported in the literature (see Figure 3 in the Supporting
Information) again showing a good agreement with previously
reported data.

The heat of adsorption for carbon dioxide, AH, was
determined to be —37.5 kJ/mol for site 1 (R*> = 0.999) and
—54.0 kJ/mol for site 2 (R* = 0.97) by using the vant Hoff
equation (eq 11). The values determined in the present work
are presented in Table 2 together with values previously
reported in the literature. Wirawan and Creaser® reported
similar values for adsorption of carbon dioxide in Na-ZSM-5
(Si/Al = 27), viz. —=30.5 kJ/mol for site 1 and —61 kJ/mol for
site 2, when using a step change response method. For
adsorption of carbon dioxide in silicalite-1, Choudhary et al."”
used gravimetry and obtained an isosteric heat of adsorption of
—20 kJ/mol, Sun et al'® used gravimetry and reported an
isosteric heat of adsorption of —28 kJ/mol, whereas Dunne et
al."® used calorimetry and obtained a heat of adsorption of —27
kJ/mol. For adsorption of carbon dioxide in Na-ZSM-S zeolite,
Si/Al = 30, Dunne et al.,*° again using calorimetry, reported an
isosteric heat of adsorption of —S0 kJ/mol. The results
obtained in the present work, with a sample having Si/Al =
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130, of —37.5 kJ/mol and —54.0 kJ/mol, thus lie within the
range of previously reported data for the heat of adsorption of
carbon dioxide in MFI zeolite.

Methane. Figure 7 shows infrared spectra of methane
adsorbed in Na-ZSM-S$ at 3S °C at partial pressures in the range

‘002

101.3

3100 3050 3000 2950 2900
Wavenumber (cm™')

Figure 7. Infrared spectra for methane adsorbed in Na-ZSM-5 at 35
°C at various partial pressures (kPa) as indicated in the figure.

33.8 to 101.3 kPa; the partial pressures in each experiment are
indicated in the figure. Bands in the 3000—3020 cm™" region
are assigned to the C—H stretching vibration of the adsorbed
methane,***> where two bands can be observed at 3015 and
3002 cm™". The spectra of adsorbed methane at 50, 8, and 120
°C were similar in appearance but weaker as expected from the
reduced adsorption at higher temperatures.

The adsorption isotherms determined from the infrared
spectra (points) are presented in Figure 8 together with the
single site Langmuir model fitted to the experimental data
(curves) and the fitted parameters are reported in Table 1. The
loadings determined are quite low compared to those obtained
for water and carbon dioxide showing that methane is much
weaker adsorbed in the zeolite. The saturation capacity

0.20 . . . - -
0.15} <
o
3
£
E 010 )
o
£
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o
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0.00 ; . . . .
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Figure 8. Adsorption isotherms for methane in Na-ZSM-$ at 35 (O0),
S0 (M), 85 (O), and 120 °C (®). The symbols are representing the
experimental data and the lines are representing the single site
Langmuir model fitted to the experimental data.

obtained in the present work of 2 mmol/g is in agreement
with values reported in the literature which lie in the range of
1.9-5.4 mmol/g.'*7>%%°"%* The adsorption isotherm of
methane obtained in the present work at 35 °C was compared
to isotherms previously reported in the literature (see Figure 4
in the Supporting Information). The amount adsorbed at a
certain partial pressure was approximately a factor of two lower
than previously reported data.

The heat of adsorption was determined to be —25.2 kJ/mol
(R* = 0.9938) by using the vant Hoff equation (eq 11), which is
reported in Table 2 together with values previously reported in
the literature. For adsorption of methane in silicalite-1,
Choudhary et al.'” used gravimetry and found an isosteric
heat of adsorption of —27.5 kJ/mol, Sun et al.'® used
gravimetry and reported an isosteric heat of adsorption of
—20 kJ/mol, whereas Dunne et al.' report a heat of adsorption
of =21 kJ/mol from calorimetry measurements. For adsorption
of methane in Na-ZSM-$ zeolite, Si/Al = 30, Dunne et al.®
used calorimetry and obtained an isosteric heat of adsorption of
—27.3 kJ/mol. The heat of adsorption obtained in the present
work is thus in good agreement with previous findings.

By comparing the results (saturation loadings, Langmuir
adsorption coefficients, and heat of adsorption) obtained for
the different species, it may be concluded that water shows the
greatest affinity for this zeolite followed by carbon dioxide,
while methane shows the lowest affinity for the zeolite. The
results presented above also clearly show that reliable single
component quantitative adsorption data can be extracted from
infrared spectra of the adsorbed species. A natural step is then
to utilize the ability of infrared spectroscopy to discriminate
between different species based on their spectral features for
studying adsorption from binary and ternary mixtures.

Adsorption of Carbon Dioxide and Methane from an
Equimolar Mixture. On the basis of the results from the single
component adsorption data it would be expected that carbon
dioxide would be preferentially adsorbed in the zeolite from a
carbon dioxide/methane mixture. Figure 9a shows an infrared
spectrum of carbon dioxide and methane simultaneously
adsorbed in Na-ZSM-5 at 35 °C. The partial pressure of
carbon dioxide and methane was 50.7 kPa. The characteristic
band of physisorbed carbon dioxide appears at 2338 cm™ and
so do the characteristic bands of adsorbed methane at 3015 and
3003 cm™'. The amount of carbon dioxide and methane
adsorbed was again determined from the spectra (under the
reasonable assumption that the molar absorptivity of one
component is unaffected by the presence of the other species)
and the results obtained were compared to concentrations
predicted by the IAST, see Figure 10 (without water). There is
an excellent agreement between the experimental values and
those predicted by the IAST. This is in accordance with
previous results for this system showing that the binary
adsorption of carbon dioxide and methane on MFI can be
accurately predicted with the IAST.'**57

Adsorption of Carbon Dioxide and Methane in the
Presence of Water. To elucidate the effect of water on the
adsorption of carbon dioxide and methane in Na-ZSM-$ at 35
°C, an experiment similar to that for the binary mixture was
performed but with water also present in the gas phase. The
composition of the gas phase was 50.1 kPa of carbon dioxide,
50.1 kPa of methane, and 1.1 kPa of water. Figure 9b shows an
infrared spectrum recorded of the ternary mixture adsorbed in
the zeolite film. Characteristic absorption bands from all species
are observed in the spectrum and the bands remain in the same
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Figure 9. Infrared spectra of carbon dioxide and methane coadsorbed in Na-ZSM-$ at 35 °C: in the absence of water (a) and in the presence of
water (b). When the spectrum in part a was recorded the partial pressure of carbon dioxide and methane was 50.7 kPa, whereas when spectrum b
was recorded the partial pressure of carbon dioxide and methane was 50.1 kPa and the partial pressure of water was 1.1 kPa.
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Figure 10. Amount of carbon dioxide ((J) and methane (O) adsorbed
in ZSM-S at 35 °C from a gas equimolar in carbon dioxide and
methane in the absence and in the presence of water in the gas phase.
The partial pressure of carbon dioxide and methane was 50.7 and 50.1
kPa in the absence and presence of water, respectively, and the partial
pressure of water was 1.1 kPa. The predicted amounts adsorbed
calculated with the IAST for carbon dioxide (¢) and methane (A) are
also shown in the figure.

positions as in the single component spectra. The band at 2338
cm™!, assigned to physisorbed carbon dioxide, is slightly
narrower in the presence of water, which might suggest that
there is an interaction between carbon dioxide and water. The
bands assigned to carbon dioxide and methane are less intense
compared to the bands recorded for the binary mixture
suggesting that carbon dioxide and methane are partially
replaced by competitive water adsorption as could be expected
from the single component data. When adding water to the
mixture, the adsorbed concentration of carbon dioxide
decreased by 17.5% (while the decrease in partial pressure
was only 1.1%) whereas for methane, the adsorbed
concentration decreased by 97.1%. The decrease in adsorbed
concentration of carbon dioxide and methane in the presence
of water has previously been reported in the literature.®® For
the ternary mixture, the IAST correctly predicts the amount of
methane adsorbed but it severely underestimates the amount of
carbon dioxide adsorbed, see Figure 10 (with water). This
enhanced adsorption of carbon dioxide in zeolites in the

presence of water (with respect to the value predicted by the
IAST) has previously been reported for zeolites and zeolite-like
materials**>** and constitutes a nonideal adsorption behavior.
Snurr et al.®° studied the multicomponent adsorption of carbon
dioxide and water in MOFs. It was reported that the adsorption
of carbon dioxide was enhanced in the presence of a small
amount of water when using a sample loaded with 4 wt % water
compared to a dry sample. When using a fully hydrated sample,
the adsorption of carbon dioxide was lower, which can be
explained by the pores being filled with water molecules. We
speculate that a similar mechanism may be applied to our
system where small amounts of water enhance the adsorption
of carbon dioxide, and therefore, the IAST is not able to
correctly predict the amount adsorbed carbon dioxide.
However, this phenomenon will be studied in forthcoming
work.

The results presented in the two last sections clearly
demonstrate that the technique used in the present work may
be used for studying adsorption also from multicomponent
mixtures. Such data may be of great importance when
developing novel zeolite adsorbent or membrane processes
for carbon dioxide removal from biogas and natural gas streams.
The adsorption behavior of the binary and ternary mixtures will
be studied in more detail in forthcoming work.

B CONCLUSIONS

In the present work, the adsorption of water, carbon dioxide,
and methane in zeolite Na-ZSM-5 (Si/Al = 130) at four
different temperatures was studied by using in situ ATR-FTIR
spectroscopy. Quantitative adsorption isotherms were success-
fully extracted from the infrared spectra. Single and dual site
Langmuir isotherm models were fitted to the experimental data
with very good fit. The limiting heats of adsorption and
saturation capacities retrieved from the Langmuir models were
in very good agreement with literature data. The amount of
carbon dioxide and methane adsorbed from a binary mixture
was determined from infrared spectra and the experimental
results from the binary mixture were in excellent agreement
with values predicted by the IAST by using the single
component data. When water was also introduced, the amount
of adsorbed methane adsorbed could still be correctly predicted
by using the IAST whereas the IAST severely underestimated
the amount of carbon dioxide adsorbed. The latter finding
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indicates that water and carbon dioxide do not form an ideal
adsorbed phase, in agreement with previous findings.

B ASSOCIATED CONTENT

© Supporting Information

Adsorption isotherms of water, carbon dioxide and methane at
35 °C obtained in the present work compared to isotherms
previously reported in the literature and infrared spectra of
carbon dioxide, with and without the zeolite film, showing that
no signal from carbon dioxide was detected when using the
uncoated ATR element. This material is available free of charge
via the Internet at http://pubs.acs.org.
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The adsorption isotherm of water obtained in the present work at 35 °C was compared to isotherms
previously reported in the literature” > which are presented in Figure 1. Olson et al' used
thermogravimetry when studying the adsorption of water in H-ZSM-5 with Si/Al = 38 at 25 °C. To be
able to compare the isotherms properly, the amounts of adsorbed water were recalculated to 35 °C using
the dual site Langmuir model, the van't Hoff equation and the adsorption enthalpy reported by the
authors. Thompson et al? used an oscillating microbalance when studying the adsorption isotherm of
water in silicalite-1 at 35 °C. Figure 1 shows that there is a divergence in the water adsorption amounts
in different MFI samples. However, it can clearly be seen that ZSM-5 adsorbs more water compared to
silicalite-1, as may be expected due to the higher content of aluminum in ZSM-5. Our isotherm lies in
between the reference isotherms as may be expected from the Si/Al ratios (130 in our work). Adsorption
on internal silanol groups formed at crystallographic defects may also have contributed to the amount of
water adsorbed in our work.
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Figure 1. Adsorption isotherms for water in MFI at 35 °C obtained in the present work (m)
and isotherms from Olson ef al.' (---) and Thompson ef al.” (A). The isotherm from Dunne
et al." was adjusted to 35°C using the dual site Langmuir model and the van’t Hoff equation
using the heat of adsorption reported by the author. The lines represent the dual site
Langmuir model.

To elucidate the contribution from the gas phase on the signal recorded, spectra were recorded using an
uncoated ATR element at different partial pressures of carbon dioxide (from 0.25 to 101.3 kPa). The
temperature was kept at 120 °C to minimize the effect of CO, adsorbing on the bare ZnS element.
Figure 2 show spectra recorded at 0.25 kPa with and without the zeolite film. No signal from carbon
dioxide is observed in the spectrum recorded with the uncoated ATR element whereas in the spectrum
recorded with the zeolite coated element the characteristic asymmetric stretching band (2350 and 2338
em’™") of carbon dioxide clearly appears. As can be seen the band shows a double peak indicating that the
molecules are not that restricted at these low loadings. In the spectra recorded at higher partial pressures
there was some signal of carbon dioxide in the gas phase, however this signal was ca. 80 times smaller
than the signal from carbon dioxide adsorbed in the zeolite. Moreover, in the experiments where the
film was used, the signal from the gas phase would be even smaller than this value because only the gas
phase outside the film is then probed and because of the exponential decay of the electric field with
distance from the element. In summary, these results show that the contribution from the gas phase was
negligible.
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Figure 2. Infrared spectra of carbon dioxide at 0.25 kPa (right) and 101.3 kPa (left) recorded
with (a) and without (b) the zeolite film.

Figure 3 shows the adsorption isotherm of carbon dioxide obtained in the present work at 35 °C together
with isotherms previously reported in the literature.® * Dunne e al.* * used calorimetry to study the
adsorption isotherms of carbon dioxide in Na-ZSM-5 (Si/Al = 30), H-ZSM-5 (Si/Al = 30) and silicalite-
1 at 24.1, 23.9 and 30.6 °C, respectively. To be able to compare the isotherms properly, the amounts of
adsorbed carbon dioxide reported by Dunne ef al.> * were recalculated to 35 °C using the dual site
Langmuir model, the van’t Hoff equation and their experimental data. The adsorption isotherm obtained
in the present work agrees very well with the data from Dunne et al®*, especially with the isotherms
recorded with silicalite-1 and H-ZSM-5.
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Figure 3. Adsorption isotherms for carbon dioxide in MFI at 35 °C obtained in the present
work (m) and isotherms from Dunne e al* * in Na-ZSM-5 (---), H-ZSM-5 ([J-[]) and
silicalite-1 (--) adjusted to 35°C using the dual site Langmuir adsorption model and the van’t
Hoff equation using the heat of adsorption reported by the authors. The lines represent the
dual site Langmuir model.

Figure 4 shows the adsorption isotherm of methane obtained in the present work at 35 °C together with
isotherms previously reported in the literature.** As for carbon dioxide, Dunne et al.>* used calorimetry

S3



to study the adsorption isotherms of methane in Na-ZSM-5 (Si/Al = 30) and silicalite-1 at 24.1 °C and
30.6 °C, respectively. Again, the amounts adsorbed were recalculated to 35 °C using the dual site
Langmuir model and the van’t Hoff equation. The amount of methane adsorbed in this work is ca. a
factor two lower than in previous reports.
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Figure 4. Adsorption isotherms for methane in MFI at 35 °C obtained in the present work
(m) and isotherms from Dunne et al®** in Na-ZSM-5 (---) and silicalite-1 (-+) adjusted to
35°C using the dual site Langmuir adsorption model and the van't Hoff equation using the
heat of adsorption reported by the authors. The lines represent the dual site Langmuir model.
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ABSTRACT: The separation of carbon dioxide from methane is an
important process when purifying biogas and natural gas. Zeolite
membranes and adsorbents are among the technologies suggested for
efficient separation of carbon dioxide from these gases. In the present
work, the adsorption of carbon dioxide and methane from binary mixtures
in a low alumina Na-ZSM-$ zeolite film at various gas compositions and
temperatures was studied using in situ ATR-FTIR (attenuated total
reflection Fourier transform infrared) spectroscopy. Adsorbed concen-
trations were successfully extracted from infrared spectra. The
experimental values of the adsorbed phase mole fraction of carbon
dioxide and methane were compared to values predicted using the ideal
adsorbed solution theory (IAST). The values predicted with the IAST
agreed very well with values determined experimentally. The CO,/CH,
adsorption selectivity was determined, and at 35 °C a selectivity of 15.4
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was obtained for an equimolar gas mixture. At the highest (0.9) and lowest (0.03) investigated mole fractions of carbon dioxide
in the gas phase, the selectivity was higher compared to the other investigated mole fractions. At 35 °C the highest observed
selectivity values were 31.1 and 20.4 for the highest and the lowest adsorbed mole fraction, respectively. At compositions closest
to those found in biogas and natural gas, there was a decrease in the selectivity at higher temperatures, indicating that separation
of carbon dioxide from methane in biogas and natural gas may be more efficient at low temperatures.

B INTRODUCTION

In recent years there has been much focus toward the
development of technologies for separation of carbon dioxide
from methane. Amine absorption is the most commonly used
technology today for the separation of carbon dioxide and
methane, but the procedure is both expensive and compli-
cated;" therefore more efficient separation processes are sought.
Adsorption and membrane based technologies using zeolite
adsorbents/membranes have been identified as attractive
options.>* For zeolite membranes, the membrane selectivity
is usually dependent on both the adsorption selectivity and the
diffusion selectivity; therefore, knowing the adsorption proper-
ties of the zeolite is of utmost importance also for membrane
applications.

