
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Entropy driven separations in nanoporous materials

Torres Knoop, A.

Publication date
2016
Document Version
Final published version

Link to publication

Citation for published version (APA):
Torres Knoop, A. (2016). Entropy driven separations in nanoporous materials. [Thesis, fully
internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/entropy-driven-separations-in-nanoporous-materials(3c66e4fd-4a8f-492a-9006-69ed2851eb78).html


CHAPTER 9

Summary

There are many industrially relevant separation processes which are either not
feasible by conventional methods (such as distillation or crystallization), or ener-
getically very expensive. Examples are the separation of xylene isomers (important
in the petrochemical industry for the production of PET), and the purification of
styrene (necessary for the production of polystyrene). In these cases, separation
based on adsorption in porous materials is an important alternative, from both an
economic and an environmental point of view.

In industrial applications, most separations based on adsorption in porous ma-
terials are cyclic. In each cycle the mixture is passed through a column filled with
an adsorbent (porous) material –chosen such that one of the components is ad-
sorbed at a larger extent than the others– until the adsorbent material is saturated.
The adsorbed molecules are then recovered or removed by desorption. In each of
these cycles, the composition of the adsorbed and transmitted mixture differs from
the initial (inlet) mixture, as some of the components are preferentially retained
over other components. Separation is achieved by passing the mixture (either the
adsorbed or the transmitted) through the adsorbent material several times, until
the desired composition (purity) is achieved.

The overall performance in adsorption based separation processes in porous
materials depends on (1) the degree of preference of the material for a given mix-
ture component, the selectivity, and (2) the amount that the material can adsorb,
the capacity. A large selectivity requires less cycles to achieve the desired purity,
while a large capacity leads to longer cycles, since more material can be handled
per cycle. In both cases, the gain in the efficiency of the separation process is due
to a reduction of the desorption steps needed for the separation. Desorption is the
most energetically expensive step.
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198 Chapter 9. Summary

This work focuses on studying and developing more economic and environ-
mentally friendly adsorption-based separation mechanisms in porous materials for
industrial applications. To fulfill this, we need separation mechanisms where both
the selectivity and capacity can be combined. Most of the published literature
focuses on affinity-based selectivity. In this case, the selectivity relies on one of
the mixture components having a stronger interaction with the adsorbent material
as compared to the other mixture components. The problem with this is that it
only works at low loadings or in materials with low capacity.

In order to illustrate this, imagine we want to separate an equimolar mixture
(50% component A and 50% component B). Also, lets suppose the adsorbent
material prefers component A because A interacts more strongly with specific sites
in the material than component B. This is what we call an enthalpic selectivity
(or affinity-based selectivity). Then the problem is that, once all the specific sites
are filled, no further selectivity can be gained. If we increase the capacity, for
example by making the pores larger, the additional volume will not contribute to
the selectivity. In the saturation regime, the selectivity will be lost or significantly
reduced. Most relevant industrial separations work precisely in this regime to make
operate cost efficiently. In this regime, the separations are entropic in nature.

The process described above applies to adsorption in porous materials with
pore diameters of a similar size to the mixture components (in general materials
with pores in the range of nanometers, 1×10−9 m, known as nanoporous mater-
ials). Two very promising types nanoporous materials for separations based on
adsorption, due to their uniquely high surface area and porosity, are zeolites and
metal-organic frameworks (MOFs). In fact, one teaspoon of zeolite can provide
a surface area as large as the surface of a football field. Zeolites can be found in
nature. Most of them are very stable and cheap, and they are already abundantly
used in industrial applications. Unfortunately, there is a finite number of zeolite
topologies and most of them are limited in pore size (and therefore in the capa-
city). Most metal-organic frameworks are not as stable nor as cheap as zeolites.
However, their tailor-ability provides a great variety of structures, most of which
posses very large pore volumes compared to other porous material. This makes
metal-organic frameworks very promising alternatives for separation processes.

