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Chapter 1

Introduction




1.1 Adsorption

In the past years, the release of volatile organic compounds (VOCs) into the
environment has become a worldwide threat of growing concern [1-4]. One of the
main issues in the chemical industry is the removal of VOCs from air streams,
wastewater or other intermediary streams [5-9]. Distillation is the most commonly
used unit operation in the separation technology, but it becomes unpractical when the
boiling points of the fluid components are close [10]. Adsorption is a proven, reliable
and one of the most interesting alternative technologies in separation [11]. However,
many of the technologically important adsorption from solution phenomena are
exceedingly complex. Although most of the experimental data reported in the
literature were determined from relatively dilute binary solutions, even these are
generally difficult to interpret [11]. Part of the difficulty comes from the lack of
models that can describe the non-ideal behavior of adsorbed phase mixtures. The
developing and testing of new models requires more than just binary adsorption
experiments. Therefore, adsorption of multicomponent systems, containing three or
more components, is of great importance in many engineering applications such as
certain separations for removing impurities from fluid streams (e.g. removal of VOCs
from airstreams, dehydration of natural gas), chromatography as well as design of
heterogeneous chemical reactors [12-17]. In addition, multicomponent adsorption data
are considerably more difficult to measure than pure component data [13]. Research
should be directed towards measuring and modelling of more complex
multicomponent adsorption systems.

The primary requirement for an economic adsorption process is an adsorbent with
high selectivity and capacity [10]. The selectivity depends on either adsorption
Kinetics or adsorption equilibrium but most of the industrial adsorption processes
depend on equilibrium selectivity [2,10,18]. The adsorbent performance is determined
by the competitive adsorption of the different compounds simultaneously present in
the liquid solution [19]. Therefore, the assessment of the adsorption capacity of a
compound in the presence of other solutes as well as the definition of appropriate
theoretical models is imperative for a proper design of adsorption processes.

1.2 Multicomponent adsorption equilibrium

Prediction of mixture adsorption equilibrium from pure component information
remains one of the most challenging problems in adsorption [20]. Many efforts have
been carried out in developing predictive models for calculating the adsorption
equilibrium of multicomponent mixtures using only pure component data [21-29]. The
most commonly used approach for predicting equilibrium competitive adsorption,



using only pure component data is the adsorbed solution theory, of which an excellent
overview is given by Murthi and Snurr [22]. The Ideal Adsorbed Solution Theory
(IAST) was derived by Myers and Prausnitz [21] for a two-dimensional homogenous
adsorbed phase. The adsorbed phase is considered as a temperature-invariant area
equally accessible to all compounds. The main assumption of IAST is that the
adsorbed mixture forms an ideal solution in equilibrium with the bulk (gas or liquid)
phase at a constant spreading pressure for each solute [21]. The spreading pressure is
an intensive thermodynamic variable for adsorption equilibria; it is defined as the
difference in surface tension between a clean surface and a surface covered with
adsorbate [10,19]. In the Real Adsorbed Solution Theory (RAST) [25], the non-ideal
behavior of the adsorbed phase is accounted for by the use of activity coefficients.

Successful application of IAST in the liquid phase are reported by Li and co-workers
[30] who studied the adsorption of trichloroethylene and tetrachloroethylene from
aqueous solutions in zeolites. The same compounds were later studied by Erto and co-
workers [19]. Noroozi and co-workers [31] obtained reasonable predictions when
applying IAST to describe the adsorption of binary mixtures of cationic textile dyes
from aqueous solutions in granular activated carbon. However, for ternary mixtures of
hydrocarbons, the IAST model does not provide accurate predictions [13, 32].

The attraction of IAST is that it allows the calculation of multicomponent adsorption
equilibrium from pure component data. For screening adsorbents, one can use IAST to
calculate the multicomponent adsorption equilibrium of the desired mixture if pure
component data for each component present in the mixture is available for the tested
adsorbents. However, the screening of adsorbent for multicomponent mixtures of five
or more compounds still requires considerable experimental effort which is, in most
cases, undesirable. Nowadays, most adsorbent materials can be modelled and pure
component adsorption data can be obtained using molecular simulations. Molecular
simulations provide a useful insight to molecular behavior within channels and pores.
The well-known Configurational-bias Monte Carlo (CBMC) technique [33, 34] in the
grand-canonical ensemble enables the calculation of the adsorption characteristics of a
wide variety of molecules in a large number of adsorbents with reasonable accuracy
and reliability [35-39]. Snurr and co-workers successfully predicted the adsorption
behavior of benzene and p-xylene in MFI [40] and later the adsorption of binary liquid
mixtures of m-xylene, p-xylene and toluene [41]. Smit and co-workers [33, 34] proved
that CBMC can be used to predict the adsorption behavior of long-chain alkanes in
zeolites.



The questions and challenges that arise when trying to calculate multicomponent
adsorption equilibria can be summarized as follows:

1. Can pure component isotherms be predicted with enough accuracy using
molecular simulation?

2. Can multicomponent adsorption equilibria (five or more compounds) be
predicted using models such as IAST/RAST combined with molecular
simulation?

3. What is the minimum experimental data required for such methodologies to
work?

In chapter 2 of this thesis, we provide answers to these questions.

1.3 Adsorbed phase activity coefficients

Throughout the years, various activity coefficient models were used with RAST. Due
to the lack of models to describe activity coefficients for the adsorbed phase, most of
the authors used activity coefficient models valid for vapor-liquid equilibrium.
Sochard and co-workers [26] used RAST together with the UNIQUAC [42] and
NRTL [43] models for calculating activity coefficients in the adsorbed phase but did
not take into account the spreading pressure-dependency of activity coefficients. Erto
and co-workers [44] used the Wilson model [45] for calculating adsorbed phase
activity coefficients and accounted for the spreading pressure dependency by using an
empirical equation proposed by Kopatsis and Myers [46]. The same model is used in
the work published recently by Jadhav and co-workers [47]. However, there is no
solid theoretical basis for using activity coefficient models from liquid systems for
calculating adsorbed phase equilibria.

The activity coefficient models valid for vapor-liquid equilibria are function of
temperature and composition. Adsorbed-phase activity coefficients are also dependent
on spreading pressure. Often, the failure of vapor-liquid activity coefficient models in
describing adsorption data is attributed to the non-dependency on spreading pressure
[44,47]. Therefore, testing the validity of such models for the adsorbed phase requires
adsorption data obtained at constant spreading pressure.

Three questions arise when trying to account for adsorbed phase non-ideality using
models taken from the vapor-liquid theory:

1. lIs it possible to obtain adsorption data at constant spreading pressure?
2. Are the activity coefficient models valid for vapor-liquid equilibrium also valid
for describing adsorbed-phase non-ideality?



3. Can the spreading pressure dependency of activity coefficients be described
using the equation proposed by Kopatsis and Myers [46]?

These questions are answered in chapter 3 of this thesis.

1.4 Objectives and outline of this thesis
The objectives of this thesis are:

1. Develop and validate experimentally a consistent methodology for the
prediction of multicomponent (six-component system) adsorption equilibrium
for screening purposes.

2. Check if the activity coefficient models taken from the gas-liquid theory are
valid for adsorbed phase.

3. Check if a simple 2D-lattice model can be used, with the segregated sites
approach [27], to predict binary adsorption equilibria.

In chapter 2 of this thesis, the adsorption of traces of five volatile organic compounds
(VOCs) comprising butanal, 2-ethyl-2-hexenal, 2,6-dimethylcyclohexanone, 2,4,6-
trimethylphenol and 2,4,6-trimethylanisole from liquid toluene was investigated.
Twenty-one commercial adsorbents of different classes were tested in batch
adsorption experiments using the six-component mixture. The sodium form of FAU
zeolite (NaY) performed by far the best for the overall removal of these compounds
from toluene. A force field was developed for these compounds that allows the
computation of pure component adsorption isotherms in zeolites using Monte Carlo
simulations. The pure component isotherms are used as input in an IAST model to
predict multicomponent adsorption behavior in zeolites. Simulations of binary and
six-component mixture are compared to experimentally obtained adsorption
isotherms. We show that (1) NaY zeolite performs best for the overall adsorption of
the selected compounds from liquid toluene, and (2) a combined molecular
simulation-IAST approach can be used for this system to predict the adsorption
behavior in NaY reasonably well.

In chapter 3 of this thesis, molecular simulations performed on a 2D-lattice are used to
generate adsorption data. The generated data is used to check the suitability of the
Wilson [45] and NRTL [43] activity coefficient models. The advantage of using a 2D-
lattice model is that it allows the generation of multicomponent adsorption data at
constant spreading pressure (or, if needed, constant adsorbed-phase composition). It is
difficult to achieve these conditions using experimental techniques. The results show
that the commonly used Wilson and NRTL models cannot describe the adsorbed
phase activity coefficients for slightly non-ideal to strong non-ideal mixtures. In the



second part of chapter 3, the use of Monte Carlo simulations for a segregated 2D-
lattice model, for predicting adsorption of mixtures is investigated. The segregated
model assumes that the competition for adsorption occurs at isolated adsorption sites,
and that the molecules from each adsorption site interact with the bulk phase
independently [27]. Two binary mixtures in two adsorbent materials were used as case
studies for testing the predictions of the segregated 2D-lattice model: the binary
system CO,-N, in the hypothetical pure silica zeolite PCOD8200029, with isolated
adsorption sites and normal preference for adsorption, and the binary system CO,-
CsHg in pure silica MOR, with isolated adsorption sites and inverse site preference.
The segregated 2D-lattice model provides accurate predictions for the system CO,-N,
in PCOD8200029, but fails in predicting the adsorption behavior of CO,-C3Hg in
pure silica MOR. The predictions of the segregated IAST model are superior to those
of the 2D-lattice model.

In chapter 4, experimental adsorption data for the binary mixtures toluene - butanal,
toluene - 2-ethyl-2-hexenal, toluene - 2,6-dimethylcyclohexanone, toluene - 2,4,6-
trimethylphenol and toluene - 2,4,6-trimethylanisole on an ammonium form of Y
zeolite are presented. The binary experimental data are used for the parameterization
of four multicomponent equilibrium models: the multicomponent Langmuir model,
the multicomponent dual-site Langmuir model, the coupled IAST - dual-site
Langmuir model and the coupled SIAST (segregated ideal adsorbed solution theory) -
Langmuir model. The prediction accuracy of the four equilibrium models is compared
to experimental multicomponent equilibrium adsorption data. We show that the
multicomponent dual-site Langmuir and the coupled SIAST-Langmuir equilibrium
models outperformed the other equilibrium models. For the studied system, the
prediction accuracy of the multicomponent dual-site Langmuir model proves to be
superior to that of the coupled SIAST-Langmuir model. A multicomponent
breakthrough model is introduced and compared to experimentally obtained
multicomponent breakthrough curves. We show that the breakthrough model, together
with the multicomponent dual-site Langmuir model (used to calculate the equilibrium
isotherms), can provide a rough qualitative estimation of the breakthrough behavior
for the chosen system.



Chapter 2

Adsorption of volatile organic
compounds. Experimental and
theoretical study

This chapter is based on:

C.C. Brunchi, J.M. Castillo Sanchez, A.l. Stankiewicz, H.J.M. Kramer, T.J.H. Vlugt,
Adsorption of Volatile Organic Compounds. Experimental and Theoretical Study,
Industrial & Engineering Chemistry Research, 51, 2012, 16697-16708.



2.1 Introduction

One of the main concerns in the chemical industry is related to removal of traces of
VOCs [5-9]. The largest fraction of production costs in the chemical industry is
related to separation processes [10]. Distillation is the most commonly used unit
operation in the separation technology but becomes unpractical when the boiling
points of the fluid components are close [10]. Adsorption is one of the most
interesting alternative technologies in separation and can be applied in both liquid and
gas phases.

The design of adsorption separation units depends mainly on the adsorbent capacity in
equilibrium conditions. Their performance is determined by the competitive
adsorption of the different compounds simultaneously present in the liquid solution
[19]. Therefore, the assessment of the adsorption capacity of a compound in the
presence of other solutes as well as the definition of appropriate theoretical models is
imperative for a proper design of adsorption processes.

A successful application of zeolite adsorbents to fluid separation requires knowledge
and understanding of sorption and diffusion behavior of the fluid components.
Molecular simulations give a useful insight to molecular behavior within zeolite
channels and pores. The well-known Configurational-bias Monte Carlo (CBMC)
technique [33, 34] in the grand-canonical ensemble enables the calculation of the
adsorption characteristics of a wide variety of molecules in a wide variety of materials
with reasonable accuracy and reliability [35-39]. Snurr and co-workers successfully
predicted the adsorption behavior of benzene and p-xylene in MFI [40] and later the
adsorption of binary liquid mixtures of m-xylene, p-xylene and toluene [41]. Smit and
co-workers [33, 34] proved that CBMC can be used to predict the adsorption behavior
of long-chain alkanes in zeolites.

Grand-canonical Monte Carlo simulations usually consist of four types of trial moves:
displacement, rotation, (partial) regrowth and swap moves. The move that the MC
algorithm is using in a certain step is randomly chosen from these four trial moves.
The swap move implies either (1) deletion of a randomly selected molecule from the
system or (2) insertion of a molecule in a randomly selected place in the system. The
proposed system comprises large, quite rigid molecules that have different shapes and
strong specific interaction sites. The liquid-phase adsorption leads to high loadings.
Because of the high loadings and molecule characteristics, very few insertions and
deletions are successful and the simulations of the multicomponent mixture do not
converge easily [41]. Therefore, for the multicomponent mixture, this Monte Carlo
simulations should be avoided, as the resulting simulation would be computationally
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demanding [41]. As an alternative for predicting multicomponent adsorption
isotherms the Ideal Adsorbed Solution Theory (IAST) can be used. IAST is a
thermodynamically consistent method used for predicting multicomponent adsorption
isotherms using single-compound isotherm data. It was proposed by Myers and
Prausnitz [21] for gas mixture adsorption and extended for liquid phase adsorption by
Radke and Prausnitz [48]. Successful application of IAST in the liquid phase are
reported by Li and co-workers [30] who studied the adsorption of trichloroethylene
and tetrachloroethylene from aqueous solutions in zeolites. The same compounds
were later studied by Erto and co-workers [19]. Noroozi and co-workers [31] obtained
reasonable predictions when applying IAST to study the adsorption of mixtures of
cationic textile dyes from aqueous solutions in granular activated carbon.

The first goal of this study is to determine which class of adsorbents performs best for
the selected VOCs mixture. For this purpose, twenty-one different adsorbents were
tested using batch adsorption experiments. The experimental procedure is explained in
Section 2.2 of this chapter. Zeolites seem to perform best. The second goal of this
chapter was to test if the adsorption behavior of the selected compounds in NaY
zeolite can be predicted using Monte Carlo simulations combined with an Ideal
Adsorbed Solution Theory. A force field for the selected compounds was defined and
used to compute pure component adsorption isotherms in NaY zeolite. The computed
pure component isotherms were used as input for an IAST model. The molecule and
zeolite models along with the IAST are explained in Section 2.3 of this chapter.

The adsorption behavior of the binary and six-component mixture in NaY zeolite was
investigated. The simulation results are compared to experimental isotherms. In
Section 2.4 the results are discussed. We show that if a proper force field is available,
the adsorption behavior of the six-component mixture in NaY zeolite can be predicted
using a combined molecular simulation and IAST approach. To the best of our
knowledge, there is no data on adsorption measurements for the removal of VOCs
from liquid toluene in the literature. Our findings are summarized in Section 2.5.

2.2 Experimental
2.2.1 Chemicals.

Toluene (99.99 % anhydrous), 2,6-dimethylcyclohexanone (mixture of isomers, 98 %)
and 2,4,6-trimethylphenol (99 %) were obtained from Sigma-Aldrich Chemie B.V.,
Netherlands; 2-ethyl-2-hexenal (95 %) was purchased from Frinton Laboratories
(USA) and 2,4,6-trimethylanisole (>99 %) was purchased from SIA MolPort (Latvia).



2.2.2 Adsorbents

A total of 21 commercial adsorbents were tested in batch adsorption experiments
using the six-component mixture. The adsorbents can be divided into six main classes;
activated aluminas, polymeric resins, graphitized carbon black, carbon molecular
sieves, zeolites and other. Three activated alumina type of adsorbents were tested: the
basic, acidic and neutral form. The polymeric resins tested are: Levatit AF5, Dowex
L-493 and XAD2. Carbotrap X, Carbotrap F, Carbotrap Y and Carbotrap C are
graphitized carbon black type of adsorbents. The carbon molecular sieves used are:
Carboxen 569, Carboxen 1000, Carboxen 1003, Carboxen 1012, Carboxen 1016,
Carboxen 1018, Carboxen 1021, Carbosieve G and Carbosieve SlIl. From the zeolite
class, NaY, the Na form of FAU type zeolites was tested. In the “other” category we
tested Florisil (activated magnesium silicalite). The list of suppliers for the adsorbents
used is provided in Appendix A (Table Al).

2.2.3 Experimental procedure

Except for NaY, all the adsorbent samples were added, as received from the supplier,
to 20 ml vials. The vials were immediately sealed to avoid water uptake and weighted.
The solution comprising traces of butanal, 2-ethyl-2-hexenal, 2,6-
dimethylcyclohexanone, 2,4,6-trimethylphenol and 2,4,6-trimethylanisole in liquid
toluene (Appendix A, Table A2), was injected through the septum into the vials and
part of the solution was analyzed as a blank. The test vials were stirred continuously at
room temperature (24 °C) and samples were collected after 1, 2 and 3 days to ensure
that the equilibrium was reached. The samples and blanks were analyzed using a
Varian 430 gas chromatograph (GC). A CPSIL8 CB column was used to determine
the composition of all blanks and samples.

In the case of NaY zeolite, regeneration of the sample was conducted before the
adsorption process. The technical data for the sample, provided by the supplier,
reported a 20% weight loss upon drying. This means that the zeolite samples are
highly hydrophilic and any water or volatile compounds present in the samples need
to be removed before the adsorption experiment.

The NaY samples (Si/Al = 2.556) were added to 20 ml vials and heated overnight in
an oven at 500 °C, under nitrogen flow, in order to remove any water and impurities
present in the pores. The vials were cooled to around 70 °C and, while keeping the
nitrogen flow running, the stirrers were added to the bottles and the caps were placed
on the bottles to avoid water adsorption on the samples. Measurements indicated an
average weight loss of 21% of the samples during regeneration. The measured weight
loss is in agreement with the technical data provided by the supplier (20%). After
regeneration the vials were immediately sealed to avoid water uptake and weighted.
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The solution was injected through the septum into the vials and part of the solution
was analyzed as a blank. The rest of the experiment was conducted like explained
above. The amount adsorbed at equilibrium was calculated using the mass balance
equation:

Wiblank,i " ML,0~ Wlsample,i " ML,A
P = ) 2.1)
Madsorbent

where wtpjank; is the mass fraction of the i-th component in the blank, wts,mpie,; 1S
the mass fraction of the i-th component in the solution after adsorption, m,q.orpent 1S
the mass of adsorbent (grams) and My, is the mass of fresh solution (grams). The
mass of solution after adsorption is calculated as:

ML,A = ML,O —0.29 - mygsorbent Pad.phase (2.2)

Eq. 2.2 is used to correct for the change of mass in the external liquid phase due to the
adsorbent uptake. There is no accurate experimental procedure for measuring the
adsorbed phase mass of solution. A common practice is to assume that the density of
the adsorbed phase (paqphase) IS equal to the density of the solution (which
approximately equals the density of the solvent) [49]. Van Assche and co-workers
[50] report a void fraction of 0.29 I/g for the NaY zeolite used in this work. Therefore,
this void fraction was assumed for all the adsorbents. The loading of the impurity
compounds is not sensitive to the void fraction. By varying the void fraction of the
adsorbents from 0.2 to 0.4, deviations below 1% in the impurity loadings are obtained.
These assumptions allow for the calculation of the mass of liquid in the adsorbed
phase.

