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1
Introduction

A
lcohols are organic chemical compounds that are found naturally. Since polar

molecules are composed of hydroxyl groups that replace hydrogen atoms in

an alkane, the number of accessible alcohols and their configurations are very

high.

Because there are many alcohols, the system-

atic study of their properties is complex. With this

in mind, the use of advanced techniques in sim-

ulation is an interesting and low cost alternative

to experimental studies. In addition, molecular

simulations provide valuable information about

microscopic magnitudes, which are inaccessible

by experiments. Monte Carlo methods, molecular

dynamics and energy minimization algorithms

are powerful tools to study the behaviour of alco-

hols in their pure state, in mixtures with other

substances or interacting with solids.

This thesis studies the possibility of using molecules of alcohol, both pure and mixed

with water, in combination with porous materials. These porous materials are diverse,

each with particular characteristic: zeolites, metal organic frameworks (MOFs) and

activated carbons, are the ones studied here.

1



2 Chapter 1

1.1 ADSORBATES (ALCOHOLS)

Alcohols are organic molecules composed

by hydroxyl groups (−OH) attached to

an aliphatic atom of carbon.1 Alcohols

contain two (diols), three (triols) or more

(polyols) hydroxyl groups and also groups

bonded to aromatic rings (phenols). Alco-

hols have many applications at industrial

level, such as the creation of polymers

and polycarbonates2–7, fuels2,5,8–10 or sol-

vents.11–14 Linear alcohols are formed

by a chain of CH2 groups linked to

a methyl group (CH3−) and to a hy-

droxyl group. Branched alcohols have

the −OH group bonded to a central car-

bon in the chain. Methanol (CH3OH) is

the simplest alcohol, consisting solely of

a methyl group attached to a hydroxyl

group. Methanol is used to obtain hy-

drogen for fuel cells,15 16–18 as working

fluid in thermal machines19–25 or as raw

material to produce hydrocarbons.26–30

Ethanol (C2H5OH) is the most used al-

cohol due to its low toxicity and ease of

obtaining from sugars fermentation.31–35

Ethanol is used as biofuel,11,36–38 in spir-

its,39,40 as a solvent,11–14 in the medi-

cal industry41–43 and thermal reactors

as heat transfer fluid.19,21,22,25 Propanol

(C3H7OH) is used as an organic sol-

vent11–14 and a chemical intermediate in

the production of amines and esters.44,45

Propanol is also used as a biofuel because

is less corrosive than ethanol,46 but its

primary use is as a propylene precursor,

an important product for synthesising of

some plastics.47 Propanol can be obtained

from organic waste through microbial pro-

duction.45,48 Butanol (C4H9OH) is consid-

ered one of the most promising biofuels

due to its remarkable adaptability to vari-

ous types of engines49,50. Linear alcohols

with five or more atoms of carbon have

higher heat capacity than short-chain al-

cohols.51,52 In addition to the uses above,

these alcohols are used as fuel or as addi-

tives for gasoline.53

Large-scale production of alcohols

is carried out through chemical reac-

tions.54,55 Alcohols, used as cooling flu-

ids and present in the petrochemical in-

dustry, are susceptible to being mixed

with water.56,57 Given the polar nature of

both molecules and the presence of −OH

groups, they can interact through hydro-

gen bonds and form clusters.57,58 Dehy-

dration of alcohol is a needed process for

two reasons. First, ecological since the fil-

tration of alcohols into rivers and seas can

destroy flora and fauna of these areas.59

Second, the economic reason since the re-

covery of raw materials lowers the costs of

industrial applications. The main mecha-

nism for alcohol-water separation is distil-

lation.60 However, this method has draw-

backs, such as the high energy cost of heat-

ing the alcohol-water mixture and the im-

possibility of separating azeotropes.60 For

this reason, alternative techniques have

been sought, such as pervaporation mem-

branes (in liquid or gaseous state) or sep-

aration by adsorption in porous materi-

als.61

This thesis aims to study the prop-
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erties of molecules of alcohol and their

physicochemical interactions, purification

and use as working fluids in energetic

processes such as energy transfer or heat

pump applications.

1.2 POROUS MATERIALS

This section describes the porous ma-

terials that will be used to adsorb the

molecules of alcohol. Zeolites, Metal Or-

ganic Frameworks (MOFs), Zeolitic Imi-

dazole Frameworks (ZIFs) and activated

carbon (ACs) have been studied. These

frameworks have a periodic structure or

can be studied using simplified models

(ACs). When a molecule of gas interacts

with the internal surface of the structure,

it releases energy in the form of heat,

making the system more stable.62 The

amount of energy released depends on the

strength of the interaction of the molecule

(guest) with the framework (host), which

is given, among other factors, by the de-

gree of hydrophobicity/hydrophilicity of

the adsorbate-adsorbent pair.63 The hy-

drophobicity of molecules of alcohol de-

pends on the composition (number of car-

bon atoms and −OH groups) and geom-

etry.64 The hydrophobicity of the adsor-

bents depends on factors such as chemical

composition, topology and other structural

properties.24

1.2.1 Zeolites
Zeolites are microporous materials formed

by silicon and oxygen tetrahedra, linked

through covalent bonds. These tetrahe-

dra are called Primary Building Units

(PBUs). PBU configurations generate the

different topologies. Pure silica zeolites

are highly hydrophobic materials due to

the lack of unpaired electrons. However,

they may contain impurities. Other met-

als, generally aluminium, can replace the

atoms of silicon of some tetrahedra. Im-

purities introduce unpaired electrons into

the tetrahedron, which are compensated

with cations. These cations can be pro-

tons or heavier atoms such as sodium or

calcium. The amount and type of cations

change the degree of hydrophobicity of the

zeolite.

Zeolites, as crystalline materials, have

well-known symmetries and periodicity.

They have specific topologies that can be

studied through the unit cell. The unit

cell represents the structure, and it can

be replicated in space to generate an in-

finite crystal without edge effects. Figure

1 shows the PBU and some examples of

zeolite topologies.

The first documented zeolites date

from 1756 by Axel Fredrik Cronstedt.

There are about 300 catalogued zeolites

topologies, natural and from synthesis.

Among others applications, zeolites are

used for gas storage,65–67 on catalysts26

or as heat transfer devices67. The compo-

sition and topologies of the zeolites give

pore sizes between 3−14Å. Zeolites are

structures with high stability and very low

flexibility compared to other materials, so

they can usually be considered rigid. This

thesis studies zeolites for energy applica-

tions and for pervaporation membranes to
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dehydrate methanol and ethanol.

Figure 1. (a) PBU, (b) LTA, (c) RHO
and (d) SOD topology. Yellow atoms
represent atoms of silicon while red
atoms represent atoms of oxygen.

For their relevance in industry, we em-

phasize the study of Faujasite (FAU) and

MFI zeolites. FAU is the most used ze-

olite in catalysis and separation.66 The

unit cell is composed by 192 atoms of sil-

icon and 384 atoms of oxygen. The com-

position can be modified by substituting

some atoms of Si by atoms of Al and ex-

traframework cations. FAU has a topol-

ogy formed by ten-membered rings linked

through double rings that form big cages

and small cavities named sodalites. There

are several commercial zeolites with FAU

topology but different chemical composi-

tions and, therefore, different properties.

MFI is a zeolite formed by five-

membered rings that creates a three-

dimensional structure with straight and

sinusoidal channels. MFI is industrially

used in separation,68–70, catalysis71,72

and in the production of membranes.73

1.2.1.1 Membranes composed by

zeolites

MFI is raw material to create mem-

branes.73 The process is non-trivial. It re-

quires the control of the orientation in the

growth of the crystal and the prevention

of the twinning.73 However, once manu-

factured, the membranes have sieves with

straight channels and a very high degree

of hydrophobicity.

Pure silica membranes are used for

gas-gas or liquid-liquid separation73 while

membranes with impurities can be used

in the catalytic reactions of organic com-

pounds.73

1.2.2 Metal Organic Frameworks

(MOFs)
MOFs are crystalline porous materials

with metal clusters linked through organic

ligands.58 The characteristics of MOFs are

similar to zeolites. They are periodic crys-

tals capable of adsorbing gas molecules

releasing energy in the process. However,
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their chemistry is very diverse as chem-

ical composition is not restricted to alu-

minosilicates. Thus, MOFs have many ge-

ometries and degrees of hydrophobicity,

which entails pores of diverse sizes and

shapes. MOFs are usually more flexible

than zeolites. The flexibility is reflected

in a vibration of the atoms of the struc-

ture, rotation of ligands or the variation

of the angles of the crystalline cell.74 Tem-

perature is the main cause of vibration

and affects the diffusion of molecules.75,76

The structural changes are due to factors

such as presence of adsorbed molecules,77

change in PH or external agents.78 These

structural changes can alter the pore size,

the window size that prevents or allows

molecular diffusion, or changes in the ge-

ometry of the framework.78

MOFs have similar applications to ze-

olites.65 However, they are usually big-

ger and are therefore optimal for gas ad-

sorption and separation. However, MOFs

have less stability than zeolites. This the-

sis analyses the use of MOFs for storage,

separation and energy applications.

There is a subclass of MOF named Ze-

olitic Imidazole Frameworks (ZIFs). ZIFs

are specific MOFs formed by metallic

clusters linked by imidazolium ligands.65

They have zeolite topology and MOF large

capacity and variety of compositions.65

This thesis studies the use of ZIFs in

complex thermal machines such as heat

pumps. Figure 2 shows a representation

of MOF (MIL-140C) and ZIF with topology

SOD (ZIF-8).

Figure 2. (a) MIL-140C and (b) ZIF-8. Gray,
blue, red, teal and white atoms represent
the atoms of the metal atoms, nytrogen,
oxygen, carbon and hydrogen respectively.

For their big capacity and stability,

we emphasize the study of MAF-6.58

MAF-6 has a Zn-based metallic centre

linked through an organic ligand of 2-

ethylimidazole, forming a RHO topology

(big cages linked by cylindrical channels).

Its highly hydrophobic degree, low den-

sity
(

813.58kg/m3)

and large pore vol-

ume
(

0.59 cm3/g
)

make MAF-6 a promis-

ing candidate for capture, separation or

energy applications. MAF-6 is used for fast

adsorption removal of phthalic acid from

aqueous solution79 or separation of xylene

isomers.80

1.2.3 Activated Carbons
Activated carbons (ACs) are porous ad-

sorbents formed by atoms of carbon with



6 Chapter 1

traces of oxygen and hydrogen.81 ACs are

obtained from burning organic materials

such as wood or sugar cane residues,82 or

from mineral coals.81 The activation pro-

cess, determined by the pressure, temper-

ature and composition of the atmosphere

in which the pyrolysis occurs, determines

the porosity of the samples.81 ACs are not

crystals since they do not have a periodic

structure with symmetry, but their density

is homogeneous. For this reason, models

consider ACs as periodic materials with

their atoms uniformly arranged and re-

produce the porosity observed in experi-

ments.81

ACs are used for gas storage,83–85 sep-

aration, purification,86,87 drug delivery,88

photocatalysis89 and heat transfer.67,90

Here, we studied the use of ACs obtained

from coke pyrolysis at several tempera-

tures. These ACs have been subjected to

activation processes to increase their pore

volume and adsorption capacity. The cost

and stability of ACs make them an attrac-

tive alternative to zeolites or MOFs for

energy applications.

1.3 APPLICATIONS

There are many applications involving

alcohol-porous material pairs. From the

most straightforward, such as sequestra-

tion of molecules of gas,66,67 to energetic

applications,19,67 separation or purifica-

tion.73,86,87 Here, we have studied all men-

tioned applications focusing on alcohols as

fluid in combination with water or pure

state, zeolites, MOFs, ZIFs and ACs.

1.3.1 Gas Uptake
Gaseous molecules in the air should be

removed for industrial applications65,83

and also because they are dangerous to

health.91 However, discriminating parti-

cles of the size of a few angstroms is highly

difficult. In this context, the aforemen-

tioned porous materials are desirable al-

ternatives with endless possibilities due

to their incredible diversity.58 The study

of the capture of organic and inorganic

molecules, with industrial applications or

dangerous for the health, has been widely

studied in zeolites,65–67 MOFs58,65,79 or

ACs.83,84

1.3.2 Gas Separation
In many cases, chemical industry gen-

erates mixtures of water and alcohol as

waste that can filter into rivers, generat-

ing dangerous contamination.59 Dehydrat-

ing alcohol for ecological and industrial

purposes (since it can be used as biofuel)

is fundamental to maintaining our ecosys-

tems.90 The most widespread method is

distillation,90 however, this method uses

a large amount of energy, and it is unable

to separate azeotropes.90 This thesis stud-

ies the use of membranes based on zeolite

MFI to separate alcohols (methanol and

ethanol) from water.

1.3.3 Heat Transfer
Applications based on Heat Transfer phe-

nomena intend to solve one of the main

problems of renewable energies: their

availability on demand.19 Storing solar,

wind or tidal energy and using it on de-

mand is one of the keys to implementing
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these technologies at industrial level. This

thesis collects studies of energy stored in

porous materials such as MOFs, Zeolites

or ACs using alcohols as working fluid.

These works are based on the fact that ad-

sorption is an exothermic process and can

use adsorption-desorption cycles to carry

out energy exchange efficiently.

1.3.4 Heat Pumps and Chillers
Our planet is experiencing extreme tem-

peratures. Heat Pumps and Chillers can

help to mitigate the adverse effects of

these extreme conditions.25 Traditional

climatic devices are based on the compres-

sion and decompression of a working fluid

that, in many cases, is contaminant. De-

veloping new, more environmentally safe

and efficient devices is crucial to reduce

the emission of greenhouse gases and thus

stop a feedback process that ends with a

higher global temperature. In this context,

we studied the use of molecules of alcohol,

both pure and hydrated, in combination

with MOFs and ZIFs for the development

of heat pumps and chillers with the de-

sired characteristics.

1.4 MODELING AND SIMULA-

TION

Given the significant progress in software

and hardware that the world has expe-

rienced in recent years,92 the study of

physical and chemical systems through

simulations is gaining importance. New

and more optimized algorithms, large com-

puter networks, artificial intelligence93 or

the still-in-development quantum comput-

ing prove that computational physics and

chemistry are and will be very important

in the development of science. Currently,

Monte Carlo techniques are being used

to calculate energy states for several sys-

tems,94–96 to study the atmosphere97–99

or in quantum calculations.100,101 Another

common simulation technique is molecu-

lar dynamics. It is used in many applica-

tions, such as to study the protein fold-

ing to gain insight into the mechanism of

curating diseases.102 It is also used for

characterization of catalytic surfaces103,

quantum mechanics studies,104 etc.

Molecular simulations can describe a

set of microscopic properties of physical

and chemical systems at the molecular

level that can be linked with macroscopic

properties of the real systems. Through

the movement of molecules and atoms of

a few angstroms in size and the use of sta-

tistical mechanics, molecular mechanics

and thermodynamics, we can learn about

the world around us.

The use of correct models is a crucial

factor in simulation. These models must

be complex enough to reproduce the sys-

tem correctly but simple enough to simu-

late them quickly. To be used, they have

to be validated. Experiments help to vali-

date models, and models and simulations

provide extra information about the mi-

croscopic world. This way, simulation and

experimentation maintain a symbiotic re-

lationship that benefits science.
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1.5 OUTLINE AND SCOPE OF

THE THESIS

This thesis analyses the interaction of

molecules of alcohol, both in the pure state

and in mixtures with water, with porous

materials such as MOFs, zeolites or ac-

tivated carbons using advanced simula-

tion techniques. The polarity of alcohols

and their versatility make them promising

adsorbents for numerous industrial pro-

cesses. This thesis includes the study of

the adsorption of alcohols in a hydropho-

bic MOF, separation and purification of

alcohols using membranes and energetic

applications of alcohols in several porous

materials.

In Chapter 3, we studied how short-

chain molecules of alcohol (4 atoms of car-

bon or less) interact with a highly hy-

drophobic and large-capacity adsorbent

such as MAF-6. The adsorption capacity,

the enthalpy of adsorption, or diffusion

coefficients of the alcohols inside MAF-6

have been obtained through the data anal-

ysis carried out by Monte Carlo simula-

tions and molecular dynamics.

Chapter 4 discusses the performance

of a MFI zeolite membrane to separate and

purify water and alcohol. Using molecular

dynamics, it is shown that the purification

cannot be perfect since the mutual inter-

actions between the molecules of alcohol

and water play an essential role in the

diffusion through the membrane.

Chapters 5-7 focus on studying energy

storage applications using alcohol-porous

materials working pairs. For this pur-

pose, we combine Monte Carlo simulations

with thermodynamic models of adsorption.

Chapter 5 explores the use of porous car-

bons with molecules of alcohol for ther-

mal energy storage. Chapter 6 shows the

development of a set of parameters that

describes the interaction of molecules of al-

cohol and water with zeolites. Using these

parameters, we studied the adsorption of

alcohols in zeolites with different ratios

of cations and the possibility of using this

to store thermal energy. Chapter 7 goes

a little further and describes the use of

alcohols as the working fluid in devices

such as heat pumps or chillers based on

adsorption-desorption processes in MOFs.

Finally, chapter 8 presents the conclusions

obtained throughout this thesis.
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2
Methodology

T
his chapter summarizes the methods and models developed and used in this

thesis. Monte Carlo (MC), Molecular Dynamics (MD) and Energy Minimization

(EM) are the main methods. Using molecular simulation, we have calculated

properties such as adsorption capacity or diffusion coefficients.

Data obtained from simu-

lations together with thermo-

dynamical models are used to

study the enthalpy of adsorp-

tion (∆H), the average number

of hydrogen bonds (nHB) or stor-

age density (SD) of the working

pair.

In this thesis, we have com-

bined molecular simulations

with thermodynamical models

to study energetic applications. To bridge the gap between the results obtained from

the simulations and the computation of properties needed to describe the targeted

applications, we have developed a set of homemade codes. These codes combine the

FORTRAN programming language with BASH shell scripts. The working principle of

the most representative codes will be briefly described at the end of this chapter.
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Simulation techniques provide knowl-

edge on macroscopic magnitudes such as

internal energy, temperature or entropy

from microscopic variables such as the po-

sitions and momentum of the particles in

the system. To connect microscopic and

macroscopic properties, it resorts to statis-

tical mechanics, a part of physics respon-

sible for relating macroscopic magnitudes,

measurable in a laboratory, with the be-

haviour of the individual particles that

compose the system. All simulations in

this thesis are performed using the RASPA

code (for Monte Carlo and Energy Mini-

mization),1 LAMMPS2 and GROMACS3

(for Molecular Dynamics).

2.1 MONTE CARLO SIMULA-

TION

The Monte Carlo (MC) method is based

on solving problems by generating ran-

dom numbers.4 MC is especially useful

for solving probabilistic equations such as

those in statistical mechanics. Based on

the law of large numbers, MC simulation

used in this thesis follows the Monte Carlo

Markov Chain (MCMC) method.5 MCMC

provides a “random” value within the pos-

sibilities given by the equations that gov-

ern statistical mechanics. That is, it gener-

ates microstates accessible to the system

according to a certain probability. When

the number of trials is large enough, the

average value obtained, which is the most

probable (assuming normal distribution),

is the observed in the experiments. The

measured error can be estimated from the

expression e =
p

N by the Central Limit

Theorem, where N is the number of data

evaluated.4

If we suppose a vector X
j

i
(~r i,~pi) that

represents i = 1, ..., N particles for j =
1, ..., J different configurations using their

phase space variables (position,~r i and mo-

mentum, ~pi), the probability that any par-

ticle i evolves from a state j to a state j+1

will be given by the expression

P j, j+1 = P
{

X
j+1
i

∣

∣X
j

i

}

(2.1)

This transition probability depends

exclusively on the immediately previous

state, that is, on state j. To generate the

j + 1 state, MCMC uses the generation

of random numbers that configure this

new state. The probability of accepting

this new state will be higher the more

favourable the new configuration is. A ran-

dom number, a, is created and the move is

accepted if a < P j, j+1. For this reason, the

method is also called “random walk”.6 It

simulates a walker who moves randomly

through accessible states, but there is a

convergence towards the most probable

states. MCMC is an algorithm used to

solve many problems. In this thesis, the

probability of each accessible state is rep-

resented by a function that depends on the

group (ensemble) in which the calculations

are performed.7 The ensembles used here

are:

Micro Canonical Ensemble (NVE)

This ensemble imposes the number of

particles, the volume and the energy of

the system. An analogy with the micro-
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canonical ensemble is given by a gas with

specific internal energy enclosed in a rigid

box with adiabatic walls. The probability

of finding the gas in a micro-state “ j” will

be given by a constant probability func-

tion, that is, all accessible microstates

(resulting in N particles in a volume V

with an energy E) will be equally probable.

Figure 1a shows an example of a gas in a

microcanonical ensemble.

Canonical Ensemble (NVT) This

ensemble imposes the number of parti-

cles, the volume and the temperature of

the system. The canonical ensemble can

be represented by a rigid box that contains

a gas at certain temperature. The system

can exchange heat with the environment

(Figure 1b). The probability of finding

the gas in a micro-state “ j” is no longer

equiprobable. This probability function

is proportional to the Boltzmann factor
(

e
− E

kBT = e−βE

)

, where E is the energy of

the system, T is the temperature and

kB is the Boltzman constant. β = 1
kBT

is

called “Boltzmann factor”. The probability

density function is

f (~r i,~pi)∝ e−βE (2.2)

where ~r i and ~pi represents the position

and momentum of the particle “i”. The pro-

portionality constant is the inverse of the

partition function, Z

f (~r i,~pi)=
1
Z

e
− E

kBT (2.3)

The energy of the system is repre-

sented by the Hamiltonian of the system

that depends on its phase state variables

E = H (~r i,~pi) (2.4)

And the partition function is deter-

mined in a way that normalizes the proba-

bility

1=
∫

R

∫

P

f (~r i,~pi)d~r id~pi =

=
∫

R

∫

P

1
Z

e
− H(~ri ,~pi)

kBT d~r id~pi (2.5)

Z =
∫

R

∫

P

e
− H(~ri ,~pi)

kBT d~r id~pi (2.6)

The probability of finding any mi-

crostate “A (~r i,~pi)” is given by the expres-

sion

〈A〉 =
∫

R

∫

P e
− H(~ri ,~pi)

kBT A (~r i,~pi)d~r id~pi

∫

R

∫

P e
− H(~ri ,~pi)

kBT d~r id~pi

(2.7)

This ensemble allows the search for

the most stable configuration of a sys-

tem with a specific temperature. It is

used to validate density models, study the

most stable configurations for molecules

within structures, calculate host-guest in-

teractions and calculate the adsorption en-

thalpy of the molecules in the material.

Grand Canonical Ensemble (µVT)

This ensemble imposes the volume of the

system but allows the exchange of parti-

cles and energy by fitting the chemical

potential and temperature. The Grand

Canonical ensemble can be represented

by a rigid box with permeable walls that

allow on the exchange of particles and

heat with the environment (Figure 1c).
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As in the canonical ensemble, the proba-

bility density depends on the Boltzman

factor, but it also depends on the chemical

potential, µ.8 This parameter represents

the change of internal energy when in-

troducing an infinitesimal mass (in our

case, a particle) in a homogeneous system

without changing entropy or volume. So

the probability distribution is

f (~r i,~pi)=
1
Q

e
− H(~ri ,~pi)−µN

kBT (2.8)

where “Q” is the grand partition function

or the partition function for the macro-

canonical ensemble. This function allows

accessible microstates to have different

number of particles. Using this ensem-

ble, it is possible to calculate the adsorp-

tion/desorption of molecules of gas in the

adsorbent.