In order to exploit the large pore volumes of MOFs, while still ensuring a high
selectivity, new entropic separation methods that do not rely on framework af-
finity in the low loading regime have to be envisioned. Because entropy is not
easy to understand or study, less research has been done in the field as compared
to enthalpy (affinity) driven separations. Several entropy effects (mechanisms)
have previously been published: configurational entropy, size entropy and length
entropy. However, the work in this thesis shows that none of these effects can
be extended to large capacity-structures (they originate form tight confinement).
Here, we present two new entropic mechanisms: commensurate stacking and face-
to-face stacking, that can be used in large pore structures and therefore offer an
alternative path in the design of nanoporous materials for industrial separations.

To study separation mechanisms that operate at industrial (saturation) condi-
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tions, one first needs a simulation method capable of handling these types of
systems. In molecular simulations, adsorption is studied by computing the equi-
librium amount of adsorbed molecules at a given pressure and temperature. In
thermodynamics, the pressure, or rather the chemical potential, is what is called a
conjugate variable to the number of molecules. Therefore by keeping the pressure
fixed, the number of (adsorbed) molecules fluctuates. To find the equilibrium load-
ing (amount of molecules adsorbed), molecules have to be inserted and deleted.
The problem is that, if the system is at saturation, inserting and deleting (and
therefore sampling the fluctuations in the number of adsorbed molecules) is easier
said than done. The system tends to get stuck in states that are not necessarily
in equilibrium (yet), and any information we get from these states could be incor-
rect. To overcome this problem, we developed a method that inserts and deletes
molecules in a gradual and biased way. This is done by expanding the system with
a molecule whose interaction strength with the surroundings is scaled, known as a
fractional molecule, and biasing its insertion towards energetically favourable con-
figurations. The fractional molecule has a higher probability of finding a vacant
spot in these highly saturated type of systems. After the fractional molecule has
been inserted, we slowly increase its interaction strength with the surroundings
until it becomes a fully interacting molecule. This forces the environment (the
surrounding molecules) to adjust to the presence of the fractional molecule and
enhances its probability to be accepted as a ‘normal’ molecule. The method, called
Configurational-Bias Continuous Fractional Component Monte Carlo, allows the
number of molecules to fluctuate even close to saturation conditions. In chapter
2, this method is described in detail and its efficiency is demonstrated.

In chapter 3, we further explore this methodology and use it in systems with
strong and directional interactions: liquid water at low temperatures and DMF
(N,N-dimethylformamide), which is a common solvent used in MOFs synthesis.
In chapter 4 we study the effect of having a fractional molecule on the system’s
properties. We focused on the heat of adsorption for two reasons (1) is a very
sensitive quantity to the number of molecules in the system and their arrangement,
and (2) because it is a relevant quantity in the design of separation processes. Here,
we derive the corrections needed in order to use our method for the computation
of the heat of adsorption and we show that it can compute the heat of adsorption
even at saturation conditions, where other methodologies fail.

With all the necessary computational tools needed to study separations at
saturation conditions, we turn our attention to industrially relevant applications.
This turned out to be very successful. The goal of the thesis was to find separation
methods that combine high selectivity with high pore capacity, and in the process
we discovered two new entropic mechanisms capable of achieving this. In chapters
5 and 6 we present these entropic mechanisms: commensurate stacking and face-
to-face stacking. We show that commensurate stacking can be used to separate
para-xylene and that face-to-face stacking can be used to separate benzene and
ortho-xylene from other aromatics. Both of these separations are industrially rel-
evant, as ortho and para-xylene are important raw materials for the production
of plastics, rubber and PET. In chapter 7 we study the performance of several
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materials for the separation of styrene/ethylbenzene mixture at saturation condi-
tions. We analyze the entropic mechanisms taking place in the different materials
and conclude that having ‘pure’ entropic effects enhances the selectivity. Finally,
in chapter 8 we review all the entropy mechanisms published so far (to the best
of our knowledge) and we reexamined the other three known entropy mechanisms
and their relation. We conclude that all entropic mechanisms are actually derived
from size entropy. The difference between them is what size means and how size
reduction is achieved. If the pressure is high enough, all mechanisms will reduce
to size entropy.

Studying and understanding entropic mechanisms at saturation conditions is cru-
cial to the design of next generation materials for industrial separations.