2.3 Simulations
2.3.1 Monte Carlo simulations

Molecular Models. The molecules were modeled as rigid and/or flexible structures
using the united atom approach as described by Ryckaert and Bellemans [51]. For the
flexible molecular structures, the pseudoatoms are connected through harmonic
bonding potentials, harmonic bending potentials and the cosine series torsion potential
described by Siepmann and co-workers [52]. The parameters for bond lengths, bend
angles and torsion are given in Appendix A (Tables A3-A5).

Butanal (Bt) was modeled as a flexible molecule using the united-atom approach as
explained by Ryckaert and co-workers [51]. The parameters for bond lengths, bend
angles and torsion were taken from the TraPPE force-field for aldehydes of Siepmann
and co-workers [52].
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2-Ethyl-2-hexenal (2E2H) was modeled as a flexible molecule using the united-atom
approach. The 2E2H molecule is more complex than the others, it contains a double
bond, a branch at the sp® carbon atom of the double bond and an aldehyde carbon
connected to the same sp? carbon atom of the double bond. To the best of our
knowledge there is no force field available that can provide all the required
information for a complete description of the interactions of this molecule inside a
zeolite. The parameters from the TraPPE force field for aldehydes [52] and the
TraPPE force field for branched alkenes [53] were used to describe this molecule and
approximations were made where data was lacking. The parameters for bond lengths
and bend angles were taken from the TraPPE force-field for aldehydes, alkenes and
alkanes [52-54]. The torsion parameters for the configuration: CH = C, — CHyq = Og4yq
and CH, — C, — CH,q = O,4 are not available in any force field and were taken equal
to the torsion for aldehydes [52]. The torsion for the configuration: CH; — CH, - C, -
CH,q were also approximated by the torsion of normal alkanes [54]. In this study we
only consider the cis-form of 2-ethyl-2-hexenal. The difference between the cis- and
trans-form of the molecule can be described by a harmonic torsional potential as
described by Siepmann and co-workers [53].

Toluene (Tol), 2,4,6-trimethylphenol (3Mp) and 2,4,6-trimethylanisole (3Ma) were
modeled as rigid molecules. The aromatic ring was modeled using the explicit
hydrogen force field for benzene of Siepmann and co-workers [55]. The substituting
alkyl groups are modeled using the united-atom approach. The parameters for the
phenolic groups were taken from the TraPPE force field for alcohols [56] and the
parameters for the ether groups in 3Ma were taken from the TraPPE force field for
ethers [52]. The atomic coordinates for the cycloalkane part of 2,6-
dimethylcyclohexanone (dMc) were obtained using a DFT geometry optimization
simulation with the B3LYP functional and the 6-31G* basis set. Using the obtained
coordinates, the dMc molecule was modeled as semi-rigid; the cyclohexane ring is
rigid while the alkyl and ketone groups are flexible.

Zeolite model. A zeolite mineral is a crystalline substance with a structure
characterized by a framework of linked tetrahedral each consisting of four oxygen
atoms surrounding a cation. This framework contains open cavities in the form of
channels and cages [57]. The charges introduced by the aluminum atoms are
compensated by non-framework cations (Na*, K*, Ba®*, for example). The Faujasite
type zeolite used in this study had a composition with Si/Al = 2.56 corresponding to
54 aluminum atoms per unit cell. The negative charges introduced by the Al atoms are
compensated by Na" cations. The atomic charges used for the FAU framework are
chosen as qna = +1 [€], ga = +1.75 [e] and qs; = +2.05 [e] [58]. The charges for the
oxygen atoms were -1.2 [e] for the oxygen atoms connected to aluminum and -1.025
[e] for the oxygen atoms connected to silica [58]. The FAU framework was assumed

12



to be rigid as described by Kiselev and co-workers [59]. Vlugt and Schenk [60]
showed that only small variations in the adsorption isotherms are obtained by using a
flexible zeolite framework. One unit cell of FAU with periodic boundary conditions
was used in all simulations.

Guest — guest interactions. The non-bonded interactions are described by a pairwise
additive Lennard-Jones (LJ) and Coulombic potentials. The LJ guest-guest parameters
of the pseudo-atoms used in this work are given in Appendix A. The LJ size
parameters for the guest-guest interactions, o;, and the charges of the pseudo-atoms
were taken from the corresponding TraPPE force-fields of Siepmann and co-workers
[52-56, 61] and used without further modifications. The partial charges of the pseudo-
atoms used to describe the molecules were taken from the corresponding TraPPE
force field [52-56, 61] and are given in Appendix A (Table A6).

The LJ well depth parameters for guest-guest interactions, ¢;, for all the molecules,
were fitted to liquid densities using simulations in the NPT ensemble. The absolute
relative difference between the predicted liquid density and the experimental one had
a maximum of 4.9 % in the case of dMc, as can be seen in Appendix A (Table A7).
The internal structure of the guest and the guest-guest interactions is of less
importance because the properties are dominated by the strong interactions with the
force field exerted by the host [62]. Therefore, for the purpose of this work we
consider this relative difference of 4.9 % for the impurities to be acceptable.

Guest — host interactions. The zeolite and the guest molecules interact through a
pairwise additive Lennard-Jones potential between atoms of the guest molecule and
atoms of the zeolite and through electrostatic interactions. Following the work of
Kiselev et al. and June et al. [63, 64] the dispersive interactions with the silicon atoms
of the zeolite were neglected. Where data about these interactions was not found, the
well-known Lorentz-Berthelot mixing rules were used [65, 66].

The LJ guest-host parameters for the aromatic ring and for the substituting methyl
groups were taken from the work of Snurr and co-workers [40]. For the interactions
between the phenolic oxygen and hydrogen and the zeolite oxygen, geometric and
arithmetic mean combining rules between the TraPPE force field parameters [56] and
the parameters given by Snurr and co-workers for the oxygen zeolite atoms [40] were
used. The interaction between the anisole oxygen and the oxygen zeolite atoms were
obtained from mixing rules between the parameters given by Thompson [67] and
Snurr [40] respectively.

The guest-host interaction parameters for the methyl pseudo-atoms in dMc, Bt and
2E2H were taken from the work of Dubbeldam and co-workers [62], the guest-host
parameters for the sp? carbon atom in 2E2H was taken from the work of Liu and co-
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workers [68] and the guest-host parameters for the sp? carbon atom adjacent to the
aldehyde carbon in 2E2H was obtained from mixing rules between the parameters
obtained in this work and the parameters for the zeolite oxygen provided by Snurr and
co-workers [40]. The guest-host interaction parameters for the aldehyde oxygen,
aldehyde carbon, ketone oxygen, ketone carbon and carbon atoms adjacent to the
aldehyde carbon were obtained from mixing rules between the parameters for guest-
guest defined in this work and the parameters for the zeolite oxygen provided by Snurr
and co-workers [40].

The Lennard-Jones potentials are truncated and shifted at 12 A and the Coulombic
interactions in the system were calculated using the Ewald summation [35] with a
relative precision of 10°. All the guest-host LJ interaction parameters used in this
work, along with the corresponding references are listed in Appendix A (Table A8).

Simulation Technique. The pure component adsorption isotherms were obtained
from grand-canonical simulations («VT ensemble). The simulations are performed in
cycles. In each cycle an attempt is made to perform one of the following trial moves:
displacement, rotation, (partial) regrowth and swap trial moves performed with the
Configurational-bias Monte Carlo technique [33, 34], were used to equilibrate the
system. The number of equilibration cycles used in our simulations was 2:10° and the
number of production cycles used in our simulations was 2.5:10°. More details about
the simulation technique can be found in the work of Vlugt and co-workers [39, 69].

2.3.2 ldeal Adsorbed Solution Theory (IAST)

The IAST was derived by Myers and Prausnitz [21] for a two-dimensional
homogenous adsorbed phase. The adsorbed phase is considered as a temperature-
invariant area equally accessible to all compounds (the so-called spreading pressure).
The theory was later extended to treat a three-dimensional adsorbed phase [23, 24].
The interpretation of the thermodynamics of adsorption for the three-dimensional
approach is different than the interpretation of Myers and Prausnitz [21]. However the
two approaches are computationally and thermodynamically identical. An excellent
explanation of the IAST is given by Murthi and Snurr [22]. A summary of the
equations used in the IAST model is given bellow.

At equilibrium the fugacity of the liquid phase should be equal to the fugacity of the
adsorbed phase:

Yi@;P = xiin(T' ) (2.3)

where y; is the molar fraction of compound i in the bulk liquid phase in equilibrium
with the adsorbed phase, P is the system pressure, x; is the adsorbed phase molar
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fraction of compound i, f;° is the fugacity of pure i adsorbed at the same temperature
(T) and spreading pressure () as the (adsorbed) mixture (Pa).

The condition of equal spreading pressure for all components is written as:

fio fio

T[l'A _ T[JA _ f 0 _ j 0 . ,

rT = BT = | M (Odint = | n)(t)dInt i+ (2.4)
0 0

where n{ is the loading of component i. The total loading can be calculated from:

NC

1 xi
=2 [n?(fi")] (2:5)

i=1
where NC is the number of components.
The individual loadings can be calculated from:
n; = x;Nng (2.6)

The non-ideality of the liquid phase is expressed through fugacity coefficients of the
compounds in the liquid phase mixture, ;. The fugacity coefficients were computed
using the Peng-Robinson equation of state (Appendix C). The quality of the data
provided by the Peng-Robinson EOS was tested for toluene, butanal and 2,4,6-
trimethylphenol. The vapor pressures calculated using the Peng-Robinson EOS for
this three compounds were in good agreement with available literature data [70]. For
2-ethyl-2-hexenal, 2,6-dimethylcyclohexanone and 2,4,6-trimethylanisole no literature
data was found for the vapor pressure. However, the non-ideality of the liquid phase
can also be expressed through activity coefficients. The UNIFAC method [71-77] was
used to compute the activity coefficients of the six compounds in the liquid mixture.
The precision of IAST was the same using both the activity coefficient and the Peng-
Robinson EOS approach. Therefore, the Peng-Robinson EOS was used further in this
study. The critical data needed for computing the fugacity coefficients along with the
specific references are given in Appendix A (Table A9).

For a binary system, Eqgs. 2.3 and 2.4 provide a system of three equations for the five
unknowns (P, v;, x;, f2, ). Therefore, the specification of any two variables allows
the calculation of the other three. The Matlab commercial software was used for
solving the system of equations.
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2.4 Results and discussion
2.4.1 Experimental testing of commercial adsorbents

The first goal of this study was to determine which class of adsorbents has the highest
capacity for the removal of all the impurities simultaneously. Batch adsorption
experiments were performed using the six-component mixture and the adsorption
capacities of the studied compounds were measured in 21 commercial adsorbents as
explained in the experimental section. The six-component mixture contained butanal
(Bt), 2-ethyl-2-hexenal (2E2H), 2,6-dimethylcyclohexanone (dMc), 2,4,6-
trimethylphenol (3Mp), 2,4,6-trimethylanisole (3Ma) and toluene as solvent.

In Figs. 2.1-2.5, the results of the experimental tests performed on the 21 adsorbents
are presented. Each figure represents the adsorption on 21 different adsorbents of one
of the impurity compounds in a multicomponent mixture. Note that the amount of
adsorbent that was added in the experiments and also the void fraction was not exactly
the same for each adsorbent. In the calculation of the loading, the measured amount of
adsorbent was used while a constant void fraction of 0.29 was assumed for all the
adsorbents. The concentration of the compounds in the initial solution used for the
testing of the 21 adsorbents is listed in Table A2 (Appendix A).

Amongst the alumina-type of adsorbents, the basic form of activated alumina
performs best. Noticeable amount of butanal is adsorbed using the basic activated
alumina adsorbent (Fig. 2.1). The adsorption capacity of all types of activated alumina
for the other compounds is negligible. The adsorption capacity of the resin-type of
adsorbents is very small for the selected compounds. Adsorption capacities bellow 15
mg/g are obtained for all five compounds. Also, none of the graphitized carbon black-
type of adsorbents has noticeable adsorption capacities (Figs. 2.1-2.5). Amongst the
carbon molecular sieves, Carboxen 1012 and Carbosieve G perform best and have
noticeable adsorption capacities for butanal and 2,4,6-trimethylphenol (Fig. 2.1 and
Fig. 2.4). As can be seen in Figs. 2.1-2.5, NaY zeolite (red circle) is the best
adsorbent. It can remove the highest amounts of impurities simultaneously from the
six-component mixture. The adsorption capacity of NaY towards the impurity
compounds is far superior to that of the other adsorbents tested. Therefore, the
adsorption behavior of the chosen compounds in this zeolite is analyzed in more
detail.
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Figure 2.1. The loading of Butanal as measured in the experiments. The bulk liquid
phase consists of a six-component mixture and only Butanal is showed here. The
adsorbents are listed on the right of the figure. The complete name of the adsorbents

along with the suppliers are listed in Table A1 (Appendix A).
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Figure 2.2. The loading of 2-ethyl-2-hexenal as measured in the experiments. The
bulk liquid phase consists of a six-component mixture and only 2-ethyl-2-hexenal is
showed here. The adsorbents are listed on the right of the figure. The complete name
of the adsorbents along with the suppliers are listed in Table A1l (Appendix A).
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Figure 2.5. The loading of 2,4,6-trimethylanisole as measured in the experiments. The
bulk liquid phase consists of a six-component mixture and only 2,4,6-trimethylanisole
is showed here. The adsorbents are listed on the right of the figure. The complete
name of the adsorbents along with the suppliers are listed in Table A1 (Appendix A).
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2.4.2 Experimental adsorption isotherms in NaY zeolite.

The Na form of zeolite Y performs best. However, the capacity and selectivity of the
NaY zeolite can be altered by modifying the cation type and the number of cations
(Si/Al ratio) present in the zeolite framework [78]. Therefore, a thorough study of Y-
type zeolites with different Si/Al ratio and cation types might reveal a better adsorbent
than the used NaY zeolite. An attractive technique for this study is using molecular
simulations combined with an Ideal Adsorbed Solution Theory. We intend to use
pure-component adsorption isotherms obtained from molecular simulations as input in
an IAST model. The IAST model should predict the multicomponent adsorption
behavior of the selected compounds in NaY zeolite. To check the reliability of this
approach, experimental adsorption data is required. The binary adsorption isotherms
of the impurities in toluene along with the adsorption isotherm of the 6-component
mixture will be presented in the following sub-chapter.

Fig. 2.6 shows the adsorption isotherms of the binary system toluene-butanal in NaY
zeolite at room temperature. It can be seen that significant values for the adsorption
capacity of butanal are obtained even at concentrations of butanal as low as 1000 ppm.
At butanal concentrations above 10000 ppm, the adsorption capacity is inversed and
butanal is the preferred specie for adsorption in NaY zeolite. Therefore, NaY zeolite is
a suitable adsorbent for separating butanal from liquid toluene.

For the binary system toluene-2-ethyl-2-hexenal (2E2H), toluene is preferential
adsorbed up to ketone concentrations of above 50000 ppm (Fig. 2.7). However, for
high concentrations of 2E2H, NaY zeolite is a suitable adsorbent for removing this
ketone from liquid toluene. A similar behavior can be observed for the binary system
toluene-2,6-dimethylcyclohexanone (dMc, Fig. 2.8). Toluene is preferentially
adsorbed up to high concentrations of dMc of above 50000 ppm.

Fig. 2.9 shows the adsorption isotherm of the binary system toluene — 2,4,6-
trimethylphenol (3Mp) in NaY zeolite at room temperature. Experiments at
concentrations of 3Mp higher than 10000 ppm were not performed. It can be seen that
toluene is preferentially adsorbed for the whole range of 3Mp concentrations
investigated. However a shift in the adsorption capacity is expected for higher
concentrations. A loading of around 50 mg/g for 3Mp can be observed at 3Mp
concentrations above 10000 ppm, making NaY zeolite a suitable adsorbent for this
binary system.

The adsorption isotherms for the binary system toluene-2,4,6-trimethylanisole (3Ma)
is shown in Fig. 2.10. Experiments at concentrations of 3Ma higher than 10000 ppm
were not performed. It can be seen that there is no appreciable adsorption of 3Ma for
the whole range of concentrations studied. It appears that the NaY zeolite is not a
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Figure 2.6. Experimental adsorption isotherms for the binary system toluene - butanal
in NaY zeolite. Circles - butanal data, squares - toluene data.

suitable adsorbent for this binary system, although in the multicomponent mixture
higher loadings were found. This will be discussed in the next section.

The experimental adsorption isotherms for the six-component mixture in NaY zeolite
at room temperature are presented in Fig. 2.11. The three sets of experimental data are
marked with different colors in the graph. It can be seen that even at impurity
concentrations below 500 ppm, there is reasonable adsorption for three of the
compounds studied. 2,4,6-trimethylanisole has higher adsorption capacities in the six-
component mixture than in the binary mixture with toluene. It appears that this class
of zeolites is a good candidate for an adsorption of the studied compounds from
toluene. The used NaY zeolite however, might not be able to reduce the concentration
of some of the impurities below desired values (50 ppm) in an industrial process (in a
single step). Our strategy is to check if the adsorption behavior of this system in NaY
can be predicted using a combined IAST-molecular modeling approach.
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2.4.3 Pure component adsorption isotherms in NaY zeolite computed using Monte
Carlo simulations.

The pure component adsorption isotherms in NaY zeolite, at 300 K were obtained
using molecular simulations as explained in the simulation section. The obtained
isotherms are used in an Ideal Adsorbed Solution Theory model and the
multicomponent adsorption isotherms can be predicted.

In Fig. 2.12, the pure component adsorption isotherm of butanal in NaY zeolite,
computed using Monte Carlo simulations is depicted. The dual-site Langmuir
equation was used to fit the simulated data. It can be seen that the dual-site Langmuir
equation does not provide a perfect fit for the whole range of fugacities. However, the
purpose of this work is to study trace removal (low concentration/fugacity region) and
for the low fugacity region, the dual-site Langmuir equation provides a more than
reasonable fit. The pure component adsorption isotherms of the other compounds,
together with the dual-site Langmuir fit, are listed in Appendix A (Figs. A1-A6).

2.4.4 Prediction of multicomponent adsorption data using a combined molecular
simulation-1AST technique

As stated earlier in this chapter, it is difficult to calculate mixture adsorption isotherms
using molecular simulations for the chosen system [41]. The Ideal Adsorbed Solution
Theory was used instead to predict the multicomponent behavior in NaY zeolite. The
pure component adsorption isotherms in NaY zeolite, computed by molecular
simulations were used as input for the IAST model. The dual-site Langmuir equation
was used to fit the pure-component data.

A comparison between data predicted by simulations and the three experimental data
sets presented in Fig. 2.11 was made. The result of the IAST predictions compared
with experimental values is given in Table 2.1. As can be seen in Table 2.1, IAST
strongly overestimates the adsorption of butanal for all three data sets. The toluene
loading is also strongly underestimated by IAST predictions.