Simulations were performed using the

MCMC method with the probability distri-

butions mentioned above. The microstates

“ j+1” generated from the “ j” were built

through programmed movements and exe-

cuted according to variable weights. These

movements are:

Insertion/Deletion Move. This

movement allows the insertion or elim-

ination of molecules within the simulation

box. However, the insertion of molecules,

especially long chain molecules, is not

trivial. Configurational Bias Monte Carlo

(CBMC)9 helps to improve the proba-

bility of acceptance in the insertion of

molecules. CBMC is an equiprobable in-

sertion/deletion movement based on the

Figure 1. Representation of systems in
(a) NVE, (b) NVT and (c) µVT ensembles.

insertion of molecules by parts. A posi-

tion is randomly chosen, and the molecule

is grown according to its internal energy,

minimizing the total energy of the system.

For a molecule composed of i = 1, ...,n seg-

ments, j = 1, ...,k different orientations are

generated for each segment i according to

the energy of interaction with the system.

Probability is expressed as
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Pi ( j)=
e− Ui( j)

kBT

∑k
j′=1 e− Ui( j′)

kBT

=
e− Ui( j)

kBT

ωi

(2.9)

where Ui ( j) represents the energy of the

particle “i” in configuration “ j”. ωi is de-

fined like ωi =
∑k

j′=1 e−
Ui( j′)
kBT

. Once the po-

sition of segment “i” is accepted, the po-

sition of segment “i+1” is calculated un-

til the molecule is completely constructed.

The Rosenbluth factor is defined as

W =
n

∏

i=1
ωi (2.10)

The Rosenbluth factor10 provides in-

formation on the flexibility of the molecule

and allows to define the probability of ac-

ceptance (Pacc) of this movement from the

equation

Pacc (o → n)= min

(

1,
W(n)
W(o)

)

(2.11)

where the states "o" and "n" belong to the

old and new configurations, respectively.

To insert (or delete) a particle within a sys-

tem with N existing particles, the probabil-

ity will be proportional to the Rosenbluth

factor but also to the volume of the system,

number of existing particles and chemical

potential, which is related to fugacity and

therefore to the external pressure. Proba-

bilities of acceptance/removal are:

Pacc (N → N +1)=

= min

(

1,
WN+1V

kBT(N +1)
f

〈W ideal〉

)

(2.12)

Pacc (N → N −1)=

= min

(

1,
kBTN

WN−1V

〈W ideal〉
f

)

(2.13)

where W± and W ideal are the Rosenbluth

factor of the new state and the ideal gas,

and f the fugacity. Fugacity can be related

to external pressure (p) from the fugacity

coefficient φ by the expression f =φp.

Translation Move. This move dis-

places the molecule randomly through the

accessible volume of the simulation box.

This movement can be equiprobable or set

with different probability in the three di-

rections of the space. The orientation of

the molecule is not affected by this move-

ment. The probability for this movement

to be accepted is given by

Pacc (o → n)= min

(

1, e
1

kBT (Ui(n)−Ui(o))
)

(2.14)

Rotation Move. As for translation,

this move allows random rotation of a

molecule. The probability of acceptance is

the same as that for equation 2.14. The po-

sition of the centre of mass of the molecule

is not affected by this movement.

Identity Change Move. This move-

ment is restricted to mixtures. It changes

a molecule “i” by another “ j”. The proba-

bility of acceptance is

Pacc (i → j)=

= min

(

1,
W j f j〈W ideal

i
〉Ni

W i f i〈W ideal
j

〉
(

N j +1
)

)

(2.15)
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2.2 MOLECULAR DYNAMICS

MD relies on solving the equations of

mechanics (Newton’s or Hamilton’s equa-

tions) to reconstruct the path that parti-

cles follow.7 MD is a deterministic method

that calculates positions and velocities at

an instant of time “t+∆t” from the configu-

ration at time “t”. The velocity-Verlet algo-

rithm is the most widespread for MD. It is

a Cauchy problem, a second-order method

with initial variables. The equations that

govern this method are:

~r i (t+∆t)=~r i(t)+~v(t)∆t+
~f i(t)
2m

∆t2+

+Θ(∆t3)

~vi (t+∆t)=~vi(t)+
~f i(t)+~f i(t+∆t)

m
∆t+

+Θ(∆t3) (2.16)

where ~r i(t), ~vi(t) and ~f i(t) represent the

position, velocity and forces exerted on the

particle “i” at the time “t”. “m” is the mass

of the particle, and “∆t” is the simulation

time step. The choice of this timestep is

crucial element in simulation. Very small

timesteps increase the calculation time

and the accumulation error, while large

timesteps lead to non-reliable values.11

This algorithm introduces a control ele-

ment based on the energy change in each

step. If the change in energy exceeds a typ-

ical value “δ” after “λ” integration steps

according to equation 2.17, the method

fails and indicates that the timestep is too

large.

λ
∑

i=1

∣

∣1−
E (i ·∆t)

E(0)

∣

∣< δλ (2.17)

MD allows to average in time a prop-

erty 〈A〉, that is, in thermodynamic equi-

librium.

〈A〉 = lim
t→+∞

1
t

∫t

0
A(~r i, t′)dt′ (2.18)

2.2.1 Pervaporation Membranes
GROMACS plugin “Plumed”12 can create

regions in the simulation box with spe-

cific molecule densities. Plumed defines

three regions in the simulation box, Con-

trol Region (CR), Transition Region (TR)

and Force Region (FR). Counting the num-

ber of molecules in CR, Plumed performs

a force over the molecules in the FR push

or pull up to the TR to obtain the target

density. This method allows different den-

sities on both sides of a membrane to sim-

ulate a pervaporation membrane. Fixing

the liquid density on an edge and vacuum

on the other side, the molecules cross the

membrane by density gradient.13 The flux

(Jz) of particles through the membrane

is given by the difference on the parti-

cles that cross a perpendicular surface in-

side the membrane with positive direction
(

N+
i

)

and negative direction
(

N−
i

)

divided

by the surface area
(

Axy

)

and time (t).

Jz =
N+

i
−N+

i

t · Axy

(2.19)

The pervaporation membrane is cre-

ated by replicating the unit cell in the z

axis and truncating it perpendicularly by
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the most stable plane. Hydrogen atoms

are added to maintain charge neutrality.

2.3 ENERGY MINIMIZATION

EM searches for the state of the system

with the lowest internal energy. Starting

from any state decreases the energy to the

minimum energy. Various algorithms seek

to minimize energy.14 The simplest is the

Steepest Descent Method.14 This method

calculates the internal energy of the sys-

tem on the phase space variables and mod-

ifies the coordinates to reach a minimum.

Since the potential energy only depends

on the position of the particles in the sys-

tem, only the position of the particles influ-

ences the calculation of energy. The mini-

mum energy is reached when the forces ex-

erted on the particles are minimum (zero

in an ideal situation) because the (conser-

vative) force is related to the potential en-

ergy through the gradient. Thus, we can

calculate the minimum energy positions

through the equation:

~rn
i =~r0

i −ki
~∇ f

(

~r0
i

)

(2.20)

where ki is a dynamical parameter. This

method is a good approximation for sys-

tems with energies for which the second

derivative varies monotonously. However,

the possibility of falling into a local mini-

mum is high for more complex functions.

For this reason, more complex algorithms

such as the Conjugated Gradient15 or

Baker16 algorithm are used. These algo-

rithms reduce computation time and find

non-local minima more frequently. In this

thesis, EM simulations have been carried

out to calculate the position of the binding

sites and the most stable configuration of

a molecule in a structure.

2.4 PERIODIC BOUNDARY

CONDITIONS

The systems researched in this thesis are

(infinite) crystals and fluids with parti-

cles of the order of the Avogadro’s num-

ber. Since it is impossible to simulate

such large systems, we need to apply con-

straints that reduce the number of degrees

of freedom. The aforementioned unit cells

represent each crystal with a finite num-

ber of degrees of freedom. We can use this

fact and reduce the number of degrees of

freedom to a computable number just by

applying symmetries to the system. This

method is called Periodic Boundary Con-

ditions (PBC)7 and allows to define the

simulation box as a representative system

region with which to obtain all the infor-

mation through the spatial repetition of

the simulation box.

The simulation box must be large

enough to represent the system correctly

but to a certain level to prevent ample cal-

culation time. The minimum size adopted

by the scientific community is at least

twice the cutoff of the van der Waals inter-

actions
(

12Å< rV dW < 14Å
)

.

The simulation box is replicated in all

directions according to the cell parameters.

It generally assumes a triclinic system

composed of three lengths (a 6= b 6= c) and

angles
(

α 6=β 6= γ
)

where side a coincides
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with the x-axis, and b is in the xy-plane

(see Figure 2a). The normalized positions

of the triclinic system
(

R′) are related to

the Cartesian positions (R) through the

following transformation matrix M:

M =









a bcosγ ccosγ

0 bsinγ
c(cosα−cosβcosγ)

sinγ

0 0 V
absinγ









(2.21)

with V

V =
abc

sinγ
·

·
√

1−cos2α−cos2β−cos2γ+2cosαcosβcosγ

so that

R = M×R′ (2.22)

The matrix M is used to reproduce

the unit cell and to calculate the shortest

distance between two points using PBC

(Figure 2b).

2.5 SIMULATION DATA

This section describes the simulation prop-

erties obtained in the thesis. Data and

properties were calculated using RASPA,1

LAMMPS2 and GROMACS,3 as well as

own codes.

Helium void fraction (HVF) defines

the accessible space by a helium molecule

within a structure divided by the total

space it occupies. That is, it is the percent-

age of available space that molecules of

helium can occupy.

Pore volume (PV) is closely related

to HVF. HVF represents the fraction of

occupiable space, and PV represents the

accessible volume in the porous material.

(PV = HV F ×UnitCellV olume).

Internal surface area (SA) is calcu-

lated by "rolling" a probe molecule, com-

monly argon or nitrogen, on the internal

surface of the structure. This method is

implemented by placing spheres centred

on each atom of the structure of various

radii and eliminating overlaps. The sum

of all these surfaces results in the internal

surface of the structure.

Figure 2. Representation of (a) tri-
clinic simulation box and (b) PBC.
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Figure 3. Example of PSD of a crys-
talline material containing channels (blue
cylinders) and cages (yellow spheres).

Pore size distribution (PSD) is de-

fined as a histogram showing the fre-

quency at which a sphere can be inserted

into the various cavities of the structure

based on its size. The width of the peaks

and their intensity depend on the topol-

ogy of the structures. Figure 3 shows an

example of PSD with its corresponding

MOF. In the example, we found two peaks

corresponding to a channel (7Å) and a

cage (17.5Å). Channels depicted as blue

cylinders and the cage as a yellow sphere.

Figure 4. Example of the RDF be-
tween atoms of oxygen and hydrogen
of a sample of methanol in the bulk.

Radial Distribution Function

(RDF) shows the variation in particle

density “i” as a function of the distance to

another reference particle “ j” (see Figure

4). The RDF is calculated by counting the

number of particles between a distance

r and r+ dr. The integration of RDF be-

tween 0 and R provides the number of

particles at a distance R from the refer-

ence particle.

Movies are representations of the mi-

crostates of the system. They show the

position of the particles in a specific state

(MC simulation) or in time (MD). By chain-

ing several Movies, we can represent the

trajectory of the particles as a function

of time (MD) or a succession of states in

equilibrium in the ensemble (MC). Visual-

ization programs give Snapshot of the dif-

ferent microstates. Figure 5 shows an ex-

ample of molecules of methanol adsorbed

in MAF-6. Visualization can be done us-

ing programs like GDIS, iRASPA or Visual

Molecular Dynamics (VMD).

Figure 5. Snapshot of trajectory (Movie)
of methanol inside MAF-6. Teal, red and
white spheres represent the carbon, oxy-
gen and hydrogen atoms respectively.
The blue lines represent the crystallo-
graphic positions of the MAF-6 structure.
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Mean Square Displacement (MSD)

gives an idea of the distance travelled by

an average particle or atom/pseudo atom

within a system as a function of time. MSD

is a quadratic function, so it will always

be positive and is usually represented on

a double logarithmic scale to more eas-

ily differentiate three regions: the ballis-

tic region, the region dominated by colli-

sions and the diffusive region. The ballis-

tic regime occurs at very short times, less

than the average collision time between

particles. The particle behaves like a free

particle in this region, and its MSD is pro-

portional to t2. As time progresses, the par-

ticles begin to interact and collide. At this

point, the MSD does not show a defined

trend, reaching a flat shape in some cases.

The second region is a transitive regime

that evolves to the diffusive regime where

the particle continues the interaction with

other particles, but the MSD becomes lin-

ear, proportional to t. This regimen may

not be reached depending on whether the

molecules diffuse or not. Figure 6 shows

an example of the MSD of methanol in

MAF-6.

The Self-difussion Coefficient (Ds)

can be extracted from the MSD slope in

a diffusive regime through the Einstein

equation.

Ds =
1

2N
lim
t→∞

d

dt
〈

N
∑

i=1
(~r i(t)−~r i(0))2〉

(2.23)

where N is the total number of particles

and~r i(t) is the position of the particle “i”

at time t.

Figure 6. MSD (in log-log-scale) of methanol
confined within the pores of MAF-6. Ver-
tical lines delimit 3 different regions:
(I) Ballistic, (II) collision and (III) diffusive.

The Adsorption Capacity of a ma-

terial depends on factors such as the

composition and geometry of the adsor-

bent, external temperature and pressure.

Isotherms and isobars are obtained by

setting others temperatures or pressures.

These isotherms and isobars provide the

number of particles that are adsorbed or

desorbed in a pore as a function of pres-

sure or temperature, respectively.

Enthalpy of Adsorption is the en-

ergy released in the form of heat when a

structure adsorbs molecules. Information

on the adsorption enthalpy is crucial for

energy applications using porous materi-

als. Two extreme cases are adsorption at

infinite dilution and adsorption at satura-

tion. In the first case, the interaction of the

molecule is governed by the interactions

with the surface of the adsorbent and in
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the second case, by mutual interactions be-

tween adsorbed molecules. To perform this

calculation, we can rely on models such as

those developed by Dubinin-Polanyi, using

the Clausius-Clapeyron equation or tak-

ing the interaction energies obtained with

RASPA, performing a Legendre transfor-

mation to obtain the heat.

Average Number of Hydrogen

Bonds per Molecule (nHB). Molecules

like water or alcohol can create hydro-

gen bonds (HB). HB are forces exerted

between electronegative atoms such as

fluorine, oxygen or nitrogen with hydro-

gen linked by a covalent bond to another

electronegative atom. These forces are not

especially strong, so their half-life time

is bare short
(

∼ 1µs
)

. HB are evaluated

with a geometric criterion based on three

maximum distances (cutoffs) between the

atoms involved. nHB denotes the number

of HB between the molecules of a sub-

stance or mixture. The arrangement of the

molecules (within an adsorbent or in bulk),

the number of hydroxyl groups or the tem-

perature are evaluated through this pa-

rameter. nHB is calculated from the posi-

tions (Movies) of the particles.

Spatial Distribution Function

(SDF) shows the distribution of molecules

that can form bonds (in this case, HB) with

a reference molecule. Figure 7 shows the

SDF of water where the red surface repre-

sents the possible positions of the atoms

of oxygen of all the water molecules capa-

ble of forming an HB with the reference

molecule.

Figure 7. SDF of water. Red shape corre-
sponds to atoms of oxygen of molecules
of water able to bond with the ref-
erence molecule of water through HB.

Electrostatic Field Lines near the

internal surface of the porous material are

calculated from the crystallographic posi-

tions of the atoms in the structure and

their partial charges. This form provides a

view of the electrostatic field near the in-

ternal surface of a material. This represen-

tation shows the sinks (negative charges)

and the sources (positive charges) position

of field lines, and how the electrostatic

field flows within a material. In addition,

it can expand our knowledge about bind-

ing sites and adsorption mechanisms. Fig-

ure 8 shows an example of the electrostatic

field lines near the MAF-6 ligand.

Figure 8. Representation of electrostatic
field fines near to the organic ligand of MAF-6.
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2.6 FORCE FIELDS AND MOD-

ELS

The force field is a compendium of models

of atoms, molecules and adsorbents and

their mutual interactions.17–20 It has to be

a trade-off between accuracy of the model

and computational cost. The interaction

of the molecules with other molecules and

the structure is carried out by calculat-

ing the interaction potential energy. The

interaction energy is taken into account

through non-bonded and bonded poten-

tials:

Usystem =Unon−bonded +Ubonded (2.24)

2.6.1 Non-bonded potential

Non-bonded energy has two contributions.

Long-range interactions, governed by elec-

trostatic contribution
(

UCoul
)

and short-

range interaction described by the van der

Waals contribution
(

UvdW
)

. The following

equation gives the contribution to the en-

ergy by electrostatic interactions

UCoul =
∑

i

∑

j 6=i

1
4πε

qi q j

|~r i −~r j|
=

=
1
2

∑

i

∑

j

1
4πε

qi q j

|~r i j|
(2.25)

where qx are the partial charges of the

atoms,~r i j = |~r i −~r j| the distance between

pairs of atoms and ε the electrical permit-

tivity. Partial charges are obtained either

from quantum calculations or using the

charge-equilibration method.21 Calcula-

tion of electrostatic energy becomes com-

plicated for periodic structures since sum-

mations would extend to infinity. Assum-

ing a cubic system of cell length L, the

energy will be

UCoul =
1
2

1
4πε

∑

~n

N
∑

i=1

N
∑

j=1

qi q j

|~r i j +~n ·L|
(2.26)

where ~n represents the reproducibility

in each of the coordinate axes. This ex-

pression converges very slowly, requiring

methods such as Ewald summation.22 The

Ewald summation method replaces the (in-

finite) sum of interaction energies in real

space with its equivalent in Fourier space,

which converges quickly. The application

of the Ewald summation method at dis-

crete systems is described by the Particle

Mesh Ewald method (PME).

PME separates the energy contribu-

tion into short-range and long-range con-

tributions. The short-range contribution

is calculated in the real space, and the

long-range contribution using the Fourier

transform. In the case of the Coulomb in-

teraction, the electrostatic contribution of

the nearby points (unit cell) is calculated

through the direct sum and the furthest

points (periodically reproduced, called im-

ages) through the Fourier transform.

The contribution to the energy from

the van der Waals interactions can be

obtained with several potentials (e.g.

Morse,23 Buckingham24, or Lennard

Jones25). These potentials have attractive

and repulsive terms that generate an equi-
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librium region. The most used potential

to describe the van der Waals interac-

tions is the Lennard-Jones potential (LJ)

(Eq.2.27)

Vi j(r)= 4εi j

[(

σi j

r i j

)12

−
(

σi j

r i j

)6]

(2.27)

where ε and σ are parameters that de-

scribe the interaction between atoms

“i”,“ j”. The potential depends only on the

distance between atoms
(

r i j

)

, that is, it is

isotropic, so it generates a central (conser-

vative) force. Figure 9 shows the shape of

this potential as a function of distance r i j.

Figure 9. Representation of
Lennard-Jones potential as a func-
tion of distance between particles.

Many force fields reproduce the adsorp-

tion and diffusion of different molecules

in various materials. It is important to de-

velop transferable force fields since this

increases applicability. In this thesis, we

use Universal Force Field (UFF)18 for the

parameters (ε,σ) of the metallic clusters

in the MOFs and Dreading for the or-

ganic ligands.17 These set of parameters

do not take into account cross terms. We

use Lorentz-Berthelot Mixing rules to de-

scribe the cross interaction (Eq. 2.28).26

εi j =
√

εii ·ε j j ; σi j =
σii +σ j j

2
(2.28)

Although mixing rules are not always

accurate. In the case of MOFs, they are a

good approximation but in the case of zeo-

lites, mixing rules are not good enough. So

searching for interaction parameters be-

tween the atoms of the structure and the

molecule becomes crucial for describing

adsorption and diffusion properties there.

2.6.2 Bonded potential

Rigid molecules are formed by atoms that

can have an electric charge and with fixed

internal distances. These atoms do not

have (variable) internal energy. For flexi-

ble molecules, the internal energy can be

described as

Ubonded =Ubonds +Ubends +Utorsion

(2.29)

Ubonds is the vibration energy of the

bonded atoms with respect to the equilib-

rium point (r0). These potentials can take

various forms. The most widely used is

the harmonic potential (Eq.2.30). The pa-

rameter kr is the force constant while r i j

shows the distance between particles “i”

and “ j”. Figure 10a shows a bond between

two atoms

Ui j =
1
2

kr

(

r i j − r0
)2 (2.30)
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Ubends is the potential energy gener-

ated by three consecutive atoms that oscil-

late with an equilibrium angle θ0. Like for

bonds, this potential can be represented

by several functions, being the harmonic

potential (Eq.2.31) the most widely used.

Figure 10b shows Ubends between atoms

i, j,k

Ui jk =
1
2

kθ

(

θi jk −θ0
)2 (2.31)

Utorsion energy is generated by four

consecutive (proper) or non-consecutive

(improper) atoms that form two planes

that rotate concerning each other. Sev-

eral potentials describe Utorsion. (Eq.2.32)

shows an example of proper torsion poten-

tial.

Ui jkl = p0 + p1
[

1+cos
(

φi jkl

)]

+p2
[

1−cos
(

2φi jkl

)]

+p3
[

1+cos
(

3φi jkl

)]

(2.32)

px are the parameters which define the po-

tential, and φi jkl are the angle formed by

the planes which contain atoms i, j,k and

l. Figures 10c and 10d show an example

of proper and improper torsion potential.

Figure 10. Example of (a) bond, (b) bend,
(c) proper torsion and (d) improper tor-
sion. Spheres represent atoms, cylinders
bonds and green and blue shapes rep-
resent the planes that contain the atoms.

2.6.3 Molecules

To model the molecules of alcohol, we

use the Transferable Potentials for Phase

Equilibria Model (TraPPE)27. TraPPE is a

pseudo-atom model that considers groups

of atoms as simple points of charge with

assigned LJ parameters. In the case of al-

cohol, CHx groups are treated as spheres

with the mass of all constituent atoms

and a partial charge corresponding to the

group. TraPPE assumes rigid bonds but

allows angles to vary. This simplification,

together with a suitable choice of interac-

tion parameters, gives accurate results ad-

justed to experimental values. For water,

we use the SPC/E model.28 SPC/E is a 3-

body model for water with charges on the

three atoms. This model is fully flexible.

2.6.4 Rigid and Flexible Struc-

tures

Zeolites, MOFs and ACs, can be modelled

rigid or flexible. The choice depends on
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the level of detail needed. For example,

zeolites are generally more rigid than

MOFs, and they can be modelled as rigid

in adsorption calculations. The interaction

of the molecule with the structure and

position of the binding sites are hardly

altered by the vibration of the framework,

but it can affect the transport of molecules.

This will be reflected in the values of the

diffusion coefficient.

In rigid structures, the atoms are fixed

at their crystallographic positions. Flex-

ible structures allow vibration of atoms.

The flexibility of the structures is modelled

with non-bonded and bonded potentials

described by the same functions used for

molecules. The flexibility of structures

can be reflected in the vibration of the

network and the rotation of the ligands.

This flexibility can lead to gate opening or

breathing phenomena.