A large variety of zeolite and zeolite-like frameworks have
been evaluated for carbon dioxide/methane separation both as
membranes and as adsorbents.* ' The MFI framework, with
the ZSM-S and silicalite-1 zeolites, has been frequently studied
both in adsorbent and, perhaps even more frequently, in
membrane applications. Our group has previously reported
successful separation of carbon dioxide from methane using
MFI membranes.'* The membrane was evaluated at different
process conditions, and it was concluded that the MEFI
membranes were promising candidates for separation of carbon
dioxide from, for example, biogas and natural gas. The
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separation of carbon dioxide and methane from binary mixtures
has also been investigated using membranes with different types
of MFI films, viz., silicalite-1, Na-ZSM-$, and B-ZSM-5."> In
that study it was found that the B-ZSM-S zeolite showed the
highest separation performance, and the authors attributed this
to a stronger adsorption affinity for carbon dioxide toward the
B-ZSM-5 compared to silicalite-1 and Na-ZSM-5. The behavior
of binary mixtures of carbon dioxide and methane in MFI
zeolite membranes has also been investigated using molecular
dynamic simulations and Grand Canonical Monte Carlo
simulations.'®™'® According to the simulations, the selectivity
toward carbon dioxide increases with increasing pressure when
adsorbed from an equimolar gas mixture. The ideal adsorbed
solution theory (IAST) was used to predict the adsorbed
loadings for binary mixtures, and it was reported that the IAST
gave an accurate estimation of the loadings.

The separation of carbon dioxide from methane by zeolite
adsorbents has been studied previously, primarily on other
frameworks than MFI; however, a few experimental reports on
the binary adsorption of carbon dioxide and methane in MFI
exist.'” "' For example, the binary adsorption in silicalite-1 was
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studied experimentally using different concentration pulse
methods.'” Tt was reported that silicalite-1 adsorbed more
carbon dioxide compared to methane according to the pure gas
isotherm data and the pure gas adsorption capacity was
decreasing with increasing temperature. The results were
compared to predicted isotherms by a number of models
such as extended Langmuir, extended dual-site Langmuir,
extended Sips, ideal adsorbed solution theory, Flory—Huggins
vacancy solution theory, and the statistical model. All six
prediction models gave similar results and showed a big
difference between the experimental and the predicted values. It
was determined that none of the models could be used
confidently. The separation factor was determined for various
compositions of the gas phase at all temperatures showing that
the experimentally determined separation factors were much
higher compared to the values predicted from the models
mentioned above. The binary adsorption of carbon dioxide and
methane has also been studied in H-ZSM-S adsorbents of
various Si/Al ratios using concentration pulse chromatography,
and the experimental values were compared to values predicted
by models such as extended Langmuir, extended Nitta, ideal
adsorbed solution theory, and the Flory—Huggins vacancy
solution theory.Z 21 Again, none of the models predicted the
values reasonably well, but the values predicted by the IAST
were closest to the experimental values.

In a recent work we successfully measured single component
adsorption isotherms at different temperatures and pressures
for carbon dioxide, water, and methane in a low alumina Na-
ZSM-5 zeolite film using in situ ATR-FTIR spectroscopy.”> A
one point (one gas composition, one temperature) adsorption
experiment was also performed for an equimolar mixture of
carbon dioxide and methane at 35 °C. The amount of adsorbed
carbon dioxide and methane was extracted from the
experimental data, and the values were compared to values
predicted by the IAST. These preliminary results indicated that
the IAST could correctly predict the amount of adsorbed
carbon dioxide and methane in an equimolar mixture.

In the present work, we study the binary adsorption of
carbon dioxide and methane in the same zeolite film as in our
recent work in much greater detail, aiming at understanding the
adsorption behavior of this binary mixture. The experimental
data obtained were compared to values predicted by the IAST
model to further investigate if the IAST is a reliable model
capable of accurately predicting the values for various gas
compositions and not only for an equilmolar mixture. This
work builds on our previously reported adsorption data with a
view to better understand the binary adsorption properties of
MEFI zeolite membranes in removal of carbon dioxide from
biogas and natural gas.

B EXPERIMENTAL SECTION

Film Preparation. The zeolite film used in the present
work is the same as the zeolite film used in our previous work,
and the preparation and characterization of the film has been
reported in detail elsewhere’>** Therefore, only a brief
summary will be given here. The zeolite film (ZSM-S, Si/Al
= 130, Na/Al = 1) was synthesized on an ATR element
(trapezoidal ZnS crystal, SO X 20 X 2 mm, 45° cut edges,
Spectral systems). The ATR element was thoroughly cleaned
before being rendered positively charged by immersing it in a
solution containing a cationic polymer. Thereafter, the ATR
element was immersed in a seed suspension containing 50 nm
silicalite-1 seed crystals creating a monolayer of seed crystals on
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the surface. Subsequently, the seeded ATR element was
immersed in a synthesis solution for hydrothermal synthesis
at 100 °C for 48 h under reflux. After cooling down, the zeolite
film was rinsed with 0.1 M ammonia solution and distilled
water. The zeolite film was dried overnight and thereafter
calcined at 500 °C to remove the template molecules.

The calcined film was characterized by X-ray diffraction
(XRD) and scanning electron microscopy (SEM) to confirm
the zeolite phase and to determine the zeolite film thickness
and morphology.

Adsorption Experiments. For the adsorption experiments,
the zeolite coated ATR element was mounted in a heatable flow
cell connected to a gas delivery system. The zeolite film was
dried at 300 °C for 4 h under a flow of helium (AGA, 99.999%)
prior to measurements, and a background spectrum of the dried
film was recorded under a flow of helium. For each
composition of the gas mixture (carbon dioxide, AGA,
99.995%, and methane, AGA, 99.9995%), spectra were
recorded continuously until equilibrium was reached. All
adsorption experiments were carried out at atmospheric
pressure. Details of the equipment used have been given
elsewhere.””** Infrared spectra were recorded on a Bruker IFS
66v/S FTIR spectrometer equipped with a deuterated triglycine
sulfate (DTGS) detector by averaging 256 scans at a resolution
of 4 cm™.

The ATR Technique. The ATR technique® is based on
internal reflection where the infrared beam is totally reflected in
a waveguide (ATR element), see Figure 1. An electromagnetic

W :

Ya

Figure 1. Schematic figure illustrating the ATR technique where the
infrared beam is totally reflected inside a trapezoidal ATR element.

field originating from the infrared beam may interact with the
sample in the vicinity of the waveguide, where some of the
energy may be absorbed by the sample. The amplitude of the
electromagnetic field will attenuate exponentially with distance
from the element surface, making the ATR technique very
useful for studying surfaces and thin films. The penetration
depth of the electromagnetic field, d,, is a rough measure of the
distance outside the waveguide that is probed (typically a
cmilé)le of hundreds of nm to a few ym) and can be determined

by
— /‘[1

P 27(sin® 6 — n,,2)/?

¢y

where 4, is the wavelength of the infrared radiation inside the
ATR crystal, 6 is the angle of incidence, and n,, is the ratio of
the refractive indices of the zeolite film and the ATR element.
The refractive index of ZnS is 2.25, whereas for the zeolite film
the refractive index varies with loading.”” To account for the
change in refractive index with loading, a linear model®® was
assumed; however, as the refractive indices® of carbon dioxide
and methane are quite similar to that of the zeolite film, the net
effect was small under the conditions studied in the present
work.

Theory. To calculate the adsorbed concentrations from
infrared spectra, the Lambert—Beers law used for transmission
experiments is not directly applicable to the ATR technique due
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to the exponential decay of the electric field. However,
Tornpkins30 and Mirabella®® have derived expressions for
determining adsorbed concentrations from ATR experiments.
The procedure and details for calculating the adsorbed
concentrations in the zeolite films have been described in
detail in our previous work” and are provided in the
Supporting Information.

The IAST*' was used to predict the adsorbed concentrations
of carbon dioxide and methane in binary mixtures, and the
values were compared to the experimental data. Details of the
calculations used for the IAST have been described in our
previous work®® and are also included in the Supporting
Information.

The CO,/CH, adsorption selectivity®> was determined as

Xeo,/Xcn,

a, =
CO,/CH,
1co/ Yo,

(2)
where X is the mole fraction in the adsorbed phase and Y is the
mole fraction of the gas phase at equilibrium.

B RESULTS AND DISCUSSION

Film Characterization. The zeolite film was characterized
in detail in our previous work.”> In brief, XRD data confirmed
that the films consisted of randomly oriented zeolite ZSM-5
crystals. The SEM analysis showed that the films consisted of
well-intergrown crystals forming a dense and homogeneous
film without any sediment and with a film thickness of about
550 nm. Both the SEM images and the XRD patterns were very
similar to those in previous reports on zeolite coated ATR
elements.”>*® The Si/Al ratio was determined to 130 by ICP-
MS, and this particular Si/Al ratio was chosen as it is
representative of the composition of the low-alumina ZSM-5
membranes prepared in our group.

Adsorption Experiments. An infrared spectrum of carbon
dioxide and methane adsorbed simultaneously in Na-ZSM-$ at
35 °C and a total pressure of 1 atm is shown in Figure 2. The
partial pressures of carbon dioxide and methane in the gas
phase were 3 and 98.3 kPa, respectively. The characteristic band
of adsorbed carbon dioxide appears at 2338 cm™' and is
assigned to the asymmetric stretching vibration of physisorbed

3400 3200 3000 2800 2600 2400 2200 2000

Wavenumber (cm’1)

Figure 2. Infrared spectrum of carbon dioxide and methane adsorbed
in Na-ZSM-5 film at 35 °C and a total pressure of 1 atm for a binary
mixture of carbon dioxide and methane with a mole fraction of carbon
dioxide in the gas phase of 0.03.
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carbon dioxide.** The characteristic band of methane appears
in the 3000—3030 cm™ region with two peaks at 3015 cm™
and 3003 cm™' and is assigned to the C—H stretching
vibrations.>>*® The absorption bands assigned to carbon
dioxide and methane are well separated in the spectrum and
may therefore be used to monitor the change in adsorbed
loading with changing partial pressure of the gases. Infrared
spectra recorded at higher temperatures (50, 85, and 120 °C)
were very similar in appearance but with less intensity of the
bands, as expected due to the reduced adsorption at higher
temperatures. In our previous work we performed experiments
with an uncoated ATR element to assess the contribution from
the gas phase on the measurements.”” It was concluded that, at
the conditions used in that work, as well as in the present work,
the signal originating from the gas phase was negligible
compared to the strong signal emanating from the adsorbed
phase.

Figures 3a and 3b show the infrared spectra of adsorbed
carbon dioxide and methane at various binary gas phase
compositions as well as reference spectra recorded from single
component adsorption for each gas. First of all, it is evident that
the intensity of the absorption bands increases when the partial
pressure of the gas increases, indicating an increased adsorption
at higher partial pressures in the gas phase, as may be expected.
Moreover, when comparing the bands in the spectra recorded
with one adsorbed component to those recorded for adsorption
from the binary mixture, the band positions and shapes are the
same, indicating that there is no strong interaction between
carbon dioxide and methane when adsorbed from the binary
mixture.

The adsorbed concentrations were extracted from the IR
spectra using the calculations presented in the Supporting
Information and were plotted as a function of the mole fraction
of carbon dioxide in the gas phase, see Figure 4. The amount
adsorbed increases with increasing mole fraction in the gas
phase and with decreasing temperature, as expected. Moreover,
carbon dioxide is preferentially adsorbed compared to methane
with adsorbed concentrations of carbon dioxide being almost 1
order of magnitude larger than that for methane at the same
mole fraction in the gas phase. The preferential adsorption of
carbon dioxide over methane is consistent with the larger
Langmuir adsorption coefficients and heat of adsorption
observed for carbon dioxide than for methane'®'¥*?* (see
Table 1 in the Supporting Information).

Comparison between Measured Adsorbed Concen-
trations and Those Predicted by the Ideal Adsorbed
Solution Theory (IAST). The IAST was used to predict the
amount adsorbed from binary mixtures using the Langmuir
parameters (g, and b) determined in our previous work, see
Table 1 in the Supporting Information. Figure S shows the
adsorbed phase mole fractions of carbon dioxide and methane
predicted by the IAST (solid lines) compared to the
experimental data (markers) obtained in this work. As can be
seen, the values predicted by the IAST agree very well with the
experimental values. This is in accordance with findings
previously reported by Krishna and van Baten,'® but in contrast
to the findings reported by Tezel and co-workers.'* ™" It can be
seen that the curves for the three lowest temperatures are quite
similar but the trend is that the adsorbed mole fraction of
carbon dioxide is decreasing with increasing temperature. This
trend is even clearer when including also the highest
temperature, which shows a significantly lower adsorbed mole
fraction of carbon dioxide compared to the lower temperatures.

dx.doi.org/10.1021/jp4110097 1 J. Phys. Chem. C 2014, 118, 6207-6213
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Figure 3. Infrared spectra of carbon dioxide (a) and methane (b) adsorbed in Na-ZSM-S$ film at 35 °C for binary mixtures containing various mole
fractions of carbon dioxide in the gas phase: 0.85 (1), 0.50 (2), 0.15 (3), and single ga\s22 (4). The total pressure was 101.3 kPa.
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Figure 4. Adsorbed concentrations of carbon dioxide and methane as a
function of the mole fraction of carbon dioxide in the gas phase at 35
°C (O), 50 °C (<), 85 °C (O), and 120 °C (A). The filled symbols
represent carbon dioxide, and the open symbols represent methane.
Lines are only guides for the eyes.
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Figure 5. Experimentally determined adsorbed phase mole fraction as
a function of the gas phase composition at 35 °C (00), 50 °C (<), 85
°C (O), and 120 °C (A) compared to values predicted by the IAST.
The filled symbols represent carbon dioxide, the open symbols
represent methane, and the lines represent values predicted using the
IAST. The total pressure was 101.3 kPa.

Since biogas and natural gas mainly consist of methane, the
region with lower mole fraction of carbon dioxide is of special
interest. For example, at a mole fraction of 0.2 of carbon
dioxide in the gas phase, the corresponding mole fraction of
carbon dioxide in the adsorbed phase is approximately 0.8 at 35
°C, indicating that, at a CO,/CH, ratio in the gas phase typical
for natural gas, the zeolite is selective toward carbon dioxide. At
120 °C and the same composition in the gas phase (a mole
fraction of carbon dioxide of 0.2), the composition of the
adsorbed phase is about 65% of carbon dioxide and 35% of
methane, showing that the zeolite is less selective toward
carbon dioxide at higher temperatures as may also be expected
from the higher adsorption enthalpies for carbon dioxide than
for methane.

As shown in the present work, the IAST provides a good
estimation of the total amount of adsorbed gas in the zeolite
film and can thus be satisfactorily used for predicting binary
adsorption of carbon dioxide and methane in this low
aluminum MFI zeolite.
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Selectivity. The CO,/CH, adsorption selectivity as a
function of the mole fraction of carbon dioxide in the gas
phase is presented in Figure 6a. At 35 °C the CO,/CH,
adsorption selectivity increases at the highest (0.9) and lowest
(0.03) mole fractions of carbon dioxide in the gas phase with
the highest selectivity values of 31.1 and 20.4, respectively. The
same trend, with higher selectivities at the highest and lowest
gas phase concentrations, is also observed at 50 °C. At 8S and
120 °C, however, the selectivity could not be determined for all
mole fractions as the adsorption of methane was sometimes too
low to be determined from the spectra, in particular at the
higher temperatures and low methane content in the gas phase.
Nevertheless, it can still be seen that the CO,/CH, adsorption
selectivity increases at the highest (0.65) and the lowest (0.03)
mole fractions of carbon dioxide in the gas phase also at 85 and
120 °C. The CO,/CH, adsorption selectivity predicted using
the IAST as a function of the mole fraction of carbon dioxide in
the gas phase is also presented in Figure 6a. As can be seen, the
experimental data and the values predicted using the IAST lie in
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Figure 6. (a) Experimenlly determined CO,/CH, selectivities at 35 °C (), S0 °C (M), 85 °C (O), and 120 °C (®) compared to selectivity values
predicted by the IAST at 35 °C (---), 50 °C (-), 85 °C (—e—), and 120 °C (—ee—). (b) Experimentally determined CO,/CH, selectivity as a
function of temperature for various mole fractions of carbon dioxide in the gas phase indicated in the figure, 0.20 (), 0.15 (<>), 0.10 (O), and 0.03
(A), along with selectivity values predicted by the IAST, 0.20 (- --), 0.15 (--), 0.10 (—e—), and 0.03 (—ee—). (c) Experimentally determined CO,/
CH, selectivity (0) as a function of temperature in an equimolar mixture of carbon dioxide and methane compared to selectivity values predicted by
the IAST (---). The total pressure was always 101.3 kPa, and the solid lines are only guides for the eyes.

the same range but the values do not fit very well. Both the
experimental data and the predicted values show an increase in
the CO,/CH, adsorption selectivity at lower mole fraction of
carbon dioxide in the gas phase. At low content of carbon
dioxide in the gas phase, the carbon dioxide will primarily be
adsorbed on the high affinity sites (site 2 in Table 1 in the
Supporting Information). There are only a few of these sites as
evidenced by the relatively low saturation loading of 0.04
mmol/g compared to a total saturation capacity of 2.82 mmol/
g. These high affinity sites likely correspond to polar sites
associated with the sodium cations or silanol groups. As carbon
dioxide is quadropolar and also has a higher polarizability than
methane,>” the adsorption selectivity should be higher for these
sites than for sites not involving sodium cations or polar silanol
groups. Indeed, other groups™'® have previously reported
increasing adsorption selectivities of carbon dioxide over
methane with increasing aluminum content and thus increasing
polarity. The predicted values are a bit higher compared to the
experimental data at 35, 50, and 85 °C, indicating that the IAST
predicts a higher amount of adsorbed carbon dioxide at those
temperatures than what is actually adsorbed in the zeolite film.
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According to the experimental data, the CO,/CH, adsorption
selectivity increases again also at higher mole fraction of carbon
dioxide in the gas phase. This is probably the result of the low
amount of adsorbed methane in the zeolite film which
seemingly yields higher selectivities. The predicted CO,/CH,
adsorption selectivity values only show a slight increase at
higher mole fraction of carbon dioxide in the gas phase (if any
increase at all), indicating that the IAST cannot fully predict the
CO,/CH, adsorption selectivity when the amount of adsorbed
methane in the zeolite film becomes too low.