As experimental adsorption isotherms for our compounds in NaY zeolite are not
available, they were obtained using molecular simulations. The IAST predictions
critically rely on the accuracy of the pure-component isotherms, and therefore on the
accuracy of the guest-host interactions defined in the force field. Since the guest-host
interactions used in the force field are estimated on the basis of very limited
thermodynamic data that was available for the studied system, it is expected that the
predicted pure-component isotherms are not quantitatively accurate. However, the
force field interaction parameters for toluene were previously used successfully by
Snurr and co-workers [40]. Therefore, by studying the adsorption competition using

26



80

70 -
60 - Experiment 3
50 -
40 -

30 -

Loading, mg/g

20 -

10 - Experiment 2

Experiment 1

0 500 1000 1500 2000
Equilibrium concentration

of impurity, ppmw
Figure 2.11. Experimental multicomponent adsorption isotherms in NaY zeolite for
impurities in liquid toluene. Three experimental datasets are presented. Each
compound has a geometric figure assigned: ¢ butanal, m 2-ethyl-2-hexenal, A 2,6-
dimethylcyclohexanone, x 2,4,6-trimethylphenol, e 2.4,6-trimethylanisole. The
equilibrium concentration of toluene (solvent) does not fit in the scale. The loading of
toluene for each data set in the order blue, orange, red is: 216 mg/g, 109 mg/g and 37
mg/g respectively, clearly showing that the amount of adsorbed toluene is highly
dependent on the impurity concentration of the liquid phase.

binary solutions with toluene, the accuracy of the predicted pure component isotherms
for the impurity compounds can be checked. The comparison between experimental
results and IAST predictions for the binary system toluene-butanal are shown in Fig.
2.13.
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As can be seen in Fig. 2.13, the IAST predictions for the binary system toluene-
butanal are also far from the experimental results. However, the trend of the
competition between butanal and toluene in both IAST and experimental results is the
same. Butanal is preferentially adsorbed starting with low concentrations but IAST
overestimates this competition. The large difference between the predicted isotherms
and the experimental ones can be explained by either i) non-ideal behavior of the
adsorbed phase, in other words IAST cannot be used for this system or ii) inaccurate
values of the parameters describing the guest-host interactions in the force field. The
second variant is investigated in more detail.

Assuming that the force field parameters for butanal are off, the maximum loading of
4.2 mmol/g (see Fig. 2.12) would still be valid because it is determined by the pore
volume of the NaY zeolite and the volume of the butanal molecule which are precisely
known. In other words, the force field parameters describing the size of the butanal
molecule and the size of the zeolite pore is precisely known. However, the uncertainty
comes from the parameters describing the interaction between the zeolite structure and
the fluid phase (which will determine the fugacity range where the loading of the pure
component increases steeply). Castillo and co-workers [79] showed that for water and
other strongly polar molecules, a small variation in the force field parameters can
result in a shift in the fugacity range of the isotherms of several orders of magnitude.
Therefore, a very small variation of the strength of the guest-host interaction
parameters can lead to a shift of the pure component isotherm in the fugacity range.

To calculate the shift in the pure component isotherm of butanal, a shifting parameter
K was introduced in the dual-site Langmuir equation (Eq. 2.7). The intention is to
check how much the fugacity range (horizontal axis) is shifted. The shifted isotherm
equals:

0= @
in which

b; =by K (2.8)
b, =b, K (2.9)

The condition that the IAST result satisfies (only) the butanal experimental data point
with the lowest concentration (see Fig. 2.13) was imposed and the K parameter was
computed. A value for the shifting parameter of 8.6 - 10 was found. The shift of the
butanal isotherm is 4 orders of magnitude. However, according to the work of Castillo
and co-workers [79], this shifting parameter would correspond to a very small error in
the force-field parameters.
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Table 2.1. Comparison of IAST with experimental adsorption results for the 6-
component mixture comprising toluene (Tol), butanal (Bt), 2-ethyl-2-hexenal (2E2H),
2,6-dimethylcyclohexanone (dMc), 2,4,6-trimethylphenol (3Mp) and 2,4,6-
trimethylanisole (3Ma) in NaY zeolite. Three data sets are presented corresponding to
the three data sets of Fig. 2.11.

Dataset1 Data set 2 Data set 3
Eq. conc., | qlAST, qgexp, | Eq.conc.,, | qlAST, qgexp, | Eq.conc.,, | qlAST, q exp,
Comp.
ppm mg/g mg/g ppm mg/g mg/g ppm mg/g mg/g
Tol 999199 1.2 215.7 997420 0.3 108.8 993447 0.05 37.5
Bt 152 282.4 10.5 339 292.5 43 965 298.4 73.3
2E2H 257 1.6 7 588 0.7 22.9 1426 0.2 28.9
dMc 178 1.910" | 12.9 424 6.710° | 34.3 1246 1.5107 48
3Mp 214 0.007 9.9 444 0.002 26.9 1214 4210" | 39.4
3Ma 369 7.9107 3.6 785 1.810° | 14.4 1702 1.810° | 19.3
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Figure 2.18. Adsorption isotherms for the binary system toluene - 2,4,6-trimethyl-
anisole in NaY zeolite. Lines - IAST predictions, circles - experimental results for
2,4,6-trimethylanisole, squares - experimental results for toluene.

Using the shifted pure component isotherm of butanal, the IAST was recalculated and
the comparison between experimental results and IAST predictions for the binary
mixture toluene-butanal is depicted in Fig. 2.14. By shifting the adsorption isotherm
of pure butanal in NaY, IAST is able to accurately describe the behavior of the
toluene-butanal system for all the available experimental data points. This is a clear
indication that (1) the adsorption isotherm of pure toluene is well predicted by
molecular simulations and (2) the adsorption behavior of the system toluene-butanal
can be predicted by IAST.
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Table 2.2. Comparison of IAST with experimental adsorption results for the 6-
component mixture comprising toluene (Tol), butanal (Bt), 2-ethyl-2-hexenal (2E2H),
2,6-dimethylcyclohexanone (dMc), 2,4,6-trimethylphenol (3Mp) and 2,4,6-
trimethylanisole (3Ma) in NaY zeolite. Three data sets are presented corresponding to
the three data sets of Fig. 2.11. The pure component adsorption isotherms of butanal,
2-ethyl-2-hexenal and 2,6-dimethylcyclohexanone, used in the IAST calculations,
were shifted in the fugacity scale with the shifting parameters 8.6 - 10, 6.3 - 10" and
35.5 respectively (as explained in the main text).

Dataset1 Data set 2 Data set 3
Comp. Eq.conc., | qIAST, | gexp, | Eq.conc.,, | qlAST, | gexp, | Eq.conc., | qIAST, | qexp,
ppm mg/g | mg/g ppm mg/g | mg/g ppm mg/g | mg/g
Tol 999199 180.1 215.7 997420 150.7 108.8 993447 103.2 375
Bt 152 6.1 10.4 339 11.8 43.1 965 25 73.3
2E2H 257 7.2 6.7 588 13.2 22.9 1426 19.8 28.9
dMc 178 10.4 12.9 424 19.5 34.3 1246 34 48
3Mp 214 14 9.9 444 22.7 26.9 1214 36.3 394
3Ma 369 0.5 3.6 785 0.9 14.4 1702 1 19.3

Following the same approach, the pure component adsorption isotherm of 2-ethyl-2-
hexenal and 2,6-dimethylcyclohexanone were shifted with shifting factors of 6.3107
and 35.5 respectively. The comparison between experimental results and IAST
predictions for the binary systems toluene-2-ethyl-2-hexenal and toluene-2,6-
dimethylcyclohexanone are showed in Figs. 2.15 and 2.16 respectively. As can be
seen in Fig. 2.16, the IAST does not accurately describe the system toluene-2,6-
dimethylcyclohexanone for high concentrations of the ketone. This is probably an
indication that this binary system behaves as non-ideal in the adsorbed phase. For the
binary systems toluene-2,4,6-trimethylphenol and toluene-2,4,6-trimethylanisole no
shifting of the isotherms was required. As can be seen in Figs. 2.17 and 2.18, IAST
accurately describes the adsorption behavior of these mixtures in the range of low
impurity concentration. In the range of high impurity concentration, deviations from
IAST predictions can be observed, which are probably due to non-ideal behavior of
the adsorbed phase.

Using the shifted isotherms for butanal, 2-ethyl-2-hexenal and 2,6-
dimethylcyclohexanone, the IAST for the six component mixture was re-calculated.
The comparison with experimental results is given in Table 2.2. As can be seen in
Table 2.2, the first experimental data set is predicted well by IAST. This is a clear
indication that for the low concentration region of the impurities, the system behaves
as ideal in the adsorbed phase and therefore 1AST is applicable. For the second and
third experimental data set, corresponding to higher concentration range of the
impurities, large deviations are observed. These deviations are expected due to the
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deviations found in the binary toluene-2,6-dimethylcyclohexanone, toluene-2,4,6-
trimethylphenol and toluene-2,4,6-trimethylanisole systems.

The results presented in this work indicate that if appropriate force fields describing
the interaction parameters with the zeolite framework would be available for this
system, the adsorption behaviour in zeolites could be predicted. There is also an
indication of non-ideal behaviour of this system in the adsorbed phase for high
concentrations, as can be seen in Table 2.2 for the data set 2 and 3.

2.5 Conclusions

Twenty-one commercial adsorbents of different classes were tested in batch
adsorption experiments with respect to the adsorption capacity towards a six-
component mixture comprising butanal, 2-ethyl-2-hexenal, 2,6-dimethylcyclohexa-
none, 2,4,6-trimethylphenol and 2,4,6-trimethylanisole as impurities and toluene as
solvent. The Na form of FAU-type zeolite performed best.

The research was further extended to check if the adsorption behaviour of the chosen
mixture can be predicted in zeolites. A force field was defined and used to compute
the pure component adsorption isotherms of the selected compounds in NaY zeolite
using molecular simulations. The pure component adsorption isotherms were used as
input for an IAST model and the adsorption isotherm of the six-component mixture
was computed. Because the IAST predictions were far from the experimentally
obtained isotherm, the binary systems with toluene were investigated.

IAST was able to accurately describe the trend for the competition of all the binary
toluene/impurity systems. Only the adsorption of the binary toluene-2,4,6-
trimethylphenol and toluene-2,4,6-trimethylanisole mixtures in NaY zeolite were
accurately predicted by IAST. For the toluene-butanal, toluene-2-ethyl-2-hexenal and
toluene-2,6-dimethylcyclohexanone systems, a shift of the pure component isotherm
of butanal, 2-ethyl-2-hexenal and 2,6-dimethylcyclohexanone along the fugacity axis
was applied in order for IAST to accurately predict the experimental adsorption
behaviour.

Using the shifted isotherms for Dbutanal, 2-ethyl-2-hexenal and 2,6-
dimethylcyclohexanone, IAST is able to predict the adsorption behaviour of the six-
component mixture in NaY in the range of low concentrations. At high concentrations,
deviations are observed. There are two possible reasons for this behaviour: i) the
deviation is due to non-ideal behaviour of the adsorbed phase or, ii) deviations are due
to inappropriate fitting of the pure component adsorption data for the range of high
concentrations as depicted in Figs. A1-A6 (Appendix A).
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However, this work proves that in principle, the adsorption behaviour of the studied
six-component mixture can be predicted using simulations if an appropriate force field
is available.
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Chapter 3

Evaluating Adsorbed-Phase
Activity Coefficient Models
Using a 2D-lattice Model

This chapter is for a large part based on:

C.C. Brunchi, P. Englebienne, H.J.M. Kramer, S.K. Schnell, T.J.H. Vlugt, Evaluating
adsorbed-phase activity coefficient models using a 2D-lattice model, Molecular
Simulation, 2015, in press, DOI: 10.1080/08927022.2014.972394.



3.1 Introduction

Adsorption of multicomponent systems is of great importance in many natural and
engineering applications such as certain separations for removing impurities from
fluid streams (e.g. removal of volatile organic compounds from airstreams,
dehydration of natural gas), chromatography as well as design of heterogeneous
chemical reactors [12-17]. The design of adsorption separation units depends mainly
on the adsorbent capacity at equilibrium conditions [80]. The performance of such
units is determined by the competitive adsorption of the different compounds
simultaneously present in the bulk (gas or liquid) solution [19]. Therefore, the
assessment of the adsorption capacity of a compound in the presence of other solutes
as well as the definition of appropriate theoretical models for predicting the adsorption
behavior of multicomponent mixtures is imperative for a proper design of adsorption
processes [19].

Multicomponent adsorption data is considerably more difficult to measure than pure
component data [13]. Therefore, models that can predict multicomponent adsorption
equilibrium using only pure component data have become very attractive. The most
commonly used approach for predicting equilibrium competitive adsorption, using
only pure component data is the adsorbed solution theory, of which an excellent
overview is given by Murthi and Snurr [22]. The Ideal Adsorbed Solution Theory
(IAST) was derived by Myers and Prausnitz [21] for a two-dimensional homogenous
adsorbed phase. The adsorbed phase is considered as a temperature-invariant area
equally accessible to all compounds (the so-called spreading pressure). The main
assumption of IAST is that the adsorbed mixture forms an ideal solution in
equilibrium with the bulk (gas or liquid) phase at a constant spreading pressure for
each solute [21]. The spreading pressure of a solute is an intensive thermodynamic
variable for adsorption equilibria; it is defined as the difference between the interfacial
tension of the pure solvent-solid interface and that of the solution-solid interface [10].
The IAST was later extended to treat a three-dimensional adsorbed phase [23, 24]. In
the Real Adsorbed Solution Theory (RAST) [25], the non-ideal behavior of the
adsorbed phase is accounted for by the use of activity coefficients. Myers and
Prausnitz [21] showed that the activity coefficients are a function of temperature,
adsorption capacity (mole fractions of adsorbed species), and spreading pressure.

Throughout the years, various activity coefficient models were used with RAST. Due
to the lack of models to describe activity coefficients for the adsorbed phase, most of
the authors used vapour-liquid activity coefficient models. Sochard and co-workers
[26] used RAST together with the UNIQUAC [42] and NRTL [43] models for
calculating activity coefficients in the adsorbed phase but did not take into account the
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spreading pressure-dependency of activity coefficients. Erto and co-workers [44] used
the Wilson model [45] for calculating adsorbed phase activity coefficients and
accounted for the spreading pressure dependency by using an empirical equation
proposed by Kopatsis and Myers [46]. The same model is used in the work published
recently by Jadhav and co-workers [47].

The most common approach used by authors when studying the RAST is to relate the
theory to experimental adsorption data [26, 44]. Swisher and co-workers [27] used
molecular simulations to obtain adsorption data in zeolites. The generated data was
used to test the accuracy of IAST with the segregated sites approach. The segregated
model assumes that the competition for adsorption occurs at isolated adsorption sites
and that molecules from each adsorption site interact with the bulk phase
independently. In this chapter, we use molecular simulations performed on a 2D-
lattice to generate adsorption data. The generated data is used, in the first part of this
chapter, to check the suitability of the Wilson [45] and NRTL [43] activity coefficient
models. The simulation technique for the 2D-lattice is explained in section 3.2 of this
chapter. The advantage of using a 2D-lattice model is that we can generate
multicomponent adsorption data at constant spreading pressure (or, if needed, constant
adsorbed-phase composition). It is difficult to achieve these conditions using
experimental techniques. By generating multicomponent adsorption data at constant
spreading pressure, we can evaluate the Wilson [45] and NRTL [43] models which are
only composition dependent (at constant temperature). The methodology for
generating multicomponent adsorption data at constant spreading pressure using the
2D-lattice model is explained in section 3.3.1. Using multicomponent adsorption data
generated at different spreading pressures and constant composition, we can also
evaluate the empirical equation proposed by Kopatsis and Myers [46] describing the
spreading pressure dependency of the adsorbed phase activity coefficients. This will
be done in section 3.4.2 of this chapter.

From a purely conceptual point of view, any adsorbed-phase activity coefficient
model should describe multicomponent activity coefficient data for the adsorbed
phase regardless of how the data was obtained (experiments, molecular simulations in
zeolites or Monte Carlo simulations performed on a simple 2D-lattice model). The
lattice model provides a very simplified model for adsorption and any adsorbed-phase
activity coefficient model should be able to describe such data. In section 3.4.1 of this
chapter, we show that the Wilson and NRTL models do not provide an accurate
description of adsorbed phase activity coefficients for slightly non-ideal (y = 0.3) to
strong non-ideal systems (y = 0.01).

As shown by Swisher and co-workers [27], by assuming that competition for
adsorption occurs at isolated adsorption sites and molecules from each adsorption site
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interact with the bulk phase independently, one can apply IAST to each adsorption site
to calculate the adsorption equilibrium. The overall total loading for each compound
present in the mixture is simply the sum of the loading obtained for each individual
adsorption site. This approach is called the Segregated ldeal Adsorbed Solution
Theory, SIAST. For a complete description of the SIAST model we refer the reader to
the work of Swisher and co-workers [27]. The SIAST model provides a significant
improvement of IAST predictions with just a few simple assumptions. Therefore, it is
of great interest to check if such improvements can be achieved with similar theories
used for predicting multicomponent adsorption data. One such theory is the use of
Monte Carlo simulations on 2D-lattice models, for predicting multicomponent
adsorption equilibrium. This approach has been applied in the literature by several
authors [28, 81-83] with different degrees of success. In the second part of this chapter
we use Monte Carlo simulations on a simple 2D-lattice model together with the
segregated sites approach, to predict multicomponent adsorption data from pure
component data.

For a better understanding of the concept, we emphasize a clear difference between
the following terminologies: lattice, lattice point and adsorption site. A lattice is a
two-dimensional representation of the adsorbed phase containing multiple lattice
points. Throughout the text, the term adsorption site refers to the distinct sites
available for adsorption; e.g. Swisher and co-workers [27] showed that the system
C0O,-C3Hg in MOR has two distinct adsorption sites and therefore the pure component
adsorption isotherms of CO, and C3;Hg can be fitted using a dual-site Langmuir
equation. Similar to the SIAST model [27] of Swisher and co-workers, in our 2D-
lattice simulations, we assume that each adsorption site can be represented by a lattice,
and molecules adsorbed on each lattice only interact with the bulk fluid. By
performing Monte Carlo simulations on each lattice, corresponding to an adsorption
site, we can measure the individual loading of each species (pure or multicomponent
mixture) in each adsorption site. The total loading of each species is the sum over all
the lattices (adsorption sites) of each species. The technique used for predicting
multicomponent adsorption data from single component isotherms using the
segregated sites approach is presented in section 3.3.2 of this chapter.

In section 3.4.2, two binary mixtures in two adsorbent materials are used as case
studies for testing the predictions of the segregated 2D-lattice model: the binary
system CO,-N, in pure silica hypothetical zeolite PCOD8200029, with isolated
adsorption sites and normal preference for adsorption and the binary system CO,-
CsHg in pure silica MOR, with isolated adsorption sites and inverse site preference.
The segregated 2D-lattice provides accurate predictions for the system CO,-N, in
PCOD8200029 but fails in predicting the adsorption behavior of CO,-C3;Hg in pure
silica MOR. Our findings are summarized in section 3.5.
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3.2 Monte Carlo simulations on a 2D-lattice

The Monte Carlo technique in the grand-canonical ensemble (uVT) [33-35] is used to
simulate the adsorption of molecules on a homogeneous 2D-lattice surface. The lattice
model is used such that each molecule, modelled as a lattice point, can occupy a
specific site on the surface and each site can only be occupied by one molecule. Each
molecule on a specific site can interact with 4 neighboring sites (coordination number
4). Periodic boundary conditions are used.

As an example, the parameters for simulating the adsorption of a binary mixture
(compounds X and Y) using the 2D-lattice model, are: the total number of sites, the
interaction energy between like molecules (wxx, Wyy), the interaction energy between
unlike molecules (wxy) and the interaction energy between the molecules and the
surface (wxs, Wys). Fig. 3.1 shows a schematic representation of a grand-canonical
Monte Carlo simulation (GCMC) used to equilibrate an infinitely-large reservoir
containing a binary mixture (black circles - compound X, grey circles - compound Y)
with a square 2D-lattice. The simulations are performed in cycles, in each cycle an
attempt is made to perform one of the following trial moves: displacement - a
molecule is selected at random and given a random displacement, insertion - it is
attempted at random to insert a molecule into a random lattice point, removal - it is
attempted at random to remove a molecule from a random lattice point, identity
change - one of the components is selected at random and an attempt is made to
change a random molecule of this type to the other type. All trial moves are performed
with the grand-canonical Monte Carlo technique [33, 34]. We have allowed 10° cycles
for equilibration, and subsequent production runs were 107 cycles. The solid surface is
modelled as a square (2D) lattice of dimensions 40 x 40. More details about the Monte
Carlo simulation technique can be found in the literature [35, 39, 62, 69, 84].