2.7 THERMODYNAMICAL MODEL

This section summarizes all the thermody-

namic models used in this thesis.

2.7.0.1 Dubinin-Polanyi Theory

Dubinin and Polanyi provided a theory to

calculate adsorption enthalpies. This re-

quires adsorption isotherms and isobars,

and models for density
(

ρ
)

, saturation

pressure (Psat) and heat of vaporization
(

∆Hvap

)

.29 This method of calculating ad-

sorption enthalpies is based on loading,

temperature and pressure related through

a function

f (q,T, p)= 0 (2.33)

The characteristic curve is defined as

a function W =W (A), where W is the vol-

umetric capacity and A is the Gibbs free

energy:

W =
q (T, p)
ρ (T)

(2.34)

A = RT ln
(

Psat (T)
p

)

(2.35)

The characteristic curve is indepen-

dent on temperature and pressure and

contains all information related to the ad-

sorption of the adsorbate-adsorbent pair.

To estimate the value of density we used

the model developed by Hauer et al.30

(Eq.2.36)

ρ (T)= ρ0 (T0) · [1−αT (T −T0)] (2.36)

T0 is a reference temperature (usually,

298K) and ρ0 (T0), the experimental den-

sity at this temperature. This model con-

siders that density follows a linear trend

with temperature. The slope of the line

is the thermal expansion coefficient (αT ),

described as

αT =
1

ρ (T)
∂ρ (T)
∂T

(2.37)

αT is obtained from the experimental

density of the substance at high pressure

(∼ 100MPa). This value is very low, so this
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model considers that the density of the ad-

sorbate inside the structure is quite sim-

ilar to the density in the bulk at room

temperature. Saturation pressure is cal-

culated using the Peng-Robinson equation

of state.31

Dubinin-Polanyi defines the adsorp-

tion enthalpy (∆H) such as

∆H =∆Hvap + A−T∆S (2.38)

where ∆Hvap is the heat of vaporization,

A is the Gibbs free energy, T is the tem-

perature, and ∆S is the change of entropy

produced in the system when adsorption

undergoes. This change in entropy is re-

lated to the inverse derivative of the char-

acteristic curve at constant temperature:

∆S =αAdsW
∂A

∂W

∣

∣

∣

∣

T

(2.39)

Since a derivative appears in the equa-

tion (2.39), the characteristic curve must

have a smooth value in the first derivative.

αAds is the thermal expansion coefficient,

defined as:

αAds =−
1

ρ (T)
∂ρ (T)
∂T

(2.40)

The method is robust and allows cal-

culating the enthalpy of adsorption using

simulation and experimental data. How-

ever, the method cannot be applied to ex-

treme conditions for the difficulty of find-

ing tabulated data (vaporization enthalpy

or density) and for the limitations of the

saturation pressure.

2.7.0.2 Adsorption-Based Heat

Pumps and Desiccant

Cooling System

Porous materials can be used as heat

pumps or chillers.32 The porous material

adsorbs the working fluid, which releases

energy to the outside. Once the adsorbent

is full, it adsorbs thermal energy to desorb

the fluid and the latter, in turn, expels

it to condense. This fact can exchange

surrounding energy and pump heat from

one place to another. This process gener-

ates very efficient thermal devices called

Adsorption-Based Heat Pumps (AHP) if

used as heat pumps and Desiccant Cool-

ing Systems (DCS) if used as coolers. The

process consists of four stages represented

in Figure 11.

Figure 11. Schematic representa-
tion of the isosteric cycle of AHP.

The cycle starts by placing the fluid

next to the dry adsorbent. The fluid takes

energy from the environment (Qev), which

is at a temperature Tev lower than that

of the fluid (T1). The fluid evaporates and

adsorbs, emitting energy (Qads) to the en-
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vironment. This point is stage I, where the

cycle starts.

The system needs to be regenerated

when the adsorbent is entirely saturated.

To regenerate the system, the fluid is

heated from temperature T1 to tempera-

ture T2, increasing pressure in the same

way so that, ideally, the adsorbent remains

fully saturated (II). Next, the heating pro-

cess continues isobarically up to a temper-

ature Tdes. This is possible since the sys-

tem is in contact with the condenser and

is capable of heating up without chang-

ing pressure. Temperature must be high

enough to desorb as much fluid as possi-

ble without overheating the system. To do

this, it has to provide heat
(

Qreg

)

to the

system (III). The desorbed fluid becomes

liquid in the condenser, releasing energy

in the process (Qcon). At this point, the

adsorbent is empty, and it can reload. It

first carries out an isosteric cooling to a

temperature T3 to place the system at a

pressure Pev. As before, this process does

not load the adsorbent (IV). Finally, the

system continues to cool down to temper-

ature T1. The fluid takes heat from the

environment (Qev) that is at a lower tem-

perature (Tev) so that the fluid evaporates

and the adsorbent is loaded reaching the

starting point (stage I).

The values of Pev and Pcon are related

to the saturation pressure of the fluid at

these temperatures since they are in the

liquid state. The choice of temperatures

is essential to achieve adequate efficien-

cies. Temperatures T2 and T3 are chosen

as a function of the other temperatures so

that the adsorbent remains full or empty,

respectively.

To use the system as a heat pump, the

evaporator temperature must be slightly

lower than the ambient temperature while

T1 = Tads (usually taken equal to that

of the condenser Tcon = Tads) must be

higher than the evaporation temperature

and lower than the desorption tempera-

ture.

To use the system as a chiller, the

evaporator temperature has to be lower

than ambient temperature, Tads = Tcon,

slightly higher than room temperature.

Tdes must be high but not much for AHP.

The performance of these devices are

measured by the Coefficient of Perfor-

mance (COP):

COPH =
− (Qads +Qcon)

Qreg

(2.41)

COPC =
Qev

Qreg

(2.42)

where COPH and COPC are the COP of

the device using as AHP and DSC, respec-

tively.

2.8 DEVELOPED HOMEMADE

CODES

2.8.0.1 BondCalc

BondCalc software computes the average

number of hydrogen bonds per molecule

using a predefined geometric criterion. It

is applicable to pure compounds or binary

mixtures. The latest version of this code
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operates with pure water and all types

of alcohols, both in their pure state and

mixtures. It also calculates π-bonds of aro-

matic molecules. To evaluate all kinds of

bonds between generic molecules, the po-

sitions of the molecules in the “.pdb” for-

mat are taken as input. BondCalc identi-

fies each molecule as an entity and calcu-

lates the distances and relative positions

(angles) of each molecule with the others.

Based on the established criteria, both pre-

set and modifiable, it evaluates the num-

ber of bonds for each configuration. Finally,

the number of configurations (Movies) and

molecules are averaged.

BondCalc can also calculate the aver-

age number of molecules with 0,1,2,3...

bonds. It also calculates the clusters of

grouped molecules that are in the system

following the network of linked molecules.

Finally, BondCalc can calculate the

spatial distribution function (SDF). If

BondCalc detects a bond between a

molecule i and another j, it translates the

system so that molecule i is located at the

origin of coordinates. BondCalc reorients

the system so that molecule i is always at

the same position and notes the position of

molecule j that forms the bond. Perform-

ing this calculation with many molecules,

BondCalc generates the point cloud seen

in Figure 7. BondCalc needs a minimum

of 3 atoms per molecule to establish an

orientation criterion. Furthermore, these

molecules must be rigid (or not very flexi-

ble) to obtain accurate SDFs.

BondCalc is available for download

and use at “✇✇✇✳❣✐t❤✉❜✳❝♦♠✴r♠♠❛❞❝❛s✴

❇♦♥❞❈❛❧❝”.

2.8.0.2 Electrostatic Field Lines

Calculator (EosFiLiC)

EosFiLiC code provides the electrostatic

field lines generated by the partial charges

of the atoms of a structure. This program

uses the superposition principle to cal-

culate the electrostatic field through the

Coulomb equation at a point r generated

by the contribution of the atoms in the

structure. The crystal is infinite because

it replicates in all directions to eliminate

edge effects, so only atoms within a sphere

of radius R are taken. This way, the con-

tribution of the farthest atoms has a negli-

gible value with the total field. That is

|~E(R)−~E(R+dr)|
|~E(R)|

< δ (2.43)

Once the value of the field at point r

has been calculated, the program saves

the value for that point and moves a small

distance dl · ûl . Where ûl =
~E(r)
|~E(r)|

it is a

unit vector in the direction of the electro-

static field. Upon reaching the new point

~r
′ =~r + dl · ûl , the process is performed

again to obtain a series of points in which

the electrostatic field is always tangent,

that is, a field line.

EosFiLiC is available for download and

use at “❤tt♣s✿✴✴❣✐t❤✉❜✳❝♦♠✴r♠♠❛❞❝❛s✴

❊♦s❋✐▲✐❈”.

www.github.com/rmmadcas/BondCalc
www.github.com/rmmadcas/BondCalc
https://github.com/rmmadcas/EosFiLiC
https://github.com/rmmadcas/EosFiLiC
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2.8.0.3 Characteristic curves

Dubinin Polanyi’s theory defines the char-

acteristic curve through one or several ad-

sorption isotherms/isobars. We have de-

veloped a code that reads the loading of

an isotherm or isobar and uses density

data (with the Hauer model) and satu-

ration pressure (from the Peng-Robinson

equation of state) to obtain W (q,T, p) and

A (q,T, p). With all data collected from the

simulations, a point cloud is generated

in which all points converge to the same

curve. Many functions resemble a charac-

teristic curve, such as an arc tangent. We

decided to fit the values to the most proba-

ble curve using splines through the open

source code Gnuplot. This method gener-

ates a table of values that fit the charac-

teristic curve.

The characteristic curve only depends

on the adsorbate-adsorbent pair and is

non-dependent on conditions. The curve

calculated above it can be used for inverse

calculations to generate isotherms or iso-

bars at conditions that have not been sim-

ulated.33

2.8.0.4 Storage Density Calculator

Dubinin Polanyi’s theory also defines

a way to calculate adsorption enthalpy

through the characteristic curve and tab-

ulated data. From equations (2.38), (2.39)

and (2.40) we can calculate the adsorp-

tion enthalpy. Equations (2.39) and (2.40)

contains derivatives. A numerical deriva-

tive is needed for (2.39). To perform a cor-

rect numerical derivative, the characteris-

tic curve must have correct point spacing

and smoothness to prevent the presence

of peaks in the function. This is why using

splines, and a good fit to the characteristic

curve is crucial. Density follows a linear

behaviour, and its derivate is analytical.

Adsorption enthalpy is obtained as a

function of loading. Storage energy is de-

fined by Storage Density (SD). SD can be

calculated through numerical integration

of adsorption enthalpy over temperature.

The relationship between loading and tem-

perature is given by the pressure at which

the adsorption takes place (isobar).

SD =
∫q(T0)

q(T f )
∆H (q)dq (2.44)

2.8.0.5 Heat Pumps Calculator

Thermodynamic models to describe

Adsorption-Based Heat Pumps and

Chillers are complex. Temperatures of

the evaporator, condenser (which coin-

cides with that of adsorption) and desorp-

tion are input parameters, together with

the characteristic curve of the adsorbate-

adsorbent pair. These temperatures set

the minimum and maximum values of

the volumetric capacity (Wmin and Wmax

respectively ). As the cycle consists of two

stages of isosteric adsorption and des-

orption, temperatures T2 and T3 are cal-

culated so that the values of Wmin and

Wmax are not altered. The code gener-

ates the isobars a pressures Pev and Pcon

from characteristic curves and calculates
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T2 and T3 through numerical resolution.

Once temperatures have been calculated,

the heats described by the thermodynamic

model are calculated using numerical inte-

grals. Qsorp, defined as the heat that the

structure releases/adsorbs when adsorb-

ing/desorbing, is calculated by integrating

the adsorption enthalpy. This calculation

is the most sensitive. It depends on the

model and not on tabulated values such

as the specific heat
(

Cp

)

. This heat is cal-

culated through the numerical integration

of the enthalpy of adsorption described by

DP.
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Adsorption of Light Alcohols in High Hydrophobic Metal

Azolate Framework

Rafael María Madero-Castro, José Manuel Vicent-Luna, and Sofía Calero

A
s an alternative option to con-

ventional fuels, biofuels based

on light alcohols are receiving

great attention. In this context, we in-

vestigate the adsorption mechanism of

light alcohols in the hydrophobic metal-

organic framework MAF-6. To study the

effect of the conformation of molecules

in the adsorption process, we evaluate

the effect of the length of the alkyl chain

of linear alcohols (methanol, ethanol,

propanol, and butanol) and branched al-

cohols (2-propanol, 2-butanol, and tert-

butanol). We perform Monte Carlo simu-

lations in the grand-canonical ensemble

to study the adsorption and energetic properties of the systems. We analyze the struc-

tural organization and the nucleation mechanism of the molecules of alcohol and the

dynamics of the adsorbed molecules within the big cavities of MAF-6. We found that

the initial step of adsorption is governed by the interaction of the adsorbates with the

structure, while in saturation, the adsorbate-adsorbate gain importance.

33
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3.1 INTRODUCTION

To mitigate global warming, one possi-

bility is the utilization of alternative fu-

els that are nonbased in fossils, such as

biofuels.1 The interest in new biofuels

based on light alcohols has increased in

recent years, making necessary the stor-

age and purification of these compounds.2

Methanol, ethanol, propanol, and butanol

have industri al interest since they can

be used in internal combustion engines as

biofuels.3–5 In this regard, the biofuels ob-

tained from organic residues such as sug-

arcane6 or crops4 are a more ecofriendly

alternative to fossil fuels.7–9 The cap-

ture, purification, and separation of these

alcohols are crucial for industrial pro-

cesses.10–12 Methods like distillation13 or

pervaporation11 are used in the industry.

Distillation is the most extended method

to obtain and purify bioethanol.14 How-

ever, the elevated cost of this process and

the negative repercussion on the environ-

ment15 encourage the search for alter-

natives. Here, we consider metal-organic

frameworks (MOFs) as potential mate-

rials to improve the storage of light al-

cohols. MOFs are crystalline structures

formed by metallic centers with organic

ligands connected to them. The combi-

nation of a large variety of metallic cen-

ters and organic linkers makes the num-

ber of MOFs almost unlimited and hin-

ders the possibility of finding the ade-

quate structure for each purpose.16 Char-

acteristics of MOFs such as high pore vol-

umes and large surface areas make them

good candidates for storage, separation, or

catalysis. The use of MOFs also opens a

new world of possibilities for their capac-

ity of storage and separation. A number

of studies have investigated the adsorp-

tion of alcohols in MOFs.17–32 de Lima et

al.23 studied the separation of water and

alcohol mixture using Zn2(BDC)2(TED)

MOF [BDC: benzene-1,4-dicarboxylate;

TED:triethylenidi-amine]. This was pro-

posed as a suitable material for the separa-

tion and purification of bioethanol. Cousin-

saintremi et al.30 also studied the separa-

tion of several bioalcohols using zeolite im-

idazolate framework (ZIFs-8). They found

that this material can purify butanol from

a liquid mixture containing ethanol, ace-

tone, and water. Li et al.24 synthetized a

robust cobalt-based MOF with a high ca-

pacity and affinity for water and for linear

and branched alcohols from methanol to

pentanol. Zhang et al.25 investigated the

potential of ZIF–8, ZIF–71, and ZIF–90 to

capture light alcohols from methanol to bu-

tanol, and they predicted the separation of

alcohol/water mixtures with the ideal ad-

sorbed solution theory. de Lange et al.26 se-

lected 18 MOFs for methanol and ethanol

adsorption for energy-storage applications.

They discussed the MOF/alcohol working

pair behavior for heat pumps and chillers

based on adsorption measurements and

thermodynamic models. In addition to the

experimental investigations, several theo-

retical studies have been reported, show-

ing the potential of molecular simulations

to describe the adsorption of alcohols in
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MOFs. Zhang et al.27 reported a molecular

simulation study of the adsorption of lin-

ear alcohols in ZIF–8. They analyzed the

adsorption mechanisms in this hydropho-

bic material and the ability of different

force fields to reproduce the experimen-

tal observations. They showed that the

DREIDING28 force field provides the best

prediction of the adsorption isotherms,

while the isotherms are not affected by the

atomic charges of the structure and the

framework flexibility. Jiang et al.33 per-

formed molecular simulations of ethanol

and water in six ZIFs with different imi-

dazole linkers. They discussed the differ-

ences found in the adsorption isotherms

and in the microscopic structure of the con-

fined adsorbates and proposed ZIF–8 as a

potential candidate for biofuel purification.

Nalaparaju et al.29 identified different ad-

sorption mechanisms of water, methanol,

and ethanol in the hydrophilic Na-rho-

ZMOF and in the hydrophobic ZIF–71 us-

ing molecular simulations. Even though

the two structures have identical topol-

ogy and a similar pore size, the hydropho-

bicity/hydrophilicity of the adsorbent is

crucial for the adsorption of these polar

molecules. Sławek et al.32 investigated the

effect of adsorption of water and linear

alcohols in the flexibility of a hydropho-

bic/hydrophilic MOF with open metal sites.

They found that polar molecules induce a

“gate opening” in STAM-1 MOF.

The adsorption of light alcohols in hy-

drophobic materials with large cavities is

of industrial interest. However, the mech-

anisms that govern the adsorption pro-

cess are still not understood. This work

sheds light into these molecular mecha-

nisms, providing valuable information to

find/predict new materials for the storage

of light alcohols. In this paper, we eval-

uate the ability of metal azolate frame-

work 6 (MAF-6) to store alcohols. MAF-6

is reported as a stable material34–36 with

high storage capacity and hydrophobic-

ity, which makes it an interesting candi-

date for the separation of water and alco-

hols.36 MAF-6 is a ZIF, that is, a MOF

with a zeolite topology. It has an RHO

topology,37–39 and it is formed by a zinc-

based metallic center and the organic lig-

and 2-ethylimidazole. This MOF exhibits

a big central pore connected by cylindrical

channels. Wang et al.34 studied the fast

adsorption of phthalic acid from aqueous

solution in MAF-6. These authors found

that the adsorption capacity of MAF-6 is

better than other MOFs.29 The hydropho-

bic character of MAF-6 makes it a perfect

candidate for adsorption of light alcohols.

We investigate the adsorption capabilities

of MAF-6 for the storage of C1 −C4 linear

alcohols and the adsorption of branched

alcohols (2-propanol, 2-butanol, and tert-

butanol) for comparison. We also include

ethylene glycol to explore the effect ex-

erted by the number of hydroxyl groups on

the adsorption mechanism. We will show

that adsorption is governed by the nucle-

ation of the molecules of alcohol, that is,

the first adsorbed molecules act as seeds

allowing other molecules to cluster around
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them, filling the pores of the MOF com-

pletely below the saturation conditions of

each compound. The microscopic structure

of the adsorbed alcohols is similar to their

structure in the bulk liquid phase. We de-

scribed the aggregation of the molecules by

means of the analysis of hydrogen bonds

(HBs) and adsorption energies.

3.2 SIMULATION DETAILS

Monte Carlo (MC) simulations in the

grand-canonical ensemble (GCMC) were

carried out at room temperature using

RASPA simulation software.40,41 These

simulations consist of 2 · 105 MC cycles

of initial equilibration followed by 5 ·105

MC cycles to adequately average the ad-

sorption properties. The adsorption of al-

cohols in hydrophobic materials at some

values of pressure is tricky and requires

additional MC cycles. These can be up to

5 ·106 additional MC cycles for the values

of pressure that are close to the onset pres-

sure. This will be discussed in-depth in

the results section. We impose fugacity to

be equal to pressure, that is, the fugacity

coefficient is equal to unity. In addition,

we calculated the saturation pressure of

each compound using the Peng–Robinson

equation of state. These calculations also

provide the fugacity coefficient. This value

is equal to unity at pressures lower than

the saturation pressure of each compound

(Table A1.1). If we refer the adsorption

isotherms to fugacity instead of pressure,

the last value of each isotherm should cor-

respond to the loading at the saturation

pressure of the alcohol. We also performed

MC simulations in the NVT ensemble to

obtain the surface area and pore volume

of MAF-6. We calculated the surface area

by rolling a helium molecule over the sur-

face of the framework and the pore vol-

ume by computing the void space in the

structure using the Widom particle inser-

tion method.42 The dynamical properties

of the system were calculated with molecu-

lar dynamics (MD) simulations in the NVT

ensemble. We computed the self-diffusion

coefficients of the adsorbates through the

slope of the mean squared displacement in

the diffusive regime. MD simulations were

carried out with the loading corresponding

to saturation conditions provided by the

MC simulations. These simulations con-

sist of 108 MD steps giving a total of 100

ns and an integration time step of 1 fs. The

self-diffusion coefficients were extracted in

the time interval from 10 to 80 ns of the

production run. MD simulations were per-

formed with the MD simulation software

LAMMPS.43

The complete set of interaction param-

eters for the molecules of alcohol were

taken from the TraPPE force field.44 This

force field considers flexible pseudo-atom

models where the CHx groups are de-

scribed by single interaction centers at-

tached to the hydroxyl group. The force

field includes Lennard-Jones (LJ) param-

eters for each atom and point charges for

the oxygen, hydrogen, and carbon atom

attached to the hydroxyl group. Bonds,

bends, and torsion terms are also included
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for a full flexible description of the adsor-

bates.

We calculated the average number of

HBs per molecule (nHB) by averaging 250

MC configurations recorded during the

GCMC simulations to obtain the adsorp-

tion isotherms using the geometrical crite-

rion described by Padró et al.45 This crite-

rion is based on three conditions: (i) a max-

imum distance between the oxygen atoms

of two nearest molecules, (dOO), (ii) a cut-

off for the oxygen-hydrogen distance (dOH)

of different molecules, and (iii) the angle

formed between the atom of oxygen of the

acceptor molecule and the atoms of oxy-

gen and hydrogen of the donor molecule

(φOOH ) that must be less than a specific

value. Figure A1.1 shows a schematic rep-

resentation of the HB criterion. For wa-

ter, Martí et al.46 reported the following

cutoff values: dOO = 3.6Å, dOH = 2.45Å,

and φOOH = 30◦. The values reported by

Padró et al.45 for alcohols are dOO = 3.5Å,

dOH = 2.6Å, and φOOH = 30◦. The cutoff

distances were determined by the position

of the first minimum of the corresponding

radial distribution functions (RDFs) in the

liquid system (Figure A1.2). We used the

same HB definition for the molecules of al-

cohol confined in the pores of MAF-6. Fig-

ure A1.2 also shows the spatial distribu-

tion function of the possible HBs with re-

spect to a molecule of alcohol using the de-

scribed criterion. We defined a similar cri-

terion to evaluate the molecules of alcohol

occupying the binding sites of MAF-6. We

consider a molecule in a binding site when

the distance between the atom of oxygen

of the alcohol and the geometric center of

the imidazolium ring is lower than 4.3Å

∼ and the distance between the atom of

hydrogen of the same molecule and the ge-

ometric center of the ring is lower than 3.9

Å. These cutof f values match with the min-

imum of RDFs (Figure A1.3). The values of

nHB in the bulk are included for compar-

ison. We used the same models and force

field parameters to carry out MD simula-

tions for each alcohol in the bulk. These

simulations consist of 106 MD steps in the

NVT ensemble at room temperature in a

cubic box of 25Å length. The number of

molecules is adjusted to reproduce the ex-

perimental density of each adsorbate.