Since methane is the main component in biogas and natural
gas, with a content of 70—-90%, the CO,/CH, adsorption
selectivity in this region is especially interesting, and we will
therefore investigate this region more closely. Figure 6b shows
the selectivity as a function of temperature for the four gas
compositions with the highest methane content. All gas
compositions show the same trend with the highest selectivity
at the lowest temperature, reflecting the greater heat of
adsorption (in absolute terms) of carbon dioxide compared to
methane (see Table 1 in the Supporting Information), as
discussed before. The CO,/CH, adsorption selectivity
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predicted using the IAST as a function of temperature is also
included in Figure 6b. In general, the predicted values are
slightly higher compared to the experimental data, which, again,
indicate that the IAST predicts a higher amount of adsorbed
carbon dioxide than what is actually adsorbed in the zeolite
film. The higher selectivities at low temperatures indicate that
the separation of carbon dioxide from methane in biogas and
natural gas may be more efficient at lower temperatures.

Selectivities from equimolar gas mixtures are commonly
reported in the literature, and therefore we highlight this data as
well. Figure 6c shows the CO,/CH, adsorption selectivity
when adsorbed from an equimolar gas mixture at different
temperatures. Again, the highest selectivity of 15.4 was obtained
at the lowest investigated temperature, and, in accordance with
the results for the gas mixtures with low carbon dioxide
content, the CO,/CH, adsorption selectivity decreases with
increasing temperature. The CO,/CH, adsorption selectivity
predicted using the IAST is also presented in Figure 6c,
showing the same trend as the experimental data: decreasing
with increasing temperature. The adsorption of carbon dioxide
and methane in silicalite-1 has previously been studied by Li
and Tezel."”” When adsorbed from an equimolar mixture at 40
°C, the separation factor was reported to be 7. This value is a
bit lower than the selectivity reported in the present work,
which could be due at least partly to the temperature difference.
The lower selectivity value could also be affected by the
difference in Si/Al ratio as carbon dioxide in general adsorbs
more strongly in the polar zeolites than in the hydrophobic
pure silica analogue.” Moreover, different amounts of intra-
crystalline defects in the zeolite used in the work reported by Li
and Tezel and in our work may also have affected the result.
Intracrystalline defects create polar silanol groups which
present different adsorption sites than the pore walls of zeolites
without any defects. Krishna et al.'® studied the separation of
carbon dioxide from methane in a variety of zeolites using
grand canonical Monte Carlo and molecular dynamics
simulation techniques. It was reported that the CO,/CH,
sorption selectivity in MFI zeolite increased with increasing
total loading: from 2 to 20 when the total loading increased
from 0 to 6 mol/kg. A selectivity of 2.2 for silicalite-1 and 13 for
Na-ZSM-5 with Si/Al = 23 at 27 °C and a pressure of 0.1 MPa
has been reported by Krishna and van Baten.”

Compared to the literature, the relatively high selectivity
values obtained in this study indicate that the separation of
carbon dioxide from methane in biogas and natural gas may be
efficient using membranes prepared from MFI zeolite. The
presence of other components frequently encountered in
biogas and natural gas such as water, hydrogen sulfide, and
heavier hydrocarbons and how they affect the separation are
also of great interest. The effect of some of these components
on the adsorption of carbon dioxide and methane in MFI will
be studied in forthcoming work.

Bl CONCLUSIONS

The binary adsorption of carbon dioxide and methane in a low
alumina Na-ZSM-S$ zeolite film at various gas compositions and
temperatures was studied using in situ ATR-FTIR spectrosco-
py. Adsorbed concentrations were retrieved from infrared
spectra, and the values obtained were compared to values
predicted using the ideal adsorbed solution theory. The
predicted values were in good agreement with the experimental
values showing that the IAST can be used for predicting
adsorbed phase concentrations for various compositions of
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binary mixtures of carbon dioxide and methane in low alumina
Na-ZSM-S. The CO,/CH, adsorption selectivity determined
showed an increase at the highest and lowest mole fractions of
carbon dioxide in the gas phase at all studied temperatures. At
35 °C the highest selectivity values were 31.1 for the highest
mole fraction (0.9) and 20.4 for the lowest mole fraction of
carbon dioxide (0.03). The highest selectivity value observed
for an equimolar mixture was 15.4 at 35 °C. The observed
selectivity generally decreased with increasing temperature,
indicating a more efficient separation of carbon dioxide from
methane at lower temperatures. The relatively high selectivity
values obtained in this study indicate that the separation of
carbon dioxide and methane in biogas and natural gas may be
efficient at low temperatures using a membrane prepared from
the studied zeolite.
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Calculating adsorbed concentrations from spectra recorded with the ATR-FTIR sampling
technique

In a transmission experiment the spectral intensity (absorbance) is directly related to the concentration
in the sample via the well-known Lambert-Beers law

A=¢ecl M

where 4 is the integrated absorbance, ¢ is the molar absorptivity, ¢ is the concentration and [ is the path
length of the light beam in the sample (i.e. the thickness of the sample). To convert the spectral
intensities in the spectra to adsorbed concentrations the molar absorptivity, €, of the species adsorbed in
ZSM-5 is needed. These were determined by a combined gravimetric and infrared set-up, AGIR, and the
procedure for obtaining the molar absorptivities by this set-up has been described in detail elsewhere."*?
The molar absorptivities for carbon dioxide (band at 2340 crn'l) and methane (band at 3002 cm'l)
adsorbed in ZSM-5 were determined to 16.3 cm/pmol and 0.85 cm/pmol, respectively‘3

The Lambert-Beers law is not directly applicable to the ATR technique because of the exponential
decline of the electric field with distance from the ATR element/sample interface, which has to be
accounted for. The procedure for determining adsorbed concentrations was derived by Tompkins4 and
Mirabella’. In an ATR experiment, the concentration of the adsorbed specie in the film is related to the
absorbance band in the spectrum via

A nyE2e

N cosf

b 2z
f C(2)e Wdz 2

0

where A is the integrated absorbance of the band of interest, N is the number of reflections in the ATR-
element (20 in our case), Ey is the amplitude of the electric field at the ATR element/zeolite film
interface, C(z) is the concentration of the adsorbate in the zeolite as a function of distance from the ATR
element/zeolite film interface (assumed homogenous i.e. not varying with distance at equilibrium) and
d, is the penetration depth given by equation 1 in the main article. After integration the following
equation is obtained

A nyEgd,C _2dq
—_— == 7 1-— dp 3
N 2cos 6 € ¢ )

where d, is the thickness of the zeolite film. In our previous work we have shown that the contribution
from the gas phase is negligible and therefore it is sufficient to just integrate over the film thickness.”
Further, the “effective thickness”, d., of the electric field is given bys’ 6

3 ny1E¢d,
¢ 2cosf

“

The effective thickness is dependent on the polarization direction and may be estimated by5
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Y loy
e = enn t
logp + 1oy log + 1oy

dey ®)

where Iy; and Iy, are the intensity of the radiation without sample for parallel and perpendicular
polarized radiation (in the present work the contribution was 55% and 45% from the parallel and
perpendicular polarization, respectively). Further, d;; is the effective thickness for parallel polarization
and is determined by

2n,,d,, cos 0 (2s5in?6 — 2n3,)

= 6
N = T = n2 DI + n2,)5in?0 — n] ©
and d,, is the effective thickness for perpendicular polarization and is determined by
2n,,d, cos 6
dey = ————— 7
et 1 — (ny,)? @)

By combining equations 1-7 and equation 1 in the main article it is thus possible to calculate the
adsorbed concentrations from infrared spectra recorded in an ATR experiment.

The Ideal Adsorbed Solution Theory (IAST)

The TAST developed by Myers and Prausnitz’ provides a straightforward way of predicting binary
adsorption from single component adsorption data. The IAST was used in the present work to estimate
the adsorption equilibrium of gas mixtures based on the single gas adsorption isotherms determined in
our previous work.” The equilibrium between the gas phase and the adsorbed can be expressed by

P, = P (m)x; (®)

where P’ is the pure component hypothetical pressure which yields the same spreading pressure as that
of the mixture, z; is the spreading pressure of component 7 in the adsorbed phase and x; is the molar
fraction. The reduced spreading pressures, at the adsorbed equilibrium, must be the same for each
component and the mixture

b
0
T n; (P) . &)
T} _RT_J P dpP i=123..,N
0
7-[; = 1'[; E— 7-[1’(1 =1 (10)

where n{(P) is the pure component equilibrium capacity. By assuming ideal mixing at constant T and
, the total amount adsorbed is

1 X

N
i=1
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with the constrain
N

in=1

i=1

(12)

The IAST need parameters from single component adsorption isotherms as input. Table 1 shows the

parameters of the dual site Langmuir model fitted to the experimental data from our previous work.?

Table 1. Saturation concentrations (s, mmol/g), Langmuir adsorption coefficients (b, Pa™') and heat of
adsorption (AH, kJ/mol) for carbon dioxide and methane adsorbed in Na-ZSM-5.°

Temperature qi b, Q2 b, AH
Adsorbate ©C) (mmollg)  (1/Pa)  (mmol/g) (1/Pa) (kJ/mol)

CO, 35 278 1.04-107 0.04 6.33-10™ =37 (site 1)

50 2.78 5.03-10° 0.04 2.47-10% -54 (site 2)

85 2.78 1.24-10° 0.04 1.83-10°

120 2.78 4.44-107 0.04 8.31-10°
CH,4 35 2 1.04-10° - - 23

50 2 5.53-107 - -

85 2 2.38-107 - -

120 2 1.18-107 - -
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ABSTRACT

Methane is the main component in biogas and natural gas along with contaminants such as water
and carbon dioxide. Separation of methane from these contaminants is therefore an important
step in the upgrading process. Zeolite adsorbents and zeolite membranes have great potential to
be cost efficient candidates for upgrading biogas and natural gas, and in both of these
applications knowing the nature of the competitive adsorption is of great importance to further
develop the properties of the zeolite materials. The binary adsorption of methane and carbon
dioxide in zeolites has been studied to some extent, but the influence of water has been much less
studied. In the present work, in-situ ATR (Attenuated Total Reflection) - FTIR (Fourier
Transform Infrared) spectroscopy was used to study the adsorption of water/methane and
water/carbon dioxide from binary mixtures in a high silica Na-ZSM-5 zeolite film at various gas
compositions and temperatures. Adsorbed concentrations for all species were determined from
the recorded IR spectra, and the experimental values were compared to values predicted using
the Ideal Adsorbed Solution Theory (IAST). At lower temperatures (35, 50 and 85 °C), the IAST
was able to predict the binary adsorption of water and methane, whereas the values predicted by
the IAST deviated from the experimental data at the highest temperature (120 °C). For the binary
adsorption of water and carbon dioxide, the IAST could not predict the adsorption values
accurately. This discrepancy was assigned to the particular adsorption behavior of water in high
silica MFI forming clusters at hydrophilic sites. However, the predicted values did follow the
same trend as the experimental values. The adsorption selectivity was determined, and it was
found that the H,O/CHy4 adsorption selectivity was decreasing with increasing water content in

the gas phase at low temperatures, whereas the selectivity was increasing at higher temperatures.



The H,O/CO, adsorption selectivity was increasing with increasing water content at all

temperatures.

Keywords: water, carbon dioxide, methane, binary adsorption, ZSM-5, IAST, ATR-FTIR

spectroscopy



INTRODUCTION

Biogas and natural gas are fuels with high H/C ratio which are interesting alternatives to fossil
fuels derived from crude oil such as diesel and gasoline. Methane is usually the main component
(60-95%), but the gases also contain contaminants such as water and carbon dioxide.'™ The
presence of contaminants lowers the heat value and the separation of these compounds from
methane is therefore of great importance. A commonly used technique for removal of carbon
dioxide is amine absorption, this technique is efficient for obtaining low levels of carbon dioxide
in the gas but expensive and energy demanding.’ Therefore, other more energy efficient
separation techniques are sought for. Adsorbent and membrane based processes are interesting
alternatives, where zeolite adsorbents and membranes have shown great potential in the
literature.*® However, to accurately evaluate and further develop these materials, knowledge of
the adsorption and mass transfer characteristics of the materials are pivotal. In particular, data on
multicomponent adsorption is desirable as these are closer to practical applications.

The binary adsorption of methane and carbon dioxide in zeolites has been fairly well studied in
the literature,”"* whereas the co-adsorption of water with carbon dioxide or methane has been
much less studied. For binary adsorption of water and carbon dioxide, there is some FTIR data
available in the literature, whilst data of binary adsorption of water and methane is scarce. Rege
and Yang'* studied single and mixed gas adsorption of water and carbon dioxide in zeolite NaX
and y-alumina using FTIR spectroscopy. The experimental data from binary mixtures of water
and carbon dioxide was compared with two model predictions; the Doong-Yang (DY) and the
IAST. The values predicted from both models were quite similar, especially for high
concentration of the adsorbates and the models were able to predict the loading of water

reasonably well in both NaX zeolite and y-alumina. However, none of the models predicted the



loading of carbon dioxide very well, especially at low partial pressures. This was expected since
both the DY and the IAST models assume ideality of the gases, and hence the lateral interactions
between water and carbon dioxide were neglected. However, DY was marginally the better
model since the predicted values for this model appeared to be closer to the experimental values.
Brandani and Ruthven'” used the zero length column (ZLC) method to study the effect of water
on the adsorption of carbon dioxide in different types of X zeolites. The authors reported that the
adsorption of carbon dioxide was inhibited in the presence of water. Wang and LeVan'® studied
adsorption of binary mixtures of water and carbon dioxide in zeolites SA and 13X using a
volumetric apparatus. They also reported that the adsorption of carbon dioxide was inhibited in
the presence of water for both zeolites. Furthermore, the IAST was used to predict component
loadings from binary adsorption showing that the predictions were close to the experimental data
for low water loadings. However, the deviation between the predictions and the experimental
data increased with increasing water loadings indicating a non-ideal system. Joos et al.'” used
Grand Canonical Monte Carlo (GCMC) simulations to study the competitive adsorption of water
and carbon dioxide in zeolite 13X. Molecular simulations were performed for pure gas
adsorption as well as binary mixtures. The authors concluded that for binary mixtures, water was
the dominant adsorbed specie reducing the amount of available adsorption sites for carbon
dioxide. The amount of adsorbed water was close to the loading obtained for the pure component
whereas the adsorbed loading of carbon dioxide decreased compared to the case with pure
component adsorption.

Several groups have reported the formation of water clusters when adsorbed in MFI zeolite.'®
2 Jentys et al."® studied the adsorption of water in H-ZSM-5 and alkali metal exchanged ZSM-5,

all having a Si/Al ratio of 36, using transmission absorption infrared spectroscopy. It was



reported that the largest fraction of water molecules was adsorbed on the cations, and the
concentration of adsorbed water was decreasing with increasing atomic number of the cation. For
Na-ZSM-5, several water molecules were adsorbed on each cation without lateral interactions at
lower equilibrium pressures (10'3 mbar). While increasing the pressure to 10 mbar, infrared
bands appeared which were assigned to asymmetric adsorption of the first layer of water
molecules around the cation. Continuing to increase the pressure (10" mbar) resulted in the
formation of water clusters, where bands of OH-stretching vibrations associated with hydrogen-
bonded perturbed water (inside the cluster), and unperturbed water (at the boundary of the
cluster) appeared in the IR spectra. The interaction of water with the oxygen atoms in the zeolite
structure was found to be negligible. Ari ef al."’ studied molecular dynamics simulations of water
diffusion in MFI zeolites and reported formation of water clusters due to strong ion-dipole
interactions when water molecules were located in the vicinity of the cation. Krishna and van
Baten”™ used GCMC simulations to study adsorption and diffusion of polar molecules such as
water and alcohols. It was reported that cluster formation of water occurred in MFI due to
hydrogen bonding.