3.3 Simulations
3.3.1 Constant spreading pressure simulations

Kopatsis and Myers [46] proposed an empirical equation for the excess free energy for
adsorption, using the ISAC (isoactive solvent) theory and based on similarities
between solution thermodynamics and adsorption thermodynamics:

pe = ge. (1 — eCmA/RD)) (3.1)

where g°¢ is the excess Gibbs free energy (dependent only on composition and
temperature), C is a constant specific to each adsorbent,  is the spreading pressure of
the mixture, A is the surface area of the adsorbent, R is the gas constant and T is the
absolute temperature.
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Figure 3.1. Schematic representation of a grand-canonical Monte Carlo simulation
(GCMC) used to equilibrate an infinitely-large reservoir containing a binary mixture
of molecules, X+Y (black circles — compound X, grey circles — compound Y), with a
2D-lattice. The lattice sites are situated at the line intersections. wyxx — interaction
energy between two type X molecules, wyy — interaction energy between two type Y
molecules, wxy (= Wyx) — interaction energy between one type X molecule and one
type Y molecule.

v

Figure 3.2. Thermodynamic integration from the chemical potential of compound X
to the chemical potential of compound Y while keeping the grand potential density, 12,
constant.
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The activity coefficient for the adsorbed species i can be obtained as:

_ [a(we/RT) (i=23,..nj #10) (32)

ONi Arpan;

In Eq. 3.2, the index i = 1 corresponds to the adsorbent (n represents the number of
compounds present in the system). The derivation of the excess free energy for
adsorption is performed at constant temperature, pressure (P), sorbent activity (a;) and
keeping the number of moles of the other solutes constant (N;).

A direct consequence of the ISAC theory is that the adsorbed phase activity
coefficients at constant temperature can be written as a product of two distinct
functions:

y(m, x) = Fi(m) - F(x) (3.3)

In Eg. 3.3, the function F; is dependent only on the spreading pressure and the
function F, is dependent only on adsorbed phase mole fractions, x. If multicomponent
adsorption data at constant composition or constant spreading pressure can be
generated, the two dependencies can be studied independently.

From statistical thermodynamics it follows that the grand potential density, 2, for a
fluid phase consisting of a binary mixture (X+Y), can be expressed as:

'-Q(:uX' Uy, T) =—PV (34)
and for an adsorbed phase:
Qux, py, T) = —m- A (3.5)

where ux and uy are the chemical potentials of compound X and Y respectively and V
Is the system volume. The simulations are performed at constant adsorbent area, A.
Therefore, it follows from Eq. 3.5 that a simulation performed at constant grand
potential density is a simulation performed at constant spreading pressure. The total
derivative of the grand potential density for the same binary mixture is:

0n

de = (aalfx) d‘ux (6612{)Ll T d‘uY (aT)liX»liY T (36)

The differential of the Helmholtz free energy for a multicomponent system is:

uy,T

dF = —SdT — PdV + Z p;dN; (3.7)

i=1
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where n is the number of compounds in the system and N; the number of moles of
compound i. Using Eq. 3.4, the differential Helmholtz free energy can be written as:

n n
dF = d + Z u;dN; + Z N, dy; (3.8)
i=1 i=1

If the simulations are performed in the grand-canonical ensemble (uVT), from Egs. 3.7
and 3.8 follows the variation of the grand potential density with respect to changes in
chemical potential, relation valid for any system:

(G2) == (3.9)

a[li T'Vuuj,jii

where the differentiation must be performed at constant temperature, volume and
chemical potential of the other compounds. The values between angle brackets denote
ensemble averages in the grand-canonical ensemble.

Combining Egs. 3.6 and 3.9 and considering that the simulations are done at constant
temperature, an expression for the variation of uy with respect to u, is obtained:

(aﬂ) _ _ vy (3.10)

ouy TV, (Nx)

Eqg. 3.10 is valid for a binary system, at constant temperature, area and spreading
pressure.

Thermodynamic integration at constant spreading pressure can be performed using
Eq. 3.10 by imposing the system temperature and chemical potential of compound X
(see schematic representation in Fig. 3.2). Using the 2D-lattice model described in
section 3.2 of this chapter and performing a thermodynamic integration on a constant
spreading pressure path, adsorption data at constant spreading pressure can be
generated. Using different sets of interaction parameters, adsorption data can be
generated for a behavior ranging from ideal to strongly non-ideal. All simulations
were carried out at constant temperature and throughout the text reduced units were
used.

Calculation of activity coefficients. For a binary (or higher) system, one can calculate
the activity coefficient directly from the imposed chemical potentials and the adsorbed
phase mole fractions resulting from the 2D-lattice simulations. The chemical potential
of the i-th component is:

w(T,m,%) = kg - T - In (}é) (3.11)

0
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or, written as a function of the standard state chemical potential of pure i-th
component, y;:

wi(T,m,2) = wi (T, 1) + kg T+ In(x; - y,(T, @, %)) (3.12)

where kg is the Boltzmann constant, T is the absolute temperature, x; is the adsorbed
phase mole fraction (X is a vector containing the mole fractions of all components)
and y;(T,m, x) is the activity coefficient of the i-th component in the adsorbed phase.
The standard state chemical potential of pure component i can be calculated as:

wi(T,m) = k- T -In (2) (3.13)

In the 2D-lattice simulations, we impose the chemical potential of the fluid phase (by
imposing the fugacity, f;) and we compute the loadings (adsorbed phase mole
fractions, x;). According to Eq. 3.12, the adsorbed phase activity coefficient can be
computed as:

yi(T,m, %) = ZRETD i D) (3.14)
The Gibbs-Duhem thermodynamic consistency test [85, 86] was imposed on all of the
activity coefficient data generated with the 2D-lattice model.

3.3.2 Segregated 2D-lattice model

The goal is to test if the simple 2D-lattice model can be used to predict
multicomponent adsorption data from pure component data using the segregated sites
approach, similar to the SIAST model [27] of Swisher and co-workers. We assume
that competition for adsorption occurs at isolated adsorption sites and molecules from
each adsorption site interact with the bulk phase independently. The pure component
isotherms can be parameterized using the 2D-lattice model for any number of
(isolated) adsorption sites. The parameterization procedure is explained below.

For the lattice simulations we fixed the total number of lattice sites at 1600 (square
lattice of size 40 x 40); a lattice with this size assures that the finite-size effects are
negligible. The interaction energy between like molecules and the interaction energy
between molecules and the lattice are fitted to the pure-component isotherms.

Before fitting the interaction parameters, the loadings of the pure component
isotherms need to be converted to the same units as the loadings generated by the
lattice model. In the 2D-lattice model, the loadings have units of [molecules/lattice
sites]. The experimental loadings of the pure component isotherms are proportional to
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Propose value for wy
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Figure 3.3. Procedure for fitting the energy interaction parameters Wyx, Wxsi, ...,
Wysz for a hypothetical pure component isotherm of compound X with Z adsorption
sites. The objective function is calculated as in Eq. 3.15.

the 2D-lattice loadings ([molecules/lattice sites]); the conversion factor can be
obtained by examining the maximum loadings of the system.

Fig. 3.3 shows schematically the fitting procedure for a hypothetical single-component
isotherm of compound X with Z adsorption sites. For a pure component isotherm with
Z adsorption sites we have one energy interaction parameter between like molecules
(Wxx) and Z energy interaction parameters between molecules and each adsorption

site (Wxsy...Wxsz).

The objective function for a least square minimization is:

Modp lep _ q)Z(D—lattice 2
_ Xi i
FObj - Z qZD—lattice (3.15)
i=1 i

where nqq, represents the number of data points and the loadings resulting from the
2D-lattice simulations, gzP~'2"°®, are calculated as:

Z
Q)Z(]i)_lattice — z quj (316)
j=1

exp

qy, and qz> 13" are experimental loadings and the 2D-lattice simulation loadings
respectively.
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To decrease the computational time of the proposed fitting procedure, a simpler
alternative was used. The dual site Langmuir equation was fitted to the “experimental”
pure component data. The 2D-lattice model was parameterized, for each adsorption
site, using data generated with the fitted Langmuir model. Once all the relevant
parameters were obtained from fitting the 2D-lattice model to the pure component
isotherms, the mixture isotherms were generated.

3.4 Results and discussion
3.4.1 Testing of adsorbed-phase activity coefficient models using a 2D-lattice model

Using the methodology described in section 3.3.1, adsorbed phase activity coefficient
data for a binary mixture (X+Y) was generated at constant spreading pressure. All
simulations were carried out at constant temperature. The generated activity
coefficient data obeys the Gibbs-Duhem thermodynamic consistency check [85, 86].
According to the Gibbs-Duhem equation, one activity coefficient can be expressed as
a function of other activity coefficients of the mixture [85]. Therefore, it is sufficient
to fit the activity coefficient models to the data of one of the components present in
the binary mixture. The Wilson (see Eq. B1, Appendix B), three-parameter NRTL
(NRTL3) and four-parameter NRTL (NRTL4) activity coefficient models were fitted
to generated activity coefficient data using the non-linear least square minimization
routine of Matlab with a relative tolerance of 10°®. For a binary system, the parameters
of the NRTL3 model (see Eq. B2, Appendix B) are: 75, 751 and o = a1 = ap1. In the
NRTL4 model, a,, and a,, are not equal. The results presented below were obtained
by fitting the Wilson, NRTL3 and NRTL4 models to the activity coefficient data of
component X.

The deviation from non-ideal behavior of the adsorbed phase mixture, generated using
the 2D-lattice model, can be influenced by changing the system fugacity and the
degree of mixing in the adsorbed phase reflected by the parameter:

Aw = Wxx + Wyy — ZWXY (317)

Fig. 3.4 shows slightly non-ideal binary data for adsorbed phase activity coefficients
and the corresponding fit with the Wilson model. The reference chemical potential
was computed using Eg. 3.13. The fugacity of component X in the limit xx 21 was
0.01 [-]. The 2D-lattice parameters used to generate the data in Fig. 3.4 are shown in
Table B1 (Appendix B). As can be seen, the Wilson model overestimates the data for
component Y in the low coverage regime. The NRTL3 and NRTL4 models provide a
better fit (Figs. B1-B2, Appendix B). The scatter of the data for the low coverage
regime is due to poor statistics obtained with the Monte Carlo simulations.
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Figure 3.4. Adsorbed-phase activity coefficient data for a slightly non-ideal binary
system of molecules X+Y, generated using a 2D-lattice model. Circles - 2D-lattice
simulation data for compound X, squares - 2D-lattice simulation data for compound
Y, lines - fit using the Wilson model. RMSE (reduced units) represents the root mean
square error of the fit calculated according to Eq. B4 (Appendix B). The parameters
used in the 2D-lattice simulations are listed in Table B1 (Appendix B).

To increase the non-ideal behavior of the adsorbed phase mixture, the fugacity of
compound X in the limit xx =1 was increased to 30 and the degree of mixing
was increased to a Aw value of 1.6 (see Table B1, Appendix B). Using the new set of
parameters, the data in Fig. 3.5 was generated. As can be observed, the activity
coefficient data begins to take an S-shaped form and the Wilson model cannot
accurately reproduce the shape of the data. Similar results are obtained for the NRTL
model as can be observed in Figs. B3-B4 (Appendix B). The non-ideal behavior of the
adsorbed phase mixture is further accentuated by increasing the degree of mixing
parameter to a value of 2.6 (see Table B1, Appendix B). The strong non-ideal
behavior of the data generated using the new set of parameters, for the Wilson model,
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Figure 3.5. Adsorbed-phase activity coefficient data for a non-ideal binary system of
molecules X+Y, generated using a 2D-lattice model. Circles - 2D-lattice simulation
data for compound X, squares - 2D-lattice simulation data for compound Y, lines - fit
using the Wilson model. RMSE (reduced units) represents the root mean square error
of the fit calculated according to Eq. B4 (Appendix B). The parameters used in the
2D-lattice simulations are listed in Table B1 (Appendix B).

is shown in Fig. 3.6. The accentuated S-shaped form of the activity coefficient data
cannot be reproduced by any of the tested models. Overall, the NRTL activity
coefficient model (with three or four parameters) does not provide a significant
improvement in the fitting of generated adsorption data (Figs. B1-B6, Appendix B).
Neither the Wilson nor the NRTL model can provide a reasonable fit for non-ideal
adsorption data generated using the simple lattice theory. The Wilson and NRTL
models should be improved in order to provide an accurate description of adsorbed
phase activity coefficients.
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Figure 3.6. Adsorbed-phase activity coefficient data for a highly non-ideal binary
system of molecules X+Y, generated using a 2D-lattice model. Circles - 2D-lattice
simulation data for compound X, squares - 2D-lattice simulation data for compound
Y, lines - fit using the Wilson model. RMSE (reduced units) represents the root mean
square error of the fit calculated according to Eq. B4 (Appendix B). The parameters
used in the 2D-lattice simulations are listed in Table B1 (Appendix B).

3.4.2 Testing the spreading pressure dependency of adsorbed-phase activity
coefficients using a 2D-lattice model

As explained in section 3.3.1 of this chapter, Kopatsis and Myers [46], using the ISAC
theory and based on similarities between solution thermodynamics and adsorption
thermodynamics, proposed an empirical equation to describe the spreading pressure
dependency of adsorbed phase activity coefficients (Eq. 3.1). According to Egs. 3.1-
3.3, the constant-composition (and constant temperature) adsorbed phase activity
coefficients can be calculated using:
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Iny; (n) = 1 — eC@4/RD) (3.18)

where C is a constant specific to each adsorbent. The spreading pressure can be
calculated from the pure component isotherms as:

0

fi
R-T
;= Tf n)(t)dInt, i=1,..,n (3.19)
0

where f;° is the fugacity of pure component i adsorbed at the same temperature and
spreading pressure as the (adsorbed) mixture and n (t) is the loading of component i.

According to Eqg. 3.18, the plot of In(1 —Iny;) vs mA/RT should be a straight line.
However, as can be observed in Fig. 3.7, the spreading pressure dependency of
In(1 — Inyx) at different mole fractions is not linear. For mole fractions below 0.5 the
equation proposed by Kopatsis and Myers [46] cannot describe the adsorption data.
Additional effort is required for developing new models to account for the spreading
pressure dependency of activity coefficients.

3.4.3 Predicting adsorption of mixtures using a segregated 2D-lattice model

For testing the proposed segregated 2D-lattice model described in section 3.3.2 of this
chapter, two binary adsorption data sets were used: (1) the adsorption data for the
system CO,-N, in the pure silica hypothetical zeolite PCOD8200029 and (2) the
adsorption data for the system CO,-C3Hg in pure silica MOR, both from the work of
Swisher and co-workers [27]. According to the authors, both PCOD8200029 and
MOR are materials with two distinct adsorption sites. Using snapshots taken during
GCMC simulations, the authors concluded that the system CO,-N, in PCOD8200029
exhibits a normal site preference, that is, both components present in the mixture will
occupy the adsorption sites in the same order. The mixture CO,-C3Hg, however,
exhibits a reverse site preference, that is, one component will occupy the adsorption
sites in a reverse order compared to the other component.
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Figure 3.7. Spreading pressure dependency of adsorbed phase activity coefficient of
compound X at different mole fractions (x). The error bars are smaller than the symbol
size. Symbols - 2D-lattice simulations for the mole fractions given in the legend, lines
- fit using Eq. 3.18. The parameters used in the 2D-lattice simulations are listed in
Table B1 (Appendix B).

Materials with isolated adsorption sites and normal site preference. Swisher and co-
workers [27] showed that there are two distinct adsorption sites for CO, and N, in
PCOD8200029. Therefore, we parameterized the 2D-lattice model by fitting the pure
component isotherms of CO, and N, from the work of Swisher and co-workers [27]
on two distinct adsorption sites. To simplify the parameterization procedure described
in section 3.3.2, the pure component isotherms of CO, and N, were fitted using the
dual-site (DS) Langmuir equation. Using the DS Langmuir fit, adsorption data was
generated for each compound on each adsorption site and the 2D-lattice model was
parameterized using the generated data. For this specific case, the parameters required

52



to simulate the binary mixture CO,-N, using the 2D-lattice model are: the interaction
parameter between CO, molecules, w¢o,_co,, the interaction parameter between N,
molecules, wy,_y,, the interaction parameter between CO, molecules and N,
molecules, wco, -, the interaction parameter between CO, molecules and the lattice
surface for site 1, weo,—s1, the interaction parameter between CO, molecules and the
lattice surface for site 2, wco,—_s,, the interaction parameter between N, molecules and
the lattice surface for site 1, wy,_s; and the interaction parameter between N
molecules and the lattice surface for site 2, wy,_s,. The cross interaction parameters

between unlike molecules are approximated from the like parameters using a
geometric mean:

Wxy = VWxx * Wyy (3.20)

Figs. B7 and B8 (Appendix B) show the pure-component adsorption isotherms of CO,
and N, respectively in PCOD8200029 for the two distinct adsorption sites, along with
the fit using the parameterized 2D-lattice code. The values obtained for the 2D-lattice
parameters are listed in Table B2 (Appendix B). As can be seen, the 2D-lattice model
fits the pure-component data of CO, and N, in PCOD8200029 well.

The result for the binary mixture is presented and compared to SIAST predictions in
Fig. 3.8. The predictions of the segregated 2D-lattice model are identical to the
predictions of SIAST. It appears that for systems exhibiting normal site preference,
the performance of the segregated 2D-lattice model is similar to that of the SIAST
model.

Materials with isolated adsorption sites and reverse site preference. As shown by
Swisher and co-workers [27], there are two distinct adsorption sites for the system
CO,-C3Hg in MOR. The authors concluded that the compounds have a reverse site
preference in MOR, that is, at low fugacity, CsHg occupies the main channels while
CO,, resides in the side pockets of MOR. At high fugacity however, CO, competes for
the main channels with C3Hg [27]. In order to obtain a good prediction with SIAST,
Swisher and co-workers [27] reversed the sense of the two sites in the isotherms of
CO, and C3Hg such that the first site in the CO, isotherm competes with the second
site in the C3Hg isotherm and vice versa.
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Figure 3.8. Binary adsorption isotherm for a 14% CO,, 86% N, mixture in
PCOD8200029. Circles and squares - GCMC simulation data of Swisher and co-
workers [27], crosses - 2D-lattice simulation predictions, lines - SIAST predictions.
The system fugacity is defined as the sum of partial fugacities of the two components.

In our application of the 2D-lattice model, no site reversal can be observed. The 2D-
lattice model was parameterized by fitting the pure component isotherms of CO, and
CsHg on two distinct adsorption sites. For this specific case, the parameters required
to simulate the binary mixture CO,-CsHg using the 2D-lattice model are: the
interaction parameter between CO, molecules, wco,—co,. the interaction parameter
between CsHg molecules, we p,—c.u,, the interaction parameter between CO,
molecules and C3Hg molecules, weo,—c,n,. the interaction parameter between CO,
molecules and the lattice surface for site 1, wco,-_s;, the interaction parameter
between CO, molecules and the lattice surface for site 2, wco,_s,, the interaction
parameter between C3;Hg molecules and the lattice surface for site 1, we, g -5, and the
interaction parameter between Cs;Hg molecules and the lattice surface for site 2,

Wc,Hg-S2-
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Figure 3.9. Binary adsorption isotherm for a 50% CO,, 50% Cs;Hg mixture in MOR.
Circles and squares - GCMC simulation data of Swisher and co-workers [27], crosses
- 2D-lattice simulation predictions, lines - SIAST predictions. The system fugacity is
defined as the sum of partial fugacities of the two components.