MAF-6 is considered rigid in GCMC

simulations and flexible in MD simula-

tions. LJ parameters for the imidazole link

are taken from DREIDING28 and those

for zinc atoms are taken from UFF.47 For

the cross LJ interaction parameters, we

used Lorentz-Berthelot mixing rules. We

assigned partial charges to each atom of

the structure according to the work of

Gutiérrez-Sevillano et al.48 The simula-

tion box consists of a cubic cell of 29.258Å,

which surpasses twice the spherical cut-

off of 12Å used for nonbonded potentials.

The atomic positions of the MAF-6 struc-

ture were provided by Huang et al.49 and

are available in the Cambridge Crystal-

lographic Data Centre.50 For MD simula-

tions, we take into account the vibrations

of the atoms during the dynamic process.

To do so, we used a bonded potential for
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the adsorbent to mimic the flexibility of

the material. Because of the similarity of

the adsorbents, we use the intramolecular

force field parameters provided by Wu et

al.51 developed for ZIF-8.

Figure 1. (a) Representation of the structure and accessible surface
area of MAF-6. (b) Powder XRD of MAF-6 calculated and compared with
the experiment. (c) Adsorption isotherm of nitrogen at 77K in MAF-6.

3.3 RESULTS AND DISCUSSION

Figure 1a shows a representation of MAF-

6 and the internal surface area of the

structure. The potential parameters are

accurate enough to describe the adsorption

properties of the MOF. As shown in Figure

1b, the X-ray diffraction pattern (XRD) ob-

tained with simulation is in agreement

with the experiment.36 Figure 1c com-

pares the calculated and the experimen-

tal isotherms of nitrogen34,36 at 77 K in

MAF-6. The calculated values of the sur-

face area and the pore volume as well as

those reported in the literature35,36 are

collected in Table 1.

Figure 2 shows the adsorption

isotherm of methanol and ethanol at room

temperature. The calculated values are

in agreement with the experimental data

reported by He et al.35 In particular, the

shape of the adsorption isotherms of the

two components is in line with the experi-

ments, showing a sudden increase of the

adsorption loading at a given pressure

below the saturation pressure of the ad-

sorbates (16.78 kPa for methanol and 7.77

kPa for ethanol). Our values also agree

with the reported saturation loading and

with the onset pressures of methanol. This

validates the force field used, though there

is a tiny deviation in the onset pressure

value of the adsorption isotherm of ethanol

(about 2 kPa).

Table 1. Surface Area and Pore Volume of
MAF-6

exp. this work exp. this work
surface area (m2/g) pore volume (cm3/g)
162236 1664.48 0.6336 0.59
169535 0.6135
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Figure 2. Comparison between the ex-
perimental 35 (solid lines) and calcu-
lated (symbols) adsorption isotherms of
methanol and ethanol in MAF-6 at 298
K. Dashed lines are a guide to the eye.

Figure 3 (top) shows the adsorption

isotherm of the linear alcohols in MAF-

6 at 298 K. The saturation loading and

the onset pressure decrease with the in-

crease of the alkyl chain length of the alco-

hol since the structure exhibits high pores,

and there are not specific adsorption sites

for each molecule as for other structures

with a more complex distribution of the

pore/channel system. We observed simi-

lar shapes of isotherms for all alcohols.

The onset values of pressure are lower

than the saturation pressure of the com-

pounds. Table A1.1 shows the values of

saturation pressure of the molecules cal-

culated with the Antoine equation and

with the Peng Robinson equation of state.

However, an increase of the alkyl chain

length smoothens the sharp step of the

isotherm. The adsorption of one molecule

of alcohol in the pore of MAF-6 allows

other molecules to interact with it. HBs

play an important role here, as shown by

the average of HBs per molecule (nHB) as

a function of pressure (Figure 3 bottom).

The evolution of the nHB follows the same

trend as the adsorption isotherm, meaning

that the adsorption of molecules of alcohol

in a high hydrophobic structure is mainly

due to HB interactions. The nHB at sat-

uration loading is similar to the bulk for

methanol and ethanol. Table A1.2 shows

the computed values of nHB in bulk for

all adsorbates. However, the confinement

within the pores affects the HB network

for the longest molecules and especially for

butanol. The internal surface of the frame-

work is highly hydrophobic, and because of

the repulsion with the surface, in satura-

tion, the molecules of alcohol are strongly

coordinated in the middle of the struc-

ture. This is evidenced by the increase in

the intensity of the first peak of the RDF

between the molecules of alcohol in con-

finement (Figure A1.4). In general, we ob-

served lower values of nHB in confinement

as compared with the bulk (a reduction of

about 10-20% depending on the alcohol)

because of the confinement effect. The size

of the adsorbate also plays an important

role since, due to steric effects, the small-

est alcohols exhibit the largest number of

nHBs.

Figure 4 compares the adsorption

isotherm and nHB of linear C3 and C4

alcohols with their branched forms. All

isotherms exhibit a similar trend, and

the isomers reach almost the same sat-
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uration loading, with the variation of the

onset value of pressure. Molecules with

the hydroxyl group in the second posi-

tion (2-propanol and 2-butanol) adsorb

slightly later than those with the hydroxyl

group in the first position (propanol and

butanol). The bulkiest alcohol selected for

this study, tert-butanol, adsorbs at lower

values of pressure than its isomers. This

is related to the binding geometries of the

first molecules adsorbed in the cavities, as

will be explained later.

Figure 3. Adsorption isotherms of linear
alcohols in MAF-6 at room temperature
(top). Average number of HBs per molecule
(nHB) as a function of pressure (bottom).
Solid lines show the value of nHB in the
bulk. Dashed lines are a guide to the eye.

To analyze the effect of increasing

number of hydroxyl groups in a molecule,

we calculated the adsorption isotherm and

nHB of ethylene glycol (Figure 5). The on-

set value of pressure of this molecule is

the lowest of all studied alcohols because

the two hydroxyl groups favor the clusteri-

zation via HBs. Therefore, the nHB of this

molecule in the bulk is larger than those

for the rest of alcohols. As for the other

alcohols of long chain, the value of nHB is

larger in the bulk than in confinement be-

cause of the steric effect with the surface

of the MOF.

Figure 4. Adsorption isotherms of linear and
branched C3 (a) and C4 (b) alcohols in MAF-6
at room temperature. Average number of HBs
per molecule (nHB) as a function of pressure
(c,d). Solid lines show the value of nHB in
the bulk. Dashed lines are a guide to the eye.

To analyze in-depth the HB network

of molecules of alcohol confined in MAF-6,

we calculated the distribution of HBs per

hydroxyl group. Figure 6 shows the per-

centage of hydroxyl groups with n HBs (n

= 0-4). About 60-80% of all molecules are

connected via two HBs, and about 20%

of the molecules are connected via one

HB. The remaining molecules mainly form

monomers. The number of monomers for
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methanol and ethanol is lower than 5%,

whereas for the other molecules they can

be up to 15%. Ethylene glycol has two hy-

droxyl groups and can form HB with the

two extremes, and so we referenced to the

hydroxyl groups instead of to the whole

molecule.

Figure 5. Adsorption isotherms of ethy-
lene glycol in MAF-6 at room temperature
(top). Average number of HBs per molecule
(nHB) as a function of pressure (bottom).
Solid lines show the value of nHB in the
bulk, and dashed lines are a guide to the eye.

The energetic adsorbent-adsorbate in-

teractions also play an important role dur-

ing the adsorption process. To analyze

these interactions, we calculated the ad-

sorption energy, focusing on the isosteric

heat of adsorption (Qst). Figure 7a shows

the absolute value of Qst of linear alcohols

in MAF-6 at infinite dilution, which gives

an idea of the energy involved in the ad-

sorption process. To study the effect of the

alkyl chain length, we extended the study

up to molecules with 12 carbon atoms.

We observed a linear increase in the heat

of adsorption with the number of carbon

atoms in the range from 4 to 12. This is

also the normal behavior of the alkyl chain

when increasing the chain length. How-

ever, the heat of adsorption obtained for

methanol, ethanol, and propanol is almost

the same. The contribution of each term of

the heat of adsorption shown in Figure 7b

allows elucidating the origin of this anoma-

lous effect. To calculate Qst, we used a Leg-

endre transformation for the conversion of

the internal energy between the adsorbent

and the adsorbates to enthalpy of adsorp-

tion or heat of adsorption: Qst =∆U −RT

and ∆U = ∆UHG −∆UG . In these expres-

sions, ∆U is the total potential energy, R

is the ideal gas constant, and T is the tem-

perature. ∆UHG represents the host-guest

energy, and ∆UG is the internal energy

of a single molecule. There is no contri-

bution of the host energy involved in the

calculations since the structure is consid-

ered as a rigid crystal. RT is a constant

quantity, and ∆UG increases linearly with

the number of carbon atoms of the alkyl

chain of the molecule. According to this,

the interaction responsible for the unusual

behavior of Qst is the term for the host-

guest interaction. We observed in Figure

7b that ∆UHG is 36kJ/mol for methanol

and decreases to 33 and 28− 29kJ/mol

for ethanol, propanol, and butanol, respec-
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tively. This value increases by 1−2kJ/mol

with each additional atom of carbon, be-

ing 38kJ/mol for dodecanol. The initial de-

crease of ∆UHG from methanol to propanol

causes the unusual behavior depicted in

Figure 7a.

Figure 6. Percentage of hydroxyl groups
in linear alcohols (a) and branched al-
cohols and ethylene glycol (b) with n

HBs. Dashed lines are a guide to the eye.

Figure 8 shows the heat of adsorption

of all alcohols at low coverage and satura-

tion conditions. The heat of adsorption un-

der saturation conditions were averaged

over all simulations, that is, after the on-

set value of pressure of each alcohol. This

improves the statistic of the values ob-

tained with the fluctuation method. We

compared the heat of adsorption at infi-

nite dilution, computed using the Widom

particle insertion method for one single

molecule,42 with the heat of adsorption

from an average of three molecules per

unit cell, computed using a fluctuation

method.52 These values are similar for all

molecules but ethylene glycol. In the par-

ticular case of linear molecules, the heat of

adsorption calculated from one or from the

average of three molecules do not change

the trend found in Figure 7a. On the other

hand, as shown in Figure 8, the heat of

adsorption is higher at saturation than at

the low coverage regime. This is due to

the energy involved in the process of ag-

gregation of the molecules of alcohol and

indicates that the contribution of the HB

to the nucleation of the molecules plays an

important role in the adsorption process

and in the energetic behavior. Focusing on

linear alcohols, the heat of adsorption in-

creases linearly, and the almost constant

trend found at low coverage disappears.

Therefore, the anomalous host-guest inter-

action shown in Figure 7 only takes place

at low coverage.
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Figure 7. Absolute value of the isosteric
heat of adsorption of linear alcohols at infinite
dilution in MAF-6. (b) Terms of energy
contributing to the isosteric heat of adsorption.

To analyze the binding of the molecules

of alcohol with the structure, we per-

formed energy minimization simulations

of a single molecule of each alcohol. The

most stable configuration of the molecules

of alcohol in the pores of MAF-6 is with

the hydroxyl group facing the center of the

imidazole ring. This is due to the electro-

static interactions of the aromatic ring of

the ligand with the dipole formed by the

oxygen and hydrogen atoms of the light

alcohols. Figure 9a shows the computed

electrostatic field lines in the region of the

most probable location of the molecules,

that is, around the imidazole ring. The

hydroxyl group of methanol is aligned to

the field lines facing the center of the ring.

We also found the same behavior for the

other molecules. Therefore, the location

and distribution of the imidazole rings in-

side the cavities are the key factors for the

adsorption of the first molecule. All imida-

zolium rings of the structure are accessi-

ble to the molecules of alcohol. Figure 9b

shows the accessible surface of the cavities

of MAF-6. The surface exhibits homoge-

neous distribution of pockets, which allows

the molecules of alcohol to access the imi-

dazole rings. These pockets act as binding

sites for the first molecule adsorbed in the

structure. In the case of short molecules

(methanol, ethanol, and propanol), the hy-

droxyl group binds to MAF-6 through the

imidazole rings. However, these molecules

are more rigid than the long alcohols, and

if the hydroxyl group is located in the

pocket site, the tail of the molecule can-

not interact with the rest of the structure.

Long alcohols are more flexible so the hy-

droxyl group binds to the ring, and simul-

taneously, the tail could interact with the

surroundings. This explains the constant

values of Qst for methanol, ethanol, and

propanol shown in Figure 7a.



44 Chapter 3

Figure 8. Heat of adsorption of
methanol, ethanol, propanol, bu-
tanol, 2-propanol, 2-butanol, tert-
butanol, and ethylene-glycol in MAF-6.

Figure 9c shows the percentage of the

binding sites occupied by molecules of al-

cohol at low coverage and saturation con-

ditions. We consider a molecule in a bind-

ing site when the distance between the

oxygen atom of the alcohol and the geo-

metric center of the imidazolium ring is

lower than a certain value (see simula-

tion details). The occupation of binding

sites increases with the chain length of

linear alcohols at low coverage and de-

creases at high coverage. Therefore, the

longest molecules interact stronger with

the structure at low coverage. At high cov-

erage, the shortest molecules can fill more

binding sites because of steric effects. The

distance between two consecutive binding

sites is about 5Å. Then, when the struc-

ture is saturated with molecules, the tail

of the longest molecules reduces the possi-

bility of accessing to consecutive binding

sites. These binding sites are narrow pock-

ets and therefore favor the adsorption of

linear alcohols.

Figure 9. Electrostatic field lines near
organic ligand binding of a single molecule of
methanol. (b) Representation of the accessible
surface of MAF-6. Black arrows pointing to
the binding sites of MAF-6. (c) Percentage of 2-
ethylimidazole rings of the structure (binding
site) occupied by molecules of alcohol, oriented
as shown in the inset figure (binding geometry).

Figure 10 shows the average occu-

pation profiles of ethanol at saturation.

These profiles are similar for all alco-

hols. The average occupation profiles were

computed by averaging the entire trajec-

tory recorded during the GCMC simula-

tions. We observe that methanol fulfills

the cavities of MAF-6, supporting a previ-

ous discussion and proving that the pocket

sites defined above are accessible to the

molecules of alcohol.
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Figure 10. ZX view of the average occupa-
tion profile of ethanol at saturation loading.

Finally, we calculated the diffusion of

the adsorbed molecules within the cavi-

ties of MAF-6 under saturation conditions.

Figure 11a,b shows the mean squared dis-

placement of the linear alcohols, while

Figure 11c depicts the self-diffusion coeffi-

cients of the linear and branched alcohols.

The increase in the chain length of lin-

ear alcohols leads to the decrease of the

self-diffusion coefficients. This is consis-

tent with the trend observed for the heat

of adsorption at high coverage and the on-

set values of pressure of the adsorption

isotherms. As expected for a system with

large pores, where the diffusion is not lim-

ited by confinement, the structure exhibits

more affinity for the longest molecules

that have the lowest diffusion coefficients.

In this case, the diffusion of propanol is of

the same order of magnitude as the diffu-

sion of 2-propanol. Likewise, the diffusion

of butanol is of the same order of mag-

nitude as the diffusion of 2-butanol and

tert-butanol.

Figure 11. (a) Mean squared displacement of linear alcohols: (a) linear scale and
(b) logarithmic scale. Self-diffusion coefficients of linear and branched alcohols (c).

As discussed here, the adsorption of

light alcohols in hydrophobic MAF-6 is gov-

erned by the clusterization of molecules

inside the big cavities by the formation

of a strong HB network. This aggregation

starts in the pocket sites of the structure

where the hydroxyl group of the molecules

points to the center of the imidazolium
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ring of the organic linker. It is important

to mention that these binding sites are

the place where the first molecules adsorb

in the pores. However they do not act as

active sites which favor the adsorption at

lower values of pressure, preserving the

hydrophobic nature of the adsorbent. In

this regard, the energy exchange involved

in the process is related to the nucleation

too. As a result of this, the dynamics of the

system is driven by the host-guest interac-

tions.

3.4 CONCLUSIONS

We studied the adsorption of light alcohols

in the hydrophobic metal azolate frame-

work MAF-6. We analyzed the effect of

the alkyl chain length and the conforma-

tion of the molecules in the adsorption

process. Steeped adsorption isotherms are

optimal for the capture of light alcohols

by pressure swing adsorption since the

structure does not require high pressure

changes to adsorb and release the adsor-

bates. We identified that the clusterization

of the molecules after values of pressure

that are below the saturation pressure

of each adsorbate is the key factor gov-

erning the adsorption mechanism. This

clusterization involves a large exchange

of energy between the low concentration

regime and the saturation loading. We

found that the specific binding sites of the

structure are the aromatic rings of the 2-

ethylimidazole organic linker. These sites

are pockets where the hydroxyl group of

the molecules of alcohol point to the cen-

ter of the aromatic ring. This is because

the dipole of the hydroxyl group is ori-

ented by the electrostatic field around the

binding sites. The lack of diffusion limita-

tions of light alcohols in the structure was

demonstrated too. The self-diffusion coeffi-

cients decrease with increase in the chain

length of the molecules, whereas they re-

main similar for each isomer. In summary,

MAF-6 shows a very high adsorption ca-

pacity, steeped adsorption behavior, and

high energy exchange during the adsorp-

tion process and allows the diffusion of

the adsorbates. On the basis of these find-

ings, MAF-6 seems a promising structure

for the capture of light alcohols. The main

conclusions of this work could also be ap-

plied to other hydrophobic MOFs.
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The Role of Hydrogen Bonding in the Dehydration of

Bioalcohols in Hydrophobic Pervaporation Membranes

Rafael María Madero-Castro, Sofía Calero, and Ozgur Yazaydin

T
he dehydration of bioalcohols is

considered one of the major fac-

tors contributing to the cost of

biofuel production. In this study, liquid

phase separation of water from methanol

and ethanol in a siliceous MFI perva-

poration membrane was studied by per-

forming concentration gradient driven molecular dynamic (CGD-MD) simulations. CGD-

MD simulations work by imposing a higher concentration in the feed side and a lower

concentration in the permeate side of the membrane. This creates a concentration

gradient across the membrane that facilitates the diffusion of molecules from the feed

to the permeate side, mimicking the experimental pervaporation membrane set up.

Fluxes of methanol, ethanol and water were calculated in single component permeation

simulations and in equimolar methanol-water and ethanol-water mixture separation

simulations. It was found that water formed hydrogen bonds with the silanol (Si-OH)

groups on the external surface of the MFI and did not enter the membrane in the

single component permeation simulation. While this may suggest that MFI can be

used to effectively dehydrate bioalcohols, our simulations showed that water permeated

through the MFI membrane when it was in a mixture with either methanol or ethanol.

Furthermore, in the alcohol-water mixture simulations, the fluxes of methanol and

ethanol were significantly lower than that of expected based on their single component

fluxes. A detailed analysis of hydrogen bonding in the alcohol-water mixture separation

simulations revealed that water preferred making hydrogen bonds with methanol and

ethanol rather than with the silanol groups. This resulted in drifting of water molecules

along with permeating alcohol molecules in to the MFI membrane in mixture simu-

lations, while slowing the permeation of methanol and ethanol fluxes. The hydrogen

49
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bonding between water and alcohol molecules indicates that it may not be possible to

achieve complete alcohol selectivity even if defect-free membranes were manufactured;

however, our findings also hint at the possibility of functionalizing membrane surfaces

with chemical groups that will overcome water-alcohol hydrogen bonding and retain

water molecules in order to approach complete selectivity.

4.1 INTRODUCTION

The warming of our planet has been

closely linked to the anthropogenic release

of greenhouse gases to the atmosphere.1

To prevent further increase of Earth’s tem-

perature, substitution of fossil fuel based

energy with that of generated from renew-

able resources, such as solar,2,3 wind4,5

and biomass,6,7 has been considered es-

sential. However, the effectiveness of these

alternative energy resources in the fight

against climate change has not been with-

out controversy.8 In the case of biofuels in

particular, there has been an ongoing de-

bate about how environmentally friendly

they are in reality.9 For instance, some

studies suggest that production of biofu-

els consume more energy than they pro-

duce.10,11 One of the major factors con-

tributing to the cost of biofuel production

is the dehydration of bioalcohols. This pro-

cess has traditionally employed distilla-

tion, which requires large amounts of en-

ergy to achieve sufficient purity for alcohol

to be used as fuel. Furthermore, ethanol,

for instance, makes an azeotrope with wa-

ter. Therefore, it is not possible to obtain

more than 95 wt% purity ethanol with dis-

tillation only. Such difficulties have led

to the development of alternative meth-

ods for dehydration of bioalcohols, such

as, extractive distillation, adsorption and

membrane separation, as well as, hybrid

methods which incorporate membrane sep-

aration and distillation.12–14

Membrane pervaporation has been

considered as one of the most effective and

energy-saving processes for separation of

alcohol-water mixtures, in particular, for

the azeotropic ones.15–17 Hydrophobic and

hydrophilic membranes have been devel-

oped for the separation of alcohol and wa-

ter,12 although making reliable and eco-

nomical membranes is challenging.18 For

the fabrication of hydrophobic pervapora-

tion membranes, MFI, a hydrophobic ze-

olite, has been widely used, either in the

form of a thin film membrane deposited

on a porous support,19,20 or by dispersing

MFI crystals in a polymer matrix,21,22 ex-

hibiting high flux and separation factors.

Furthermore, several molecular simula-

tion studies investigated the adsorption,

diffusion and separation of alcohol and wa-

ter systems in MFI zeolite.23–27

By carrying out configurational bias

grand canonical Monte Carlo (CB-GCMC)

simulations Xiong et al.23 reported that

the adsorption of water in MFI is neg-

ligible due to its hydrophobicity and
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that larger alcohols are adsorbed at rel-

atively lower pressures compared to the

smaller alcohols. Krishna et al.24 em-

ployed CB-GCMC and molecular dynam-

ics (MD) methods to show that it is not

possible to accurately estimate adsorption

and diffusion characteristics of alcohol-

water mixture based on single component

data due to the effect of hydrogen bond-

ing between water and alcohol molecules.

Gómez-Álvarez et al.25 performed GCMC

and MD simulations in MFI and showed

that the diffusion coefficients of water,

methanol and ethanol in the adsorbed

alcohol-water mixtures were greater than

their diffusion coefficients in the adsorbed

single component. Studies cited in refer-

ences 23 to 25 were conducted in periodic

MFI structures and as such were not rep-

resentative of pervaporative membrane

separation experiments. Working with pe-

riodic structures also meant that these

studies did not consider the effect of func-

tional groups; i.e. silanol groups, that are

present on the external surface on the sep-

aration of alcohol-water mixtures, which

can be an important factor as we show

later in this paper. Jia et al.,26 on the other

hand, carried out MD simulations to study

the diffusion of alcohol-water mixtures

through MFI slabs in a simulation setup

that mimicked pervaporation separation

experiments. They emphasized that the be-

haviour of mixtures differed considerably

from that of for the single component sys-

tems. For example, they reported that wa-

ter diffused through the MFI membrane

when it was in a mixture with ethanol

but not in the single component phase,

which they attributed to the strong hy-

dration energy of ethanol; however, they

did not elaborate on the origins of this ef-

fect at the molecular level. Furthermore;

the MFI model they used did not have

any partial atomic charges; i.e. the inter-

action between the MFI and alcohol and

water molecules were purely based on van

der Waals forces, and that there were no

silanol groups on the external surface of

the MFI slabs they used, which are both

important for an accurate modelling of

the system. Additionally, the method they

used did not allow computing the steady-

state fluxes. Takaba et al.,27 investigated

the pervaporation of an ethanol/water bi-

nary mixture in silicalite membrane with

dual ensemble Monte Carlo simulations.