To the best of our knowledge, no data on the co-adsorption of water and methane in zeolite

1%* studied the

MEFTI has been reported in the open literature thus far. However, Miiller et a
adsorption of water vapor and methane on activated carbons using grand canonical Monte Carlo
simulations. For graphitic carbons, almost no adsorption of water occurred at moderate pressures
while condensation of water in the pores occurred at higher pressures. Introducing oxygenated
sites on the carbon surface enabled the formation of H-bonds between the water molecules and

the surface sites. It was shown that the adsorption of water increased with the increasing density

of surface sites leading to a reduction in the capacity of the carbon to adsorb methane. It was also



shown that the selectivity for methane was decreasing with the increasing density of surface
sites.

We have previously studied adsorption of hydrocarbons in zeolite and single component
adsorption of carbon dioxide, water and methane as well as the binary adsorption of carbon
dioxide/methane mixtures in high silica Na-ZSM-5 using in-situ ATR-FTIR spectroscopy.”* In
the present paper, we extend our work by studying adsorption from binary mixtures of
water/methane and water/carbon dioxide adsorbed in a high silica Na-ZSM-5 zeolite film. To the

best of our knowledge, this is the first report on the binary adsorption of carbon dioxide/water

and methane/water in high silica zeolite Na-ZSM-5.



EXPERIMENTAL

Synthesis and characterization

The zeolite Na-ZSM-5 film (Si/Al = 130) used in this work was grown on both sides of a
trapezoidal ZnS crystal (Spectral systems, 50 x 20 x 2 mm, 45° cut edges) using a seeding
method. The synthesis procedure and characterization have been described in detail elsewhere”
¥ and only a short summary of the method is presented here. The cleaned ZnS crystal was
immersed into a cationic polymer solution to render the surface positively charged. After rinsing
with ammonia solution, the ZnS crystal was immersed in a seed suspension to create a
monolayer of Silicalite-1 seed crystals on the surface. Thereafter, the seeded ZnS crystal was
kept in a synthesis solution at 100 °C for 48 h under reflux to grow the seed crystals into a
continuous zeolite film. After synthesis, the zeolite film was rinsed with ammonia solution and
distilled water and then dried overnight. The zeolite film was thereafter calcined at 500 °C to
remove the template molecules from the pore system.

X-ray diffraction (XRD) and scanning electron microscopy (SEM) were used to verify the
zeolite phase formed and to determine the morphology and thickness of the film.

Adsorption experiments

A heatable flow cell connected to a gas delivery system was used to perform the adsorption
experiments. The setup used to perform for the adsorption experiments have previously been
described elsewhere.?” *° Prior to measurements, the zeolite film was dried by heating the cell to
300 °C under a flow of helium (AGA, 99.999%) in order to remove any adsorbed species. The
cell was thereafter mounted into the infrared spectrometer, and a background spectrum was
recorded under a flow of helium at the experimental temperature of interest. The binary

adsorption experiments of water (distilled water)/methane (AGA, 99.9995%) and water/carbon



dioxide (AGA, 99.995%) were performed by stepwise increasing the partial pressure of one of
the adsorbate while decreasing the partial pressure of the other adsorbate using a total pressure of
1 atm. For each composition of the gas mixture, spectra were recorded continuously until
equilibrium was reached.

A Bruker IFS 66v/S FTIR spectrometer equipped with a deuterated triglycine sulphate (DTGS)
detector was used to collect the infrared spectra. Spectra were recorded by averaging 256 scans

at a resolution of 4 cm’™'.
Theory

The Lambert-Beers law is commonly used to calculate the concentrations from infrared spectra
in transmission experiments. However, due to the exponential decay of the electric field, the
Lambert-Beers law is not directly applicable to the ATR technique. Tompkins®' and Mirabella®
have derived expressions for determining adsorbed concentrations from ATR experiments. The

following equation was used to determine the adsorbed concentrations in the zeolite film

2
A _ ny, Eg de g(l—eizd"/d” ) (1)

N 2cos @
where A4 is the integrated absorbance, N is the number of reflections inside the ATR element

(20 in this work), ny; is the ratio of the refractive indices of the denser (ATR element) and the
rarer (zeolite film) medium, Ej is the amplitude of the electric field at the ATR element/zeolite
film interface, d, is the penetration depth, C is the concentration of the adsorbate in the zeolite, 0
is the angle of incidence (45°), ¢ is the molar absorptivity and d, is the thickness of the zeolite
film. Details of how to calculate the adsorbed concentrations in the zeolite film have been
described in detail in our previous work.”” To assess whether water interacting with carbon
dioxide via a hydrogen bond would affect the molar absorptivity used in equation 1, and thus the

adsorbed concentrations, a limited number of DFT (Density Functional Theory) calculations



were performed on free molecules (outside a zeolite lattice) of carbon dioxide and water and a
hydrogen bonded complex. DFT calculations were executed using the Perdew-Burke-Ernzerhof
(PBE) functional®, and the dispersion corrections was included using the DFT-D2 method of
Grimme™* **. The calculations were performed with plane waves and ultrasoft pseudopotentials
using Quantum Espresso (QE) version 5.0.2.°® All pseudopotentials were taken from the QE
pseudopotential library.”” The kinetic energy cutoff was 47 Ry and the density cutoff 330 Ry for
all calculations. Infrared spectra were calculated from the energy minimized structures and the
intensities of the resulting peaks were used for estimating the effect on the molar absorptivities
for water and carbon dioxide.

Myers and Prausnitz®® proposed that the Ideal Adsorbed Solution Theory (IAST), based on
Gibb’s adsorption isotherm, provides a link between single component and multicomponent
adsorption. In this work, the IAST was used to predict the adsorbed concentrations of water,
methane and carbon dioxide in binary mixtures (water/methane and water/carbon dioxide), and
the values predicted by the IAST were compared to experimentally determined adsorbed
concentrations. Furthermore, the adsorption selectivity’’ was determined by

X. /X,
@y = YI?Y]
i/ Y

@)

where X; and X; are the equilibrium mole fractions of the components i and j in the adsorbed

phase and Y; and Y; are the corresponding mole fractions in the gas phase.
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RESULTS AND DISCUSSION

Film characterization

The zeolite film used in this work was characterized in detail in our previous work,”” and only
a short summary is given here. The zeolite film was confirmed by XRD data to consist of
randomly oriented ZSM-5 crystals, and from the SEM analysis it was concluded that the zeolite
film consist of well-intergrown crystals forming a continuous film with a thickness of about 550
nm. Both the XRD patterns and the SEM images were very similar to previous reports on zeolite
coated ATR elements.”>?’ The Si/Al ratio of the zeolite was determined to 130 by ICP-MS, and
this particular Si/Al ratio was chosen as it represents the composition of the high silica ZSM-5

membranes studied for CO, separation in our research group.*’
Adsorption experiments

Figure 1 shows infrared spectra of water and methane adsorbed from binary mixtures of
varying compositions in the zeolite at 35 °C and a total pressure of 1 atm. Adsorbed water
appeared in the spectra as a broad band with overlapping hydrogen bonding features in the 3750-
2500 cm™ range assigned to H-O-H asymmetric and symmetric stretching vibrations and a
narrow band at ca. 1617 cm™ with a shoulder at 1633 cm™ assigned to O-H bending vibration.*'
The half-width of the latter band was considerably larger (62 cm™) than the infrared band at 1617
em™ (20 em™). Tt is well known that the bending vibration of water shifts to higher wavenumber,
whilst the stretching vibrations shift to lower wavenumber with increasing strength of the
hydrogen bond, and simultaneously the half-width of the bands increase. Both the stretching
vibrations and the bending vibration of water therefore show hydrogen bonded water. Assuming
that the water molecules firstly occupies sodium sites in the Na-ZSM-5 structure through ion-

dipole interaction, additional water molecules should be hydrogen bonded indicating the
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formation of water clusters at high partial pressures of water, which is in agreement with the
work of Jentys er al.'® Alternatively, water may first also adsorb on polar silanol groups at
intracrystaline defects, followed by water cluster formation at higher partial pressures. The C-H
stretching vibrations of methane appeared as two bands at 3016 em” and 3005 ecm™ > As
expected, the intensity of the bands assigned to the water adsorbed in the zeolite is increasing
with increasing partial pressure of water in the gas phase, and at the same time, the intensity of
the bands assigned to adsorbed methane is decreasing. Spectra were of similar appearance but of
lower intensity for co-adsorbed water and methane recorded at higher temperatures (50, 85 and
120 °C). The adsorbed concentrations of water and methane were retrieved from the recorded
infrared spectra using equation 1. The retrieved adsorbed concentrations were plotted as a
function of the mole fraction of water in the gas phase, see Figure 2. The amount of adsorbed
water is increasing with increasing mole fraction of water in the gas phase, whereas the amount
of adsorbed methane is decreasing, as expected, and the adsorbed concentrations of both species
are decreasing with increasing temperature. Water is preferentially adsorbed relative to methane
and the adsorbed concentration of water is 2.48 mmol/g at the highest mole fraction of water in
the gas phase at 35 °C whilst the adsorbed concentration of methane is merely 0.087 mmol/g,
although the partial pressure of methane is 47 times higher than that of water. At the lowest
partial pressure of water (250 Pa) in the gas phase, where the partial pressure of methane is about
400 times higher, the adsorbed concentrations of water and methane are 0.015 mmol/g and 0.16
mmol/g, respectively. The preferential adsorption of water is consistent with the more negative
heat of adsorption and larger Langmuir adsorption coefficient values for water compared to
methane in high silica ZSM-5.%” The adsorbed concentrations of water and methane from binary

mixtures have been compared to the adsorbed concentrations from single gas experiments from
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our previous work, see Table 1 in the supporting information. The amount of adsorbed water in
the zeolite was slightly lower for the binary mixtures compared to the single gas experiments.”’
However, the amount of adsorbed methane was significantly lower viz. roughly half the
concentration compared to the single gas experiment. This indicates a competitive adsorption
between water and methane where methane is almost entirely suppressed by water, which is in
agreement with the thermodynamic data, as mentioned earlier.

Figure 3 shows infrared spectra of water and carbon dioxide of various gas compositions
adsorbed simultaneously in Na-ZSM-5 zeolite at 35 °C and, again, a total pressure of 1 atm. The
bands assigned to adsorbed water are similar to the bands in Figure 1. The asymmetric stretching
vibration of physisorbed carbon dioxide'* appeared as a narrow band at 2338 cm™. The intensity
of the bands increased with increasing partial pressure of each gas, as expected. The spectra of
co-adsorbed water and carbon dioxide recorded at 50, 85 and 120 °C were similar in appearance
although the intensity decreased with increasing temperature. However, in the spectrum of the
adsorbed carbon dioxide, two well resolved bands appeared at 3698 cm™ and 3596 cm™. These
bands persist also upon increasing the partial pressure of water, although the intensity of the
bands had decreased by about 15 % at the highest water concentration. The two bands were not
resolved at any partial pressure of water in the HyO/CHy system (Fig. 1). Thus it appears as if
these absorption bands, caused by OH stretching vibrations, are mainly influenced by adsorbed
CO, molecules. The wavenumber position of the bands indicate that the O-H functions are
related to defects in the zeolite film and probably weakly hydrogen bonded to other O-H
functions in the defect before they are allowed to interact with carbon dioxide molecules. The
bands used for determining the adsorbed concentrations of water (1617 cm’") and carbon dioxide

(2338 cm’™), see equation 1, are well separated in the spectra. Figure 4 shows the retrieved
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adsorbed concentrations plotted against the mole fraction of water in the gas phase. With
increasing amount of water in the gas phase, the adsorbed amount of water in the zeolite
increased whereas the amount of adsorbed carbon dioxide decreased, and as expected, the
adsorbed concentrations of both species are decreasing with increasing temperature. For the
highest mole fraction of water (0.02%, ca. 2 kPa) in the gas phase at 35 °C, the adsorbed
concentration of water and carbon dioxide was 2.13 mmol/g and 1.08 mmol/g, respectively,
showing that water is preferentially adsorbed in the zeolite although the partial pressure of
carbon dioxide is 47 times higher than that of water. Again, this is in agreement with the more
negative heat of adsorption and the higher Langmuir adsorption coefficient values for water
compared to carbon dioxide reported in our previous work.”” However, the presence of water had
a lesser effect on the amount of adsorbed carbon dioxide compared to methane, which can be
seen upon comparison of Figures 2 and 4. The amount of adsorbed methane decreased much
faster compared to carbon dioxide when the mole fraction of water in the gas phase is increased.
The small decrease in the adsorbed concentration of carbon dioxide when water is co-adsorbed
compared to when no water is present is striking. At 35°C and the highest partial pressure of
water in the gas, the decrease in adsorbed concentration is ca 0.18 mmol/g (about 14 %) whereas
the difference in adsorbed water is as high as 2.13 mmol/g. This indicates that the water to a
large extent adsorbs on different sites than carbon dioxide. We suggest that this is due to
formation of water clusters on the hydrophilic sites (sites associated to sodium/aluminum and
internal silanol groups) in the zeolite, with little adsorption of water in the defect free parts of the
framework, in accordance with previous ﬁndings.lg'23 On the contrary, carbon dioxide also
adsorbs significantly on sites not associated with sodium/aluminum or lattice defects, i.e. the

pore wall.** Thus, there seem to be some competition between water and carbon dioxide for the
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hydrophilic sites with water being the stronger competitor, whereas most of the carbon dioxide
adsorbs at sites of more hydrophobic character in defect free and aluminum free parts of the pore
system.

To assess whether carbon dioxide interacting with water affected the molar absorptivity, &,
(and thus the adsorbed concentration) in equation 1, DFT calculations were performed.
Simulated infrared spectra of free water and carbon dioxide molecules were compared to
simulated infrared spectra of a water molecule interacting with a carbon dioxide molecule. For
carbon dioxide, the ratio (interacting/free) for the asymmetric stretching vibration (same as used
for quantification above) was ca. 0.87 whereas the corresponding ratio for water (bending
vibration) was ca. 1.53, see supporting information. These numbers are fairly close to unity, and
considering the results discussed above (i.e. that most of the carbon dioxide adsorbs on other
sites than water), we conclude that the overall effect of water interacting with carbon dioxide on

the adsorbed concentration of the two species will be small and was therefore neglected.

Experimentally determined values in comparison with values predicted by the

Ideal Adsorbed Solution Theory (IAST)

Langmuir parameters (¢, and b) for single component adsorption determined in our previous
work?” were used to predict the amount adsorbed from binary mixtures of water/methane and
water/carbon dioxide. The adsorbed mole fractions of water and methane predicted by the IAST
(solid lines) were compared to the experimental data (markers) obtained in this work and are
presented in Figure 5a and b, respectively. The values predicted by the IAST agree very well
with the experimental data at 35, 50 and 85 °C. Values predicted by the IAST deviate slightly

from the experimental values at 120 °C, which could be an effect of the low amount of adsorbed
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methane at this temperature. Overall, the IAST seems to accurately predict the binary adsorption
of water and methane at lower temperatures. However, at higher temperatures the IAST should
be used with caution. Figure 6a and b show the mole fractions of the adsorbed water and carbon
dioxide, respectively, predicted by the IAST (solid lines) and the experimental data (markers) as
a function of the mole fraction of water in the gas phase. The values predicted by the IAST
follows the same trend as the values determined experimentally. However, the IAST cannot fully
capture the binary adsorption of water and carbon dioxide indicating a non-ideal adsorption
behavior which is in line with previous reports.'* ' According to Rege and Yang,'* the DY and
TAST models were able to predict the loading of water reasonable well, but not the loading of
carbon dioxide, due to the assumed ideality of the gases by the models. Wang and LeVan'®
showed that the IAST was able to predict the amount of adsorbed carbon dioxide fairly well at
low water loadings and temperatures. However, at increasing water loadings and temperatures,
there was a large deviation indicating a non-ideal system. Figure 6b shows that the deviation of
the values predicted by the IAST from the experimental values is increasing with increasing
water content in the gas phase. At 35, 50 and 85 °C, the TAST is underestimating the amount of
adsorbed carbon dioxide, but overestimates at the highest temperature. The discrepancy between
the experimentally determined concentrations and those predicted by the IAST is again ascribed
to the particular adsorption behaviors of water in MFI, where water is forming clusters at
hydrophilic sites while carbon dioxide adsorbs throughout the whole pore system. The IAST is
therefore not an optimal model for the prediction of the amount of adsorbed water and carbon
dioxide from binary mixtures. The use of other, more sophisticated models, for predicting the
binary adsorption from water/carbon dioxide mixtures in MFI zeolites is recommended. Rege

and Yang'* considered DY to be a more accurate model compared to the IAST since the
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predicted values for this model appeared to be closer to the experimental values, as mentioned
earlier. Furthermore, Wang and LeVan'® reported the viral excess mixing coefficient (VEMC)
model to have strong improvement over the IAST model. In addition, better models for
describing adsorption with associated formation of clusters should be developed and possibly
used in conjunction with the IAST to predict mixture adsorption of cluster forming species.