The cross interaction parameters between unlike molecules were approximated from
the like parameters using Eqg. 3.20. To simplify the parameterization procedure
described in section 3.3.2, the pure component isotherms of CO, and CsHg were fitted
using the dual-site Langmuir (DSL) equation. Using the DSL fit, adsorption data was
generated for each compound on each adsorption site and the 2D-lattice model was
parameterized using the generated data. Figs. B9 and B10 (Appendix B) show the
pure component adsorption isotherms of CO, and C3;Hg respectively in MOR for the
two distinct adsorption sites, along with the fit using the parameterized 2D-lattice
model. The values obtained for the 2D-lattice parameters are listed in Table B3
(Appendix B). As can be seen, the 2D-lattice model fits the pure component data of
CO, and C3Hg in MOR well.
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Figure 3.10. Binary adsorption isotherm for a 50% CO,, 50% Cs;Hg mixture in MOR.
Circles and squares - GCMC simulation data of Swisher and co-workers [27], crosses
- 2D-lattice simulation predictions, lines - SIAST predictions with reversal of site
preference (as explained in the main text). The system fugacity is defined as the sum
of partial fugacities of the two components.

Using the parameterized 2D-lattice model, the 50% CO, — 50% C3Hg binary mixture
was simulated. The comparison of the segregated 2D-lattice predictions and SIAST
with no site inversion and the raw data of Swisher are presented in Fig. 3.9. The
performance of the two models is similar. The 2D-lattice model does not predict a
decrease in the C3Hg loading, most probably due to limitations of the 2D-lattice
model. The comparison of the 2D-lattice predictions with SIAST predictions for
reverse site preference is shown in Fig. 3.10. The SIAST predictions are accurate up
to the high fugacity regime.
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The reversal of site preference as discussed in detail by Moon and co-workers [87],
Ritter and co-workers [88] and Swisher and co-workers [27] requires prior knowledge
of adsorption behavior for the studied mixture. For predictive purposes, if the reverse
site preference cannot be foreseen, the performance of the segregated 2D-lattice model
is reasonable and comparable to SIAST.

3.5 Conclusions

The accuracy of the Wilson and NRTL models towards evaluating adsorbed phase
activity coefficients was tested using a 2D-lattice model. We showed that the
commonly used Wilson and NRTL models cannot describe the adsorbed phase
activity coefficients for slightly non-ideal to strong non-ideal mixtures. Until new
models for adsorbed phase activity coefficients are developed, one should use the
models borrowed from the gas-liquid theory with care. We show that the empirical
equation proposed by Kopatsis and Myers [46] for correlating the spreading pressure
dependency of adsorbed phase activity coefficients does not provide accurate results.
Additional effort is required for developing new models to account for the spreading
pressure dependency of activity coefficients.

In the second part of this chapter, we used Monte Carlo simulations with a segregated
2D-lattice model to predict adsorption of mixtures. The segregated model assumes
that the competition for adsorption occurs at isolated adsorption sites and the
molecules from each adsorption site interact with the bulk phase independently. For
systems with normal site preference, the precision of the segregated 2D-lattice model
is comparable to the SIAST model. For systems with reverse site preference and prior
knowledge of adsorption behavior, the SIAST model provides a better fit of
adsorption data.

The available activity coefficient models cannot accurately describe the adsorbed
phase behavior. At the same time, the spreading pressure dependency of adsorbed
phase activity coefficients cannot be described using the empirical equation proposed
by Kopatsis and Myers [46]. With the models that are currently available for
adsorbed-phase activity coefficients, RAST cannot provide accurate predictions.
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Chapter 4

Multicomponent Equilibrium and
Breakthrough Adsorption of Volatile
Organic Compounds




4.1 Introduction

There are several separation processes used in the industry to deal with VOCs
separation. Recuperative technologies such as distillation and adsorption are preferred
over destructive technologies such as incineration and biofiltration [89]. When the
boiling points of the fluid components are too close, distillation becomes impractical
and other alternative technologies are needed [10]. Adsorption has been widely
recognized as an effective separation technology for VOCs removal [13, 15, 31, 47,
90].

The design of adsorption separation units depends mainly on the adsorbent capacity at
equilibrium conditions [80]. The performance of such units is determined by the
competitive adsorption of the different compounds simultaneously present in the bulk
(gas or liquid) solution [19]. Therefore, the assessment of the adsorption capacity of a
compound in the presence of other solutes, as well as the definition of appropriate
theoretical models for predicting the adsorption behavior of multicomponent mixtures
is imperative for a proper design of adsorption processes [19].

Throughout the years, various studies were published which treat the removal of
VOCs using adsorption [90-94]. Studies of multicomponent systems, containing three
or more components, are very important as most industrial separations involve a large
number of components [10]. In addition, multicomponent adsorption data are
considerably more difficult to measure than pure component data [13]. Santacesaria et
al. [91] modelled the breakthrough of a five component mixture of xylenes on a Y
zeolite bed using the multicomponent Langmuir equation for the calculation of
adsorption equilibrium. These authors obtained good agreement between experimental
and calculated breakthrough curves. Ahmad et al. [92] successfully modelled the
breakthrough curves of a ternary mixture of complex organic solutes on granular
activated carbon using the Freundlich isotherm together with the Ideal Adsorbed
Solution Theory (IAST) for the calculation of multicomponent equilibrium. The
diffusivities of each compound present in the mixture were fitted to the experimental
breakthrough curves. Yun et al. [90] studied the dynamics of a ternary vapor mixture
comprising toluene, benzene and p-xylene on an activated carbon bed using the
multicomponent Langmuir and the Langmuir-IAST models for the calculation of
adsorption equilibrium. The authors fitted a lumped mass transfer coefficient on pure
and binary breakthrough curves to improve the model predictions. Sulaymon and
Ahmed [93] studied the breakthrough curves of an aqueous solution containing
furfural, phenol and para-clorophenol. The authors used the multicomponent
Langmuir equation to calculate the adsorption equilibrium and obtained an accurate
description of the adsorption process for the furfural and phenolic compounds in a
fixed adsorption bed. Silva et al. [95] studied the adsorption of a mixture containing
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Cg isomers (p-xylene, o-xylene, m-xylene and ethylbenzene) on a Ba-exchanged
faujasite-type zeolite. Using the multicomponent Langmuir equation to calculate the
adsorption equilibrium, the authors obtained a satisfactory agreement between
simulated and experimental breakthrough curves without the need of fitting any model
parameters.

In this chapter, the adsorption of traces of five volatile organic compounds comprising
butanal (Bt), 2-ethyl-2-hexenal (2E2H), 2,6-dimethylcyclohexanone (dMc), 2,4,6-
trimethylphenol (3Mp), and 2,4,6-trimethylanisole (3Ma) present in liquid toluene
(Tol) was investigated. The first goal of this work was to find the best performing
multicomponent equilibrium model for the chosen system. Therefore, binary
(impurity-toluene) and multicomponent (six component mixture) equilibrium batch
adsorption experiments onto an ammonium form of Y zeolite were performed to
determine which equilibrium model works best for this system. Four equilibrium
models were parameterized using binary equilibrium experimental data: the
multicomponent Langmuir model, the multicomponent dual-site Langmuir model, the
coupled IAST — dual site Langmuir model (IAST-DSL) and the coupled Segregated
Ideal Adsorbed Solution Theory [27] — Langmuir model (SIAST-L). The accuracy of
the parameterized equilibrium models was validated using multicomponent (six-
component) equilibrium experiments. The best performing equilibrium models were
used in a dynamic model for the prediction of breakthrough curves. The predicted
breakthrough curves are compared to experimental breakthrough curves.

This remainder of this chapter is organized as follows. The experimental procedure
followed for performing equilibrium and dynamic column experiments is explained in
section 4.2. The equilibrium models, the parameterization of the equilibrium models
along with the dynamic model used to obtain multicomponent breakthrough curves
are explained in section 4.3. The results of the parameterization of equilibrium
models, the performance of the equilibrium models towards predicting the adsorption
behavior of a six-component mixture, along with the predicted and experimental
breakthrough curves are presented in section 4.4. Our findings are summarized in
section 4.5.

4.2 Experimental section
4.2.1 Chemicals and adsorbents.

Toluene (99.99 % anhydrous), 2,6-dimethylcyclohexanone (mixture of isomers, 98 %)
and 2,4,6-trimethylphenol (99 %) were obtained from Sigma-Aldrich Chemie B.V.,
Netherlands; 2-ethyl-2-hexenal (+96 %) was purchased from Fluorochem Limited
(UK) and 2,4,6-trimethylanisole (98 %) was purchased from Apollo Scientific (UK).
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Table 4.1. Characteristics of the fixed bed column.

Adsorbent Ammonium form of Y zeolite
Column useful length, L (cm) 5.4

Column useful diameter, D (cm) 1

Bulk porosity [96], & 0.45

Particle porosity, ¢ 0.31

Particle apparent density [97], p, (g/lcm®)  1.48

Adsorbent particle radius, R, (mm) 0.12

The ammonium form of Y zeolite (CBV500) was purchased from Zeolyst
International. For the sake of simplicity, throughout the chapter we will use the term
zeolite Y (or Y zeolite) when referring to the ammonium form of zeolite .

4.2.2 Equilibrium experiments.

The zeolite Y samples were added to 20 ml vials and heated overnight in an oven at
500 °C, under nitrogen flow, in order to remove any water and impurities present in
the pores. The vials were cooled to around 70 °C and, while keeping the nitrogen flow
running, the stirrers were added to the bottles and the caps were placed on the bottles
to avoid water adsorption on the samples. After regeneration, the vials were
immediately sealed to avoid water uptake and weighted. For the binary experiments,
the solution comprising traces of either butanal, 2-ethyl-2-hexenal, 2,6-
dimethylcyclohexanone, 2,4,6-trimethylphenol or 2,4,6-trimethylanisole in liquid
toluene, was injected through the septum into the vials and part of the solution was
analyzed as a blank. In the measurement of the six-component mixture, the six-
component solution was injected through the septum into the vials and part of the
solution was analyzed as a blank. The test vials were stirred continuously at room
temperature (25 °C) and samples were collected after 1, 2, and 3 days to ensure that
the equilibrium was reached. The samples and blanks were analyzed using a Varian
430 gas chromatograph (GC). A CPSIL8 CB column was used to determine the
composition of all blanks and samples. The amount adsorbed at equilibrium was
calculated using the mass balance equation:

__ Wiplank,i " ML0~ Wlsample,i - ML,A (4 1)

i
Madsorbent

where wtpjank,; is the mass fraction of the i-th component in the blank, wts,mpie,; 1S
the mass fraction of the i-th component in the solution after adsorption, m_q.orpent 1S
the mass of adsorbent (grams) and My, is the mass of fresh solution (grams). The
mass of solution after adsorption is calculated as:

ML,A = ML,O — 0.31 - Mmygsorbent Pad.phase (4.2)
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Eq. 4.2 is used to correct for the change of mass in the external liquid phase due to the
adsorbent uptake. There is no accurate experimental procedure for measuring the
adsorbed phase mass of solution. A common practice is to assume that the density of
the adsorbed phase (paqphase) IS equal to the density of the solution (which
approximately equals the density of the solvent) [49]. A specific void volume of 0.31
I/g for the Y zeolite was assumed in this work [50]. The loading of the impurity
compounds is not sensitive to the void fraction. By varying the void fraction of the
adsorbent from 0.2 to 0.4, deviations below 1% in the impurity loadings are obtained.
These assumptions allow for the calculation of the mass of liquid in the adsorbed
phase.

4.2.3 Breakthrough Experiments.

The adsorption runs were performed at room temperature (25 °C) using an adsorption
column (whose characteristics are summarized in Table 4.1) filled with zeolite Y
powder. To obtain the zeolite Y powder with a desired particle radius of 120 um, the
supplied powder was compressed into pills, grinded and sieved to the desired particle
size. The column, filled with zeolite powder, was placed in an oven where nitrogen
was flushed through the column at a temperature of 250 °C for 24 hours. The column
was weighted before and after this procedure to ensure a 19% weight loss of the
adsorbent (corresponding to the complete elimination of water). A diaphragm dosing
pump with integrated flowmeter and pulsation damper (from KNF Verder BV) was
used to pump the six-component solution through the column at a constant flowrate
of 10 cm®min. The experimental breakthrough curves were constructed by analyzing
(using the same GC and chromatographic column as for the equilibrium experiments)
the small samples withdrawn at different times from the column exit.

4.3 Mathematical Models
4.3.1 Equilibrium Models.

Four equilibrium models were parameterized using binary adsorption experiments
obtained as explained in section 4.2: the multicomponent Langmuir and dual-site
Langmuir, the coupled IAST - dual-site Langmuir and the coupled SIAST - Langmuir
models.

Toluene was the solvent in all the binary experimental data. Therefore, the
multicomponent model parameters were fitted to the binary experimental data
simultaneously, using the non-linear least square minimization routine of Matlab with
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a relative tolerance of 10® in the loadings. The objective function used for the
minimization was:

Nodp 2

exp model
q, —4q;
Fopj = E <l odd ) (4.3)
i

i=1

where nqq, represents the number of data points, qfxp the experimental loadings and
g™mede! the Joadings from the equilibrium model.

4.3.1.1 Multicomponent Langmuir model.

As shown in section 4.1 of this chapter, for simulating the dynamics of an adsorption
process, the most common model used by authors to calculate multicomponent
adsorption equilibrium is the multicomponent Langmuir isotherm:

* 4,k C;
=" N
1+Z;ij J.
]J=
where q,,; are the saturation capacities (mol/kg of adsorbent), k; are the Langmuir
affinity constants (m*/mol), C; the bulk liquid concentration of component i (mol/m°)

and NC the number of components present in the mixture. The model can be used to
predict multicomponent adsorption data from pure isotherm data.

(4.4)

4.3.1.2 Multicomponent Dual-Site Langmuir (MDSL) model.

Mathias et al. [29] was the first to use the binary form of the MDSL model for
predicting the binary adsorption equilibria of oxygen and nitrogen on 5A zeolite. The
MDSL equation used to calculate the equilibrium loading for component i in a
multicomponent system can be written as:

x e L e + Ui KoiCi

MDSLi — NC NC (4-5)
1+> k,C, 1+> k,C,
j=1 j=1

where g.,1; and q.,,; are the saturation capacities (mol/kg of adsorbent) for site 1 and
2 respectively, and k,; and k,; are the MDSL affinity constants for site 1 and 2
respectively (m*/mol). The saturation capacities and the affinity constants were fitted
simultaneously to the binary experimental data using the fitting procedure described in
section 4.3.1.
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4.3.1.3. Coupled IAST-DSL model.

The Ideal Adsorbed Solution Theory (IAST) was derived by Myers and Prausnitz [21]
for a two-dimensional homogenous adsorbed phase. The adsorbed phase is considered
as a temperature-invariant area equally accessible to all compounds (the so-called
spreading pressure). The main assumption of IAST is that the adsorbed mixture forms
an ideal solution in equilibrium with the bulk (gas or liquid) phase at a constant
spreading pressure for each solute [21]. The spreading pressure of a solute is an
intensive thermodynamic variable for adsorption equilibria; it is defined as the
difference between the interfacial tension of the pure solvent-solid interface and that
of the solution-solid interface [10]. A summary of the equations used in the IAST
model can be found in Chapter 2 (section 2.3.2).

The non-ideality of the liquid phase is expressed by fugacity coefficients of the
compounds in the liquid phase mixture, ;. The fugacity coefficients were computed
using the Peng-Robinson equation of state (Appendix C, Egs. C.1-C.12).

The saturation capacities and the affinity constants of the dual-site Langmuir equation
are the fitting parameters for the coupled IAST-DSL model. The fitting procedure is
explained in section 4.3.1.

4.3.1.4. Coupled SIAST-Langmuir model (SIAST-L).

As shown by Swisher and co-workers [27], by assuming that competition for
adsorption occurs at isolated adsorption sites and molecules from each adsorption site
interact with the bulk phase independently, one can apply IAST to each adsorption site
to calculate the adsorption equilibrium. This approach is called the Segregated Ideal
Adsorbed Solution Theory, SIAST. More details on the SIAST model can be found in
Chapter 3 of this thesis or in the work of Swisher and co-workers [27]. The SIAST
model provides a significant improvement of IAST predictions with just a few simple
assumptions.

In this work, two adsorption sites are considered. Therefore, Egs. 2.3-2.6 together with
the Langmuir equation were applied to each adsorption site. The overall total loading
for each compound present in the mixture is simply the sum of the loading obtained
for each individual adsorption site. The Langmuir parameters for each adsorption site
are the fitting parameters for the coupled SIAST-Langmuir model.

4.3.2 Breakthrough Model.

The multicomponent column breakthrough model, developed for isothermal
conditions, is a constant-velocity, axially dispersed, plug-flow model, with all mass
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transfer resistances lumped under the form of a linear driving force (LDF) [98-101]
expressed in terms of fluid phase concentrations. The radial concentration gradients
are neglected. It is assumed that there is no pressure drop along the column. A mass
balance for the i-th component can be written as [10,91]:

ac;  udC; , 3ppl-¢ « =~ a%¢;
et o T, ¢ Keildi —8) = Daxigs (4.6)

where z and t are the spatial and respectively time dimensions, C; the bulk liquid
concentration of component i (mol/m®), u (m/s) is the interstitial fluid velocity, Pp 1S
the particle density (g/cm?), Dy (m?/s) is the axial dispersion coefficient of
component i in the mobile phase, ¢ is the bulk porosity, gq; (mol component/kg
adsorbent) is the adsorbed concentration of component i in equilibrium with the
interparticle fluid with composition C;, g; (mol component/kg adsorbent) is the
average loading inside the adsorbent particle, and k,; is the lumped mass transfer
coefficient (m/s).

The overall mass transfer coefficient is calculated as [95]:

R " 4.7)

kg,i Kext,i Spkint,i

where ke ; (M/s) and ki,.; (m/s) are the external and respectively internal mass
transfer coefficients and &, is the particle porosity. The internal mass transfer
coefficient is calculated as [91]:

_ 5Dmi
kint,i -

-y (4.8)
where D,,,; (m?/s) is the molecular diffusivity and 7 is the tortuosity factor calculated
as [102]:

1
T= ; (49)
The molecular diffusivities in the liquid phase were estimated using the Wilke-Chang
method extended to mixtures by Perkins and Geankoplis [103, 104]:

_ 7.41078(0M ;) Y/?T
TmVi;®

Dpy; (4.10)

NC
OMy; = zijij — YiO:M; (4.11)
j=1
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where y; is the mole fraction of compound i, M; is the molar mass of compound i, 1,
is the viscosity of the mixture (cP) and V4, is the molar volume of compound i at the
normal boiling point (cm*mole). The association factor (0) is 2.6 for water, 1.9 for
methanol, 1.5 for ethanol and 1 if unassociated [104].

The external mass transfer coefficient was estimated using the Wilson and Geankoplis
correlation [10]:

Sh = 1.09¢ 1Re%335¢033 (4.12)

where Sh = 2kqR,Dy, is the Sherwood number, Re = ZpuR,/u is the Reynolds

number and Sc = u/(pD,,) is the Schmidt number; the correlation is valid for 0.0015
< Re < 55.

The pure component boiling points and saturated liquid densities at 298 K were taken
from the literature [70]. Values and references for critical temperatures, critical
pressures and acentric factors are listed in appendix A (Table A9). Except for toluene
[70], the critical volumes were estimated using the method of Joback [104]. The
saturated molar volumes at the boiling temperature (necessary for calculating D)
were estimated using the method of Yamada and Gunn [104]. The liquid viscosities
for Bt, 3Mp and Tol were taken from the literature [70]. For 2E2H, dMc and 3Ma, the
liquid densities were estimated using the method of Orrick and Erbar [104]. The molar
volume for the feed mixture was estimated using the method of Chueh and Prausnitz
[105] and the mixture viscosity (necessary for calculating D,,,) was estimated using the
method of Grunberg and Nissan [104]. The axial dispersion coefficient, D,,;, was
estimated using the correlation of Edwards and Richardson [10].

The boundary conditions for the adsorption breakthrough at z=0and L, and fort >0
can be written as [91,95]:

ac;

z=0, u(Cy—C) = —Daxi and u= = (4.13)
z=1, =0 (4.14)

where F (m%/s) is the feed flowrate, A (m?) is the cross-sectional area of the column
and Cy; is the feed concentration of component i.