However, they modelled the ethanol and

water molecules as Lennard-Jones fluids,

i.e. single spheres, which is a very crude

approximation that prevents exploring the

role of specific interactions on the separa-

tion mechanism.

In this work, we investigate the de-

hydration of bioalcohols in an MFI mem-

brane by carrying out concentration gra-

dient driven molecular dynamics simu-

lations (CGD-MD).28 CGD-MD is a non-

equilibrium molecular dynamics simula-

tion method which works by applying bidi-

rectional bias forces to maintain the con-

centration of molecules in designated con-

trol volumes. By maintaining a higher

concentration at the inlet of a membrane
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(feed), and lower concentration at the out-

let of a membrane (permeate) the CGD-

MD method creates a concentration gradi-

ent which drives the diffusion of molecules

through the membrane. This method was

previously used to study multicomponent

gas transport and separation in porous

membranes.28–30 Using the CGD-MD ap-

proach allows computing the steady-state

flux of molecules and membrane selectiv-

ity directly, which is important, because

some of us previously showed that at con-

ditions where fluid molecules strongly as-

sociate, selectivity of a membrane may not

always be computed accurately based on

predictions of single component transport

properties.28 Here, we consider the sepa-

ration of methanol and ethanol from water

in an MFI pervaporation membrane set-

ting; i.e., vacuum on the permeate side.

The simulations are carried out in the

liquid phase and at ambient conditions,

and thus useful to understand the poten-

tial of porous membranes for the dehydra-

tion of bioalcohols with minimum energy

consumption; i.e. without heating of the

feed. Most importantly, our study reveals

that water molecules prefers forming hy-

drogen bonds with alcohol molecules over

the silanol groups that exist on the exter-

nal surfaces of the MFI membrane. This

leads to a diminishing effect on the alcohol-

water selectivity and lower than expected

alcohol fluxes.

4.2 SIMULATION DETAILS

Methanol and ethanol molecules were

modelled with the TraPPE-UA force

field.31 In this force field, bonds are rigid

but angles are flexible, and CHx groups

are treated as united atoms, i.e., single in-

teraction centres. For the water molecule,

a flexible variant of the SPC/E model

was used.32,33 An MFI membrane was

constructed by using the “Computation-

ready 2D Zeolitic Slabs Database” of

Knio et al.34 This database consists of

DFT optimized unit cells of zeolites and

their model surfaces for different crys-

tallographic planes terminated with -

OH groups. The dimensions of the MFI

membrane used in our simulations were

60.49, 53.17 and 110.83Å in the x, y and

z direction, respectively, and the exter-

nal surfaces were perpendicular to the

straight channels [010]. The membrane

was treated as a flexible structure us-

ing the force field developed by Sastre

et al.35–37 Lorentz-Berthelot mixing rules

were used to calculate the cross term pa-

rameters between different atom types for

Lennard-Jones (LJ) potential, which was

used to model short range non-bonded in-

teractions. Long range electrostatic inter-

actions were computed using the Ewald

summation method.38 The cut-off distance

for the LJ potential and the real part of

the Ewald sum was set to 12Å. Further

details on the force field used and all pa-

rameters are provided in Table A2.1.

As mentioned in the introduction, we

used the CGD-MD method to study the
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liquid phase transport of water, methanol

and ethanol, and the separation of equimo-

lar methanol-water and ethanol-water

mixtures. The CGD-MD simulation setup

is illustrated in Figure 1 and CGD-MD

specific parameters are provided in Table

A2.2. A detailed explanation of how CGD-

MD method works can be found in Ozcan

et al.28 and Perego et al.39 In our CGD-

MD simulations, the MFI membrane was

placed in the centre of the simulation box,

which was 311.0Å in the z direction (Fig-

ure 1). During the CGD-MD simulations,

the concentration of the water, methanol

and ethanol molecules were maintained

at their target densities in the feed con-

trol region (FCR) and the permeate control

region (PCR), to mimic a pervaporation

membrane separation setup; i.e. higher

concentration in FCR (feed) and vacuum

in PCR (permeate). This is achieved by ap-

plying bi-directional bias forces on fluid

molecules in the feed force region (FFR)

and the permeate force region (PFR). The

bias force works in such a way that if the

instantaneous concentration in the control

region is less than the target concentra-

tion then the bias force acts in the direc-

tion to move more molecules to the control

region; and if the instantaneous concentra-

tion in the control region is more than the

target concentration then the bias force

acts in the direction to remove molecules

from the control region. We emphasize

that it is the concentration gradient that is

established across the membrane which fa-

cilitates the transport of the molecules, not

the bias forces. Molecules which cross the

membrane return to the feed side through

the periodic boundary (see blue arrows in

Figure1). This ensures that there are al-

ways molecules in the feed side and that

the transport of the molecules through the

membrane can reach to steady state.

Figure 1. CGD-MD simulation setup.

All CGD-MD simulations were carried

out using the GROMACS MD simulation

package (version 2019.2) patched with an

in-house modified version of Plumed 2.4.2.

The patch is freely available for down-

load.40 Simulations were run in the NVT

ensemble and the temperature was kept

at 300K using a Nose-Hoover thermostat.

Leapfrog algorithm38 was used for inte-

grating the Newton’s equations of motion

with a timestep of 1 f s. A small number of

Si atoms (less than 2%) were restrained to
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their initial positions in order to avoid the

MFI membrane drifting under the concen-

tration gradient. To ensure that the flux of

the molecules through the MFI membrane

has achieved steady state, CGD-MD simu-

lations were first run for 200 million steps,

followed by 200 million steps of produc-

tions runs, during which fluxes, z-density

profiles and hydrogen bonding character-

istics of water, methanol and ethanol were

calculated in single component and mix-

ture settings.

4.3 RESULTS AND DISCUSSION

4.3.1 Force field validation

Figure 2. Comparison of the experimen-
tal (solid lines) and simulated (symbols)
adsorption isotherms of methanol (303K),
ethanol (308K) and water (308K) in MFI.

We first validated the force field by comput-

ing the adsorption isotherms of methanol,

ethanol and water in MFI and compar-

ing them against experimental data. For

this purpose, we performed grand canon-

ical Monte Carlo (GCMC) simulation us-

ing the RASPA molecular simulation pack-

age.41 Further details of the GCMC sim-

ulations are provided in the Appendix 2.

Figure 2 shows the comparison between

simulated and experimental adsorption

isotherms of methanol, ethanol and water

in MFI.23,42 The agreement between the

simulated and experimental data is very

good, and it is particularly important that

simulated isotherms reproduce the fact

that methanol and ethanol are adsorbed

at a lower pressure compared to water. It

should also be noted that the amount of

water adsorbed within the pressure range

investigated is much lower compared to

the amount of water that condenses in the

pores of all-silica MFI at very high pres-

sures; i.e. > 75MPa.43,44

4.3.2 Single component perme-

ation of methanol, ethanol and

water in the MFI membrane

After validating the force field, we stud-

ied the single component permeation of

methanol, ethanol and water in the MFI

membrane by carrying out CGD-MD simu-

lations. Target concentrations of methanol,

ethanol and water in the feed control re-

gion were set to their liquid molar den-

sities at 300 K. in the permeate control

region, the target concentrations were set

to vacuum to mimic pervaporation condi-

tions (Table A2.3). Instantaneous concen-

trations (Figure A2.1) and the average con-

centrations of methanol, ethanol and wa-
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ter (Table A2.3) in the control regions in

single component simulations show that

the concentration of the molecules were

maintained very close to the target values

during the production runs.

Figure 3 shows the z-density profiles

of methanol, ethanol and water in the

MFI membrane. While both methanol and

ethanol enter the MFI membrane, water

does not enter because of the hydropho-

bicity of the MFI zeolite. The z-density

profiles of methanol and ethanol reflect

the structure of MFI, i.e., the z-densities

peak at the intersection of the zig-zag and

straight channels.

Figure 3. Z-density profiles of a) methanol, b) ethanol and c) water in the MFI membrane in
single component CGD-MD simulations. The MFI membrane is located between z ≃ 93Å and 204Å.

The fluxes of methanol, ethanol and

water in the MFI membrane were calcu-

lated by using the following formula28

Jz =
N+

i
−N+

i

t · Axy

where Jz is the flux in the direction of

the flow, N+ and N− are the number of

molecules that cross a geometric plane lo-

cated at the centre of the membrane in

the positive and negative z-directions, re-

spectively, Axy is the cross sectional area

of the membrane, and t is the simula-

tion time. In the single component simula-

tions, methanol flux is about twice that of
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ethanol, and water has a zero flux (Table

1) since it does not enter the MFI mem-

brane, which is in agreement with the ex-

perimental findings that water only enters

all-silica MFI at very high pressures.43,44

This may suggest that MFI can demon-

strate complete selectivity for methanol

and ethanol over water; however, as we

show in the mixture simulations below

this is not the case.

Table 1. Methanol, ethanol and water fluxes, expressed in molecules/nm2ns, in MFI from
single component and mixture simulations.

Methanol Ethanol Water
Single component 0.20 ± 0.01 0.09 ± 0.02 0*

Methanol-water mixture 0.013 ± 0.008 - 0.002 ± 0.004
Ethanol-water mixture - 0.03 ± 0.01 0.0005 ± 0.0004

*Water does not enter the MFI membrane in the single component simulation.

4.3.3 Dehydration of binary

alcohol-water mixtures in the

MFI membrane

To study the dehydration of binary alcohol-

water mixtures in the MFI membrane,

we considered equimolar mixtures of

methanol-water and ethanol-water. For

both mixtures, target concentrations of the

components in feed control region were set

to reproduce the molar density of equimo-

lar mixtures at 300K assuming ideal mix-

ing, and the target concentrations were

set to zero in the permeate control region

to mimic pervaporation conditions (Table

A2.4). Instantaneous concentrations (Fig-

ure A2.2) and the average concentrations

of methanol, ethanol and water (Table

A2.4) in the control regions in mixture sim-

ulations show that the concentration of the

molecules were maintained very close to

the target values during the production

runs. Figure 4 shows the z-density pro-

files of methanol, ethanol and water in

the MFI membrane in the mixture simula-

tions. Unlike the case in the single compo-

nent simulation of water, the density of wa-

ter within the membrane, although very

small, is non-zero in both mixture simula-

tions. That is, water enters the membrane

when it is in a mixture with methanol or

ethanol. Indeed, there is a quantifiable wa-

ter flux in MFI in the mixture simulations,

although it is very small compared to the

fluxes of methanol and ethanol (Table 1).

Furthermore, the presence of water ap-

pears to be slowing down the permeation

of methanol and ethanol in alcohol-water

mixtures (Table 1). One can argue that the

slower fluxes of methanol and ethanol in

alcohol-water mixtures compared to their

fluxes in the single component simulations

is due to their relatively lower feed concen-

trations in the mixture simulation com-
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pared to their feed concentrations in the

single component simulations. However,

the lower feed concentrations of alcohols

in the mixture simulations do not alone

account for the slower fluxes of methanol

and ethanol in the mixture simulations.

For instance, the feed concentration of

methanol in the mixture simulations is

about 45% lower than that of its feed con-

centration in the single component simula-

tion; i.e. 10.43 vs 14.99
[

molecules/nm3]

,

respectively (Tables A2.3 and A2.4). The

flux of methanol in the mixture simulation

is about an order of magnitude smaller

than its single component flux (Table 1).

Likewise, the flux of ethanol in the mix-

ture is three times smaller than its single

component flux (Table 1), but the ethanol

feed concentration in the mixture sim-

ulation is only ≈ 30% lower than that

of in the single component; i.e. 7.92 vs

10.16
[

molecules/nm3]

, respectively (Ta-

bles A2.3 and A2.4).

Figure 4. Z-density profiles of methanol, ethanol and water as a function of z coordinate
in mixture CGD-MD simulations. The MFI membrane is located between z ≃ 93Å and 204Å.

To understand why water enters the

MFI membrane in the alcohol-water mix-

ture simulations but not in the single com-

ponent water simulation, we analysed the

number of hydrogen bonds that form be-

tween the silanol groups located on the



58 Chapter 4

feed side of the MFI surface and the

methanol, ethanol and water molecules

(Table 2). In single component simula-

tions water molecules form about five

times more hydrogen bonds with the sur-

face silanol groups compared to methanol

and ethanol. This may be due to two rea-

sons; first, water has two −OH groups

whereas methanol and ethanol has only

one, and second, the molecular density

of water is larger compared to methanol

and ethanol, that is, there are relatively

more water molecules present per unit

volume in comparison to methanol and

ethanol. However, in the mixture sim-

ulations there is a very different sce-

nario. The number of hydrogen bonds that

methanol or ethanol form with the silanol

groups are more than the number of hy-

drogen bonds that form between the water

molecules and silanol groups. The num-

ber of hydrogen bonds that water forms

with silanol groups when it is in a mixture

with methanol is about 10 times smaller

compared to that of in the single compo-

nent simulation, and it is 14 times smaller

when it is in a mixture with ethanol. This

cannot be explained only by the lower con-

centration of water in the mixture simu-

lations (10.39 and 7.88
[

molecules/nm3]

for methanol and ethanol mixtures, respec-

tively (Table A2.4)), compared to its con-

centration in the single component simula-

tion,
(

33.7molecules/nm3)

(Table A2.3)).

It is clear that, water molecules interact

more strongly with the alcohol molecules;

i.e. through hydrogen bonding, compared

to the surface silanols. This in turn facil-

itates the diffusion of water in the MFI

membrane, because thanks to the hydro-

gen bonding that forms between the wa-

ter and alcohol molecules, water molecules

are carried in to the MFI with the dif-

fusing methanol and ethanol molecules.

The preferred hydrogen bonding of water

with alcohol molecules also explains the

lower than expected fluxes of methanol

and ethanol in their mixtures with water.

While water enters MFI thanks to the hy-

drogen bonds that it forms with alcohol

molecules, it slows down the permeation

of methanol and ethanol. It is also notewor-

thy that the hydrogen bonding is relatively

weaker between alcohol molecules in the

membrane compared to the feed (see Table

A2.5 and the pertinent discussion in the

Appendix 2).45

Table 2. Number of hydrogen bonds that methanol, ethanol and water molecules form with the
MFI surface at the feed side in single component and mixture simulations.

Methanol Ethanol Water
Single component 17 ± 4 17 ± 3 76 ± 7

Methanol-water mixture 12 ± 3 - 8 ± 3
Ethanol-water mixture - 9 ± 3 5 ± 2
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The reason for the preference of wa-

ter molecules for making hydrogen bond-

ing with alcohols rather than with surface

silanols can be due to the difference in

the polarity of −OH groups in the silanol

groups and those of in the methanol and

ethanol molecules. Partial charges of oxy-

gen atoms in the −OH groups of alco-

hol and the silanol are very similar ( i.e.,

qOalc
= −0.7e and qOsil

=−0.725e
)

. How-

ever, the partial charge of the hydrogen

atom of the -OH group of alcohol is more

than twice that of for the hydrogen atom of

the −OH group of the silanol (i.e.; qHalc
=

0.435e and qHsil
= 0.2e, respectively). The

larger hydrogen partial charge on the al-

cohol −OH group leads to a stronger in-

teraction with water compared to the in-

teraction between the silanol group and

water. This suggest that even if defect free

membranes can be manufactured, the hy-

drogen bonding between water and alcohol

molecules will always result in diffusion

of water molecules along with alcohols,

thus eliminating the possibility of com-

plete dehydration of biofuels. Neverthe-

less, the ethanol/water selectivity based

on the ethanol and water fluxes from

the ethanol-water mixture simulation, i.e.

0.03/0.0005 = 60, can still be considered

very high.

4.4 CONCLUSIONS

The purification of bioalcohols using perva-

poration membranes based on hydropho-

bic zeolites potentially has several advan-

tages in comparison to distillation, includ-

ing and most importantly, lower energy

requirements. All silica MFI zeolite allows

the diffusion of pure methanol and ethanol

and prevents the diffusion of pure wa-

ter due to its hydrophobic character. Pure

water hydrogen bonds strongly with the

silanol groups on the external surface of

the MFI. On the other hand, when water

is in a mixture with alcohol, the hydrogen

bonding of water with silanol groups re-

duces due to its preferred hydrogen bond-

ing with alcohols and this leads to water

permeating through the MFI membrane

along with alcohol molecules. The strong

hydrogen bonding between water and alco-

hol molecules may suggest that total selec-

tivity of alcohol over water in a hydropho-

bic pervaporation membrane, such as MFI,

cannot be achieved. However, our findings

also hint at the possibility of modifying

surfaces with functional groups that will

overcome the interaction between water

and alcohol molecules and retain water

outside the membrane as a new strategy

for manufacturing membranes with im-

proved separation performance for the de-

hydration of bioalcohols.
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Adsorption of Linear Alcohols in Amorphous Activated

Carbons: Implications for Energy Storage Applications

Rafael María Madero-Castro, José Manuel Vicent-Luna, Xuan Peng, and

Sofía Calero

T
hermal energy storage using

porous materials has become

a key technology for improv-

ing efficiency and sustainability of heat

storage applications to reduce the car-

bon dioxide emissions. Choosing the

adsorbent-fluid working pairs that im-

prove the performance of an energy storage process is a challenge due to the large

number of possible combinations. The use of activated carbons for adsorption, purifi-

cation, and energy applications as an alternative to other porous materials such as

zeolites or silica gel is a promising strategy due to its low production cost combined to a

good thermochemical energy storage performance. In this work, we have explored the

use of activated carbons derived from the pyrolysis of saccharose coke (CS1000a) for

thermal energy storage. For this, we have considered the first four n-alcohols (methanol,

ethanol, 1-propanol, and 1-butanol) as working fluids because their large enthalpy of

vaporization. We carried out Monte Carlo simulations combined with the thermody-

namical model based on the Dubinin-Polanyi theory to evaluate adsorption, interaction

energies, microscopic structure, and thermal energy storage density of CS1000a-alcohol

pairs. We compared these properties with the performance of other commercial activated

carbon, such as BPL. We employed a realistic model containing functional groups in

the internal surface and a simplified model without these functional groups. The role of

these functional groups and their consequences on the targeted properties is discussed.

CS1000a shows excellent performance to store thermal energy and considerably reduces

the operational temperatures, being a good alternative to those on the market.

61
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5.1 INTRODUCTION

Thermal energy storage is one of the main

current technologies leading the transition

towards more efficient energy systems.1 In

this context, one of the technologies that

are gaining attention within the field of

thermo-chemical heat storage is the ad-

sorption heat storage.2,3 This is based on

the energy released upon the interactions

of working pairs composed by a porous

solid adsorbent and a liquid adsorbate.

Therefore, the efficiency of the heat stor-

age process is highly dependent on the

adsorbent-adsorbate interactions.4–6 Be-

ing a promising technology, it still needs

further development and research to end

up on the market as a competitive alter-

native. Understanding the fundamental

mechanisms that trigger the adsorption

heat storage process is key to boost the

performance and reduce cost of this emerg-

ing technology. The adsorption of gases or

liquids (working fluids) in porous mate-

rials (solid adsorbents) is an exothermic

process7 commonly used for heat storage

applications.4,8 The interactions between

the molecules of the working fluid and

the solid adsorbent generate a decrease

in the total energy of the system, which

releases heat to the outside. This heat

exchange is the basis of thermal energy

storage using porous materials.4,8 A large

number of existing porous materials, to-

gether with the wide variety of working

fluids, make challenging the search for

the most appropriate adsorbate-adsorbent

pair for each application. Within porous

materials, the most common adsorbents

for adsorption energy storage are silica

gels,5,9–11 zeolites,3,4,12–14 Metal-Organic

Frameworks,4,15–17 and activated carbons

(ACs).18–20 Many of these works have sug-

gested porous materials as great candi-

dates for thermal energy-related applica-

tions. However, most of the adsorbents

have been studied in laboratories, and

they are still not ready for large-scale

development at industrial scale. In this

sense, activated carbons exhibit a compet-

itive production cost and wide commercial

availability, which is essential to end in

the market.

The reference example of industrial

application is the well-known and com-

mercial 13X zeolite with water working

pairs.21,22 This pair shows high efficien-

cies, but it also needs high desorption tem-

peratures (over 500K).23 The desorption

temperature is affected by the adsorbate-

adsorbent interactions, which in the case

of 13X/water, are strong due to the high

hydrophilic nature of this zeolite. The goal

is to achieve high efficiencies but lower-

ing desorption temperatures of the process.

For this condition, a steeped isotherm is

desired, where the adsorption increases

substantially in a small range of pres-

sure/temperature lifts. One strategy can

be the use of other adsorbates replacing

water. The most common fluids used in

thermal energy storage devices are water,

methanol, ethanol, and ammonia.24 Here,

we investigate the use of activated carbons

with the first four n-alcohols working pairs.
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ACs have been used in heat transfer ap-

plications using different adsorbates.18–20

Its big storage capacity, together with a

low production cost, is desirable to be a

promising candidate for heat transfer ap-

plications using light alcohols as working

fluids.23,25,26 Authors such as Kanamori

et al.26 and Cacciola et al.27 have studied

the use of activated carbons for refriger-

ating machines with satisfactory results.

The activation process of the adsorbent

and the correct choice of the working fluid

are critical aspects for the efficiency of an

adsorption energy storage process.

Porous carbons are amorphous materi-

als formed by atoms of carbon and traces

of other atoms such as oxygen or hydro-

gen. These materials are produced from

organic waste, such as wood, sugar or rice

residues, or fossils, such as coal or oil,

among many others.28 This makes them

low cost materials.29 ACs are porous car-

bons subjected to a physicochemical pro-

cess to adapt their characteristics30 to spe-

cific needs.30 Pyrolysis is one of the forms

used to eliminate moisture and volatile

compounds within the samples. Subject-

ing the carbon to this process alters its in-

ternal surface area, pore size, and physico-

chemical properties.31 There is currently a

large industry based on activated carbons.

There are type F commercial activated car-

bons obtained from coconut shell32 or car-

bon nanofibers, sintered by chemical vapor

deposition.33 ACs are used for gas stor-

age,34–37 separation and purification,38–40

as catalytic agents,41,42 or in the pharma-

ceutical industry.43,44 This is due to its

large surface area and chemical surface.45

At the industrial level, ACs are also used

to capture and purify molecules of alco-

hol.46–50 Adsorption of polar molecules,

such as molecules of alcohol, is closely re-

lated to the surface chemistry of the ad-

sorbent, e.g., it is strongly affected by the

functional groups.31

Delgado et al.50 used activated carbon

BPL to separate water-ethanol mixtures

with a cyclic adsorption-desorption sys-

tem until the ethanol was purified. Ravi et

al.47 used ACs from M/S. Silica Versahren-

stecknik, Germany to adsorb phenol and

benzyl alcohol, among other aqueous so-

lutions showing irreversible phenol des-

orption because it alters the surface chem-

istry of activated carbon. Critoph19 stud-

ied the possibility of using ACs as heat

pumps with ammonia and methanol as

working fluids. Similarly, Wang et al.25

studied the same two adsorbates in dif-

ferent materials by changing the form

(powders, micro-porous, granular, molec-

ular sieves, and carbon fibers). They ob-

tained higher performances when solid-

ifying the samples than in their granu-

lar form. They also found that the chan-

nels formed when processing the material

are a crucial aspect of the performance of

the process. Finally, Kohler et al.23 stud-

ied the influence of the carbon chain on

n-alcohols, temperature, and desorption

time on maximum efficiency for thermal

energy, concluding that short-chain alco-

hols are an excellent alternative to water
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as working fluid. These authors observed

that methanol, ethanol, and propanol are

good candidates for that purpose. Never-

theless, they found that butanol is not an

appropriate candidate to substitute water.