Selectivity

Figure 7 shows the H,O/CHj4 adsorption selectivity as a function of the mole fraction of water
in the gas phase at four different temperatures. At 35 and 50 °C, the H,O/CH4 adsorption
selectivity decreased with increasing water content in the gas phase, which is believed to be an
effect of the formation of water clusters mentioned earlier. Furthermore, at lower water content
in the gas phase a larger fraction of the water molecules will be adsorbed due to the strong
affinity of water for the zeolite, and hence the H,O/CHy adsorption selectivity will reach a higher
value. When the water content in the gas phase is increasing, the fraction of the water molecules
which will be adsorbed will decrease due to saturation of the hydrophilic sites and subsequent
formation of clusters which results in lower H,O/CHy4 adsorption selectivity. At 85 and 120 °C,
the H,O/CH,4 adsorption selectivity decreased with increasing mole fraction of water in the gas
phase which is due to the very small amount of methane adsorbed at higher temperatures.
Methane not being adsorbed in the zeolite in detectable amounts at higher temperatures and
higher mole fractions of water in the gas phase reduced the number of experimental data points
for 85 and 120 °C compared to 35 and 50 °C. The H,O/CO; adsorption selectivity as a function
of the mole fraction of water in the gas phase at 35, 50, 85 and 120 °C is shown in Figure 8. The
selectivity decreased with increasing water content in the gas phase at all temperatures. Again,

this can be explained by the formation of water clusters and the decreasing fraction of water
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molecules being adsorbed when increasing the mole fraction of water in the gas phase as
previously mentioned for the H,O/CH, adsorption selectivity. Rege and Yang'® studied binary
adsorption of water and carbon dioxide in NaX zeolite at 22 °C where the amount of water and
carbon dioxide in the feed was a bit lower than in the present work. However, at the highest
concentrations, 760 ppm and 3.59 % of water and carbon dioxide, respectively, they got a
H,0/CO; adsorption selectivity of 80. In the present work, a HO/CO, adsorption selectivity of
93 was determined for the highest amount of water in the gas phase. The slightly lower
selectivity in the work of Rege and Yang, despite zeolite NaX being more hydrophilic, is
probably a combined result of the differences in the total feed and the composition of the feed.
Moreover, the selectivity in Figure 8 decreased with increasing water content and if one
extrapolates the curve to the composition of Rege and Yang, the H,O/CO, selectivity for the
ZSM-5 film would probably be less than the selectivity of 80 determined from the work of Rege

and Yang, as would be expected for high silica ZSM-5.
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CONCLUSION

The binary adsorption of water/methane and water/carbon dioxide in a high silica zeolite Na-
ZSM-5 film at various gas compositions and temperatures was studied using in-situ ATR-FTIR
spectroscopy. Adsorbed concentrations were determined from the recorded infrared spectra
showing that water is preferentially adsorbed compared to both methane and carbon dioxide and
the presence of water had a lower effect on the amount of adsorbed carbon dioxide compared to
methane. The adsorbed concentrations were compared to values predicted using the Ideal
Adsorbed Solution Theory. The IAST was capable of predicting the binary adsorption of water
and methane for the lowest temperatures studied in the present work while the predicted values
deviated from the experimental data at the highest temperature studied. For the binary adsorption
of water and carbon dioxide, the values predicted by the IAST followed the same trend as the
experimental values. However, the IAST was not able to correctly predict the adsorption of water
and carbon dioxide from binary mixtures. The deviation was assigned to the particular adsorption
behavior of water in high silica MFI with cluster formation. The IAST is therefore not a reliable
model for the prediction of binary mixtures of water and carbon dioxide. The H,O/CHy
adsorption selectivity decreased with increasing water content in the gas phase at low
temperatures (35 and 50 °C), whereas the selectivity increased at higher temperatures (> 85 °C) .
The H>O/CO, adsorption selectivity decreased with increasing water content in the gas phase for
all the studied temperatures. The decreasing selectivity for both the water/methane and the
water/carbon dioxide mixtures can be explained by the formation of water clusters and the
decreasing fraction of water molecules being adsorbed when increasing the mole fraction of

water in the gas phase.
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Figure 1. Infrared spectra of water and methane for various compositions of the gas phase
simultaneously adsorbed in Na-ZSM-5 at 35 °C. The total pressure was 1 atm where the partial

pressure of water was 0, 378, 755, 1647 and 2105 Pa, starting from the bottom spectrum.

Figure 2. Adsorbed concentrations of water and methane as a function of the mole fraction of
water in the gas phase at 35°C (0), 50°C (0), 85°C (o) and 120°C (A). The filled markers are
representing water and the open markers are representing methane. The lines are only a guide for

the eyes.

Figure 3. Infrared spectra of water and carbon dioxide for various compositions of the gas phase
simultaneously adsorbed in Na-ZSM-5 at 35 °C. The total pressure was 1 atm where the partial

pressure of water was 0, 378, 755, 1647 and 2105 Pa, starting from the bottom spectrum.

Figure 4. Adsorbed concentrations of water and carbon dioxide as a function of the mole
fraction of water in the gas phase at 35°C (o), 50°C (0), 85°C () and 120°C (A). The filled
markers are representing water and the open markers are representing carbon dioxide. The lines

are only a guide for the eyes.

Figure 5. Experimentally determined adsorbed phase mole fraction of water (a) and methane (b)
as a function of mole fraction of water in the gas phase and values predicted by the IAST at 35°C

(o,-), 50°C (0,---), 85°C (o,) and 120°C (A,--). The markers are representing the experimental

data and the lines represent values predicted using the IAST. The total pressure was 101.3 kPa.

Figure 6. Experimentally determined adsorbed phase mole fraction of water (a) and carbon
dioxide (b) as a function of mole fraction of water in the gas phase and values predicted by the

IAST at 35°C (g,-), 50°C (0,---), 85°C (o,+) and 120°C (A,--). The markers are representing the
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experimental data and the lines represent values predicted using the IAST. The total pressure was

101.3 kPa.

Figure 7. H,O/CHj, selectivity as a function of mole fraction of water in the gas phase at 35°C

(0), 50°C (©), 85°C (o) and 120°C (A) and a total pressure of 101.3 kPa

Figure 8. HyO/CO,; selectivity as a function of mole fraction of water in the gas phase at 35°C

(o), 50°C (), 85°C (0) and 120°C (A) and a total pressure of 101.3 kPa.
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The adsorbed concentrations of water, methane and carbon dioxide retrieved from binary mixtures in
this work were compared to the adsorbed concentrations from single gas experiments in our previous
work', see Table 1. The adsorbed concentrations were retrieved from infrared spectra at 35 °C using a
total pressure of 101300 Pa. Experimental data from binary mixtures and from the single gas
experiments were compared at the same partial pressure region. The Langmuir model was used to
predict values for methane and carbon dioxide where no experimental data existed. The adsorbed
concentration of water from single gas experiments is clearly higher compared to the adsorbed
concentrations from the binary mixtures. The amount of water adsorbed in the zeolite is much lower in
the H,O/CO, mixture compared to the H,O/CH, mixture indicating a much stronger competitive
adsorption between water and carbon dioxide compared to water and methane, as may be expected. This
is also confirmed when comparing the adsorbed concentrations between single gas experiments and

binary mixtures for both methane and carbon dioxide.

To assess whether interactions between water and carbon dioxide molecules could affect the molar
absorptivity when calculating the concentration of the adsorbed species, a limited number of DFT
calculations were executed. Figure 1 represents simulated infrared spectra of free water and carbon
dioxide molecules compared to simulated infrared spectra of a water molecule interacting with a carbon
dioxide molecule. The interacting/free ratio is about the same for both water and carbon dioxide and the
overall effect of the interaction between water and carbon dioxide on the concentration was small and

was therefore neglected.
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Table 1. Comparison of the adsorbed concentrations of water, methane and carbon dioxide in Na-ZSM-

5 at 35 °C at a total pressure of 101300 Pa.

Adsorbed

Adsorbate Gas Partial Pressure concentration Data Reference

composition (Pa) (mmol/g)
H,O single 2105 2.878 experimental 1

H,O/CH4 2105 2.484 experimental  Present work

H,0/CO, 2105 2.130 experimental ~ Present work
CH,4 single 96896 0.181 experimental 1

single 99195 0.187 Langmuir 1

single 101300 0.188 experimental 1

H,O/CH4 99195 0.087 experimental  Present work
CO, single 11918 0.345 experimental 1

single 99195 1.454 Langmuir 1

single 101300 1.468 experimental 1

H,0/CO, 99195 1.082 experimental ~ Present work
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ABSTRACT

The main component in biogas and natural gas is methane. The gases also contain water and
carbon dioxide and these components have to be removed in order to increase the calorific value
of the gas. Membrane and adsorbent based technologies using zeolites are interesting alternatives
for efficient separation of these components. To develop efficient processes, it is essential to
know the adsorption properties of the zeolite. In the present work, adsorption from ternary
mixtures (methane, water and carbon dioxide) in zeolite Na-ZSM-5 was studied using in-situ
ATR (Attenuated Total Reflection) — FTIR (Fourier Transform Infrared) spectroscopy. Adsorbed
concentrations were extracted from the infrared spectra and the observed loadings were
compared to values predicted by the Ideal Adsorbed Solution Theory (IAST). However, the
IAST could not fully capture the adsorption behavior of this ternary mixture, indicating that the
adsorbed phase is not behaving as an ideal mixture. CO,/CH,4 adsorption selectivities determined
for ternary mixtures were compared to selectivities determined for binary mixtures in our
previous work, indicating that the presence of water slightly improves the CO,/CH,4 adsorption
selectivity at lower temperatures. Further, the results show that ZSM-5 has a higher affinity for
water and carbon dioxide compared to methane which implies that low alumina zeolite Na-ZSM-

5 could be a promising membrane material for carbon dioxide and water separation from biogas.

Keywords: biogas, ternary adsorption, zeolite ZSM-5, IAST, selectivity



INTRODUCTION

Natural gas is a fossil fuel containing methane as the main components (80-95%) and various
amounts of carbon dioxide, water and trace components." > Even though natural gas is a fossil
fuel, it is one of the most abundant assets in the world® and it is considered as helpful in the
transition from fossil fuels to renewable fuels. Biogas is a renewable resource and an interesting
alternative to fossil fuels. The gas is produced from anaerobic degradation of biomass where
methane (about 60-70%) is the main component.* > The heat value of natural gas and biogas is
reduced due to the presence of water and carbon dioxide. To upgrade biogas and natural gas and
hence increase the heat value, amine absorption is commonly used today.6 Adsorption and
membrane based technologies where zeolite adsorbents/membranes are used is an interesting
option for more energy efficient upgrading of both biogas and natural gas.”® For both adsorbent
and membrane applications, detailed knowledge of the adsorption properties of methane, water
and carbon dioxide in the zeolite is of great importance both for further development of the
materials but also for optimizing the performance of the separation process. Single component
adsorption experiments are commonly used as a start to determine the adsorption properties of

zeolites. For example, Choudhary et al’, Sun et al.'® and Dunne et al.'" 2

used gravimetry to
study single component adsorption of methane and carbon dioxide in MFI zeolites, whereas Bao
et al.” used volumetric measurements. Jentys e al.'* used transmission absorption infrared
spectroscopy to study the adsorption of water in H-ZSM-5 and alkali metal exchanged ZSM-5
with a Si/Al ratio of 36. The largest fraction of water molecules was adsorbed on the cations
whereas the interaction of water with the oxygen atoms in the zeolite structure was found to be

negligible. At low equilibrium pressures, several water molecules were adsorbed on each cation

in Na-ZSM-5 without lateral interactions. According to interpretation of the IR spectra, the



formation of water clusters was confirmed at higher pressures, where bands of OH-stretching
vibrations associated with hydrogen-bonded water inside the clusters (perturbed water), and
water at the boundary of the clusters (unperturbed water) were observed. Ari et al." used
molecular dynamics simulations to study the diffusion of water in MFI zeolites and reported
formation of water clusters due to strong ion-dipole interactions when water molecules were
located in the vicinity of the cation. Krishna and van Baten'® studied the adsorption and diffusion
of polar molecules such as water and alcohols using GCMC simulations, and reported that
cluster formation of water occurred in MFI due to hydrogen bonding. Water clusters were also
believed to be formed within defects containing silanol groups. Such defects are typically formed
during synthesis at high pH, which is usually the case for zeolite MFL." Multicomponent
adsorption in zeolites is frequently non-ideal and a deviation from models assuming an ideal
behavior, such as the extended Langmuir model or the Ideal adsorbed solution theory (IAST), is
therefore expected. These models are popular because they only require single component
adsorption data as input and can be used to illustrate deviations from ideality. Consequently, it is
of interest to study multicomponent adsorption and to assess whether these models are suitable
for predicting the multicomponent adsorption behavior or if more sophisticated models ought to
be used. Despite the practical importance of the effect of intermolecular interactions within
multicomponent mixtures, experimental data on multicomponent adsorption is scarce. For the
methane/carbon dioxide system, experimental data on co-adsorption primarily exists for other
zeolite frameworks than MFI, although various concentration pulse methods have been used to
study this binary adsorption in MFL'"®?° More commonly, the behavior of binary mixtures of
methane and carbon dioxide in MFI zeolite has been studied using molecular dynamic

simulations and Grand Canonical Monte Carlo (GCMC) simulations.”' > For binary adsorption



of mixtures containing water, there are some data available in the literature concerning water and
carbon dioxide mixtures. Data of binary adsorption of water and methane, on the other hand, is
scarce. For binary adsorption of water and carbon dioxide, Rege and Yang® studied adsorption
in NaX zeolite and on y-alumina using Fourier-transform infrared (FTIR) spectroscopy, whereas
Brandani and Ruthven® used the zero length column (ZLC) method to study the binary
adsorption of these gases in different type of X zeolites. Furthermore, Wang and LeVan®® studied
adsorption in zeolites 5A and 13X using a volumetric apparatus and Joos et al.”’ used GCMC
simulations to study the competitive adsorption of water and carbon dioxide in zeolite 13X.
However, to the best of our knowledge, there is only one report on binary adsorption of water
and methane in MFI zeolite.”® We have previously reported experimental data from single gas®
adsorption of methane, carbon dioxide and water as well as binary adsorption of methane/carbon
dioxide30, water/methane®® and water/carbon dioxide®® mixtures in Na-ZSM-5 zeolite using
ATR-FTIR (attenuated total reflection — Fourier transform infrared) spectroscopy. Studies of
adsorption from mixtures containing all three components are of great importance as ternary
mixtures have a higher resemblance to real biogas. However, in general, literature regarding
adsorption of ternary mixtures is very scarce.

In this paper we present experimental data from ternary adsorption mixtures including three of
the main components, i.e. methane, carbon dioxide and water, in natural gas and biogas for the

first time.



EXPERIMENTAL

Synthesis and characterization

A trapezoidal ZnS crystal (Spectral systems, 50 x 20 x 2 mm, 45° cut edges) was used as a
support when growing the ZSM-5 zeolite film (Si/Al = 130, Na/Al = 1) using a seeding method.
The sample preparation and characterization has previously been described in detail,” *' hence
the procedure will only be briefly presented here. The ZnS crystal was thoroughly cleaned in
acetone, ethanol and distilled water using an ultrasonic bath prior to seeding. The surface was
rendered positively charged by immersing the ZnS crystal in a cationic polymer solution. After
rinsing with ammonia solution, a monolayer of silicalite-1 seed crystals was deposited on the
surface by immersing the ZnS crystal in a seed suspension. To grow the seed crystals into a
continuous zeolite film, the seeded ZnS crystal was kept in a synthesis solution under reflux at
100 °C for 48 h. The zeolite film was then carefully rinsed, dried overnight and finally calcined
at 500 °C.