The initial conditions are:

C;(0,z) =0 and q(0,z) =0 (4.15)
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To describe the adsorption equilibrium (calculation of gi) we used the models
described in section 4.3.1 of this chapter. The system of partial differential equations
was reduced to a system of ordinary differential equations in time by discretization of
the axial domain using finite difference approximations. The resulting system of
implicit ordinary differential and algebraic equations that define the fixed-bed
breakthrough model were solved using the odel5i solver of Matlab with an absolute
error tolerance of 10°®. This tolerance applies to time-derivatives of concentrations (in
units of mol/m®) and loadings (in units of mol/kg).

4.4 Results and discussion
4.4.1 Performance of equilibrium models.

The first goal of this study was to determine which equilibrium model can best predict
multicomponent adsorption data for the chosen system. Therefore, four equilibrium
models were fitted to binary experimental data toluene-impurity as explained in
section 4.3.1. As mentioned earlier, the Langmuir parameters for toluene resulting
from fitting the multicomponent Langmuir model to the binary data toluene-impurity
have to be the same for all the binary systems. Therefore, the equilibrium models were
fitted to all the binary data simultaneously as explained before. Fig. 4.1 shows the
binary experimental data for the mixture toluene-butanal, together with the
multicomponent Langmuir fit. It is clear that the multicomponent Langmuir model
cannot describe the binary experimental data properly. Similar fitting results for the
other binary systems for the multicomponent Langmuir model are obtained (Appendix
C, Figs. C1-C4). On the other hand, the multicomponent dual-site Langmuir model
provides good overall fits of the binary experimental data. Fig. 4.2 shows the results
for the system toluene-2,4,6-trimethylphenol. The quality of the fits obtained for the
other binary mixtures is similar (Appendix C, Figs. C5-C8).

The more complex coupled IAST — dual-site Langmuir (IAST-DSL) equilibrium
model could not provide an accurate fit of the binary experimental data. As can be
seen in Fig. 4.3, the fit for the binary system toluene — 2-ethyl-2-hexenal is far off.
The results for the other binary systems are given in Appendix C (Figs. C9-C12) and
show comparable results. The coupled SIAST-Langmuir equilibrium model provides a
better fit. Fig. 4.4 shows the binary experimental data for the system toluene-2,4,6-
trimethylanisole and the corresponding fit with the coupled SIAST-Langmuir
equilibrium model. The quality of the fits of the coupled SIAST-Langmuir model for
the other binary mixtures is comparable (Appendix C, Figs. C13-C16).

To test the accuracy of the equilibrium models to predict multicomponent adsorption
equilibria, four experimental data sets representing the adsorption equilibrium of the
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Table 4.2. Relevant parameters used for the simulation of the multicomponent
breakthrough curves; global mass transfer coefficients (kg) and molecular

diffusivities (D,,;) obtained using Eq. 4.7 and Eq. 4.10 respectively.

Compound kg, m/s D,,;, m°/s

Bt 9.1210° 2.410°
2E2H 6.36'10° 1.6610°
dMc 6.67'10° 17410
3Mp 6.4510° 1.68'10~
3Ma 5.81'10° 1.51107°
Tol 6.1510" 15710

six-component mixture were compared to predicted data from the models. Fig. 4.5
shows the experimental loadings of the six-component mixture vs predicted loadings
obtained using the multicomponent Langmuir model. Especially, but not only for the
low concentration regime, the multicomponent Langmuir model strongly
underestimates the loadings for the impurities, outside the +/- 95% boundary.

The predicted loadings obtained using the multicomponent dual-site Langmuir model
are closer to experimental values. As can be seen in Fig. 4.6, the majority of the data
lies within the +/- 95% boundary. The coupled IAST - dual-site Langmuir model
underestimates most of the multicomponent adsorption data (Appendix C, Fig. C17).

The coupled SIAST - Langmuir model fitted the binary experimental data reasonably
well. However, the predicted multicomponent adsorption data is less accurate than the
data obtained using the multicomponent dual-site Langmuir model. As can be seen in
Fig. 4.7, the model overestimates the loadings for butanal and underestimates the
loadings for 2-ethyl-2-hexenal and 2,6-dimethylcyclohexanone at high concentrations.

4.4.2 Multicomponent breakthrough curves.

The multicomponent breakthrough curves were obtained using a feed solution
containing traces of butanal, 2-ethyl-2-hexenal, 2,6-dimethylcyclohexanone, 2,4,6-
trimethylphenol and 2,4,6-trimethylanisole in toluene (Appendix C, Table C5). Some
parameters relevant for the simulation of the multicomponent breakthrough curves are
listed in Table 4.2.

The predictions of multicomponent adsorption data obtained with the multicomponent
dual-site Langmuir model and the coupled SIAST - Langmuir model are superior to
those of the other two models. Therefore, these two models were used in the
simulation of the Dbreakthrough curves. Fig. 4.8 shows the experimental
multicomponent breakthrough curves and the predicted multicomponent breakthrough
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curves obtained using the multicomponent dual-site Langmuir model for calculating
the equilibrium isotherms. The elution order predicted by the breakthrough model is in
agreement with experimental observations. However, the elution times for 2,4,6-
trimethylanisole, 2,6-dimethylcyclohexanone and specially butanal are off.

The experimental multicomponent breakthrough curves and the predicted
multicomponent breakthrough curves obtained using the coupled SIAST-Langmuir
model are shown in Fig. 4.9. As can be seen, the elution order is not correctly
predicted; 2,4,6-trimethylphenol elutes before 2,4,6-trimethylanisole. Moreover, the
elution time for butanal is delayed by approximately 1 hour. Overall, the proposed
breakthrough model together with the multicomponent dual-site Langmuir model can
predict the correct elution order for the components and provide a qualitative
description of the multicomponent breakthrough curves.

4.5 Conclusions

Experimental adsorption data for the binary mixtures toluene - butanal, toluene - 2-
ethyl-2-hexenal, toluene - 2,6-dimethylcyclohexanone, toluene - 2,4,6-trimethylphenol
and toluene - 2,4,6-trimethylanisole on an ammonium form of Y zeolite are presented.
These binary experimental data were used for the parameterization of four
multicomponent equilibrium models: the multicomponent Langmuir model, the
multicomponent dual-site Langmuir model, the coupled IAST - dual-site Langmuir
model and the coupled SIAST - Langmuir model. The prediction accuracy of the four
equilibrium models was compared to experimental multicomponent equilibrium
adsorption data. We show that the multicomponent dual-site Langmuir and the
coupled SIAST-Langmuir equilibrium models outperformed the other equilibrium
models. For the studied system, the prediction accuracy of the multicomponent dual-
site Langmuir model proves to be superior to that of the coupled SIAST-Langmuir
model.

A multicomponent breakthrough model was introduced and compared to
experimentally obtained multicomponent breakthrough curves. It is shown that, the
breakthrough model, together with the multicomponent dual-site Langmuir model
(used to calculate the equilibrium isotherms), can provide a very rough qualitative
estimation of the breakthrough behavior for the chosen system. The breakthrough
model was not fitted to any experimental breakthrough data. As explained in section
4.4.1, most of the pure component and mixture data required to calculate the
molecular diffusivities were estimated. The large discrepancy between experimental
and simulated data is most likely caused by errors introduced in estimating the
molecular diffusivities.
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Figure 4.1. Binary adsorption data for the system toluene-butanal. Symbols -
experimental data, lines - fit using the multicomponent Langmuir model. RMSE
(mol/kg) represents the root mean square error of the fit calculated according to Eq.
B4 (Appendix B). The fitted parameters are listed in Table C1 (Appendix C).
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Figure 4.2. Binary adsorption data for the system toluene-2,4,6-trimethylphenol.
Symbols - experimental data, lines - fit using the multicomponent dual-site Langmuir
model. RMSE (mol/kg) represents the root mean square error of the fit calculated
according to Eg. B4 (Appendix B). The fitted parameters are listed in Table C2
(Appendix C).
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Figure 4.3. Binary adsorption data for the system toluene - 2-ethyl-2-hexenal.
Symbols - experimental data, lines - fit using the coupled IAST - dual-site Langmuir
model. RMSE (mol/kg) represents the root mean square error of the fit calculated
according to Eq. B4 (Appendix B). The fitted parameters are listed in Table C3
(Appendix C).
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Figure 4.4. Binary adsorption data for the system toluene - 2,4,6-trimethylanisole.
Symbols - experimental data, lines - fit using the coupled SIAST - Langmuir model.
RMSE (mol/kg) represents the root mean square error of the fit calculated according
to Eq. B4 (Appendix B). The fitted parameters are listed in Table C4 (Appendix C).
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Figure 4.5. Experimental vs predicted multicomponent adsorption isotherms in zeolite
Y for impurities in liquid toluene. The predicted data were obtained using the
multicomponent Langmuir model. Squares - butanal, circles - 2-ethyl-2-hexenal,
diamonds - 2,6-dimethylcyclohexanone, crosses - 2,4,6-trimethylphenol, triangles -
2,4,6-trimethylanisole, stars - toluene. The dashed and dotted lines represent the
plus/minus 50% and respectively 90% deviation lines.
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Figure 4.6. Experimental vs predicted multicomponent adsorption isotherms in zeolite
Y for impurities in liquid toluene. The predicted data were obtained using the
multicomponent dual-site Langmuir model. Squares - butanal, circles - 2-ethyl-2-
hexenal, diamonds - 2,6-dimethylcyclohexanone, crosses - 2,4,6-trimethylphenol,
triangles - 2,4,6-trimethylanisole, stars - toluene. The dashed and dotted lines
represent the plus/minus 50% and respectively 90% deviation lines.
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Figure 4.7. Experimental vs predicted multicomponent adsorption isotherms in zeolite
Y for impurities in liquid toluene. The predicted data were obtained using the coupled
SIAST - Langmuir model. Squares - butanal, circles - 2-ethyl-2-hexenal, diamonds -
2,6-dimethylcyclohexanone, crosses - 2,4,6-trimethylphenol, triangles - 2,4,6-trime-
thylanisole, stars - toluene. The dashed and dotted lines represent the plus/minus 50%
and respectively 90% deviation lines.
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Figure 4.8. Experimental and predicted multicomponent breakthrough curves in
zeolite Y for impurities in liquid toluene. The predicted data was obtained using the
multicomponent dual-site Langmuir model for calculating the equilibrium isotherms.
Triangles - butanal, circles - 2-ethyl-2-hexenal, diamonds - 2,6-dimethylcyclohexa-

none, crosses - 2,4,6-trimethylphenol, stars - 2,4,6-trimethylanisole, lines - model
predictions.
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Figure 4.9. Experimental and predicted multicomponent breakthrough curves in
zeolite Y for impurities in liquid toluene. The predicted data was obtained using the
coupled SIAST-Langmuir model for calculating the equilibrium isotherms. Triangles -
butanal, circles - 2-ethyl-2-hexenal, diamonds - 2,6-dimethylcyclohexanone, crosses -
2,4,6-trimethylphenol, stars - 2,4,6-trimethylanisole, lines - model predictions.
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Appendix A
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Molecule models. The studied system was a mixture of toluene (Tol), butanal (Bt), 2-
ethyl-2-hexenal (2E2H), 2,6-dimethylcyclohexanone (dMc), 2,4,6-trimethylphenol
(3Mp) and 2,4,6-trimethylanisole (3Ma). The molecules were modeled as rigid and/or
flexible structures using the united atom approach as described by Ryckaert and
Bellemans [51]. For the flexible molecular structures, the pseudoatoms are connected
through harmonic bonding potentials, harmonic bending potentials and the cosine
series torsion potential described by Siepmann and co-workers [52].

The parameters for bond lengths, bond bending and torsion potentials are listed in
Tables A1, A2 and A3 respectively. References for the parameters are indicated in the
last column of the tables.

Pseudoatoms are connected through harmonic bonding potentials given by:
Upond =k  (r — 7,.0)2 (A1)

where k is a constant in K/ A% and r, is the equilibrium bond distance found in Table
ALl. The constant k/kg had a value of 96500 K/ AZ in all cases.

Pseudoatoms separated by two bonds interact via a harmonic bending potential:
k
Upend = ?0 (0 — 90)2 (A2)

For the torsional interactions of beads separated by three bonds, a cosine series is
employed:

Ueors = Co + ¢1[1 + cos(@)] + c,[1 — cos(2P)] + c3[1 + cos(3D)] (A3)

In this study we only consider the cis-form of 2-ethyl-2-hexenal. The difference
between the cis- and trans — isomer of the molecule can be described by a harmonic
torsional potential as described by Siepmann and co-workers [53]:

d
Utors—cis — ?0 ((P - 900)2 (A4)

The parameters for the harmonic torsional potential needed to describe the cis-form of
2E2H can be found in Table A3.

Guest — guest interactions

The non-bonded interactions are described by a pairwise additive Lennard-Jones (LJ)
and Coulombic potentials:
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where rjj, &ij, 0ij, 0; and g; are bead-bead separation distance, the LJ well depth, the LJ
size parameter and the partial charges on beads i and j respectively. Their values can
be found in Table A4. The electrostatic interactions calculated using the Ewald
summation with a relative precision of 10° [106]. The unlike interactions are
computed with the Lorentz-Berthelot combining rules [65, 66]:

1
0y = 5 (0 + 055) (Aba)

&ij = \/TEU (ABb)

The LJ size parameters for the guest-guest interactions, o, and the charges of the
pseudo-atoms were taken from the corresponding TraPPE force fields of Siepmann
and co-workers [52-56, 61] and used without further modifications. The references for
the values of the LJ parameters are listed in Table A4.

The LJ well depth parameters for guest-guest interactions, ¢;, for Bt, Tol and 3Mp
were fitted to the vapor-liquid coexistence curve of the phase diagram using
simulations in the pVT and NPT-ensemble. The LJ well depth parameters for guest-
guest interactions, ¢, for 2E2H, dMc and 3Ma were fitted to the experimental density
at 363 K. The absolute relative difference between the predicted liquid density and the
experimental one was calculated as:

Arel = |Psimulation—Pexperimentall 100 % (A?)

Psimulation

As can be seen in Table A5, the absolute relative difference between the predicted
liquid density and the experimental one had a maximum of 4.9 % in the case of dMc.

Guest — host interactions

All the guest-host LJ interaction parameters used in this work, along with the
corresponding references are listed in Table A6.

Pure component adsorption isotherms.

The pure component adsorption isotherms, obtained using molecular simulations and
their fit using the dual — site Langmuir equation are shown in Figs. A1-AG6.
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Table Al. Adsorbents used in the experiments and their suppliers.

Adsorbent .
name Adsorbent type Supplier
Al203 acidic activated alumina 1
Al2P0O3 bazic activated alumina 1
Al203 neutral activated alumina 1
Florisil activated magnesium silicate 1
Lewatit AFS carbon-based microporous 1
adsorbent
Dowex L-493 polymeric resin 1
Carboxen 1000 carbon molecular sieve 1
Crbosieve G carbon molecular sieve 1
Carboxen 1003 carbon molecular sieve 1
Carboxen 1021 carbon molecular sieve 1
Carboxen 1018 carbon molecular sieve 1
Carbosieve Sl carbon molecular sieve 1
Carboxen 1012 carbon molecular sieve 1
Carboxen 1016 carbon molecular sieve 1
Carboxen 569 carbon molecular sieve 1
Carbotrap X graphitized carbon black 1
Carbotrap F graphitized carbon black 1
Carbotrap Y graphitized carbon black 1
Carbotrap C graphitized carbon black 1
XAD2 polymeric resin 1
Na-FAU zeolite zeolite Y 2

1, Sigma Aldrich Chemie B.V. (Netherlands)
2, Zeolyst (USA)

A total of 21 commercial adsorbents were tested in batch adsorption experiments
using a solution comprising traces of butanal, 2-ethyl-2-hexenal, 2,6-dimethyl-
cyclohexanone, 2,4,6-trimethylphenol and 2,4,6-trimethylanisole in liquid toluene.
The initial concentrations of the impurity compounds in this solution is listed in Table
A2.

In Tables A3-A8, the following notations are used to denote atoms in various
chemical groups: a - atom adjacent to the aldehyde carbon, ald - atom in aldehyde
group, ar - atom in aromatic group, phen - atom in phenol group, anis - atom in anisol

group.

82



Table A2. Concentrations of the compounds in the initial solution used for the testing
of 21 adsorbents (Figs. 2.1-2.5).

Compound Initial conc.,
ppmw
Butanal 1663
2-ethyl-2-hexenal 1826
2,6-dimethylcyclohexanone 1817
2,4,6-trimethylphenol 1807
2,4,6-trimethylanisole 1013

Table A3. Equilibrium bond lengths for the studied molecules. The following
notations are used to denote atoms in various chemical groups: a - atom adjacent to
the aldehyde carbon, ald - atom in aldehyde group, ar - atom in aromatic group, phen
- atom in phenol group, anis - atom in anisol group.

Bond Length Molecule ro (A)  Ref.
CHy - CH, all 1.54 [54]
CHgaq = Oyyq aldehyde 1.217 [52]
CH, 4 - CHyq aldehyde/ketone 1.52 [52]
CH=C, 2-ethyl-2-hexenal 1.33 [53]
CH; -C, aromatic 1.54 [54]
Ca - Har aromatic 1.08 [55]
Ca-Cyu aromatic 1.392 [55]
Conen = Ophen 2,4,6-trymethylphenol  1.43 [56]
Ophen = Hphen 2,4,6-trymethylphenol  0.945 [56]
Canis = Oanis 2,4,6-trymethylanisole  1.41 [52]
Ounis - CHaanis 2,4,6-trymethylanisole  1.41 [52]

Table A4. Parameters for bond-bending interactions. The following notations are used
to denote atoms in various chemical groups: a - atom adjacent to the aldehyde carbon,
ald - atom in aldehyde group, ar - atom in aromatic group, phen - atom in phenol
group, anis - atom in anisol group.

Bend Molecule Bo (deg)  kKo/kg (K)  Ref.
CH4 - CH, - CH, all 114 62500 [54]
CHy.- CHa4 = Ou aldehyde 121.4 62500 [52]
CH,-CH=C, 2-ethyl-2-hexenal 119.7 70420 [53]
Ca-Cu-Cyu aromatic 120 rigid [55]
Ca-Cy-Hy aromatic 120 rigid [55]
CHj3y -Cy - Cyr aromatic 120 rigid [55]
Car = Cphen = Ophen 2,4,6-trymethylphenol 120 rigid [55]
Cophen = Ophen = Hphen 2,4,6-trymethylphenol  108.5 rigid [56]
Car - Canis - Ouanis 2,4,6-trymethylanisole 120 rigid [55]
Canis = Ouanis = CHaanis 2,4,6-trymethylanisole 112 rigid [52]
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Table A5. Parameters for the torsion potentials of the studied molecules. The
following notations are used to denote atoms in various chemical groups: a - atom
adjacent to the aldehyde carbon, ald - atom in aldehyde group, ar - atom in aromatic
_group, phen - atom in phenol group, anis - atom in anisol group.

Torsion Molecule Colks (K)  ci/kp (K) C,o/Kg cs/kg Ref.
(K) (K)
CHy - CH; -CH, - CH, all 0 355.03 -68.19  791.32 [54]
CH, - CH,, — CH¢ = Oay butanal 2035 -736.90 57.84 -293.23 [52]
CH,-CH,-CH=C, 2-ethyl-2-hexenal 688 86.36 -109.77 -282.24 [53]
CH=C,-CH,-CH; 2-ethyl-2-hexenal 688 86.36 -109.77 -282.24 [53]
CH=C,-CHyq =0aq 2-ethyl-2-hexenal 2035 -736.90 57.84 -293.23 *
CH;-CH, - C, - CHyq 2-ethyl-2-hexenal 0 355.03 -68.19 791.32 **
CH, - C,—CH_,q = Ogq 2-ethyl-2-hexenal 2035 -736.90 57.84 -293.23 *
Torsion (eq. A4) Molecule do/ks (K) ¢ (rad)
CH, - CH=C, - CH; (cis) 2-ethyl-2-hexenal 24800 T [53]
CH, - CH = C, - CH,g 2-ethyl-2-hexenal 26800 0 [53]

(trans)

* value not available in the literature, the torsion for aldehydes was used
** value not available in the literature, the torsion for alkanes was used
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Table A6. Lennard-Jones guest — guest interaction parameters and partial charges.