In this work, we study CS400, CS1000,

and CS1000a carbon materials as candi-

dates for heat storage applications using

light alcohols. These structures are syn-

thesized by pyrolyzing pure saccharose

coke under a nitrogen flow at 400 °C and

1000 °C∼ for CS400 and CS1000 struc-

tures. CS1000a is also activated by keep-

ing it at 1000 °C∼ in a CO2 atmosphere

for 20 h.51 At industrial level, these ma-

terials have been used previously to cap-

ture and separate light gases like nitro-

gen, methane, or carbon dioxide.52 The

activation of these structures produces a

big internal surface area and activated

binding sites, making the pore environ-

ment appropriate for the adsorption of

polar molecules like light alcohols.51 At

the computational level, the structural

models of CS400, CS1000, and CS1000a

have been developed using Hybrid Reverse

Monte Carlo (HRMC) techniques by Jain

et al.53 This method introduces variations

in the acceptance probabilities and pro-

vides advantages over other Monte Carlo

methods. These carbons have been gen-

erated to reproduce the radial distribu-

tion functions (RDF) between atoms of

carbon and the porosity of the material.

Porosity is described as the accessible sur-

face divided by the total surface. CS1000a

has undergone an activation process to

increase its porosity and presents higher

porosity value than the other two carbons

(φCS1000a = 0.659 versus φCS1000 = 0.342

and φCS400 = 0.466).52 For the first time,

we combine molecular simulations with a

thermodynamical model of adsorption to

study the performance of the ACs-alcohol

working pairs for energy storage appli-

cations. For this purpose, we carried out

Monte Carlo simulations to obtain the ad-

sorption and interaction energies of the

first four n-alcohols in three ACs samples.

This allows us to connect the physicochem-

ical properties of the adsorbent fluid at the

molecular level with the energy released

from an adsorption heat storage process.

5.2 SIMULATION DETAILS

We combined molecular simulations with a

mathematical model based on the Dubinin-

Polanyi theory of adsorption to assess

the performance of microporous ACs for

heat storage applications. First, we used

Monte Carlo simulations to obtain the

adsorption properties of light alcohols

(methanol, ethanol, 1-propanol and 1-

butanol). We computed the adsorption

isotherms with the Configurational-Bias

Monte Carlo (GCMC) method in the Grand

Canonical ensemble, using RASPA molec-

ular simulation software.54,55 The simula-

tions consist of 1.2 ·106 cycles of produc-

tion run. We used the last 2 · 105 cycles

to average the computed properties. This

number of cycles guarantees the equilibra-

tion of the simulation. The average num-

ber of hydrogen bonds per molecule (nHB)
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was obtained using a geometrical criterion

defining three cut offs including: distances

between atoms of oxygen of donor and ac-

ceptor molecule and between atom of hy-

drogen of the donor molecule and atom of

oxygen of the acceptor molecule and the

angle between atom of oxygen of acceptor

molecule and atoms of oxygen and hydro-

gen of donor molecule. More details about

the computation of nHB and the definition

of the cut offs can be found in our previous

work.56

We used a classical force field with

Lennard-Jones and Coulombic potentials

to describe the van der Waals and elec-

trostatic interactions, respectively. The

crossed terms of the Lennard-Jones pa-

rameters have been estimated using

Lorentz-Berthelot mixing rules,57 while

the electrostatic interactions are cal-

culated using the Ewald summation

method.58 We used the values for the

Lennard-Jones parameters and point

charges reported by Peng et al.52 to de-

scribe the adsorbents, and the Trans-

ferable Potentials for Phase Equilibria

(TraPPE) force field59,60 to model the

molecules of alcohol. These parameters

are listed in Table A3.1 of the Appendix

3. The TraPPE force field for alcohols em-

ploys a flexible united atom model where

the CH3 and CH2 groups are described

as single effective interaction centres at-

tached to an -OH group. The bonded inter-

actions are described by a fixed bond, har-

monic bending, and a dihedral potential.61

These models for the alcohols molecules

have proven to be suitable for reproducing

their physicochemical properties58 and ad-

sorption in porous materials.56,62,63

The structural models of the adsor-

bents were developed to describe the tex-

tural properties of the real samples. ACs

are amorphous materials that do not have

an ordered structure that can be deducted

from experimental measurements, which

makes the development of atomistic mod-

els difficult. In this context, we used the

realistic structures developed by Jain et

al.53 following the Hybrid Reverse Monte

Carlo (HRMC) method. This method is

based on Monte Carlo insertions to pro-

duce atomic configurations that repro-

duce a targeted property measured exper-

imentally. In this case, the RDFs of the

ACs samples obtained from the measured

structure factor. The HRMC method also

includes an energy penalty to avoid unfa-

vorable configurations. This way, the dif-

ferences between the reference and the

simulated RDF and the energy of the de-

veloped system are minimized simulta-

neously, where the resulting structures

fit the experimental data and are physi-

cally realistic. The adsorbents are consid-

ered as rigid frameworks. The systems

consist of a side length 50Å cubic unit

cell, ensuring RDF and porosity match

with actual ACs samples.64 In addition to

the structural properties, another factor

that we need to consider is the chemical

composition. It is well known that acti-

vated carbons contain functional groups,

which are crucial for the adsorption of po-
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lar molecules. To model the most realis-

tic conditions, the carbon models used in

this work have a certain amount of car-

boxylic acid (−COOH) and alcohol (−OH)

functional groups to reproduce the exper-

imental O/C and H/C ratio.53 Based on

the chemical composition of each material,

a certain amount of (−COOH) and (−OH)

functional groups are randomly placed on

the internal surface of the ACs samples.

The process ensures that the addition of

the functional groups does not overlap

with other existing atoms. Once the func-

tional groups are attached, the system is

relaxed to minimize the energy of the func-

tionalized structures. During the optimiza-

tion, the carbon atoms of the matrices are

fixed and only the functional groups are

allowed to move. Table A3.2 collects the

structural properties of the three ACs. We

analyzed the effect of functional groups

on the adsorption and energetic properties

and compare them with the bare struc-

tures. Due to their accuracy in describ-

ing the actual samples, these models have

been extensively used in literature for di-

verse applications.52,53,64–69 To reinforce

the validity of these structural models and

the selected force field, we performed ad-

ditional simulations aimed at comparing

with the available experimental data for

adsorption in these ACs.

Figure A3.1 shows the comparison be-

tween computed and experimental adsorp-

tion isotherms of argon65 and nitrogen65

at 77 K in CS400 and CS1000 ACs. The

low temperature adsorption of these probe

molecules is used in experiments to obtain

the textural properties of porous materials.

Figure A3.2 shows the isosteric heat of ad-

sorption at infinite dilution of linear hydro-

carbons in CS1000a and the corresponding

adsorption isotherms of methane, ethane,

and propane at 423K . The computed data

was obtained using the Widom test parti-

cle insertion method70,71 in the NVT en-

semble. We compared to the data reported

by Falk et al.66 obtained with MC sim-

ulations in CS1000a used as a kerogen

models and with the experimental data

for carbon black.72 We found a good agree-

ment between the experimental and com-

puted isotherms and the heat of adsorp-

tion in the three ACs (Figures A3.1 and

A3.2), indicating that the force field used

to describe the ACs is suitable to describe

the adsorption properties for a variety of

adsorbates and in a wide range of temper-

atures.

Despite the lack of adsorption data for

alcohols in CS400, CS1000, and CS1000a

in the literature, we can compare with

other existing similar ACs. This strategy

is not new. As mentioned above, Falk et

al.66 used the same CS1000 and CS1000a

models to simulate the adsorption of alka-

nes in kerogens. They argue that this ap-

proach is consistent because of the similar

features of kerogens and CS1000/CS1000a

ACs, such as pore size distribution and

morphological and topological disorders.

They selected CS1000 and CS1000a mod-

els because of the realistic representation

of the carbon matrices. Moreover, Zeng et
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al.73 used the same models for the AC

and methanol than in this work, to inves-

tigate the methanol adsorption in two acti-

vated carbons, namely A5 and Carbopack

F. They used a simple model for the ad-

sorbent consisting in finite graphene sur-

faces containing functional groups. They

used the Henry constants for methanol

in the AC to estimate the concentration

of functional groups in each AC. More-

over, Myronyuk et al.74 demonstrated that

ACs with analogous structural properties

also show similar adsorption properties.

They studied the structural features of

ACs produced using glucose, lactose, and

saccharose precursors at different temper-

atures. They found that a few of the re-

sulting carbons, activated at high temper-

atures, have analogous textural proper-

ties, such as surface area, pore volume,

or pore size distribution. These similari-

ties give rise to similar nitrogen adsorp-

tion isotherms, independently of the used

precursor. In the same way, we can com-

pare the CS1000a AC, obtained from the

pyrolysis saccharose coke with other com-

mercial AC (WS-480) based on the car-

bonization of coconut shell at high tem-

perature. WS-480 and CS1000a exhibit

an analogous pore size distribution where

the main peak is around 10Å.67,75 Both

adsorbents also have comparable pore

volume, 0.77cm3/g and 0.66 cm3/g and

porosity 0.65 and 0.62 for CS1000a52 and

WS-480,67 respectively. This makes this

AC a suitable reference sample to vali-

date the GCMC simulations for alcohols

in CS1000a. In this regard, Figure A3.3

shows the adsorption isotherm and the

loading dependence of the enthalpy of ad-

sorption for methanol in CS1000a at room

temperature. We found good agreement

compared to the experimental data for

WS-480 sample reported by Wu et al.67

Due to the similarities of the two ACs,

both isotherms have a similar shape and a

comparable saturation capacity. Further-

more, the nucleation of methanol within

the pores takes place in the same pres-

sure range. Despite the values in the low

coverage regime, the enthalpy of adsorp-

tion as a function of the loading shows the

same trend as the reported experimental

curve. The experimental values were eval-

uated by the Clausius-Clapeyron equation,

using the adsorption isotherms at three

values of temperature.67 Disagreements

at very low loading in the experimental

data can be due to uncertainties in the ex-

perimental measures, which are very dif-

ficult to equilibrate at very low pressures.

However, at finite loading, experiments

and simulation predict very similar behav-

ior where the absolute values are consis-

tently close to the enthalpy of vaporization

of the fluid at room temperature.76,77 We

use two approaches to calculate the depen-

dence with loading of the adsorption en-

thalpy, 1) from the GCMC simulations us-

ing the fluctuation method78 and 2) from

the characteristic curve, using the mathe-

matical model described below (see Figure

A3.3b). The good agreement between the

two approaches reinforces the consistency
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of the force fields used in this work and

the mathematical description to obtain the

heat storage properties. As detailed below,

the adsorption enthalpy is used to obtain

storage densities by integrating the area

under the curve. In this case, a continuous

or discrete function with a small step size

is desirable for proper numerical integra-

tion. In this regard, the discretization of

the curve and the error bars associated

with the fluctuation method make more

convenient the use of the mathematical

model to obtain the adsorption enthalpy

as a function of the alcohol loading.

In addition to the GCMC simulations,

we used the mathematical model based

on the Dubinin-Polanyi theory6,79 to calcu-

late the heat storage properties of the stud-

ied ACs. Using this theory, we first convert

the adsorption isotherms from the GCMC

simulations into their corresponding char-

acteristic curves,6 which only depend on

the adsorbate-adsorbent pair. Another ad-

vantage of the characteristic curve is that

it can be reverted to obtain the adsorption

isotherms at other conditions, as well as

the adsorption isobars. The characteris-

tic curve relates the volumetric uptake W

(volume of fluid in the adsorbed phase in

ml/g) with the adsorption potential A (in

kJ/mol).

A = RT log

(

psat

p

)

(5.1)

W = q(p,T)/ρ(T) (5.2)

where q (p,T), ρ (T), and psat the loading

(mass adsorbed of fluid per mass of ad-

sorbent, g/g), density within the microp-

ores (density of the fluids in the adsorbed

phase, g/ml), and saturation pressure of

the working fluid, respectively. We have

calculated the saturation pressure of each

alcohol using the Peng-Robinson equation

of state.80 Lehmann et al.6 studied the in-

fluence of the density model for numerical

simulations for heat storage applications.

Among others, they tested the model of

Hauer81,82 and recommended its use for

simplicity and good performance. Accord-

ing to the model of Hauer, the adsorbate

density of a confined fluid in the micro-

pores of an adsorbent decreases linearly

with temperature:

ρ (T)= ρ0 (T0) · [1−αT (T −T0)] (5.3)

where ρ0 and T0 are the reference tem-

perature and the free liquid density at

the same temperature. In this work we

used 298K as reference temperature for

all alcohols. αT is the thermal expansion

coefficient of each working fluid at ambi-

ent temperature and high pressure. Table

A3.3 collects the thermal expansion coef-

ficient of each alcohol used in the density

model of Hauer. The values were computed

using the experimental liquid density of

the light alcohols at high pressure.83–88

The Dubinin-Polanyi theory3 also al-

lows determining the adsorption enthalpy,

which is defined as:

∆H =∆Hvap + A−T∆S (5.4)

where ∆Hvap, A, and ∆S are the en-

thalpy of vaporization, the adsorption po-
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tential (Gibbs free energy), and the en-

tropy changes, respectively. The enthalpy

of vaporization has been taken from liter-

ature,89 while the entropy term is90

∆S =αAdsW
∂A

∂W

∣

∣

∣

∣

T

(5.5)

where αAds is the thermal expansion coef-

ficient of the adsorbate obtained from the

density model.90 Finally, we followed the

methodology reported by Lehmann et al.3

to calculate the thermochemical storage

density of each working pair by integrat-

ing the enthalpy curves:

SD =
∫q(Tdes)

q(Tads)
∆H (q)dq (5.6)

In summary, the mathematical model

based on the Dubinin-Polanyi theory al-

lows obtaining the storages densities of a

given adsorbent-fluid working pairs, just

having an adsorption isotherm or isobar

and some physicochemical properties of

the fluids. Those properties are the en-

thalpy of vaporization, the bulk liquid den-

sity, the thermal expansion coefficient, and

the saturation pressure. To check the va-

lidity of this model in computing the stor-

age densities, we compared to the data re-

ported by Kohler et al.23 (see Figure A3.4).

They computed the storages densities of

light alcohols in commercial BPL AC and

water in 13X zeolite using a dynamic sim-

ulation process. We found a reasonable ag-

greement between the curves predicted

with the mathematical model used in this

work and those reported by them. We used

the method described above and the exper-

imental adsorption isotherms reported by

Taqvi et al.68 to calculate the storage den-

sities presented in Figure A3.4. For water

in 13X, we used the adsorption isotherms

reported in previous work.91

5.3 RESULTS AND DISCUSSION

To analyze the energy transfer produced

by the adsorption of alcohols in activated

carbons is convenient to understand the

adsorption mechanisms. Figure 1 shows

the adsorption isotherms of methanol,

ethanol, 1-propanol, and 1-butanol in the

three porous carbons at 298 K. Figures 1

and A3.5 also show the atomistic repre-

sentation of the three AC models. CS400

and CS1000 adsorb a significantly lower

amount of alcohol than CS1000a. The ad-

sorbed amount in saturation conditions is

related to the surface area and porosity

of the adsorbent. The computed surface

area is 485.95, 306.94, and 3022.76m2/g

for CS400, CS1000, and CS1000a, respec-

tively, and their helium void fractions92

are 0.153, 0.145, and 0.603. The activa-

tion process to create CS1000a is crucial

to obtain an adsorbent with a large sur-

face area and porosity. In addition to the

adsorption capacity, we found an abrupt

increase in the adsorption loading for all

molecules in CS1000a after a certain value

of pressure. This is desirable for energy

storage applications since tiny modifica-

tions of the working conditions could max-

imize the energy release. On the other

hand, CS400 and CS1000 show a linear

isotherm for all the molecules in a wide

range of pressure values. This type of
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isotherms is not appropriate for energy

transfer applications since the mass trans-

fer during adsorption/desorption cycles is

minimal. For this reason, we focus our at-

tention on the performance of CS1000a.

Figure 1. Computed adsorption isotherms of light alcohols in (a) CS1000, (b) CS400 and (c)
CS1000a at 298 K with the corresponding visualization of each structure. The visualization
represents the isosurface taking into account a volumetric density map of a Gaussian density
computed from each atom. The full atomistic representation of the ACs is depicted in Figure A3.5.

Figure 2. Adsorption isotherms of (a)
methanol, (b) ethanol, (c) 1-propanol, and (d)
1-butanol in BPL activated carbon (experi-
mental) and CS1000a (computed). Vertical
lines indicate the saturation pressure of
each adsorbate at 298K. The error bars
are in the order of the size of the symbols.

We compare the adsorption, energetic,

and heat transfer properties of CS1000a

with the values obtained for other com-

mercial activated carbon, namely BPL.

The porosity of BPL is φBPL = 0.45,93

which is slightly lower than the porosity of

CS1000a
(

φCS1000a=0.659
)

. This is reflected

in the saturation capacity of each alcohol

in the two adsorbents (Figure 2). Experi-

mental data for BPL have been taken from

Taqvi et al.68 The porosity of CS1000a

is 1.45 times higher than the porosity of

BPL. On average, the ratio between the

adsorbed amount of each alcohol in the

two adsorbents at saturation conditions
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(θ (Psat)= qCS1000a/qBPL) is in the range

of 1.4-1.6, which is in concordance with

the mentioned differences in the porosity.

Even taking these differences into account,

we can see that the adsorption of these po-

lar molecules follows a similar trend in

CS1000a and BPL. It is worth mentioning

that the adsorption of these light alcohols

in CS1000a reaches saturation conditions

at their corresponding vapor pressure.

Figure 3. Computed adsorption isotherms of
(a) methanol, (b) ethanol, (c) 1-propanol, and
(d) 1-butanol in CS1000a without and with
functional groups. The error bars are in the
order of the size of the symbols.

To describe the most realistic condi-

tions, the models that we use for the adsor-

bents contain functional groups on the in-

ternal surface. To analyze the role exerted

by the functional groups on the adsorption

of the alcohols, we also calculated the ad-

sorption isotherms in the same structure,

but without functional groups. Figure 3

shows the adsorption isotherms of the

four aliphatic alcohols in CS1000a with

and without functional groups at room

temperature. The loading at saturation

conditions is essentially the same for the

two samples. This is because removing

the functional groups does not alter the

porosity or the internal surface area of the

structure, so the adsorption capacity does

not change. The differences are noticeable

for the onset pressure of adsorption and

at low coverage regime. Differences be-

come larger as the alkyl chain of the light

alcohols increases. At low pressure val-

ues, the molecules are mainly adsorbed

on the exposed functional groups. The ab-

sence of these active adsorption sites in

the bare model causes a lack of adsorption

in the low-pressure range and a more pro-

nounced increase in loading. This is the

typical behavior of highly hydrophobic ma-

terials.

Figure 4. Comparison of adsorption charac-
teristic curves in CS1000a without and with
functional groups of (a) methanol, (b) ethanol,
(c) 1-propanol, and (d) 1-butanol obtained using
the Dubinin-Polanyi theory. Dotted lines cor-
respond to an interpolation curve using splines.
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The stored energy in an adsorption-

based heat transfer process is related to

the loading (mass) and enthalpy of ad-

sorption (energy). After studying the ad-

sorption isotherms described before, it is

interesting to investigate the energetic

properties related to the adsorption trend.

We calculated the enthalpy of adsorption

through the characteristic curve using the

Dubinin-Polanyi theory. The characteris-

tic curve of adsorption is related to the

volume of the adsorbed fluid and its ad-

sorption potential. Figure A3.6 confirms

the invariance of the characteristic curve

with temperature and pressure where two

adsorption isotherms and one isobar of

methanol in CS1000a converge to the

same low coverage regime of the charac-

teristic curve. Since these simulations are

computationally expensive, we are inter-

ested in the low coverage region of the

characteristic curve, i.e. where adsorbent-

fluid interactions are dominant. Figure

4 compares the characteristic curves of

the two CS1000a activated carbon models.

We combined the values of the adsorption

isotherms (Figures 1-3) and the values of

the low coverage regime from additional

adsorption isobars (see Figure A3.6) to con-

struct the characteristic curves. Interest-

ingly, we observe that contrary to the mo-

lar adsorption shown in Figure 3, the volu-

metric adsorption of all alcohols converges

to approximately the same value, around

0.63 ml of alcohol per gram of adsorbent.

The saturation loading in the represen-

tation of the characteristic curve takes

place when the adsorption potential A ap-

proaches to zero, that is, at the saturation

pressure of each working fluid.

Figure 5. Enthalpy of adsorption in CS1000a
with functional groups obtained from the
characteristic curve using the Dubinin-Polanyi
theory (a) and experimental enthalpy of
vaporization as a function of temperature (b)
of n-alcohols.

We compared the loading dependence

on the adsorption enthalpy for increasing

the chain length of the alcohol molecules

(Figure 5a). We found similar behavior for

the four adsorbates but shifted to higher

energies as the alcohol length increases.
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At intermediate and high loadings, the val-

ues of the enthalpy of adsorption range

from 40 to 55kJ/mol and equally spaced.

Increasing the alkyl chain by one CH2−
increases its enthalpy of adsorption by ap-

proximately 5kJ/mol. These values are

close to the enthalpy of vaporization of

each molecule, which also changes by

about 5kJ/mol per CH2 group (Figure

5b). This indicates that the fluid proper-

ties of the alcohols influence their interac-

tion with the carbon adsorbent, but also

determine the behavior of the loading de-

pending on the enthalpy of adsorption.

Figure 6 depicts the calculated en-

thalpy of adsorption for the activated car-

bons without functional groups and the

experimental results for BPL carbon.68

At high loading, the enthalpy of adsorp-

tion in CS1000a, without and with func-

tional groups, converges to a similar value.

It is in the low coverage regime where

we see the greatest differences. The most

hydrophilic structure, i.e., CS1000a with

functional groups, shows a rise in the en-

thalpy of adsorption when decreasing the

loading. This shape is similar to that found

for BPL carbon in the low coverage regime.

This evidences the need to use realistic

models to describe the adsorption mecha-

nism adequately. As the loading increases,

the enthalpy of adsorption in BPL carbon

shows a small plateau before decreasing

again. It is necessary to reach the high-

est loading to get close to the enthalpy of

vaporization of each fluid. This is because

the pores of BPL are too narrow compared

to the pores of CS1000a, and therefore the

interactions with the internal surface of

BPL are larger than those of CS1000a.

Figure 6. Enthalpy of adsorption of (a)
methanol, (b) ethanol, (c) 1-propanol, and
(d) 1-butanol in CS1000a with and without
functional groups (obtained using the Dubinin-
Polanyi theory) and BPL (experimental).

The enthalpy of adsorption is a combi-

nation of the energy exchanged between

the adsorbent and the fluid and the mu-

tual interactions of the fluid molecules.

Figure 7 shows the separate contribu-

tions of host-guest and guest-guest in-

ternal energy per molecule. As expected

from previous results, at low loading

the host-guest energy in the structure

with functional groups is much higher,

due to its hydrophilic nature. As the ad-

sorption loading increases and the ac-

tive adsorption sites are filled, the host-

guest interactions decrease rapidly. Con-

sequently, guest-guest energies follow the

reverse trend; increasing the number of

adsorbed molecules increases the energy
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per molecule. We found that the guest-

guest energies are almost independent of

the alkyl chain of the alcohol, showing

small differences between methanol and 1-

butanol. However, the host-guest energies

increase as increasing the length of the

molecules. At higher loadings, the energy

shift per CH2 group is about 5kJ/mol.