Scanning electron microscopy (SEM) and X-ray diffraction (XRD) were used to determine the

thickness and morphology of the film and to verify the zeolite phase formed.
Adsorption experiments

After synthesis, the zeolite coated ZnS crystal was mounted into a flow cell which was
connected to a gas delivery system. In order to remove any pre-adsorbed species, the zeolite film
was dried under a flow of helium (AGA, 99.999 %) by heating the cell to 300 °C for four hours.
Prior to measurements, a background spectrum of the dried film was recorded under a flow of
helium at the temperature at which the adsorption experiment was to be performed. The ternary
adsorption experiments using mixtures of water (distilled water), methane (AGA, 99.9995 %)

and carbon dioxide (AGA, 99.995 %) were performed by stepwise increasing the partial pressure



of methane and water while decreasing the partial pressure of carbon dioxide at a total pressure
of 1 atm. A stream of methane gas was passed through a saturator filled with distilled water in
order to saturate the gas with water vapor. The temperature of the saturator was controlled in
order to reach a specific partial pressure of water in the gas phase. The stream of methane gas
containing water vapor was mixed with a stream of carbon dioxide gas, and the stream was fed to
the flow cell. Spectra were recorded every 5 minutes for each composition of the gas phase until
equilibrium was reached. A more detailed description of the equipment can be found
elsewhere.” ** Infrared spectra were recorded using a Bruker IFS 66v/S FTIR spectrometer
equipped with a deuterated triglycine sulphate (DTGS) detector by averaging 256 scans at a
resolution of 4 cm™.
Theory

In transmission experiments, the adsorbed concentration is determined using the well-known
Lambert-Beers law, however, this relationship is not directly applicable to the ATR technique
due to the geometry of the experimental set-up and the exponential decay of the electric field
penetrating outside the surface of the ATR crystal. Fortunately, expressions for determining the
adsorbed concentrations from ATR experiments have been derived by Tompkins and
Mirabella*. Adsorbed concentrations were calculated from the infrared spectra using equation 1

2d
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N 2cosé
where A is the integrated absorbance of a characteristic band in the infrared spectrum, N is the
number of reflections inside the ATR element, g, is the ratio of the refractive indices of the

denser (ZnS element) and the rarer (zeolite film) medium, E, is the amplitude of the electric field

at the ATR element/zeolite film interface, d, is the penetration depth, C is the concentration of



the adsorbate in the zeolite, 0 is the angle of incidence, ¢ is the molar absorptivity and d, is the
thickness of the zeolite film. The penetration depth, d,, is a rough measure of the distance outside
the ZnS crystal that is probed by the electromagnetic field originating from the infrared beam
and is given by equation 2
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where 4, is the wavelength of the infrared radiation inside the ATR crystal. Details of how to
calculate the adsorbed concentrations in the zeolite film have been described in detail in our
previous work.”” Myers and Prausnitz®® proposed that the IAST provides a link between single
component and multicomponent adsorption. Because of this convenient link, together with the
fact that for many systems it works well, it has gained popularity as a simple means for
predicting multicomponent adsorption in zeolites.'®" ** *° In this work, the IAST was used to
predict the adsorbed concentrations of water, methane and carbon dioxide in ternary mixtures for
various compositions of the gas phase and the predicted values were compared to the adsorbed
concentrations determined experimentally. The single component adsorption data required was
taken from our previous study” using the same zeolite film. Saturation loadings and Langmuir
parameters used are presented in table 1 in the supporting information. The adsorption
selectivity®® is an important parameter to indicate the potential of an adsorbent or membrane to

selectively separate molecules from each other and was determined by

X,/X,
i = YI?YJ
i

©)

where 7 and j represents gas components, X is the mole fraction in the adsorbed phase and Y is the mole

fraction of the gas phase at equilibrium.



RESULTS AND DISCUSSION

Film characterization

SEM images reported in our previous work®” showed that the zeolite film had a thickness of
about 550 nm, consisting of well-intergrown crystals forming a continuous film. The XRD
analysis of the zeolite film showed that the film consists of randomly oriented ZSM-5 crystals.”
Both the SEM images and the XRD pattern were very similar to previous reports on zeolite
coated ATR elements.’" *” The Si/Al and Na/Al ratios of crystals prepared from a synthesis
solution with the same composition as that used for growth of the zeolite film were determined to
130 and 1, respectively, using Inductively Coupled Plasma Mass Spectrometry (ICP-MS).

Adsorption experiments

Infrared spectra of water, methane and carbon dioxide adsorbed from ternary mixtures of
various compositions of the gas phase at 35 °C are presented in Figure 1. The broad band in the
3750-2500 cm™ region is assigned to the O-H stretching vibration of adsorbed water whereas the
band at ca. 1617 cm™ is assigned to the bending vibration of adsorbed water.*® The broad band is
associated with hydrogen bonded water indicating the formation of water clusters and only a
very small amount of water (if any) interacts with the defect free parts of the pores, which is in
agreement with the work of Jentys et al.'* Bands in the 3050-2950 cm™ region are assigned to

39:40 where two bands can be observed at 3016

the C-H stretching vibration of adsorbed methane,
ecm™ and 3005 cm”. The most prominent band in the spectra is found at 2338 cm™ and is
assigned to the asymmetric stretching vibration of physisorbed carbon dioxide.** The top
spectrum in Figure 1 was recorded at the lowest amount of water (0.03 mole %) in the gas phase

with methane and carbon dioxide concentrations of 16.66 and 83.31 mole %, respectively. At

this gas phase composition, the amount of adsorbed methane in the zeolite film is very low,



whereas the amount of adsorbed carbon dioxide is very high, which can be explained by the
difference in the partial pressure of the gases but also by the stronger affinity of carbon dioxide
compared to methane. The Langmuir adsorption coefficients reported in our previous work”,
and presented in table 1 in the supporting information, reveals that the Langmuir adsorption
coefficients for carbon dioxide is about 10 times higher than the corresponding coefficients for
methane. In the experiments carried out in the present work, the total pressure was always 1 atm,
and as the partial pressures of water and methane were increased, the partial pressure of carbon
dioxide was decreased. Hence, the bottom spectrum was recorded at the highest amount of water
(0.63%) and methane (82.81%) and the lowest amount of carbon dioxide (16.56%) in the gas
phase. With increasing concentration of water and methane in the gas phase, the intensities of the
bands assigned to water and methane increased while the intensity of the band assigned to carbon
dioxide decreased, as expected. Spectra of adsorbed water, methane and carbon dioxide from
ternary mixtures recorded at higher temperatures (50, 85 and 120 °C) were similar in appearance,
but with lower intensity, as expected from the reduced adsorption at higher temperatures.
Integration of the bands for methane (3016 cm™ and 3005), carbon dioxide (2338 c¢m™) and
water (1617 cm™) was performed to determine the adsorbed concentrations of each species using
the calculations presented in detail in our previous work.” The retrieved adsorbed concentrations
plotted against the mole fraction of water in the gas phase are presented in Figure 2 for water (a),
methane (b) and carbon dioxide (c). Figure 2 shows that the amount of adsorbed water and
methane increased with increasing mole fraction of water (and methane) in the gas phase
whereas the amount of adsorbed carbon dioxide decreased (due to the amount of carbon dioxide
was decreased in the gas phase as the amount of water and methane was increased). At the

highest mole fraction of water in the gas phase at 35 °C, where the partial pressure of methane

10



and carbon dioxide was 131 and 26 times higher, respectively, than that of water, the adsorbed
concentration of water is 1.92 mmol/g while the adsorbed concentration of methane and carbon
dioxide is 0.11 mmol/g and 0.37 mmol/g, respectively. This clearly indicates that water is
preferentially adsorbed in the zeolite compared to both methane and carbon dioxide, as expected
due to the more negative heat of adsorption and larger Langmuir adsorption coefficient values
for water compared to both methane and carbon dioxide. Values for the heat of adsorption and
Langmuir adsorption coefficient are presented in table 1 in the supporting information. Water
and carbon dioxide are first adsorbed on vacant high affinity sites, i.e. polar sites associated with
sodium ions or defects in the form of silanol groups. In addition, carbon dioxide adsorbs on other
sites on the defect free parts of the pore walls*', i.e. essentially silicalite-1 walls considering the
low aluminum content (Si/Al=130) of this zeolite. As discussed earlier, water on the other hand
seems to form clusters on the polar sites and very little water (if any) seem to interact with the
defect free parts of the pores. In fact, CBMC simulations on water adsorption in defect free
silicalite-1 show that substantial partial pressure, in the order of as much as 90-130 MPa, of
water is needed for water to adsorb in the defect free parts of the pores.17 Recently, Trzpit et al."”
and Zhang et al** studied adsorption of water in silicalite-1 samples prepared by both
conventional synthesis at high pH and essentially defect free crystals prepared by the fluoride
route®™. In concert with the modeling results, significantly less water adsorbed in the essentially
defect free samples. Adsorbed concentrations of carbon dioxide (a) and methane (b), from binary
mixtures reported in our previous work®® and from ternary mixtures (also including water in the
gas phase) reported in this work, as a function of the mole fraction of carbon dioxide in the gas
phase are shown in Figure 3. At lower temperatures (35 and 50 °C), the adsorbed concentrations

of carbon dioxide and methane show a decrease for ternary mixtures compared to binary
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mixtures. This was expected since water has a much higher affinity for the zeolite compared to
both carbon dioxide and methane at lower temperatures, see table 1 in the supporting
information, and hence the effect of water is greater compared to higher temperatures. At higher
temperatures (85 and 120 °C), the adsorption of carbon dioxide and methane seem to be
unaffected by the presence of water and no significant change in the adsorbed concentrations is
found. This may be an effect of the low loadings at higher temperatures for both carbon dioxide
and methane, due to adsorption being an exothermic reaction. For example, the highest loadings
of carbon dioxide observed at 85 and 120°C were only 0.42 and 0.18 mmol/g, respectively. This
corresponds to about 8.1 and 3.5 % of the total capacity, respectively.44 At these low loadings
one can expect that the competition is not noticeable because of the high abundance of vacant
sites. Moreover, water has a higher affinity for the zeolite compared to both carbon dioxide and
methane also at higher temperatures; however, the difference in affinity is much smaller at
higher temperatures compare to lower temperatures, see table 1 in the supporting information.
Hence, the presence of water has a greater effect on the adsorption of carbon dioxide and
methane at lower temperatures compared to higher temperatures. In general, water has a stronger

) o . . 28
effect on the adsorption of methane compared to carbon dioxide as seen in our previous work.

Comparison between experimentally determined adsorbed concentrations and

values predicted by the IAST

The IAST was used for predicting the amount of adsorbed water, methane and carbon dioxide
from ternary gas mixtures. This model requires input in the form of single component parameters
from a suitable adsorption model. In this work, we used the Langmuir parameters (saturation
concentration, qs., and Langmuir adsorption coefficients, b) determined from single component

adsorption measurements performed in our previous work”. Figure 4 shows the adsorbed phase
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mole fractions of water (a), methane (b) and carbon dioxide (c) as a function of the mole fraction
of water in the gas phase, where values predicted by the IAST (solid lines) are compared to the
experimental data (markers) obtained in the present work. For methane, the values predicted by
the IAST agree reasonably well with the experimental data, which is in agreement with our
previous work.™*** Values predicted by the IAST deviate slightly from the experimental values
at 120 °C, which could be an effect of the low amount of adsorbed methane at this temperature.
For water and carbon dioxide, the values predicted by the IAST follows the same trend as the
experimental values, but the fit is poor. This indicates that dual-site Langmuir model in
combination with IAST does not describe the system sufficiently well, or alternatively, that the
system is non-ideal. Non-ideal adsorption behavior has previously been reported in the literature
for binary adsorption of water and carbon dioxide in zeolite NaX, 5A, 13X and Na-ZSM-5. ** 26
* Previous investigations have also shown that the IAST may not predict the adsorbed
concentrations very well for mixtures containing water. Rege and Yang®* studied the binary
adsorption of water and carbon dioxide in the zeolites NaX and 13X while Wang and LeVan®®
studied the same binary adsorption in zeolite SA. Both studies showed that the TAST could not
fully capture the adsorption behavior of carbon dioxide and water in these polar zeolites. The
more advanced RAST (Real adsorbed solution theory) showed somewhat better performance for
predicting the adsorbed loadings, albeit it could still not fully capture the adsorption behavior.”*
In the present work, the discrepancy between the experimental data of water and carbon dioxide
and values predicted by the IAST seem to be related to the formation of water clusters at polar
sites. Developing an adsorption model taking into account the possible formation of clusters may
give better agreement between experimental data and model predictions which may thus be a

way forward.
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Selectivity

The CO,/CHy4 adsorption selectivities determined for adsorption from ternary mixtures are
presented in Figure 5. It is clear that the selectivity is increasing with increasing mole fraction of
carbon dioxide in the gas phase, which is in agreement with results from our group, as well as
other groups, reported in the literature. *"* ** In the present work, the highest CO,/CH,
adsorption selectivity for an equimolar mixture of carbon dioxide and methane in a ternary gas
mixture (49.9 % methane, 49.9% carbon dioxide and 0.2 % water) was 17.6 at 35 °C and a total
pressure of 101.3 kPa. In our previous work, we reported a CO,/CH,4 adsorption selectivity value
of 15.4 for an equimolar binary gas mixture of carbon dioxide and methane at the same
temperature and pressure, indicating a more efficient separation of carbon dioxide from methane
in the presence of a small amount of water. Li and Tezel'® reported a separation factor of 7 for an
equimolar binary gas mixture of carbon dioxide and methane at 40 °C in silicalite-1. Krishna and
van Baten® reported an adsorption selectivity of 2.2 for silicalite-1 and 13 for Na-ZSM-5 (Si/Al =
23) at 27 °C at a pressure of 0.1 MPa. The higher selectivity for both the ternary and binary
mixtures, presented in the present and in our previous work, indicates a more efficient separation
of carbon dioxide from methane using the zeolite studied in our work. For a gas composition of
66.6 % methane, 33.3 % carbon dioxide and 0.1 % water, similar to the composition of biogas
and some natural gas sources, the CO,/CH4 adsorption selectivity was determined to 18.3 at 35
°C. In our previous work,*® the corresponding value for dry gas (with a molar composition of
65% methane and 35 % carbon dioxide) was 16.9. The slightly higher CO,/CH4 selectivity for
the ternary mixture can be explained by the higher affinity of water and carbon dioxide in
comparison with methane, see table 1 in the supporting information, where methane have

difficulties competing with both water and carbon dioxide for the adsorption sites, or
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alternatively, some interaction between adsorbed water and adsorbed carbon dioxide might
occur. Figures 6a and b show the effect of water on the CO,/CH,4 adsorption selectivities at low
and high temperatures, respectively. At low temperatures the CO,/CHy4 adsorption selectivity is
slightly improved as water is added to the system, whereas the effect is small at the higher
temperatures. This is probably due to the adsorbed loading of methane being more affected by
the introduction of water than carbon dioxide at low temperatures. This is shown in Figure 3a
and b, where the introduction of a small partial pressure of water will decrease the adsorption of
both carbon dioxide and methane at lower temperatures due to competitive adsorption. The
decrease in the adsorbed concentration when water is added to the gas is larger for methane than
for carbon dioxide. Again, this reflects the higher affinity of water for the zeolite at low
temperatures compared to high temperatures, leading to a greater effect on the adsorption of
methane and carbon dioxide at lower temperatures. At the higher temperatures, the CO,/CH4
selectivity for the ternary mixtures is similar compared to the CO,/CHy selectivity for binary
mixtures, see Figure 6b. Hence, the presence of water slightly improves the CO,/CHy4 adsorption
selectivity at lower temperatures. The HyO/CHy4 and the H,O/CO, selectivities as a function of
the mole fraction of water in the gas phase are presented in Figure 7a and 7b, respectively. It is
clear that these selectivities are strongly dependent on the mole fraction of water in the gas phase
and are decreasing with increasing mole fraction of water. As discussed above, water and carbon
dioxide molecules will first adsorb on polar high energy sites associated with hydrophilic silanol
groups and sites related to the sodium/aluminum content of the zeolite framework. At low mole
fractions of water in the gas phase, water molecules are primarily adsorbed on these high energy
sites.'* 17 Carbon dioxide molecules will also be adsorbed on these sites, but since water has a

higher affinity (b=7.90 x 10 1/Pa) compared to carbon dioxide (b=6.33 x 10™* 1/Pa), water will
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be preferably adsorbed and therefore the H,O/CO, selectivity will be highest at low mole
fractions of water in gas phase where adsorption predominantly occur at the high energy sites. At
higher partial pressure of water, water will form clusters at the high affinity sites with little
competition from carbon dioxide which is adsorbing on the more hydrophobic parts of the
pores.'* ! Since methane has a lower affinity compared to both water and carbon dioxide, the
H,O/CHy selectivity will also decrease as the mole fraction of water in the gas phase is
increasing. The H,O/CH4 selectivity reaches much higher values compared the H,O/ CO,
selectivity which reflects the higher affinity of carbon dioxide for the zeolite compared to
methane. Rege and Yang24 studied the binary adsorption of water and carbon dioxide in zeolite
NaX at 22 °C. Using the experimental data provided by Rege and Yang and equation 2 in the
present work, a H,O/CO, adsorption selectivity of 80 can be determined for the highest pressure
of water and carbon dioxide. In the present work, a H,O/CO, adsorption selectivity of 135 at 35
°C was determined for the highest amount of water in the gas phase. The lower selectivity of

Rege and Yang reflects the lower partial pressures of water and carbon dioxide used compared to

the pressures used in the present work.
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CONCLUSION

In-situ ATR-FTIR spectroscopy was used to study the adsorption of methane, water and
carbon dioxide in Na-ZSM-5 from ternary mixtures at different gas compositions and
temperatures. The concentrations of the adsorbed components were calculated from infrared
spectra and the values obtained were compared to values predicted using the IAST. Even though
the experimental data and the predicted values followed the same trend, the IAST was not fully
capable of predicting the adsorbed amounts of water and carbon dioxide from the ternary
mixtures indicating a non-ideal behavior for the mixtures studied. On the other hand, the
predicted values for methane were in reasonably good agreement with the experimental data. The
CO,/CHy selectivity was shown to increase with increasing mole fraction of carbon dioxide in
the gas phase, whilst the H,O/CH4 and the H,O/ CO; selectivity decreased with an increasing
mole fraction of water in the gas phase, reflecting adsorption on sites with different adsorption
energies. At low temperatures, the CO,/CH, adsorption selectivity was slightly higher for the

ternary mixtures also containing water as compared to the dry binary mixtures.
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Figure 1. Infrared spectra of adsorbed water, methane and carbon dioxide from ternary mixtures
of various compositions in the gas phase in zeolite Na-ZSM-5 at 35 °C. The total pressure was
101.3 kPa where the composition of water in the gas phase was 0.03, 0.05, 0.10, 0.23, 0.41, 0.54

and 0.63 kPa, starting from the top spectrum.