The following notations are used to denote atoms in various chemical groups: a - atom

adjacent to the aldehyde carbon, ald - atom in aldehyde group, ar - atom in aromatic
_group, phen - atom in phenol group, anis - atom in anisol group.

Site Molecule o (A) Ref. | elkg Ref. | q[e] Ref.
(K)
CH; (sp3) all 3.75 [54] | 106.8 * 0 [54]
CH, (sp3) all 3.95 [54] | 56.2 * 0 [54]
CH), butanal 3.95 [52] |56.2 * -0.043 [52]
Oaig butanal 3.05 [52] | 49.56 * -0.482 [52]
CHayg aldehyde 3.52 [52] | 50.64 * 0.525 [52]
CH (sp,) 2-ethyl-2-hexenal 3.73 [53] | 50.6 * 0 [53]
Ca 2-ethyl-2-hexenal 3.85 [53] | 23.12 * -0.043 [53]
Car aromatic 3.6 [55] | 34.3 * -0.095 [55]
CHaar aromatic 3.75 [54] | 98 [54] | 0.095 [55]
Har aromatic 2.36 [55] | 25.45 [55] | 0.095 [55]
Cophen 2,4,6-trymethylphenol 3.6 [55] |34.3 * 0.265 [56]
O phen 2,4,6-trymethylphenol 3.02 [56] |93 [56] | -0.7 [56]
H phen 2,4,6-trymethylphenol 0 [56] | O [56] | 0.435 [56]
Canis 2,4,6-trymethylanisole 3.6 [55] | 34.3 * 0.25 [52]
Oanis 2,4,6-trymethylanisole 2.8 [52] | 55 [52] | -0.5 [52]
CHzanis 2,4,6-trymethylanisole 3.75 [54] | 98 [54] | 0.25 [52]
CH (sp3) 2,6-dimethylcyclohexanone | 4.68 [61] | 17.04 * 0 [61]
Cret 2,6-dimethylcyclohexanone | 3.82 [52] | 45.44 * 0.424 [52]
Ojet 2,6-dimethylcyclohexanone | 3.05 [52] | 49.56 * -0.424 [52]

* values fitted to liquid densities (at 25°C and 1 bar) using simulations in the NPT ensemble.
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Table A7. Relative difference between the computed liquid density and the
experimental liquid density.

Liquid density, kg/m’
Compound Temp., K Computed | Experimental Ref. arel, %
250 907.5 906.7 [70] | 0.079
Toluene 400 761.4 761.9 [70] | 0.060
500 629.4 638.1 [70] | 1.368
Butanal 300 819.8 794.9 [70] | 3.133
400 678.1 671.2 [70]| 1.029
2-ethyl-2-hexenal 363 785.1 793.5 * 1.061
2,6- 290 871.5 915 * 4.754
dimethylcyclohexanone 363 810.4 852 * 4.882
. 450 871.9 881 [70] | 1.034
2,4,6-trimethylphenol =7, 762.2 790.7 [70] | 3.593
2,4,6-trimethylanisole 363 886.1 885.2 * | 0.098

* value measured experimentally at 25 °C

Table A8. Lennard-Jones guest — host interaction parameters and partial charges. The
following notations are used to denote atoms in various chemical groups: a - atom
adjacent to the aldehyde carbon, ald - atom in aldehyde group, ar - atom in aromatic

_group, phen - atom in phenol group, anis - atom in anisol group.

Site Molecule o(A) Ref. eks(K) Ref. q(e) Ref.
CHs3 (sp3) all 348 [62] |93 [62] |0 [54]
CH; (sp3) all 3.58 [62] |605 [62] |0 [54]
CHy, butanal 338 * 70.96 * -0.043 [52]
Ouald butanal 293 * 66.64 * -0.482 [52]
CHayg aldehyde 3.16 * 67.36 * 0.525 [52]
CH (sp2)  2-ethyl-2-hexenal 3.502 [107] | 55.215 [107] | O [53]
Ca 2-ethyl-2-hexenal 333 * 45,51 * -0.043 [53]
Car aromatic 3.01 [40] |73.6 [40] |-0.095 [55]
CHaar aromatic 3.365 [40] |80.32 [40] |0.095 [55]
Har aromatic 2.61 [40] |49.1 [40] |0.095 [55]
Cophen 2,4,6-trymethylphenol 3.01 [40] |73.6 [40] |0.265 [56]
Ophen 2,4,6-trymethylphenol 291 * 91.3 * -0.7 [56]
H hen 2,4,6-trymethylphenol 0 * 0 * 0.435 [56]
Canis 2,4,6-trymethylanisole 3.01 [40] |73.6 [40] 1025 [52]
Oanis 2,4,6-trymethylanisole 456 [67] |10 [67] |-0.5 [52]
CHaanis 2,4,6-trymethylanisole 3.365 [40] |80.32 [40] 1025 [52]
CH (sp3)  2,6-dimethylcyclohexanone | 3.92  [62] |40 [62] |0 [61]
Cret 2,6-dimethylcyclohexanone | 3.31  * 63.81 * 0.424 [52]
O et 2,6-dimethylcyclohexanone | 293  * 66.64 * -0.424 [52]

Numbers in brackets are corresponding references.
* obtained using geometric and arithmetic mean combining rules as explained in
section 2.3.1 (Chapter 2)
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Table A9. Critical temperatures, pressures and acentric factors used in this thesis.

Comp. | Tc, K Ref. Tc Pc, Pa Ref. Pc 0] Ref w
Tol 591.79 [70] 4109000 [70] 0.264 [70]
Marrero [109]
Bt 537 [108] 4890214 : 0.3319 | P4 from
&Pardillo [70]
[104]
Est. Met.
2E2H | 6159 | EStMetConst-oay1090 | Const-Gani | 0.406 | [110]
Gani [104]
[104]
Est. Met. Ilz\jlzrl:gfg
dMc | 637.693 Marrero 2811361 &Pardill 0.388 [111]
&Pardillo [104] arditio
[104]
Est. Met. Ilz\jlzrl:gfé' [109],
3Mp 708.23 Marrero 3637734 &Pardillo 0.535 | Py from
&Pardillo [104] [104] [70]
Est. Met. I;:\jlgrl:g?g
3Ma | 674.262 Marrero 2665267 : 0.352 [109]
. &Pardillo
&Pardillo [104] [104]

Est. Met. = estimation method;
Pyap = Vapor pressure.
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Figure Al. Adsorption isotherm of pure toluene in NaY zeolite; symbols - molecular
simulation (MS) results; line - dual-site Langmuir (DSL) fit.
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Figure A2. Adsorption isotherm of pure butanal in NaY zeolite; symbols - molecular
simulation (MS) results; line - dual-site Langmuir (DSL) fit.
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Figure A3. Adsorption isotherm of pure 2-ethyl-2-hexenal in NaY zeolite; symbols -

molecular simulation (MS) results; line - dual-site Langmuir (DSL) fit.
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Figure A4. Adsorption isotherm of pure 2,6-dimethylcyclohexanone in NaY zeolite;

symbols - molecular simulation (MS) results; line - dual-site Langmuir (DSL) fit.
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Figure A5. Adsorption isotherm of pure 2,4,6-trimethylphenol in NaY zeolite;
symbols - molecular simulation (MS) results; line - dual-site Langmuir (DSL) fit.
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Figure AG6. Adsorption isotherm of pure 2,4,6-trimethylanisole in NaY zeolite;
symbols - molecular simulation (MS) results; line - dual-site Langmuir (DSL) fit.
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The Wilson activity coefficient model [45]:

n

In]ﬁ |T]ZE:()( S”) :E: X Skl Sii = Sjj = 1 (Egl)

n
j=1 k=1
2 XSy
where n represents the number of species in the system, x; is the adsorbed phase mole

fraction of species j, and s;; are fitting parameters of the Wilson model.

The NRTL activity coefficient model [43]:

n
ZXJ Y D %Oy

X. 0.
IPAR= S o P L TN (= S (82)

Zxkgki = Zxkgkj Zngkj
=] = =]

gij =exp|-a;; v, Ti=71=0, gui=g;=1 (B3)
where 7;; and a;; are fitting parameters of the NRTL model.

The 2D-lattice parameters used to generate the adsorption data of Figs. 3.4-3.7 and
B1-B6 are shown in Table B1. The 2D-lattice parameters obtained from fitting the
binary adsorption data for the systems CO,-N, in PCOD8200029 and CO,-C;Hg in
MOR are listed in Tables B2 and B3. The NRTL model predictions of data generated
with the 2D-lattice model are shown in Figs. B1-B6. The fit of the pure component
adsorption isotherms for the systems CO,-N, in the hypothetical zeolite
PCOD8200029 [27] and CO,-C3;Hg in MOR are shown in Figs. B7-B10.

In Figs. B1-B6, the root mean square error of the fit, RMSE, was calculated using the
formula:

Nodp

Z (fit. result; — exp. result;)? (B4)
Modp =

RMSE =

where noqp is the number of data points.
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Table B1. 2D-lattice parameter values used to generate adsorption data presented in
Figs. 3.4-3.7, B1-B6. fyx-imposed fugacity for pure component X in the thermo-
dynamic integration. xx-mole fraction of component X. The fugacity and interaction
parameters are expressed in reduced units.

Flg nr. Wxx Wyy Wxy Aw (Eq 17) fx (Xx —)1)
34,B1,B2 | -0.1 -0.3 -0.5 0.6 0.01
35B3,B4 | -0.1 0.7 -0.5 1.6 30
3.6, B5, B6 0.1 1.1 -0.7 2.6 30

0.01,0.1,0.4,
3.7 -0.1 -0.3 -0.5 0.6 0.8. 2.5, 30

Table B2. 2D-lattice interaction parameters (Wco,-co,» Wco,-N,» Wco,-5;+ WC0,-S,1
WN,—N,» WN,—s,» WN,-s,) for the system CO,-N, in the pure silica hypothetical zeolite
PCOD8200029. The hypothetical zeolite PCOD820029 has two distinct adsorption

sites. The interaction parameters are expressed in reduced units.

Interaction CO, N, Adsorption site 1 | Adsorption site 2
parameter, w
CO, -0.0005 | 0.0448 2627.5 573.2
N, 0.0448 | -4.0107 3160.4 2728.9

Table B3. 2D-lattice interaction parameters (Wco,—co,» Wco,-CsHgr WC0,-5,1 WC0,—S,»
W Hg—CsHgr WCsHg—S;» WesHg—s,) TOr the system CO,-C3Hg in MOR. MOR-type
zeolite has two distinct adsorption sites. The interaction parameters are expressed in

reduced units.

Interaction CO, CsHg | Adsorptionsite 1 | Adsorption site 2
parameter, w
CO, 0.0028 | 0.0021 600.9 2377.4
CsHg 0.0021 | 0.0013 691.3 3667.7
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Figure B1. Adsorbed-phase activity coefficient data for a slightly non-ideal binary
system of molecules X+Y, generated using a 2D-lattice model. Circles - 2D-lattice
simulation data for compound X, squares - 2D-lattice simulation data for compound
Y, lines - fit using the three-parameter NRTL model (NRTL3). RMSE (reduced units)
represents the root mean square error of the fit calculated according to Eq. B4. The
parameters used in the 2D-lattice simulations are listed in Table B1.

94



1 -y =
0.99 -
1
s
S
=
0.98 -
® 2D-lattice comp. X n
m 2D-lattice comp. Y 1,
—NRTL4 X, RMSE = 0.0007 ~
- -NRTL4 Y, RMSE = 0.0006
0.97 4 ' ' ' '
0 0.2 0.4 0.6 0.8 1

Xx, =
Figure B2. Adsorbed-phase activity coefficient data for a slightly non-ideal binary
system of molecules X+Y, generated using a 2D-lattice model. Circles - 2D-lattice
simulation data for compound X, squares - 2D-lattice simulation data for compound
Y, lines - fit using the four-parameter NRTL model (NRTL4). RMSE (reduced units)
represents the root mean square error of the fit calculated according to Eq. B4. The
parameters used in the 2D-lattice simulations are listed in Table B1.

95



® 2D-lattice comp. X \

m 2D-lattice comp. Y
—NRTL3 X, RMSE =0.03
--NRTL3 Y, RMSE =0.04
0.01 T : Y T

0 0.2 0.4 0.6 0.8 1
Xx, =
Figure B3. Adsorbed-phase activity coefficient data for a non-ideal binary system of
molecules X+Y, generated using a 2D-lattice model. Circles - 2D-lattice simulation
data for compound X, squares - 2D-lattice simulation data for compound Y, lines - fit
using the three-parameter NRTL model (NRTL3). RMSE (reduced units) represents

the root mean square error of the fit calculated according to Eq. B4. The parameters
used in the 2D-lattice simulations are listed in Table B1.
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Figure B4. Adsorbed-phase activity coefficient data for a non-ideal binary system of
molecules X+Y, generated using a 2D-lattice model. Circles - 2D-lattice simulation
data for compound X, squares - 2D-lattice simulation data for compound Y, lines - fit
using the four-parameter NRTL model (NRTL4). RMSE (reduced units) represents
the root mean square error of the fit calculated according to Eq. B4. The parameters
used in the 2D-lattice simulations are listed in Table B1.
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Figure B5. Adsorbed-phase activity coefficient data for a highly non-ideal binary
system of molecules X+Y, generated using a 2D-lattice model. Circles - 2D-lattice
simulation data for compound X, squares - 2D-lattice simulation data for compound
Y, lines - fit using the three-parameter NRTL model (NRTL3). RMSE (reduced units)
represents the root mean square error of the fit calculated according to Eq. B4. The
parameters used in the 2D-lattice simulations are listed in Table B1.
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Figure B6. Adsorbed-phase activity coefficient data for a highly non-ideal binary
system of molecules X+Y, generated using a 2D-lattice model. Circles - 2D-lattice
simulation data for compound X, squares - 2D-lattice simulation data for compound
Y, lines - fit using the four-parameter NRTL model (NRTL4); the fit for compound Y
does not fit the scale. RMSE (reduced units) represents the root mean square error of
the fit calculated according to Eq. B4. The parameters used in the 2D-lattice
simulations are listed in Table B1.
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Figure B7. Pure component adsorption isotherm of CO, in pure silica hypothetical
zeolite PCOD8200029 for two distinct adsorption sites. Circles and squares - data of
Swisher and co-workers [27], crosses - fit using the parameterized 2D-lattice model.
The values for the 2D-lattice parameters obtained from fitting this dataset are listed in
Table B2.
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Figure B8. Pure component adsorption isotherm of N, in pure silica hypothetical
zeolite PCOD8200029 for two distinct adsorption sites. Circles and squares - data of
Swisher and co-workers [27], crosses - fit using the parameterized 2D-lattice model.
The values for the 2D-lattice parameters obtained from fitting this dataset are listed in
Table B2.
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Figure B9. Pure component adsorption isotherm of CO, in MOR for two distinct
adsorption sites. Circles and squares - data of Swisher and co-workers [27], crosses -
fit using the parameterized 2D-lattice model. The values for the 2D-lattice parameters
obtained from fitting this dataset are listed in Table B3.
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obtained from fitting this dataset are listed in Table B3.
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Table C1. Multicomponent Langmuir (ML) parameter values obtained by simulta-
neously fitting the multicomponent Langmuir model (Eq. 4.3) to experimental binary
adsorption data toluene-impurity. g - maximum loading parameter, ky,_ - affinity
parameter.

Compound | gumy, mol/kg | kyg, m*/mol
Bt 4.98 9.5110"
2E2H 3.34 1.1610"
dMc 3.49 1.2510"
3Mp 3.51 1.2710"7
3Ma 2.97 1.47-10%
Tol 2.65 1.8510%

Table C2. Multicomponent dual-site Langmuir (MDSL) parameter values obtained by
simultaneously fitting the multicomponent dual-site Langmuir model (Eq. 4.5) to
experimental binary adsorption data toluene-impurity. gmwvpsL12 - maximum loading
parameter for site 1 and 2; kypsi1 2 - affinity parameter for site 1 and 2.

dmMDSL1> dmMDSL2> Kkvpsia kyvpsi2:

Compound mol/kg mol/kg m*/mol m*/mol

Bt 1.99 2.19 1.23:10™ 1.92:10™
2E2H 1.03 0.0029 1.3110" 110°

dMc 0.98 3.99 6.8310" 4.7310%

3Mp 1.23 0.043 4.8710" 6.82:10"
3Ma 0.96 0.048 2.11101" 1'10°®

Tol 1.19 1.77 1.4510° 1.43:10"

Table C3. Dual-site Langmuir (DSL) parameter values obtained by simultaneously
fitting the coupled IAST-DSL model (Egs. 2.3-2.6) to experimental binary adsorption
data toluene-impurity. qmpsL12 - maximum loading parameter for site 1 and 2; Kpgi1» -
affinity parameter for site 1 and 2.

Compound dmDSL1: mOI/kg gdmbDSL2 mOI/kg kDSLl’ 1/Pa kDSLZ' 1/Pa
Bt 1 3.14 9.810° 3.47:10°
2E2H 1.87 1.19 2.82:10° 7.22:10°
dMc 1.59 1.74 2.17:10° 1.4410°
3Mp 1.2 2.47 7.26'10° 9.17'10°
3Ma 1.82 1.5 4.4210° 3.37.10°
Tol 1.98 0.68 6.6510° 4.9410*
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Table C4. Langmuir parameter values obtained by simultaneously fitting the coupled
SIAST-Langmuir model to experimental binary adsorption data toluene-impurity.
OmL12 - Maximum loading parameter for site 1 and 2; k; , - affinity parameter for site
1and 2.

Compound | g1, MOI/KG | g2, Mmol/kg k4, 1/Pa k;,, 1/Pa
Bt 2.57 1.56 6.410" 4.7410°
2E2H 4.99 0.69 4.8310° 1.7310"
dMc 5 0.68 1.29:10* 3.49.10"
3Mp 2.53 0.57 6.48'10™ 3.67:10"
3Ma 2.52 0.57 4.7410" 2.3510™
Tol 2.09 1.59 1.84'10" 0.57

Table C5. Feed mixture used for obtaining the multicomponent breakthrough curves
in Figs. 4.8 and 4.9.