This suggests that the behavior of the en-

thalpy of adsorption shown in Figure 5 is

a direct consequence of host-guest inter-

actions. As these differences seem to be

correlated with the length of the alcohol

molecules, we calculated the energy of the

isolated adsorbates. Hence, the internal

energy of a single molecule is 1.2, 4.5, 8.0,

and 11.8kJ/mol for methanol, ethanol, 1-

propanol, and 1-butanol, respectively. On

average, these are about 3.5kJ/mol of dif-

ference per −CH2 added. This value is

slightly lower but of the same order that

the shift in energies found for the enthalpy

of adsorption, enthalpy of vaporization,

and host-guest internal energies. The ad-

dition of each −CH2 increases the inter-

nal energy of the isolated molecule. This

clearly entails an increase in the size of

the molecules, which have a larger surface

to interact with the walls of the adsorbent.

Mutual interactions between

molecules are a key aspect in the nucle-

ation of alcohol molecules within the large

pores of CS1000a. These polar molecules

are known to interact strongly with each

other through hydrogen bonds. Figure 8

shows the loading and pressure depen-

dence on the nHB of the four fluids in

CS1000a. We can see how molecules nu-

cleate faster at low loading through hydro-

gen bonds, and then, the aggregates grow

slowly from intermediate to saturation

conditions. Figure 8a exhibits the same

behavior that the guest-guest energies

represented in Figure 7d. On the other

hand, the similarity between the evolution

of the nHB with the pressure (Figure 8b)

is perfectly correlated with the adsorption

isotherms of Figure 1c. This relationship

between adsorption isotherms, interaction

energies, and adsorbates aggregation indi-

cates that the nucleation of the molecules

via hydrogen bonds primarily drives the

adsorption of alcohols in this activated

carbon.

Figure 7. Host-guest (Top; a,b) and
guest-guest (Bottom; c,d) internal energy of
n-alcohols in CS1000a without (Left; a,c) and
with functional (Right; b,d). The error bars are
in the order of the size of the symbols.
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Figure 8. Average number of hydrogen
bonds per molecule (nHB) of light alcohols as
a function of loading (a) and pressure (b) in
CS1000a with functional groups. Solid lines
represent the nHB value in the bulk.

To illustrate and summarize these find-

ings, Figure 9 shows a representative

snapshot of high and low coverage ad-

sorption of methanol on CS1000a. We can

see how the molecules of methanol are

initially adsorbed on the active adsorp-

tion sites of the activated carbon, giving

rise to the high host-guest energies de-

picted in Figure 7b. This initial adsorp-

tion is the starting point of the nucleation

of molecules forming a uniform hydrogen

bond network similar to that found in the

bulk, as indicated in Figure 8. On aver-

age, we found that less than 5% of the

molecules are not connected through hy-

drogen bonds, while more than 70% of

them are bonded to other two molecules.

Figure 9. Representative snapshots of (a) low
coverage adsorption and (b) high concentration
of methanol in CS1000a with functional
groups. Orange spheres represent the oxygen
atoms of the functional groups of the adsorbent.

We calculated the energy exchange

upon the adsorption of these fluids, that

is, the storage density, integrating the en-

thalpy of adsorption over the loading at
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the adsorption and desorption tempera-

tures. To do this, we need to relate the

amount adsorbed and the temperature of

the process. In other words, we need to cal-

culate the adsorption isobars of the work-

ing fluids. We selected the external pres-

sure values for each molecule based on

the behavior of the adsorption isotherm at

room temperature. These values should be

lower than the saturation pressure of the

fluid, but large enough to ensure that the

pores are nearly full. This will provide the

maximum performance of the process.

We used the characteristic curves in

Figure 4 to obtain the adsorption isobars.

This provides the relation between loading

and temperature needed for the numer-

ical integration of the storage densities

(see Simulation Details section). Figure 10

shows the results for methanol at 10kPa,

ethanol at 5kPa, 1-propanol at 1.5kPa,

and 1-butanol at 0.7kPa, obtained from

the characteristic curve and compared to

the simulated adsorption isobars. These

results confirm the potential of the char-

acteristic curve to predict the adsorption

properties of these alcohols in CS1000a

with and without functional groups under

different conditions. According to these ad-

sorption isobars, CS1000a desorbs most

molecules in the 300-400 K range of tem-

peratures. These desorption temperatures

are much lower than those typically found

in more hydrophilic materials such as alu-

minosilicates. An example of this is the

adsorption of water in 13X zeolite, com-

monly used in industrial processes.23 Re-

ducing the desorption temperatures while

maintaining high storage densities is one

of the challenges for industrial applica-

tions. With this in mind, we calculated the

storage densities for the targeted working

pairs.

Figure 10. Adsorption isobars of (a)
methanol, (b) ethanol, (c) 1-propanol, and
(d) 1-butanol in CS1000a without and with
functional groups. Lines represent the data
obtained from the characteristic curves while
dots are the values obtained from the GCMC
simulations. The error bars are in the order of
the size of the symbols.

Figure 11 shows the storage densities

of the CS1000a-alcohols working pairs and

compared to the experimental data taken

from the work of Kohler et al.23 for BPL

activated carbon. CS1000a and BPL show

very similar behavior for the storage densi-

ties when changing the alcohol molecules.

The ordered trend from high to low val-

ues is for methanol > ethanol > 1-propanol

> 1-butanol, in both adsorbents. However,

CS1000a exhibits considerably higher stor-

age densities than BPL and they shift at
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lower desorption temperatures. Similar to

the difference between the alcohols satura-

tion capacity described above, (see Figure

2), we can relate the difference between

the storage densities in the two ACs with

their porosity. The maximum storage den-

sities of methanol and ethanol are approx-

imately 1.5-1.6 times higher for CS1000a

than for BPL, while the same values reach

1.3 for 1-propanol and 1-butanol. In all

cases, these factors are close to 1.45, which

is the ratio between the porosity of the

two adsorbents. Regarding the influence

of CS1000a functional groups on the pre-

dicted storage densities, we can deduce

that there are no significant differences in

overall performance. The structure with

functional groups shows a slight increase

in the storage densities than the structure

without functional groups, reaching maxi-

mum efficiencies below 350 K in both cases.

Above this temperature, the storage den-

sity shows an almost constant value.

Figure 11. Storage densities (SD) of n-alcohols in CS1000a (a) without and (b) with functional
groups. Dashed lines correspond to experimental data of BPL activated carbon reported by Kohler
et al.

Although the incorporation of func-

tional groups in the activated carbon

model plays an essential role in accurately

describing the adsorption behavior, it is

possible to predict reliable storage densi-

ties with the simplified models. Our re-

sults show that CS1000a with methanol as

working fluid reach maximum efficiency

in the range of 600−650kJ/kg, slightly

lower than the 850 kJ/kg demonstrated by

the working pair water-13X.23 However,

this loss of efficiency is compensated for

by reducing the desorption temperature

from 500K to less 350K . Molecular sim-

ulations performed in this work predict

that CS1000a outperforms commercial ac-
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tivated carbon BPL for energy transfer us-

ing alcohols.

Through this study we have shown

that are a few factors that influence the

performance of an adsorption heat storage

process. These factors include the physic-

ochemical properties of the working flu-

ids, such as density in the adsorbed phase,

thermal expansion, saturation pressures,

and enthalpy of vaporization and the in-

teraction properties between the adsor-

bent and the fluid, such as the adsorption

isotherms or isobars and the adsorption

enthalpy and entropy. It is known that

the adsorption enthalpy is one of the im-

portant factors for the application, but

it is a combination of factors that drives

the adsorption heat storage processes. The

storage density can be obtained by inte-

grating the enthalpy of adsorption over a

range of temperatures (varying the load-

ing). Then, the variation of the loading

over the temperature range is crucial for

the outcome of the process. At the same

time, each adsorbent-fluid working pair

maximizes their performance in a differ-

ent range of working conditions, such as

different adsorption/desorption tempera-

tures. Thus, the adsorbent-fluid working

pair must have a balance between adsorp-

tion/desorption amount and adsorption en-

thalpy to maximize the operation of an

adsorption heat storage process in a given

range of working conditions.

5.4 CONCLUSIONS

We have investigated the performance

of porous carbons obtained from organic

waste to capture light alcohols for ther-

mochemical energy storage applications.

We used molecular simulation to calcu-

late the adsorption, energetic and struc-

tural properties of methanol, ethanol, 1-

propanol, and 1-butanol on the CS1000a

activated carbon. Aided by a thermody-

namical model, we obtained the heat trans-

fer properties of these working pairs. Ac-

tivation of the adsorbent at high tempera-

tures is a vital step to ensure adequate

porosity. Therefore, we used a realistic

model of the CS1000a activated carbon, in-

cluding functional groups on the inner sur-

face, and it was compared to the pristine

model. These groups regulate the degree of

hydrophobicity/hydrophilicity of CS1000a.

We found that the results obtained using

the model with functional groups are in

line with the experimental results of the

commercial BPL activated carbon. This

highlights the importance of using real-

istic models to describe the adsorption

properties of these polar adsorbates ap-

propriately. Computational modeling of

amorphous materials is challenging due to

the lack of a well-defined crystallographic

structure. In this regard, the insights pre-

sented in this work can help in further de-

velopments of materials modeling. We also

found that the simplified model can cor-

rectly predict the energy storage densities

obtained from the adsorption of these flu-

ids. However, the simplified model fails to

accurately describe the adsorption mecha-

nisms due to its high hydrophobicity com-

pared to real adsorbents. The combination



Chapter 5 79

of atomistic simulations with a mathemat-

ical analysis based on the thermodynam-

ical model of adsorption is a promising

method to connect the performance of an

energy storage process with the physico-

chemical properties at the molecular level.

The interactions of light alcohols with

the structure dominate the low coverage

adsorption, while the mutual interactions

are essential for the nucleation that fills

the pore until saturation. This results in

a steeped isotherm that, together with a

large amount of adsorbed mass, causes

CS1000a to outperform BPL activated car-

bon. This is confirmed by the enhance-

ment of the energy released upon adsorp-

tion shown by CS1000a for calculated stor-

ages densities compared to BPL. Based

on these results, we can conclude that

CS1000a carbon is an excellent candidate

for the storage of light alcohols and for

use in thermal energy applications. The

results derived from this work could serve

as a guide for a future design of new and ef-

ficient adsorbents for low-cost energy stor-

age applications.
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[7] Teker, M.; ImamoÇğlu, M.; SaltabaÅ§, Ö. Turkish

Journal of Chemistry 1999, 23, 185–191.

[8] Semprini, S.; Asenbeck, S.; Kerskes, H.; Drück, H. En-

ergy Procedia 2017, 135, 513–521.

[9] Sun, J.; Besant, R. W. International Journal of Heat

and Mass Transfer 2005, 48, 4953–4962.

[10] Mebarki, B.; Solmus, I.; Gomri, R. Jorunal of Thermal

Science and Technology 2016, 36, 107–118.

[11] Alam, K. C. A.; Saha, B. B.; Kang, Y. T.; Akisawa, A.;

Kashiwagi, T. International Journal of Head and Mass

Transfer 2000, 43, 4419–4431.

[12] Tatsidjodoung, P.; Le Pierrès, N.; Heintz, J.; Lagre, D.;

Luo, L.; Durier, F. Energy Conversion and Management 2016,

108, 488–500.

[13] Du, S. W.; Li, X. H.; Yuan, Z. X.; Du, C. X.; Wang, W. C.;

Liu, Z. B. Solar Energy 2016, 138, 98–104.

[14] Wang, L.; Gandorfer, M.; Selvam, T.; Schwieger, W.

Materials Letters 2018, 221, 322–325.

[15] Babaei, H.; Wilmer, C. E. Physical Review Letters

2016, 116, 1–6.

[16] Solovyeva, M. V.; Gordeeva, L. G.; Krieger, T. A.; Aris-

tov, Y. I. Energy Conversion and Management 2018, 174, 356–

363.

[17] Jenks, J. J.; Motkuri, R. K.; Tegrotenhuis, W.;

Paul, B. K.; McGrail, B. P. Heat Transfer Engineering 2017,

38, 1305–1315.

[18] Critoph, R. E.; Turner, L. Int. J. Heat Mass Transfer

1995, 38, 1577–1585.

[19] Critoph, R. E. Carbon 1989, 27, 63–70.

[20] Xiao, J.; Tong, L.; Deng, C.; Bénard, P.; Chahine, R.

International Journal of Hydrogen Energy 2010, 35, 8106–

8116.

[21] Hauer, A. Adsorption 2007, 13, 399–405.

[22] Jänchen, J.; Stach, H. Energy Procedia 2012, 30, 289–

293.

[23] Kohler, T.; Müller, K. Energy Science and Engineering

2017, 5, 21–29.

[24] De Lange, M. F.; Verouden, K. J.; Vlugt, T. J.; Gas-

con, J.; Kapteijn, F. Chemical Reviews 2015, 115, 12205–

12250.

[25] Wang, L. W.; Wu, J. Y.; Wang, R. Z.; Xu, Y. X.;

Wang, S. G.; Li, X. R. Applied Thermal Engineering 2003, 23,

1605–1617.

[26] Kanamori, M.; Hiramatsu, M.; Katsurayama, K.;

Watanabe, F.; Matsuda, H.; Hasatani, M. Journal of Chem-

ical Engineering of Japan 1997, 30, 434–439.

[27] Cacciola, G.; Restuccia, G.; Mercadante, L. Carbon

1995, 33, 1205–1210.

[28] Pollard, S. J. T.; Fowler, G. D.; Sollars, C. J.; Perry, R.

The Science of the Total environment 1992, 116, 31–52.

[29] Mohan, D.; Pittman, C. U. Journal of Hazardous Ma-

terials 2006, 137, 762–811.

[30] Åd̄entorun Shalaby, Ç.; Uçak-Astarlioglu, M. G.; Ar-

tok, L.; Sarici, Ç. Microporous and Mesoporous Materials

2006, 88, 126–134.



80 Chapter 5

[31] Ioannidou, O.; Zabaniotou, A. Renewable and Sustain-

able Energy Reviews 2007, 11, 1966–2005.

[32] Moral-Rodríguez, A. I.; Leyva-Ramos, R.; Ania, C. O.;

Ocampo-Pérez, R.; Isaacs-Pérez, E. D.; Carrales-

Alvarado, D. H.; Parra, J. B. Environmental Science and

Pollution Research 2019, 26, 6141–6152.

[33] Chen, X.-w.; Timpe, O.; Hamid, S. B. A.; Schlögl, R.;

Sheng, D. Carbon 2009, 47, 340–343.

[34] Pevida, C.; Plaza, M. G.; Arias, B.; Fermoso, J.; Ru-

biera, F.; Pis, J. J. Applied Surface Science 2008, 254, 7165–

7172.

[35] Plaza, M. G.; García, S.; Rubiera, F.; Pis, J. J.; Pev-

ida, C. Chemical Engineering Journal 2010, 163, 41–47.

[36] García, S.; Pis, J. J.; Rubiera, F.; Pevida, C. Langmuir

2013, 29, 6042–652.

[37] Plaza, M. G.; Pevida, C.; Arenillas, A.; Rubiera, F.;

Pis, J. J. Fuel 2007, 86, 2204–2212.

[38] Peng, X.; Wang, W.; Xue, R.; Shen, Z. AIChE Journal

2006, 52, 994–1003.

[39] Lopes, F. V. S.; Grande, C. A. Chemical Engineering

Science 2011, 66, 303–317.

[40] Sarkisov, L.; Centineo, A.; Brandani, S. Carbon 2017,

118, 127–138.

[41] Adapa, S.; Gaur, V.; Verma, N. Chemical Engineering

Journal 2006, 116, 25–37.

[42] Li, H.; Yu, D.; Hu, Y.; Sun, P.; Xia, J.; Huang, H. Car-

bon 2010, 48, 4547–4555.

[43] Andersen, A. H. Acta Pharmacologica et Toxicologica

1946, 2, 69–78.

[44] Bailey, B. Clinical Pediatric Emergency Medicine

2008, 9, 17–23.

[45] Figueiredo, J. L.; Pereira, M. F.; Freitas, M. M.; Ór-

fão, J. J. Carbon 1999, 37, 1379–1389.

[46] Bouzid, M.; Sellaoui, L.; Khalfaoui, M.;

Belmabrouk, H.; Lamine, A. B. Physica A: Statistical

Mechanics and its Applications; Elsevier B.V., 2016; Vol. 444;

pp 853–869.

[47] Ravi, V. P.; Jasra, R. V.; Bhat, T. S. Journal of Chemi-

cal Technology and Biotechnology 1998, 71, 173–179.

[48] Saha, B. B.; El-Sharkawy, I. I.; Chakraborty, A.;

Koyama, S.; Yoon, S. H.; Ng, K. C. Journal of Chemical and

Engineering Data 2006, 51, 1587–1592.

[49] Chern, J. M.; Wu, C. Y. Water Research 2001, 35, 4159–

4165.

[50] Delgado, J. A.; Águeda, V. I.; Uguina, M. A.;

Sotelo, J. L.; García-Sanz, A.; García, A. Separation and Pu-

rification Technology 2015, 149, 370–380.

[51] Jain, S. K.; Pikunic, J. P.; Pellenq, R. J.; Gubbins, K. E.

Adsorption 2005, 11, 355–360.

[52] Peng, X.; Jain, S. K.; Singh, J. K. Journal of Physical

Chemistry C 2017, 121, 13457–13473.

[53] Jain, S. K.; Pellenq, R. J.; Pikunic, J. P.; Gubbins, K. E.

Langmuir 2006, 22, 9942–9948.

[54] Dubbeldam, D.; Calero, S.; Ellis, D. E.; Snurr, R. Q.

Molecular Simulation 2016, 42, 81–101.

[55] Dubbeldam, D.; Torres-Knoop, A.; Walton, K. S. On

the inner workings of monte carlo codes. 2013; ❤tt♣✿✴✴❞①✳

❞♦✐✳♦r❣✴✶✵✳✶✵✽✵✴✵✽✾✷✼✵✷✷✳✷✵✶✸✳✽✶✾✶✵✷.

[56] Madero-Castro, R. M.; Vicent-Luna, J. M.; Calero, S.

The Journal of Physical Chemistry C 2019, 123, 23987–

23994.

[57] Boda, D.; Henderson, D. Molecular Physics 2008, 106,

2367–2370.

[58] Darden, T.; York, D.; Pedersen, L. The Journal of

Chemical Physics 1993, 98, 10089–10092.

[59] Stubbs, J. M.; Potoff, J. J.; Siepmann, J. I. Journal of

Physical Chemistry B 2004, 108, 17596–17605.

[60] Chen, B.; Potoff, J. J.; Siepmann, J. I. Journal of Phys-

ical Chemistry B 2001, 105, 3093–3104.

[61] Transferable Potentials for Phase Equilibria. ❤tt♣✿

✴✴tr❛♣♣❡✳♦✐t✳✉♠♥✳❡❞✉.

[62] Sławek, A.; Vicent-Luna, J. M.; Marszalek, B.; Gil, B.;

Morris, R. E.; Makowski, W.; Calero, S. Chemistry of Materi-

als 2018, 30, 5116–5127.

[63] Zhang, K.; Zhang, L.; Jiang, J. Journal of Physical

Chemistry 2013,

[64] Pikunic, J.; Clinard, C.; Cohaut, N.; Gubbins, K. E.;

Guet, J. M.; Pellenq, R. J.; Rannou, I.; Rouzaud, J. N. Lang-

muir 2003, 19, 8565–8582.

[65] Pikunic, J.; Llewellyn, P.; Pellenq, R.; Gubbins, K. E.

Langmuir 2005, 21, 4431–4440.

[66] Falk, K.; Pellenq, R.; Ulm, F. J.; Coasne, B. Energy and

Fuels 2015, 29, 7889–7896.

[67] Wu, J. W.; Madani, S. H.; Biggs, M. J.; Phillip, P.;

Lei, C.; Hu, E. J. Journal of Chemical and Engineering Data

2015, 60, 1727–1731.

[68] Taqvi, S. M.; Appel, W. S.; LeVan, M. D. Industrial &

Engineering Chemistry Research 1999, 38, 240–250.

[69] Brochard, L.; Vandamme, M.; Pellenq, R. J.; Fen-

Chong, T. Langmuir 2012, 28, 2659–2670.

[70] Widom, B. The Journal of Chemical Physics 1963, 39,

2808–2812.

[71] Luna-Triguero, A.; Vicent-Luna, J. M.; Dubbeldam, D.;

Gómez-Álvarez, P.; Calero, S. Journal of Physical Chemistry

C 2015, 119, 19236–19243.

[72] Carrott, P. Characterization of Porous Solids. In Pro-

ceedings of the IUPAC Symposium. 1988; pp 77–87.

[73] Zeng, Y.; Prasetyo, L.; Nguyen, V.; Horikawa, T.;

Do, D.; Ncholson, D. Carbon 2015, 81, 447–457.

[74] Myronyuk, I. F.; Mandzyuk, V. I.; Sachko, V. M.;

Gun’ko, V. M. Nanoscale Research Letters 2016, 11, 508.

[75] Coasne, B.; Jain, S. K.; Naamar, L.; Gubbins, K. E.

Physical Review B 2007, 76, 085416.

[76] De Lange, M. F.; Van Velzen, B. L.; Ottevanger, C. P.;

Verouden, K. J.; Lin, L. C.; Vlugt, T. J.; Gascon, J.; Kapteijn, F.

Langmuir 2015, 31, 12783–12796.

[77] Thommes, M.; Morell, J.; Cychosz, K. A.; Fröba, M.

Langmuir 2013, 29, 14893–14902.

[78] Vlugt, T. J.; García-Pérez, E.; Dubbeldam, D.; Ban, S.;

Calero, S. Journal of Chemical Theory and Computation

http://dx.doi.org/10.1080/08927022.2013.819102
http://dx.doi.org/10.1080/08927022.2013.819102
http://trappe.oit.umn.edu
http://trappe.oit.umn.edu


Chapter 5 81

2008, 4, 1107–1118.

[79] Dubinin, M. M. Russian Chemical Bulletin 1960, 9,

1072–1078.

[80] Peng, D.-Y.; Robinson, D. B. Ind. Eng. Chem.. Fundam

1976, 15, 59–64.

[81] Nagel, T.; Beckert, S.; Böttcher, N.; Gläser, R.;

Kolditz, O. Energy Procedia 2015, 75, 2106–2112.

[82] Hauer, A. Classification of solid adsorbents in open

sorption systems for energetic applications. Ph.D. thesis,

Technische UniversitÃd’t Berlin, Fakultat III - Prozesswis-

senschaften, 2002.

[83] K.M. de Reuck, R. C. International Thermodynamic

Tables of the Fluid State; 1993.

[84] Takiguchi, Y.; Uematsu, M. International Journal of

Thermophysics 1995, 16, 205–214.

[85] Takiguchi, Y.; Uematsu, M. Journal of Chemical Ther-

modynamics 1996, 28, 7–16.

[86] Sun, T. F.; Schouten, J. A.; Biswas, S. N. International

Journal of Thermophysics 1991, 12, 381–395.