Figure 2. Adsorbed concentrations of water (a), methane (b) and carbon dioxide (c) as a function of the
mole fraction of water in the gas phase at 35°C (o), 50°C (0), 85°C (o) and 120°C (A). The lines are

only a guide for the eyes.

Figure 3. Adsorbed concentrations of carbon dioxide (a) and methane (b), from binary mixtures
(filled markers) reported in our previous work®® compared to ternary mixtures (open markers)
reported in this work, as a function of the mole fraction of carbon dioxide in the gas phase at

35°C (o), 50°C (©), 85°C (o) and 120°C (A). The lines are only a guide for the eyes.

Figure 4. Adsorbed phase mole fraction of water (a), methane (b) and carbon dioxide (c) as a
function of the mole fraction of water in the gas phase at 35°C (o,-), 50°C (0,---), 85°C (o,)
and 120°C (A,--). The markers are representing the experimental data and the solid lines

represents values predicted using the TAST. The total pressure was 101.3 kPa.

Figure 5. CO,/CH,4 selectivity from ternary mixtures as a function of mole fraction of carbon
dioxide in the gas phase at 35°C (o), 50°C (¢), 85°C (o) and 120°C (A) using a total pressure of

101.3 kPa.

Figure 6. CO,/CHj, selectivity from ternary mixtures and binary mixtures as a function of mole
fraction of carbon dioxide in the gas phase using a total pressure of 101.3 kPa. Figure a show the

selectivity at low temperatures, 35 (0) and 50°C (Q), and figure b show the selectivity at high
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temperatures, 85 (o) and 120°C (A). Open markers represent data from ternary mixtures while

filled markers represent data from binary mixtures.

Figure 7. H,O/CHj, selectivity (a) and H,O/ CO; selectivity (b) as a function of mole fraction of
water in the gas phase at 35°C (o), 50°C (©), 85°C (o) and 120°C (A) using a total pressure of

101.3 kPa.
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The Ideal Adsorbed Solution Theory (IAST) was proposed by Myers and Prausnitz' to provide a link
between single and multicomponent adsorption. In our previous work? on the single component
adsorption of methane, water and carbon dioxide, saturation loadings and Langmuir adsorption
coefficients were determined, which are presented in table 1. In this work, adsorbed concentrations of
methane, water and carbon dioxide from ternary mixtures were predicted using the IAST and hence the
required data from the single component experiments. The adsorbed concentrations predicted by the
IAST were compared to the values determined experimentally. Furthermore, the temperature

dependence of the Langmuir adsorption coefficients were also used to determine the heat of adsorption.

Table 1. Heat of adsorption (AH, kJ/mol), saturation concentration (s, mmol/g) and Langmuir

adsorption coefficient (b, Pa™) for water, carbon dioxide and methane adsorbed in Na-ZSM-5.

Adsorbate  AH (kJ/mol)  Temp. (°C) q; (mmol/g) b, (1/Pa) q2 (mmol/g) b, (1/Pa)

H,0 72 (site 1) 35 5.34 3.75-107 0.50 7.90-107
58 (site2) 50 5.34 1.10-10™ 0.50 2.80-107
85 5.34 1.10-10° 0.50 8.10-107
120 5.34 8.00-107 0.50 4.63-10"
CO, 37 (site 1) 35 2.78 1.04:10” 0.04 6.33-10"
-54 (site2) 50 2.78 5.03-10° 0.04 2.47-10™
85 2.78 1.24-10° 0.04 1.83-107
120 2.78 4.44-107 0.04 8.31-10°
CH,4 23 35 2 1.04:10° - -
50 2 5.53-107 - -
85 2 2.38-107 - -
120 2 1.18:107 - -
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ABSTRACT: Biobutanol produced by, e.g., acetone—butanol—ethanol
(ABE) fermentation is a promising alternative to petroleum-based
chemicals as, e.g., solvent and fuel. Recovery of butanol from dilute
fermentation broths by hydrophobic membranes and adsorbents has
been identified as a promising route. In this work, the adsorption of
water and butanol vapor in a silicalite-1 film was studied using in situ
attenuated total reflectance—Fourier transform infrared (ATR—FTIR)
spectroscopy to better understand the adsorption properties of
silicalite-1 membranes and adsorbents. Single-component adsorption
isotherms were determined in the temperature range of 35—120 °C, N -
and the Langmuir model was successfully fitted to the experimental : S = K :
data. The adsorption of butanol is very favorable compared to that of
water. When the silicalite-1 film was exposed to a butanol/water vapor
mixture with 1S mol % butanol (which is the vapor composition of an aqueous solution containing 2 wt % butanol, a typical
concentration in an ABE fermentation broth, i.e., the composition of the gas obtained from gas stripping of an ABE broth) at 35
°C, the adsorption selectivity toward butanol was as high as 107. These results confirm that silicalite-1 quite selectively adsorbs
hydrocarbons from vapor mixtures. To the best of our knowledge, this is the first comprehensive study on the adsorption of
water and butanol in silicalite-1 from vapor phase.
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B INTRODUCTION

With the depleting reservoirs of fossil fuels, increasing
environmental concerns for flue gas emissions from fossil fuel
combustion, and growing world population, the need for new
sustainable fuels is higher than ever." Alcohols are important
substitutes for the traditional petroleum-based fuels because
they can be produced from renewable feedstocks via, for
instance, fermentation.> Ethanol is already used extensively in
the world as fuel in Otto engines,” albeit typically as blended in
gasoline in varying proportions. 1-Butanol (further referred to
as butanol) has great potential as biofuel for Otto engines
because of its high octane number of 95 as well as a higher
specific energy value than that of ethanol, and in addition, it

competitive. The situation can be improved using a so-called
gas-stripping ABE fermentation process. Gas stripping is one of
the processes that can be a simple process for recovery of liquid
fuels, such as butanol. In this process, gas can be sparged
through the fermenter and butanol (with a higher concen-
tration compared to the fermentation broth) can be condensed
and recovered from the condenser.”

Adsorption and membrane separation processes are in
general considered as energy-efficient separation processes
compared to thermally driven processes, such as distillation,
and have also been identified as promising for efficient recovery
of biobutanol from ABE fermentation broths.® Because of the
great potential of butanol, there has recently been an increased

shows low corrosivity and suitable volatility.* Butanol can be
produced from sugars by a fermentive process, called acetone—
butanol—ethanol (ABE) fermentation, using, e.g, a Clostridia
strain of bacteria. The fermentation broth typically contains
acetone, butanol, and ethanol in the ratio 3:6:1, where the
maximum concentration of butanol is roughly 2 wt % set by the
bacteria.® At this low concentration of butanol, the energy
required to recover butanol by distillation is higher than the
energy content of the product itself® Therefore, an efficient
separation method for the recovery of butanol from a dilute
aqueous solution is a prerequisite for this process to be

A4 ACS Publications — © 2015 American Chemical Society
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interest in developing suitable adsorbents for butanol recovery,
with some of the most studied materials including zeolite,”
activated carbon,'®"" and polymeric resins.'>"? Silicalite-1 is the
pure silica analogue of the zeolite ZSM-5."*'® The absence of
aluminum in the crystal makes the material more hydrophobic
than ZSM-5.'® Because of its hydrophobic character, organic
compounds, such as methanol, ethanol, acetone, propanol, and
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butanol, are preferentially adsorbed over water from aqueous
solutions. Several groups have studied the adsorption of
butanol and other components present in the ABE
fermentation broth in silicalite-1'"""® and low-aluminum
ZSM-5>***! from aqueous solutions. Adsorption on hydro-
phobic adsorbents, such as silicalite-1,"***%*" was suggested as
a promising technique for recovery of butanol from
fermentation broth compared to pervaporation or liquid—
liquid extraction. For example, Stoeger et al?? studied
bioalcohol recovery potential of a pure silica MFI membrane
and reported a separation factor of 21 and total flux of 0.11 kg
m~2 h™' for butanol extraction from an aqueous mixture. Our
group has previously investigated the recovery of butanol from
dilute aqueous solutions with both adsorbents and membranes.
Faisal et al.”® (also previously Oudshoorn et al.”) investigated
the recovery of butanol and butyric acid from model and real
fermentation broths using high-silica MFI, and it was shown
that other species present in the broth, e.g., acetone, ethanol,
and acetic acid, only had a minor effect on the amount of
butanol or butyric acid adsorbed. The Langmuir isotherm
model fitted the experimental data for butanol adsorption in
MEFI zeolite, and a maximum loading of 1.6 mmol/g was
reported for butanol adsorption at room temperature. Zhou et
al** evaluated MFI membranes for separation of butanol and
water by vapor permeation and reported very high permeance
of butanol (11 X 107" mol m™2 s™! Pa™"), with a butanol/water
selectivity of 19. Korelskiy et al.*® reported very high fluxes (up
to 4 kg m™> h™') in separation of butanol and water by
pervaporation using a hydrophobic MFI membrane with a Si/
Al ratio of 139. The aim of the current work was to measure
adsorption isotherms of butanol and water in a silicalite-1 film
from vapor phase using in situ attenuated total reflectance—
Fourier transform infrared (ATR—FTIR) spectroscopy. Ad-
sorption data for this system from the vapor phase is scarce but
is of great value for understanding the performance of silicalite-
1 membranes for pervaporation and vapor permeation
processes and also the performance of silicalite-1 adsorbents
in gas-phase separation processes. The data could aid the design
of a process for separation of butanol from the vapor emanating
from a gas stripping of an ABE broth or from a vaporized broth.
The ATR—FTIR technique used in this work was developed
within the group and has previously been used for studying the
adsorption of hydrocarbons (methane, n-hexane, and p-xylene)
and light gases (carbon dioxide and water vapor) in silicalite-1
and ZSM-$ films.>*~>°

Bl EXPERIMENTAL SECTION

Film Synthesis and General Characterization. Thin silicalite-1
films were grown on both sides of a ZnS ATR crystal (with the
dimension of 50 X 20 X 2 mm and 45° cut edges, Crystran, Ltd.) using
a seeding method. This method has been developed in our group, and
details of the procedure can be found elsewhere.** 3> However, the
method will be briefly explained here. Silicalite-1 seed crystals were
synthesized from a mixture of tetraethoxysilane (TEOS, 99%, Merck),
tetrapropylammonium hydroxide (TPAOH, AppliChem, 40 wt %
aqueous solution), and water by hydrolysis for 1 day, followed by
hydrothermal treatment at 130 °C for 9 h under constant stirring. The
molar composition of the synthesis mixture was 1.00 TEOS/0.200
TPAOH/100 H,O. The synthesized crystals were separated from the
supernatant by repetitive centrifugation, and after each step, the
crystals were redispersed in doubly distilled water.*

To facilitate the attachment of the seeds to the ATR crystal, both
sides of the ATR crystal were coated by a thin layer of cellulosic
polymer [hydroxypropylcellulose (HPC), Sigma-Aldrich, 99%] using a
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spin coater (2% HPC dissolved in ethanol solution, and the spin
coating was conducted at 3000 rpm for 15 5).>" After drying at 105 °C
for 1 h, a monolayer of silicalite-1 crystals was assembled on the ATR
crystal by rubbing the powder of seeds onto both surfaces.** The
seeded ATR crystal was calcined at 500 °C for 2 h with a heating and
cooling rate of 0.8 °C/min to remove the polymer layer between the
silicalite seeds and the ATR crystal. Thereafter, the seeded ATR crystal
was kept for 5 h in a synthesis solution, which was prehydrolyzed for
12 h on a shaker, with a molar composition of 1.00 TEOS/0.0500
TPAOH/165 H,O in an autoclave at 150 °C to grow the seed crystals
into a continuous silicalite-1 film. After synthesis, the film was
thoroughly rinsed with a 0.1 M ammonia solution and dried at 50 °C
overnight. The film was subsequently calcined at 500 °C for 2 h with a
heating and cooling rate of 0.8 °C/min to remove the template
molecules from the pores of the zeolite.

For the characterization of the film, scanning electron microscopy
(SEM) images were recorded using a Magellan 400 (FEI Company,
Eindhoven, Netherlands) microscope, and X-ray diffraction (XRD)
patterns were recorded using a PANalytical Empyrean instrument,
equipped with a PIXcel3D detector and a Cu LFF HR X-ray tube.

In Situ ATR—FTIR Experiments. The ATR—FTIR spectra were
recorded on a Bruker IFS66v/S FTIR spectrometer equipped with a
deuterated triglycine sulfate (DTGS) detector. Each spectrum was
obtained by averaging 256 scans at a resolution of 4 cm™'. The ATR
crystal was mounted in a steel flow cell connected to a gas delivery
system, which has been described in detail previously.*® Prior to the
adsorption experiment, the silicalite-1-film-coated ATR crystal was
mounted in the cell and dried under a constant flow rate of helium at
300 °C for 4 h. The heating and cooling rates were 0.9 °C/min. A
background spectrum of the dried film was recorded under helium
flow at the desired experimental temperature prior to the adsorption
measurements. After the background was recorded, the adsorption
experiment was carried out by introducing butanol or water to the
helium flow and recording spectra at equilibrium. The helium carrier
gas was fed to two saturators connected in series and filled with either
water or butanol or a butanol/water mixture. The temperature of the
second saturator was always lower than that of the first saturator, and
the cooling was controlled by a cooling jacket connected to a circuit of
glycol. The saturated helium stream was thereafter diluted with an
appropriate amount of helium to arrive at the desired partial pressure.
The total pressure was 1 atm in all measurements. In an ATR
experiment, the Beer—Lambert law is not directly applicable because
of the experimental conditions; however, Mirabella et al** and
Tompkins et al.** have shown that the concentration of components
adsorbed in a film deposited on an ATR crystal can be determined
from eq 1

A _ nzlEozé' ./‘°° C(Z)—z:’./dP d
N 0 : 1
where A represents the integrated absorbance of a characteristic
absorption band in the infrared (IR) spectrum, N is the number of
reflections (20) inside the ATR element between the gaskets sealing of
the cell, and n,, is the ratio of the refractive indices of the ZnS ATR
crystal and silicalite-1 film. The refractive index of ZnS is ca. 2.25,
whereas Tsapatsis and Nair®® reported the refractive index of empty
MEFI zeolite films in the IR region of 3000—1500 cm™". As water or
butanol adsorbs in the film, the refractive index of the film will change,
and to compensate for this, it was assumed that the refractive index of
the film changed linearly with adsorbed loading. Further, E; is the
amplitude of the electric field at the film—ATR crystal interface,”®’
and ¢ is the molar absorptivity, which was determined for water by
Ohlin et al.*® for a high-silica (Si/Al = 130) film. O is the angle of
incidence (45°), and C(z) is the concentration of an adsorbate in the
film. Further, d, is the penetration depth, which is defined as the

cos 6

distance required for the electric field amplitude to fall to e™! of its
value at the surface and is calculated using eq 2.
= ll
P 2a(sin® 6 — nZIZ)l/2 )
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In this equation, 4, is the wavelength of the IR radiation in the ATR
element. After integrating eq 1 over the film thickness, assuming a
homogeneous concentration of the adsorbate in the film at
equilibrium, and neglecting the absorbance from the adsorbate in
the bulk §as outside the film, a reasonable assumption as shown

previously™ (eq 3) is obtained.
2
A_maBdC i
N 2 cos 6 (3)

Here, d, is the thickness of the silicalite film.
To use the Beer—Lambert law for the data obtained from ATR—
FTIR, “effective thickness” (d,) was introduced as

2
_ ny,E, dp

" 2cos0

¢ 4)
which is the distance required to reach the same absorbance in a
transmission experiment as in an ATR experiment, and it was
described in detail previously.**

The butanol/water selectivity of the silicalite-1 film was also
determined by exposing the film to a gas mixture with a molar
composition of 15% butanol and 85% water at 35 °C. The adsorption
selectivity was calculated using eq S

Xpuon/ Xm0

a, = —
BuOH /H,0

Ya0n/ Y0

(©)

where X is the mole fraction of an adsorbate in the film and Y is the
mole fraction of an adsorbate in the feed.

Adsorption of Butanol in Silicalite-1 Powder. The adsorption
isotherm of butanol from the vapor phase in silicalite-1 powder at 35
°C were determined using an ASAP 2020 gas adsorption instrument
(Micromeritics, Norcross, GA). Prior to the adsorption measurements,
the sample was dried under dynamic vacuum conditions (<0.1 mPa) at
300 °C for 4 h with heating and cooling rates of 1 °C/min. The
temperature was controlled by immersing the sample in a Dewar flask
coupled to a refrigerating and heating circulator (Julabo, Germany).