Concentration,
Compound
ppmw
Bt 1089
2E2H 1097
dMc 1193
3Mp 910.5
3Ma 1122
Tol 994588.5

Calculation of mixture fugacity coefficients from the generic cubic EOS. The
fugacity coefficients can be calculated from the generic cubic equation of state [112]:
Ing=2(Z-1)~In(Z-p)-ql (€D
where Z is the compressibility factor and b;, b, S, g;, and | are parameters specific to
each particular EOS [112]. In Egs. C.1-C.12, the subscript i denotes that the property
is for compound i. The parameters without a subscript denote mixture properties. The
vapour root of the cubic EOS is [112]:

_ _ Z-B
Z=1+F—4qp (z+B&)(Z+B0) (C.2)

and the liquid root of the cubic EOS is [112]:

Z=B+Z+Be)Z+ po) (”fﬁ‘z) (C.3)

where q is a parameter specific to each particular EOS; ¢ and o are calculated as:

c=1+2 (C.4)
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e=1-+2 (C.5)

In the case of Peng-Robinson EOS, the rest of the parameters can be calculated using
the following equations [112]:

I=——m(Z2) (C.6)

o—€ Z+ef

a bj

G=q(1+32-2), ¢==2 p=2 (C7)

1 —_
a bRT'

The mixture parameters a and b are calculated as [112]:

a =X 2jxixa, b =X;xb; (C.8)
= RT,
ai]' = (aia]')z, bi = OO778P_ (Cg)
The parameter a; is calculated using the following mixing rule [112]:
di = szx]-Ja]-ai —da (ClO)
where X; is the mole fraction of compound j.
The component specific parameter a; is calculated as:
R2TZ T
a;(T) = 0.45724 > “a(T,w), T.= - (C.11)

where T is the absolute temperature, R is the gas constant (m*Pa/mol/K), T, is the
critical temperature (K), P. is the critical pressure (Pa) and w is the acentric factor.
The parameter a(T,, w) is calculated as [112]:

2
1
a(T,, w) = (1 + (0.37464 + 1.54226w — 0.26992w?) (1 - Tf)) (C.12)
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Figure C1. Binary adsorption data for the system toluene - 2-ethyl-2-hexenal (2E2H).
Circles - toluene experimental data, triangles - 2-ethyl-2-hexenal experimental data,
lines - fit using the multicomponent Langmuir model. RMSE (mol/kg) represents the
root mean square error of the fit calculated according to Eq. B4 (Appendix B). The
parameters resulting from the fit are listed in Table C1.
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Figure C2. Binary adsorption data for the system toluene-2,6-dimethylcyclohe-
xanone (dMc). Circles - toluene experimental data, triangles - 2,6-dimethylcyclo-
hexanone experimental data, lines - fit using the multicomponent Langmuir model.
RMSE (mol/kg) represents the root mean square error of the fit calculated according
to Eq. B4 (Appendix B). The parameters resulting from the fit are listed in Table C1.
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Figure C3. Binary adsorption data for the system toluene - 2,4,6-trimethylphenol
(3Mp). Circles - toluene experimental data, triangles - 2,4,6-trimethylphenol
experimental data, lines - fit using the multicomponent Langmuir model. RMSE
(mol/kg) represents the root mean square error of the fit calculated according to Eq.
B4 (Appendix B). The parameters resulting from the fit are listed in Table C1.
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Figure C4. Binary adsorption data for the system toluene - 2,4,6-trimethylanisole
(3Ma). Circles - toluene experimental data, triangles - 2,4,6-trimethylanisole
experimental data, lines - fit using the multicomponent Langmuir model. RMSE
(mol/kg) represents the root mean square error of the fit calculated according to Eq.
B4 (Appendix B). The parameters resulting from the fit are listed in Table C1.
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Figure C5. Binary adsorption data for the system toluene-butanal. Circles - toluene
(Tol) experimental data, triangles - butanal (Bt) experimental data, lines - fit using the
multicomponent dual-site Langmuir model. RMSE (mol/kg) represents the root mean
square error of the fit calculated according to Eq. B4 (Appendix B). The parameters
resulting from the fit are listed in Table C2.
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Figure C6. Binary adsorption data for the system toluene - 2-ethyl-2-hexenal. Circles
- toluene (Tol) experimental data, triangles - 2-ethyl-2-hexenal (2E2H) experimental
data, lines - fit using the multicomponent dual-site Langmuir model. RMSE (mol/kg)
represents the root mean square error of the fit calculated according to Eq. B4
(Appendix B). The parameters resulting from the fit are listed in Table C2.
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Figure C7. Binary adsorption data for the system toluene - 2,6-dimethylcyclohexa-
none. Circles - toluene (Tol) experimental data, triangles - 2,6-dimethylcyclohexanone
(dMc) experimental data, lines - fit using the multicomponent dual-site Langmuir
model. RMSE (mol/kg) represents the root mean square error of the fit calculated
according to Eq. B4 (Appendix B). The parameters resulting from the fit are listed in
Table C2.
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Figure C8. Binary adsorption data for the system toluene - 2,4,6-trimethylanisole.
Circles - toluene (Tol) experimental data, triangles - 2,4,6-trimethylanisole (3Ma)
experimental data, lines - fit using the multicomponent dual-site Langmuir model.
RMSE (mol/kg) represents the root mean square error of the fit calculated according
to Eq. B4 (Appendix B). The parameters resulting from the fit are listed in Table C2.
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Figure C9. Binary adsorption data for the system toluene - butanal. Circles - toluene
(Tol) experimental data, triangles - butanal (Bt) experimental data, lines - fit using the
coupled IAST - dual-site Langmuir model. RMSE (mol/kg) represents the root mean
square error of the fit calculated according to Eq. B4 (Appendix B). The parameters

resulting from the fit are listed in Table C3.
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Figure C10. Binary adsorption data for the system toluene - 2,6-dimethylcyclohe-
xanone. Circles - toluene (Tol) experimental data, triangles - 2,6-dimethylcyclohexa-
none (dMc) experimental data, lines - fit using the coupled IAST - dual-site Langmuir
model. RMSE (mol/kg) represents the root mean square error of the fit calculated
according to Eqg. B4 (Appendix B). The parameters resulting from the fit are listed in
Table C3.
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Figure C11. Binary adsorption data for the system toluene - 2,4,6-trimethylphenol.
Circles - toluene (Tol) experimental data, triangles - 2,4,6-trimethylphenol (3Mp)
experimental data, lines - fit using the coupled IAST - dual-site Langmuir model.
RMSE (mol/kg) represents the root mean square error of the fit calculated according
to Eg. B4 (Appendix B). The parameters resulting from the fit are listed in Table C3.
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Figure C12. Binary adsorption data for the system toluene - 2,4,6-trimethylanisole.
Circles - toluene (Tol) experimental data, triangles - 2,4,6-trimethylanisole (3Ma)
experimental data, lines - fit using the coupled IAST - dual-site Langmuir model.
RMSE (mol/kg) represents the root mean square error of the fit calculated according
to Eq. B4 (Appendix B). The parameters resulting from the fit are listed in Table C3.
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Figure C13. Binary adsorption data for the system toluene - butanal. Circles - toluene
(Tol) experimental data, triangles - butanal (Bt) experimental data, lines - fit using the
coupled SIAST - Langmuir model. RMSE (mol/kg) represents the root mean square
error of the fit calculated according to Eq. B4 (Appendix B). The parameters resulting
from the fit are listed in Table C4.
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Figure C14. Binary adsorption data for the system toluene - 2-ethyl-2-hexenal.
Circles - toluene (Tol) experimental data, triangles - 2-ethyl-2-hexenal (2E2H)
experimental data, lines - fit using the coupled SIAST - Langmuir model. RMSE
(mol/kg) represents the root mean square error of the fit calculated according to Eq.
B4 (Appendix B). The parameters resulting from the fit are listed in Table C4.
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Figure C15. Binary adsorption data for the system toluene - 2,6-dimethylcyclohe-
xanone. Circles - toluene (Tol) experimental data, triangles - 2,6-dimethylcyclohexa-
none (dMc) experimental data, lines - fit using the coupled SIAST - Langmuir model.
RMSE (mol/kg) represents the root mean square error of the fit calculated according
to Eq. B4 (Appendix B). The parameters resulting from the fit are listed in Table C4.
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Figure C16. Binary adsorption data for the system toluene - 2,4,6-trimethylphenol.
Circles - toluene (Tol) experimental data, triangles - 2,4,6-trimethylphenol (3Mp)
experimental data, lines - fit using the coupled SIAST - Langmuir model. RMSE
(mol/kg) represents the root mean square error of the fit calculated according to Eq.
B4 (Appendix B). The parameters resulting from the fit are listed in Table C4.
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Figure C17. Experimental vs predicted multicomponent adsorption isotherms in
zeolite Y for impurities in liquid toluene. The predicted data was obtained using the
coupled IAST - dual-site Langmuir model. Squares - butanal, circles - 2-ethyl-2-
hexenal, diamonds - 2,6-dimethylcyclohexanone, crosses - 2,4,6-trimethylphenol,
triangles - 2,4,6-trimethylanisole, stars - toluene. The dashed and dotted lines
represent the plus/minus 50% and respectively 90% deviation lines.
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Summary

The aim of this thesis is to study multicomponent adsorption equilibria in the liquid
phase. Most experimental data on adsorption reported in the literature are for binary
systems with only a handful of studies on ternary systems. This is mainly because
multicomponent adsorption data are considerably more difficult to measure than pure
component data. As a consequence, theories that can predict multicomponent
adsorption equilibria using only pure component data are frequently used even though
they often fail even for binary systems. For screening purposes however, such theories
are important. When screening for appropriate adsorbents, a minimum amount of
experimental work is desirable. In chapter 2 of this thesis, we propose a methodology
that allows the calculation of multicomponent adsorption equilibria using limited
experimental data. A six-component system comprising traces of butanal, 2-ethyl-2-
hexenal, 2,6-dimethyl-cyclohexanone, 2,4,6-trimethylphenol and 2,4,6-
trimethylanisole in liquid toluene was chosen as a test system. The compounds were
chosen such that they are volatile, organic, and have different molecular sizes and
functional groups.

Pure component adsorption isotherms in the sodium form of zeolite Y (NaY) were
computed using Monte Carlo simulations. The Ideal Adsorbed Solution Theory
(IAST) was used to compute the multicomponent adsorption equilibria using the pure
component data obtained from molecular simulations. To calibrate the model, three
binary experimental data points were used. We show that the combined molecular
simulation - IAST approach can be used for this six-component system to predict the
adsorption behavior in NaY reasonably well.

To improve the accuracy predictions of IAST, activity coefficients are used to
describe the non-ideal behavior of the adsorbed phase. This approach is called the
Real Adsorbed Solution Theory (RAST). However, to this date, there are no
predictive models available to describe the activity coefficients for the adsorbed
phase. As an approximation, models taken from the gas-liquid phase equilibria are
used. Models for activity coefficients such as Wilson and NRTL are commonly used
to describe the adsorbed phase activity coefficients. These activity coefficient models
depend on temperature and composition, while the pressure dependence is usually
neglected. The adsorbed phase activity coefficients are dependent on temperature,
composition and a third thermodynamic variable called the spreading pressure. To
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account for this difference, either the spreading pressure is considered constant or
further approximations are used.

In chapter 3 of this thesis, molecular simulations are used to study a 2D-lattice model
to generate activity coefficient data at constant spreading pressure. The obtained data
is used to check the accuracy of the Wilson and NRTL models for evaluating adsorbed
phase activity coefficient data. We show that the Wilson and NRTL models cannot
describe the adsorbed phase activity coefficients for slightly non-ideal to strong non-
ideal mixtures. A new methodology is introduced for predicting adsorption of
mixtures based on a simple 2D-lattice model coupled with the segregated sites
approach. The segregated model assumes that the competition for adsorption occurs at
isolated adsorption sites. Molecules from different adsorption sites cannot interact
with each other and both adsorption sites are in contact with the bulk phase. The
segregated 2D-lattice model provides accurate predictions for the system CO,-N, in
the hypothetical zeolite PCOD8200029, but fails in predicting the adsorption behavior
of CO,-C3Hyg in all-silica MOR-type zeolite. The predictions of the segregated IAST
model are superior to those of the 2D-lattice model.

The multicomponent Langmuir model, the multicomponent dual-site Langmuir model,
IAST, and segregated IAST models are commonly used in dynamic models for
adsorption processes, even though they usually fail in predicting the behavior of
multicomponent adsorption systems. In chapter 4, we investigate the accuracy of these
models in predicting the adsorption behavior of a six-component mixture comprising
butanal, 2-ethyl-2-hexenal, 2,6-dimethylcyclohexanone, 2,4,6-trimethylphenol, 2,4,6-
trimethylanisole and toluene in in the ammonium form of Y zeolite. The
multicomponent dual-site Langmuir model and the segregated IAST model work best
for this system and are further used in a multicomponent breakthrough model. We
show that the breakthrough model, together with the multicomponent dual-site
Langmuir model (used to calculate the equilibrium isotherms), can provide a rough
qualitative estimation of the breakthrough behavior for this system.

The system used as case study in this thesis comprised molecules of different size,
shape, functional groups and polarity. Most pure component data required for
describing the multicomponent adsorption behavior of this system were estimated.
Despite these challenges, the force field developed in chapter 2 was used, together
with IAST, to predict the adsorption behavior of the multicomponent system with
sufficient accuracy for screening purposes. In chapter 3, we showed that the
commonly used activity coefficient models taken from the gas-liquid theory cannot
describe non-idealities in the adsorbed phase. In chapter 4, we introduced a simple
breakthrough model and investigate several equilibrium models for predicting the
adsorption of the six-component mixture in the ammonium form of Y zeolite. For this
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system, the multicomponent dual-site Langmuir model works best. The simple
breakthrough model, together with the multicomponent dual-site Langmuir model, can
only provide a rough estimate of the multicomponent breakthrough curves.
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Samenvatting

Het doel van dit proefschrift is om vloeistof adsorptie evenwichten in systemen met
meerdere componenten te bestuderen. De meeste experimentele gegevens van
adsorptie uit de literatuur betreffen binaire systemen. Slechts een handvol studies heeft
betrekking op ternaire systemen. Dit komt vooral omdat adsorptie data van systemen
met meerdere componenten aanzienlijk moeilijker te meten zijn dan die van pure
componenten. Bijgevolg worden voor het voorspellen van het gedrag van systemen
met meerdere componenten in de praktijk vaak theorieén gebruikt die alleen zijn
gebaseerd op data van de zuivere componenten, hoewel ze vaak falen zelfs voor
binaire systemen. Voor screeningsdoeleinden zijn dergelijke theorieén echter
belangrijk. Bij het screenen van geschikte adsorptiemiddelen, is een minimale
hoeveelheid experimenteel werk wenselijk. In hoofdstuk 2 van dit proefschrift, stellen
we een methodologie voor die, de berekening van de adsorptie evenwichten voor
systemen met meerdere componenten met beperkte hoeveelheid experimentele data
mogelijk maakt. Een zes-componenten systeem met lage concentraties butanal, 2-
ethyl-2-hexenal, 2,6-dimethyl-cyclohexanon, 2,4,6-trimethylfenol en 2,4,6-trimethyl-
anisole in vloeibare tolueen werd gekozen als een testsysteem. De verbindingen
werden zodanig gekozen dat ze vluchtig en organisch zijn en onderscheidende
moleculaire afmetingen en functionele groepen hebben.

Adsorptie isothermen van zuivere componenten werden berekend voor de
natriumvorm van zeoliet Y (NaY) met behulp van Monte Carlo simulaties. De “Ideal
Adsorbed Solution Theory” (IAST) werd gebruikt om de adsorptie evenwichten te
berekenen van een systeem met meerdere componenten gebruik makend van gegevens
van de zuivere componenten die werd verkregen uit de moleculaire simulaties. Om het
model te kalibreren, werden drie binaire experimentele datapunten gebruikt. We laten
zien dat de gecombineerde moleculaire simulatie - IAST benadering gebruikt voor dit
zes-componentensysteem het adsorptiegedrag in NaY redelijk kan voorspellen.

Om de nauwkeurigheid van de voorspellingen van IAST te verbeteren zijn activiteit
coéfficiénten gebruikt voor de beschrijving van het niet-ideale gedrag van de
geadsorbeerde fase. Deze benadering is al bekend en wordt de “Real Adsorbption
Solution Theory”, (RAST) genoemd. Tot op heden zijn er echter geen voorspellende
modellen, die de activiteitscoéfficiénten van de geadsorbeerde fase kunnen
beschrijven. Als benadering worden modellen afkomstig uit gas-vloeistof fase-
evenwichten gebruikt. Modellen zoals het Wilson en het NRTL model worden
gewoonlijk gebruikt voor de beschrijving van de activiteitscoéfficiénten in de
geadsorbeerde fase. Deze activiteitscoéfficiéent modellen zijn afhankelijk van
temperatuur en samenstelling, terwijl de drukafhankelijkheid meestal verwaarloosd
kan worden. De activiteitscoéfficiénten van de geadsorbeerde fase zijn afhankelijk van
de temperatuur, samenstelling en een derde thermodynamische variabele genaamd de
“speading pressure”. Om rekening te houden met dit verschil, wordt ofwel deze
“speading pressure” als constant beschouwd of worden verdere benaderingen
gebruikt.
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In hoofdstuk 3 van dit proefschrift worden moleculaire simulaties gebruikt voor de
bestudering van een 2D-rooster model om de data te genereren voor de activiteit
coéfficiénten bij constante “speading pressure”. De verkregen gegevens worden
gebruikt om de nauwkeurigheid te testen van de Wilson en NRTL modellen voor de
evaluatie van de activiteitscoéfficiént data in de geadsorbeerde fase. We laten zien dat
de Wilson en NRTL modellen niet in staat zijn de activiteitscoéfficiénten in de
geadsorbeerde fase voor zwak tot sterk niet-ideale mengsels te beschrijven. Een
nieuwe methode is ingevoerd voor het voorspellen van de adsorptie van mengsels
gebaseerd op een eenvoudige 2D-roostermodel gecombineerd met een gescheiden
locatie benadering. Het gescheiden locatie model gaat ervan uit dat de competitie voor
adsorptie plaatsvindt op geisoleerde adsorptie sites. Moleculen van verschillende
adsorptieplaatsen hebben geen interactie met elkaar en beide adsorptieplaatsen staan
in contact met de bulkfase. Het gescheiden 2D-rooster model biedt nauwkeurige
voorspellingen voor het systeem van CO,-N, in het hypothetische zeoliet
PCOD8200029, maar slaagt er niet in het adsorptie gedrag van CO,-C3Hg in all-silica
MOR-type zeoliet te voorspellen. De voorspellingen van de gescheiden IAST model
zijn superieur zijn aan die van de 2D-roostermodel.

Het multicomponent Langmuir, het multicomponent twee locatie Langmuir, het IAST
en het afzonderlijke locatie IAST model worden vaak gebruikt in dynamische
modellen voor adsorptie processen, hoewel ze er gewoonlijk niet in slagen om het
gedrag van multicomponent adsorptie systemen te voorspellen. In hoofdstuk 4
onderzoeken we de nauwkeurigheid van deze modellen in het voorspellen van het
adsorptie gedrag van een zes-component mengsel bestaande uit butanal , 2-ethyl-2-
hexenal, 2,6-dimethylcyclohexanon, 2,4,6-trimethylfenol, 2,4,6-trimethylanisole en
tolueen in de in de ammoniumvorm van de Y zeoliet. Het twee locatie Langmuir
model en het gescheiden locatie IAST model werken het beste voor dit systeem en
worden verder gebruikt in een multi-component doorbraak model. We zien dat het
doorbraak model, alsmede het meerdere-component, twee locatie, Langmuir model
(gebruikt om de evenwicht isothermen berekening), een ruwe schatting van de
kwalitatieve doorbraak gedrag van het systeem kan geven.

Het systeem gebruikt als casus in dit proefschrift bestaat uit moleculen van
verschillende grootte, vorm, functionele groepen en polariteit. De meeste zuivere
component gegevens die nodig zijn voor het beschrijven adsorptie gedrag van dit
multi-component systeem werden geschat. Ondanks deze uitdagingen, bleek het
krachtveld ontwikkeld in hoofdstuk 2 samen met IAST, geschikt om het adsorptie
gedrag van het multi-component systeem met voldoende nauwkeurigheid te
voorspellen voor screening doeleinden. In hoofdstuk 3 hebben we laten zien dat de
meest gebruikte activiteitscoéfficiént modellen afkomstig uit de gas-vloeistof theorie
het niet-ideaal gedrag in de geadsorbeerde fase niet adequaat kunnen beschrijven. In
hoofdstuk 4 hebben we een eenvoudige doorbraak model geintroduceerd en hebben
verschillende evenwicht modellen onderzocht voor het voorspellen van de adsorptie
van het zes-component mengsel in de ammonium vorm van de Y-zeoliet. Voor dit
systeem werkt het multicomponent twee locatie Langmuir model het beste. Het
eenvoudige doorbraak model, alsmede het multi-component twee locatie Langmuir
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model, kan slechts een ruwe schatting geven van de multi-component doorbraak
profielen.
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