Because the molar absorptivity for butanol adsorbed in silicalite-1 is
not yet reported, it was assumed that the silicalite-1 film had the same
saturation capacity for butanol as the silicalite-1 powder.” Hammond
et al.*® compared the adsorption behavior of a MFI membrane to that
of a MFI powder and drew the conclusion that the adsorption
behavior for the two samples was very similar and that the adsorption
behavior of the membrane could safely be approximated to that of the
corresponding powder. Moreover, because the saturation loading of
butanol in MFI is dictated by how many molecules may fit per unit
cell, it that should be very similar for both powder and films. Strain in
the zeolite film may possibly affect the pore volume.>*** However,
considering that the kinetic diameter of l-butanol (4.4 A) is
considerably smaller than the pore diameter of MFI (5.5 A), strain
is unlikely to affect the saturation loading, and even if the saturation
capacity was reduced by strain by reducing the pore volume, the same
should apply to water, leading to only a minor effect on the adsorption
selectivity. The maximum absorbance determined for butanol from IR
spectra of the butanol-loaded silicalite-1 film was assumed to
correspond to the maximum adsorbed loading of butanol determined
by the volumetric adsorption measurements on the silicalite-1 powder.
It should be noted that the saturation capacity of the powder was
determined below the mesoporous region (P/P, = 0.15) to avoid
contribution from any butanol capillary condensating between the
powder grains.

B RESULT AND DISCUSSION

Film Characterization. Panels a and b of Figure 1 show
SEM images of the surface of an ATR crystal coated with a
monolayer of silicalite-1 seeds. A closely packed and uniformly
b-oriented layer of silicalite-1 seeds covered the ATR crystal,
and no polymer layer was present between the layer of the
seeds and the ATR element after calcination. Top- and side-
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Figure 1. (a and c) Top-view and (b and d) side-view SEM images of
the (a and b) silicalite-1 seed layer and (c and d ) grown film.

view SEM images of the silicalite-1 film after synthesis are
shown in panels ¢ and d of Figure 1. These images show that
the seed crystals grew uniformly without secondary nucleation
and formed a dense layer of b-oriented crystals with a thickness
of approximately 750 nm. After a thorough examination by
SEM, neither cracks nor pinholes could be observed.

Figure 2 shows an XRD pattern of an ATR crystal coated by
a silicalite-1 film after growth in the synthesis solution. The
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Figure 2. XRD pattern of a silicalite-1 film synthesized on a ZnS
crystal in the 26 range of 5—50°. The indexed reflections emanate
from the film comprised of b-oriented crystals, and the reflections
labeled “*” represent the Zn$S crystal.

pattern shows that the film consists of b-oriented crystals as
merely reflections from (0 k 0) planes observed. This is in
agreement with the SEM observations, showing that the seed
crystals were b-oriented and that these crystals grew to a
uniform film without any secondary nucleation. Weaker
reflections emanating from the ZnS support are observed at
20 of 28.5° and 47.5° in the pattern as well. These results are in
very good agreement with previous findings.***'

ATR—FTIR Adsorption Experiments. Water. Figure 3
shows IR spectra of water adsorbed in the silicalite-1 film at 35
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Figure 3. IR spectra of water adsorbed in silicalite-1 at 35 °C at 0 ] ) )

different partial pressures.

°C and various partial pressures. Two main bands assigned to
adsorbed water appear in the spectra. The broad band in the
range of 3700—2700 cm™" originates from the O—H stretching
vibration modes (asymmetric and symmetric) in adsorbed
water, and the band at ca. 1620 cm™ is assigned to the bending
vibration of water.**® The peak value of the bending vibration
band was observed at a lower wavenumber than the same
vibration mode in bulk water (ca. 1650 cm™"), which indicates
that the interaction between water molecules and the zeolite
surface was weaker than the interaction between water
molecules in liquid water. Further, a negative band was
observed at 3730 cm™', which was previously assigned to the
O—H stretching vibration of free silanol groups.** When water
adsorbs on the silanol groups, the intensity of this band
decreased and a downshifted broader band appears for H-
bonded silanol groups (partially overlapped by the OH bands
of water). As expected, the intensity of the bands assigned to
adsorbed water increases with increasing partial pressure in the
feed, showing that the amount of adsorbed water increases with
an increasing partial pressure in the feed. The spectra are typical
for water adsorbed in zeolite and very similar to the spectra
reported previously by, e.g, Ohlin et al,*® Jentys et al,** and
Rege et al*®

The amount of water adsorbed in the zeolite at different
partial pressures of water was determined from the recorded IR
spectra by integrating the area of the O—H band at 1620 cm™"
and calculating the corresponding loadings using eq 3. Ohlin et
al.*® determined the molar absorptivity (¢) for the same band of
water adsorbed in the ZSM-5 to 0.654 cm/umol using a
method for combined analysis by gravimetry and infrared
spectroscopy (AGIR).*® This value was assumed to be valid in
this work, and this assumption should be reasonable because
the ZSM-S film used by Ohlin et al.*® had a very low aluminum
content (Si/Al = 130) and should, therefore, show similar
properties to the silicalite-1 film used in this work.

Figure 4 shows the adsorption isotherms of water in silicalite-
1 derived from the IR spectra and using eq 3. Only isotherms
recorded at 35, 50, and 85 °C are shown because no signal from
adsorbed water was observed at 120 °C. The isotherms at lower
temperatures show a steep increase in loading at low partial
pressures, corresponding to adsorption of water on the high-
energy sites, but at higher partial pressures, the slope of the
isotherms is decreased and the maximum loading is not reached
at any of the temperatures at the conditions (e.g, partial
pressure of water in the gas phase) studied in this work. As
expected, the amount adsorbed decreased rapidly with
increasing temperature and the adsorption isotherm recorded
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Figure 4. Adsorption isotherms for water in the silicalite-1 film
determined at (M) 35 °C, (O) S0 °C, and (A) 85 °C. Symbols
present the experimental data, and solid lines represent the dual-site
Langmuir model fitted to the experimental data.

at 85 °C shows little adsorption. The dual-site Langmuir model
(eq 6) was fitted to the experimental data
byp byp
=4q +9,—
1+ bp 1+ by

qtot (6)
where g, and g, are the saturation loadings of the sites (mmol/
g), p is the partial pressure of adsorbate in the gas phase (kPa),
and b, and b, are the Langmuir adsorption coefficients (kPa™")
for each site. The fitted parameters determined in the present
work are shown in Table 1. The fitted data at 35 and 50 °C

Table 1. Saturation Loadings (q,,, mmol/g) and Langmuir
Adsorption Parameters (b, kPa™') for Water and Butanol in
Silicalite-1

temperature q b, B b,
adsorbate F"C) (mmol/g)  (kPa™')  (mmol/g) (kPa™')
water 35 023 48.38 2.96 0.17

50 023 12.14 2.96 0.04
85 023 343
butanol 3S 1.8 860
50 1.8 267
8S 1.8 15.6
120 1.8 2.6

show a site with the maximum loading of 2.96 mmol/g and very
low affinities (see Table 1). Therefore, it was assumed that
water molecules cannot adsorb at that site at 85 °C, and the
Langmuir data were fitted to a maximum loading of 0.23
mmol/g at 85 °C.

The fitted saturation loading (g, + ¢,) of 3.2 mmol/g in the
present work is close to the saturation loadings reported
previously for water adsorbed in silicalite-1 and ZSM-S with a
high Si/Al ratio.*”*® For example, Zhang et al.*’ reported
maximum loadings of water in silicalite-1, NH,-ZSMS, and H-
ZSMS zeolites with Si/Al of 140 ranging between 2 and 3
mmol/g. Our values of b, and b, for silicalite-1 at 35, 50, and 85
°C are lower than those reported by Ohlin et al.?® for Na-ZSM-
S zeolite with a Si/Al ratio of 130, which shows that silicalite-1
has lower affinity for water, i.e., is less hydrophilic compared to
Na-ZSM-S.

DOI: 10.1021/acs.Jangmuir.5b00489
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Table 2. Heat of Adsorption for Butanol and Water in This Work and from Literature Data

adsorbate adsorbent

water silicalite-1
Na-ZSM-5

silicalite-1
silicalite-1
H-ZSM-5
butanol silicalite-1
ZIF-8

silicalite-1 (for butane isomers)

AH,y, (IJ/mol) reference
—79 (site 1) this work
—46 (site 2)
=72 (site 1) Ohlin et al.*®
—58 (site 2)

—68 Bolis et al.**
—46 Zhang et al.*’
=75 Olson et al.*’
—69 this work

—40 Zhang et al.>
=50 Einicke et al.**
-6 Zhu et al.*®

The Langmuir parameters are related to the heat of
adsorption (AH,g,), reflecting the affinity of the adsorbate for
the adsorbent surface. The limiting heat of adsorption was
determined using the van’t Hoff equation from the linear region
of the isotherms

ds

Inb=

AH,,  AS,
RT R (7)

where AS,y is the entropy change upon the adsorption, R is the
gas constant, and T is the absolute temperature. Table 2 shows
the values for heat of adsorption for water determined in the
present work together with the values previously reported in
the literature. The values of —79 and —46 kJ/mol for sites 1
and 2, respectively, obtained in the present work are
comparable to previously reported results. Bolis et al.*' and
Zhang et al.** reported values of heat of adsorption in silicalite-
1 to —68 and —46 kJ/mol, respectively. Olson et al.** reported
the heat of adsorption for water in H-ZSM-S with a Si/Al ratio
of 38 to —113 kJ/mol. Ohlin et al*’ used the same
experimental setup as used in the present work and determined
the heat of adsorption for water in Na-ZSM-$ with a Si/Al ratio
of 130 to =72 and —58 kJ/mol for the two sites, respectively.
These latter results are quite close to the results obtained in the
present work.

Butanol. Figure S shows IR spectra of butanol adsorbed in
the silicalite-1 film at 35 °C with different partial pressures of
butanol in the feed. The intensity of the bands increase with
increasing partial pressures, indicating increased adsorption
with increasing partial pressure of butanol in the feed. The
spectra recorded during butanol adsorption contain the

0.1 AU

0.55 kPa

0.002 kP: -

3800 3300 2800 2300 1800 1300
Wavenumber (cm-?)

Figure 5. IR spectra of butanol adsorbed in silicalite-1 at 35 °C at
different partial pressures.

characteristic CH; and CH, stretching vibration bands at
3000—2800 cm™' originating from butanol adsorbed in
silicalite-1 film.***" The bands at 1380 and 1465 cm™ were
assigned to the CH; and CH, bending vibrations. The broad
band in the range of 3700—2700 cm™" originates from the O—
H stretching vibration in adsorbed butanol. A negative band at
3730 cm™' is associated with the decreasing amount of free
silanol groups because they interact with butanol adsorbed.
Figure 6 shows the adsorption isotherms of butanol in
silicalite-1 in the temperature range of 35—120 °C extracted

2
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Figure 6. Adsorption isotherms for butanol in silicalite-1 film at (M)
35 °C, (O) S0 °C, (A) 85 °C, and (A) 120 °C, obtained from FTIR
experiments and in silicalite-1 powder at 35 °C (X) obtained from
volumetric measurements. Symbols present the experimental data, and
solid lines represent the single-site Langmuir model fitted to the
experimental data.

from the IR spectra together with the fitted single-site
Langmuir adsorption model (eq 8).

bp
Tl by ©)

The isotherms are typical for adsorption in microporous
materials and are very similar to previous reported isotherms of
butanol in silicalite-1.”°>*> The Langmuir data were fitted to a
maximum loading of 1.7 mmol/g, which is the plateau value for
the isotherm at 35 °C in Figure 6. This value for maximum
loading was obtained from the isotherms determined for
silicalite-1 powder at 35 °C using the volumetric gas adsorption
technique (also presented in Figure 6). The isotherm obtained
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from the volumetric gas adsorption measurement (X) shows
that the loading of butanol in silicalite-1 was increasing slowly
at high pressures, resulting in adsorbed loadings higher than 1.7
mmol/g at partial pressures closer to the saturated vapor
pressure of butanol at 35 °C (P* = 1.8 kPa). This is probably
due to capillary condensation in the voids between the crystals
of the silicalite-1 powder.

In general, the single-site Langmuir adsorption model fits the
data well; however, for the two highest temperatures, there is
some discrepancy between the model and experimental data,
probably because of the presence of a few high-energy
adsorption sites as evident by the sharp increase in loadings
at low pressures also at these high temperatures. The fitted
parameters are listed in Table 2 together with values previously
reported in the literature. According to the previous
studies,”>”**?123 the maximum loadings of butanol in
silicalite-1 and MFI zeolites are reported in the range of 0.7—
2.5 mmol/g. The inconsistency is probably due to the different
experimental conditions and samples used. However, most of
the values reported are in the range of 1.3—2 mmol/g. As
shown in Figure 6, the maximum loading according to the
present work was 1.7 mmol/g (determined using a volumetric
gas adsorption analyzer), which is in the range of the literature
data.

The heat of adsorption was determined to be —69 kJ/mol
using the van’t Hoff equation (eq 7) from all four temperatures.
The fit was very good, with a R* value of 0.998.

There are only few reports on the heat of adsorption for
butanol in hydrophobic adsorbents in the literature. However,
the heat of adsorption calculated in the present work is in good
agreement with the grevious findings reported by Einicke et
al** and Zhang et al.>* (=49.6 and —40 kJ/mol, respectively).
Several papers reported the heat of adsorption of butane
(which should have a reasonable similar adsorption behavior as
butanol in hydrophobic adsorbents) in silicalite-1 in the range
from —50 to —60 kJ/mol,>*™>* which is also in a good
agreement with the present work.

Adsorption of Butanol and Water from a Binary Mixture.
By considering the single-component adsorption results, it
would be expected that butanol would be preferentially
adsorbed in silicalite-1 from a butanol/water vapor mixture. A
number of experiments were carried out with simultaneous
adsorption of water and butanol at 35 °C with partial pressures
in the feed of 2.04 and 0.35 kPa for water and butanol (with a
molar composition of 15% butanol), respectively. The partial
pressures of water and butanol vapor in the feed gas were
obtained by passing the carrier gas (helium) to saturators filled
with a dilute butanol/water mixture containing 2 wt % butanol,
ie., a typical concentration in an ABE fermentation broth. In
other words, these conditions simulate a gas-stripping ABE
fermentation process.”** Figure 7 shows IR spectra recorded
of the butanol and water adsorbed simultaneously in the
silicalite-1 film at 35 °C as well as reference spectra of water and
butanol adsorbed from the single-component measurements for
visualization of the difference between single-component and
binary mixture adsorption. The reference spectra were recorded
at the partial pressures close to those in the mixture, viz., 2.06
kPa for water and 0.05 kPa for butanol. Both the characteristic
band of water at 1620 cm™" and the band assigned to butanol at
1465 cm™! are visible and clearly separated in the spectrum
recorded for the binary mixture. The bands assigned to water
are significantly smaller than the bands in the reference
spectrum, whereas the difference is much smaller in the case of
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Figure 7. IR spectrum of butanol and water adsorbed in silicalite-1 film
at 35 °C for a binary mixture of butanol and water with a mole fraction
of 0.15 for butanol in the vapor phase (2), together with the spectra of
pure butanol (1) and water (3) at partial pressures of 0.05 and 2.06
kPa, respectively.

butanol. This observation clearly shows that the silicalite-1 film
is selective toward butanol. The adsorption selectivity, as
determined by extracting the adsorbed concentrations from the
spectrum using eqs 3 and 4, was O, 0p1/water = 107, showing that
the film is highly butanol-selective at these conditions. By
increasing the partial pressure of butanol in the feed, butanol/
water selectivity was measured also at feed compositions, 2.03
kPa water and 0.57 kPa butanol and 1.80 kPa water and 0.70
kPa butanol, which resulted in selectivities of 84 and 62,
respectively. The lower selectivities at higher feed pressures
may be expected, because silicalite-1 was already saturated by
butanol at low partial pressures. Unfortunately, only a few
reports exist in the literature on the adsorption selectivity for
adsorption of a butanol/water vapor mixture in zeolites.
However, Zhang et al>? reported butanol adsorption selectivity
in the range of 12—60 and 15—80 (at different mole fractions of
butanol in the liquid phase) for ZIF-8 and ZIF-71 zeolitic
imidazolates, respectively. The high butanol selectivity obtained
in the present work indicates that recovery of butanol from the
vapor phase from a gas-stripping ABE fermentation process
may be an interesting option.

H CONCLUSION

The adsorption of butanol and water in silicalite-1 was studied
and quantitatively determined at four different temperatures
using ATR—FTIR spectroscopy. The adsorption was typical for
microporous materials, and the Langmuir model was found to
fit well to the experimental data. The Langmuir parameters,
heats of adsorption, and maximum loadings determined were in
a good agreement with previously reported data. The saturation
concentration of butanol in silicalite-1 powder was measured
using a volumetric gas adsorption technique, and the amount of
butanol and water adsorbed in the silicalite-1 film were
determined from IR spectra. Moreover, it was shown that the
silicalite-1 film was butanol-selective with an adsorption
selectivity of 107 at 35 °C when adsorbed from a binary
vapor mixture with the molar composition of 15% butanol and
85% water. The results indicate that a silicalite-1 adsorbent or
membrane may effectively separate butanol from the vapor
obtained in an ABE fermentation gas-stripping process.
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