[87] Kubota, H.; Tanaka, Y.; Makita, T. International Jour-

nal of Thermophysics 1987, 8, 47–70.

[88] Alaoui, F.; Montero, E.; Bazile, J. P.; Comuñas, M. J.;

Galliero, G.; Boned, C. Fluid Phase Equilibria 2011, 301,

131–136.

[89] V. Majer, V. S. Enthalpies of vaporization of organic

compounds: a critical review and data compilation; 1986.

[90] Bering, B. P.; Dubinin, M. M.; Serpinsky, V. V. Journal

of Colloid and Interface Science 1966, 21, 378–393.

[91] Luna-Triguero, A.; Sławek, A.; Huinink, H. P.;

Vlugt, T. J.; Poursaeidesfahani, A.; Vicent-Luna, J. M.;

Calero, S. ACS Applied Nano Materials 2019, 2, 3050–3059.

[92] Ongari, D.; Boyd, P. G.; Barthel, S.; Witman, M.; Ha-

ranczyk, M.; Smit, B. Langmuir 2017, 33, 14529–14538.

[93] Stach, H.; Mugele, J.; Jänchen, J.; Weiler, E. Adsorp-

tion 2005, 11, 393–404.





C
H

A
P

T
E

R

6
On the use of Water and Methanol with Zeolites for Heat

Transfer

Rafael María Madero-Castro, Azahara Luna-Triguero, Andrzej Sławek, José

Manuel Vicent-Luna and Sofía Calero

R
educing carbon diox-

ide emissions has be-

come a must in soci-

ety, being crucial to find alter-

natives to supply the energy de-

mand. Adsorption-based cooling

and heating technologies are re-

ceiving attention for thermal en-

ergy storage applications. In this paper, we study the adsorption of polar working fluids

in hydrophobic and hydrophilic zeolites by means of experimental quasi-equilibrated

temperature-programmed desorption and adsorption combined with Monte Carlo simula-

tions. We measured and computed water and methanol adsorption isobars in high-silica

HS-FAU, NaY, and NaX zeolites. We use the experimental adsorption isobars to develop

a set of parameters to model the interaction between methanol and the zeolite and

cations. Once having the adsorption of these polar molecules, we use a mathematical

model based on the adsorption potential theory of Dubinin-Polanyi to assess the per-

formance of the adsorbate-working fluids for heat storage applications. We found that

molecular simulations are an excellent tool for investigating energy storage applica-

tions since we can reproduce, complement, and extend experimental observations. Our

results highlight the importance of controlling the hydrophilic/hydrophobic nature of

the zeolites by changing the Al content to maximize the working conditions of the heat

storage device.
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6.1 INTRODUCTION

A considerable decrease in energy con-

sumption is essential for the mitigation of

global warming.1–3 The use of renewable

energies along with the reduction of fossil

fuels is important here.4,5 To mitigate this

problem, solar, wind energy, or biofuels are

promising candidates, but the intermit-

tent nature of renewable energies limits

their application for society consumption.

This is motivating researchers to work on

new approaches for the storage of renew-

able energy.6–8

There are many methods for energy

storage at industrial level based on con-

verting renewable energy into potential

energy. One of the most used is Pumped-

Storage Hydroelectricity (PSH) or Pumped

Hydro Energy Storage (PHES). PSH uses

the surplus energy obtained in hydroelec-

tric dams in low power demand hours to

elevate water from lower to higher levels.

That converts the surplus energy into po-

tential energy, which can be used in high

power demand periods.9–15 However, hy-

droelectric dams have an impact on the en-

vironment.16 Another method is the Com-

pressed Air Energy Storage (CAES).6,17–20

CAES uses renewable energies, mainly

wind, to compress air at high pressure

and generate electricity.21 Based on the

same principle of stored mechanical en-

ergy, Flywheel Energy Storage (FES) uses

inertia for the storage.22 The operation

of the system consists of a rotor that is

driven and keeps spinning to store kinetic

energy.19,23–26 The best known storage

method is electrochemical storage, specif-

ically lithium-ion batteries.27–30 The cur-

rent expansion of cell phones or hybrid

cars31 has increased the need of devel-

oping the technological market in this

field.32 The main limitations of batteries

are the loss of capacity33 and the risk of

thermal runaways or explosions.29

In the context of finding alternative

methods, Thermal Energy Storage (TES)

in three variants (using sensible, latent,

or thermochemical heat) has been pro-

posed.8 Adsorption-based energy storage

belongs to thermochemical heat storage.

This technology is based on the adsorp-

tion of (gas-liquid) adsorbates with solid

adsorbents, storing energy in the desorp-

tion phase (charging) and releasing en-

ergy in the adsorption phase (discharg-

ing). Thus, the efficiency of the heat

storage process strongly depends on the

adsorbent-adsorbate interactions. Porous

materials such as Metal-Organic Frame-

works (MOFs),34–36 silica gels,37–39 acti-

vated carbons40–42, or zeolites43–46 have

proven to be promising candidates for this

application. The most common adsorbates

are water,47,48 ammonia34,49 and light

alcohols50,51 being water the most stud-

ied molecule for storing energy in diverse

porous materials.51–53

Because adsorption-based energy stor-

age is a promising alternative, the number

of experimental and simulation studies is

rising. In this context, numerical modeling

and molecular simulations are excellent

tools to complement experiments. Tatsid-
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jodoung et al.44 studied the water-NaX ze-

olite pair to store thermal energy from the

sun. This work concluded that, although

there are slight discrepancies between

experiments and numerical calculations,

simulation is an excellent method for mak-

ing feasible predictions. Semprini et al.52

studied the energy transfer between the

13XBF zeolite and water and its orienta-

tion towards the construction of refriger-

ants, finding a good agreement between

simulations and experiments. Lehmann et

al.53 studied the influence of the cation

(sodium or calcium) in the NaX zeolite and

water working pairs for energy storage ap-

plications. They revealed the importance

of working conditions, such as vapor pres-

sure, in the thermochemical energy prop-

erties such as the energy storage density

or simply the storage density (SD), which

is defined by the quantity of heat which

can be stored in a unit mass or volume of

adsorbent. Similarly, Kohler et al.51 stud-

ied the energy stored in zeolite NaX using

water as a working fluid showing the in-

fluence of the desorption temperature in

the storage density. They compared their

values with the energy stored by activated

carbons with alcohols as working fluids

and noted that the adsorption capacity is

as important as the interactions with the

adsorbent. Stach et al.54 studied the in-

fluence of Na and Mg cations and their

ratio in zeolites and silica gels using wa-

ter. Most studies in the literature involve

NaX zeolite (with FAU topology) as it is

one of the most popular commercial ze-

olites. It is worth mentioning that NaX

usually operates at very high desorption

temperatures, typically over 500 K. This is

due to the high hydrophilicity of the struc-

ture caused by the high content of sodium

cations. However, other FAU-type zeolites

are proposed as interesting alternatives.

Ristic et al.48 highlighted the significance

of decreasing the desorption temperature

to optimize the low-temperature heat stor-

age density. To this end, they used NaY

zeolite, which is equivalent to NaX but

with a slightly higher Si/Al ratio, to study

the adsorption heat storage with water

as working fluid. To reduce the desorp-

tion temperature of the water they pro-

posed six post-synthesis modified samples

from chemical treatment of NaY. The mod-

ified adsorbents reduced the desorption

temperature up to 300 K, showing a maxi-

mum performance at temperatures circa

400 K. This is an improvement compared

to the operating conditions of the NaX

zeolite as discussed above. However, for

low-temperature applications a working

pair that lower the desorption tempera-

ture near room conditions is preferred. In

this regard, we propose to regulate the hy-

drophilic degree of the adsorbent by con-

trolling the Si/Al ratio of the zeolite. This

way, the performance of a low-temperature

process can be maximized while avoiding

the post-synthesis treatment step, which

may reduce the production costs.

This work combines experimental tech-

niques, molecular simulation, and thermo-

dynamical modeling for the study of wa-
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ter and methanol adsorption-based energy

storage in FAU-type zeolites (FAU)55,56

with different Si/Al ratio.57 We have cho-

sen methanol as an alternative to wa-

ter as the conventional working fluid.

Our previous publication investigated the

adsorption-driven heat transfer of the four

first aliphatic alcohols for heat storage ap-

plications using activated carbons.58 We

concluded that methanol exhibits the best

performance among the other alcohols for

heat storage applications in large pore

nanoporous materials. We analyze the ef-

fect of the hydrophobic/hydrophilic nature

of the adsorbent in the adsorption behav-

ior, external operating conditions, and en-

ergy storage. We used quasi-equilibrated

temperature-programmed desorption and

adsorption (QE-TPDA) experiments to

measure the adsorption isobars of the

working pairs. Molecular simulation was

used to shed light on the adsorption mech-

anism from the atomistic level. To this aim,

we developed a set of Lennard-Jones pa-

rameters that defines the FAU-methanol

interactions independently of the ratio of

cations in high-silica (HS) FAU, NaY, and

NaX structures. Finally, we are using a

thermodynamical model to correlate the

adsorption properties with the energy stor-

age of each particular working fluid-zeolite

pair.

6.2 METHODOLOGY

6.2.1 Experimental Details

Three samples of FAU were used for the

adsorption experiments. HS-FAU is Na+

exchanged dealuminated high-silica fau-

jasite with Si/Al > 100, NaY is Na+ ex-

changed faujasite with Si/Al ≈ 2.61, while

NaX is Na+ exchanged faujasite with

Si/Al ≈ 1.06. The characteristics of these

materials, i.e., low-temperature nitrogen

adsorption and powder X-ray diffraction,

were reported in our previous works.59 60

Adsorption measurements were

performed using quasi-equilibrated

temperature-programmed desorption and

adsorption (QE-TPDA) technique. This

instrument is a homemade modified setup

for temperature-programed desorption

(TPD), which was described in detail

in previous works.61 62 The samples of

7− 10mg were placed in a quartz tube

and activated by heating in He flow
(

6.75cm3 ·min−1)

up to 400 °C (HS-FAU,

NaY) or 500 °C (NaX) with a 10 °Cmin−1

ramp and cooling it down to RT. Adsorp-

tion was measured in flow of He contain-

ing a water steam (saturated) or methanol

vapors
(

p
p0

< 0.05
)

. The samples were

heated to induce desorption and cooled

to induce adsorption. Each profile was av-

eraged over 3 desorption-adsorption cycles.

For methanol we used 4 °Cmin−1 ramp for

all materials, while for water 2 °Cmin−1

for NaY and NaX and 1 °Cmin−1 for HS-

FAU. Between each cycle, they were kept

at RT for 2 hours. More details on data

reduction and methodology are available

in the literature.63

6.2.2 Simulation Details

We carried out Monte Carlo simulation in

the Grand Canonical ensemble (GCMC) to
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obtain the adsorption properties of water

and methanol in the three selected zeo-

lites. We performed a minimum of 5 ·105

MC cycles to ensure the adsorption data

is fluctuating around equilibrium values.

After the equilibration procedure, we con-

ducted additional 2·105 cycles for the final

production runs. All simulations were per-

formed using the RASPA simulation soft-

ware.64 Adsorbent-adsorbate, adsorbate-

adsorbate, and adsorbate-cation interac-

tions were defined with van der Waals and

electrostatic interactions via the Lennard-

Jones and Coulombic potentials, respec-

tively, while we use a Coulombic potential

to model the adsorbent-cation interaction.

We truncated the potential with an effec-

tive cut off of 12Å and we used the Ewald

summation method65 to compute the long

range electrostatic interactions.

The adsorbents are zeolites with FAU

topology; NaX, NaY, and HS-FAU with

Si/Al ratio of 1.06, 2.61, and 100, respec-

tively. These structures contain 88, 56, and

2 Al in the unit cell, respectively, and the

same number of Na cations to compensate

the net negative charge of the system. The

structural models were reported in pre-

vious works,59,60,66,67 which were created

following the methodology developed by

Balestra et al.68 ; (i) random distribution

of Si atoms following Lowenstein’s rules

(ii) extra framework-cations initially lo-

cated at their crystallographic positions

and (iii) structural minimization using

Baker’s69 method with full-flexible core-

shell potential.70,71 More details about the

assembly of the structures can be found in

the Appendix 4 (Section A4.1).

To describe the molecules of water we

used the flexible SPC/E model72,73 and

for methanol, the TraPPE model.74 Force

fields to model the water and methanol ad-

sorption curves in zeolites can be found in

literature.75–78 Xiong, R.76 studied the in-

teraction between molecules of water and

alcohol with pure silica type MFI-zeolite,

but without extra framework cations in

the system. Di Lella et al.75 provided a

set of parameters to reproduce water ad-

sorption in FAU-topology zeolites. How-

ever, the parameters and charges of each

zeolite-water pair are dependent of the

composition of the adsorbent, making this

set highly specific and non-transferable.

In this work, we used a transferable

set of Lennard-Jones parameters and

zeolite and cation point charges79 that

are independent of the Si/Al ratio. Spe-

cific Lennard-Jones parameters for the

pair interactions for water-zeolite were

taken from our previous work,60 while for

methanol-zeolite they were unavailable.

To sort this out, we parameterized these

host-guest interactions by fitting to the ex-

perimental adsorption isobars measured

with QE-TPDA experiments. Additional

details about the parameterization proce-

dure and final set parameters can be found

in the Appendix 4 (Section A4.2 and Ta-

bles A4.1 and A4.2). For the crossed inter-

actions, we used Lorentz-Berthelot mixing

rules.80 The sodalites cages in FAU zeo-

lites, accessible to water molecules, were
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artificially blocked for the molecules of

methanol.

6.2.3 Thermodynamical Model

QE-TPDA experiments and GCMC sim-

ulation provided the adsorption proper-

ties of zeolites-fluids working pairs. Using

these results and a mathematical model

based on the adsorption theory of Dubinin-

Polanyi81 we predicted the adsorption-

based energy storage. The complete de-

scription of the thermodynamical model

can be found in the Appendix 4 and

is also available in the literature.82 In

short, we first used the adsorption isobars

and isotherms to calculate the adsorption

characteristic curve.83 This reduces the

two-dimensional relation between loading

(q (p,T)), temperature (T), and pressure

(p), to the temperature-pressure invariant

characteristic curve (W (A)). This curve de-

scribes the relation between the specific

volume of the adsorbed fluid (W) with the

adsorption potential (A) or Gibbs free en-

ergy. Using the characteristic curve, we

can determine the loading dependence of

the adsorption enthalpy (∆H), which de-

pends on the vaporization enthalpy of the

fluid
(

∆Hvap

)

, the slope of the character-

istic curve, and the entropy changes (∆S).

Finally, we obtained the thermochemical

storage density (SD) of each working fluid

from the numerical integration of the ad-

sorption enthalpy as a function of the load-

ing within the adsorption and desorption

temperature range (see Section A4.3 of the

Appendix 4 for specific details).

6.3 RESULTS AND DISCUSSION

Figure 1 shows the QE-TPDA profiles in

the studied faujasites, where the profile

above the baseline (ssr = 0) reflects the

desorption process and the profile below

the baseline reflects the adsorption pro-

cess. The intensity of the profiles corre-

sponds to the instantaneous concentration

of adsorbate desorbed or adsorbed in the

material at a given temperature.

The profiles reveal differences in the

adsorption of water and methanol. For HS-

FAU we found very sharp profiles both

for water and methanol. This means that

adsorption occurs abruptly in a narrow

temperature range. For NaY and NaX, the

low-temperature adsorption at 300−350K

corresponds to high density states where

the guest-guest interactions are of great

importance. Figure 1a shows that most wa-

ter is adsorbed in NaY and NaX between

375−475K . A long tail at higher tempera-

tures is most likely due to the interactions

of the water molecules with the cations.

This effect is more pronounced for NaX,

which has more cations than NaY. The pro-

files for methanol (Figure 1b) are similar

than for water. Desorption maxima and

adsorption minima for NaY and NaX are

shifted towards higher temperatures than

for water, up to circa 530K . Also, the broad

high-temperature tail for NaX is extraordi-

narily intensive. Generally, the QE-TPDA

profiles show that adsorption is stronger

for methanol than for water in NaY and

NaX. The interactions between methanol

and NaX cations are particularly strong.
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Figure 1. QE-TPDA profiles of (a) water and
(b) methanol in FAU zeolites. ssr stands for
specific sorption rate, which is proportional to
the change of concentration of the adsorptive
in helium stream flowing through the sample.
Positive values correspond to desorption
branches, while negative values correspond
to adsorption cycles. The values of partial
pressure for water and methanol in HS-FAU,
NaY, and NaX are 1.98, 2.8, and 3.1 kPa,
respectively (water) and 0.7 kPa (methanol).

The adsorption isobars can be ob-

tained by integrating the QE-TPDA pro-

files.63 We used the adsorption isobars

of methanol for the parameterization of

the force field required for molecular sim-

ulation (Table A4.2). Figure 2 compares

the experimental and computed adsorp-

tion isobars under the same working con-

ditions (see Figure 1). Considering that we

are using the same set of (transferable)

parameters and partial charges for all the

systems, we found good agreement with

the experimental results.

Figure 2. Experimental (lines) and calcu-
lated (symbols) adsorption isobars for (a) water
and (b) methanol in FAU zeolites. Each ex-
perimental isobar is divided into three curves
corresponding to adsorption and desorption cy-
cles (obtained from the QE-TPDA profiles) and
the average of them. The values of partial pres-
sure for water and methanol in HS-FAU, NaY,
and NaX are 1.98, 2.8, and 3.1 kPa (water) and
0.7, 0.7, and 0.7 kPa (methanol), respectively.
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The behavior of the adsorption isobars

is similar for water and methanol, since

both fluids are polar. The hydrophobicity

of HS-FAU, due to the low content of Na

cations, leads to a steeped isobar at low

values of temperature. As increasing the

cations content in the zeolites, the shape

of the isobar shows a smooth loading de-

crease reaching desorption temperatures

at about 600K . This proves the high affin-

ity of polar fluids for the extra framework

cations of the zeolites. The adsorption of

methanol in the Na-FAU zeolites shows

a minor hysteresis loop, a displacement

between adsorption and desorption. Simi-

larly, the adsorption isobar of water in HS-

FAU shows a tiny hysteresis loop, which

is lower for the zeolites with higher cation

content. The set of parameters was then

fitted to the intermediate curve, which is

the average of adsorption/desorption from

experimental measurements (Figure 2).

Since partial pressures of methanol

and water adsorption are different, it is

not possible to directly compare satura-

tion loadings of the two fluids from the

adsorption isobars. However, we can con-

vert each adsorption isobar to their corre-

sponding characteristic curve, which only

depends on the fluid-zeolite working pairs.

Figure 3 shows the characteristic curves

of water and methanol obtained from the

adsorption data. For the GCMC curve, we

used the adsorption isobar from Figure 2

and additional adsorption isotherms (Fig-

ure A4.1) to complete the characteristic

curve ranging from zero-coverage to sat-

uration conditions. The data from inde-

pendent adsorption isobars and isotherms

fall into the same characteristic curve. We

found that the volumetric adsorption is

considerably higher for water (about 0.35

ml of fluid per gram of adsorbent) than

for methanol (0.25 ml/g). This is due to

the smaller size of water that can con-

nect through four hydrogen bonds per

molecule.84 Methanol can connect through

two,85,86 leading to a worse molecular

packaging. Another relevant factor for the

higher adsorption of water compared to

methanol is that, contrary to methanol,87

the water molecules can enter the small

sodalite cages of FAU zeolites.88 For this

reason, the free volume for the adsorbents

is larger for water than for methanol. To

increase the limited number of points ob-

tained from the GCMC simulation, we

use splines. It is important to use smooth

functions that fit the data well to mini-

mize the noise in the calculations involv-

ing the characteristic curves. The fitting

for the experimental characteristic curve

is more straightforward since it contains

more points resulting from the measure-

ments for small temperature increments.

The characteristic curves were comple-

mented with adsorption at high temper-

atures to reach the low coverage regime.

The presence of cations in the FAU

zeolites does not alter their pore volume

significantly.59 This is why adsorption

isobars and characteristic curves have

similar saturation values, independently

of the cation content. However, the con-
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centration of cations influences the hy-

drophilic/hydrophobic nature of the zeo-

lites. The adsorption trend of both fluids

in NaY and NaX is very similar despite the

differences in the number of cations. The

curves in NaY are slightly shifted to lower

values of temperature (Figure 2) or lower

adsorption potential (Figure 3). This effect

is not as strong as for the n-alkanes.59 As

discussed earlier, Ristic et al.48 proposed a

post-synthesis chemical treatment of NaY

to control the desorption temperatures of

water. However, all modified samples con-

tained a similar Si/Al ratio, and t they

found a decrease of the desorption tem-

peratures of about 30 K compared to the

original NaY zeolite. To control the desorp-

tion temperatures over a wider range of

working conditions, we suggest to reduce

the cation content to values between HS-

FAU (Si/Al ratio = 100) and NaY (Si/Al

ratio = 2.61).

Reported adsorption studies for heat

storage applications typically measure ad-

sorption isotherms at a wide range of tem-

peratures. Then, the adsorption isotherms

are reduced to a common characteristic

curve. Instead of doing this, here we mea-

sure and compute a single adsorption iso-

bar to obtain the temperature dependence

of the loading needed for further calcula-

tions of the storage density. To validate

this approach, we compared the character-

istic curves for water obtained in this work

from QE-TPDA and GCMC simulation

Figure 3. Characteristic curves of (a) water
and (b) methanol in FAU zeolites using data
from QE-TPDA (solid lines) and CGMC
(dashed lines). The dashed lines represent the
fitted curve using splines. W represents the
volume of fluid adsorbed in the micropores and
A is the adsorption potential.

with those reported by Lehmann et al.53

and Stach et al.54 (Figure 4). Our results

are in line with those reported in the lit-

erature, with slight deviations mainly due

to the use of different commercial samples.

In all cases, we observe that the saturation

loading (corresponding to A → 0kJ/mol)

converges to similar values, i.e., about

0.35ml/g, which is the saturation value

for water in all FAU zeolites (Figure 3).

The results shown in Figures 3 and 4

reveal the invariance of the characteris-
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tic curves with the adsorption conditions,

thus giving consistency to the use of the

DP theory for the working pairs of this

work.

Figure 4. Characteristic curves of water in
(a) NaY and (b) NaX obtained from GCMC
(symbols) and experiments (lines). The experi-
mental values are from QE-TPDA and reported
by Stach et al.54 and Lehmann et al.53 W
represents the volume of fluid adsorbed in the
micropores and A is the adsorption potential

The performance of a working pair for

adsorption-based heat storage depends on

two thermodynamical quantities; the ad-

sorption capacity and the adsorption en-

thalpy at the working conditions. However,

these two quantities are not independent,

and the adsorption enthalpy can be ob-

tained from the adsorption data and the

physicochemical properties of the working

fluid. We take the data from the character-

istic curves (Figure 3) to obtain the adsorp-

tion enthalpy of water and methanol in the

three zeolites (Figures 5 and 6) using the

DP theory as described in the methodology.

The results obtained from the QE-TPDA

experiments and GCMC simulation, de-

picted in Figures 5 and 6, are in agree-

ment, showing similar differences to those

found in Figures 2 and 3. Differences be-

tween the measured and the computed ad-

sorption isobars shown in Figure 3 entail

a deviation of less than 3kJ/mol in the

adsorption enthalpy, except for methanol

in NaX, where the differences are about

10kJ/mol.

The adsorption enthalpy depends on

the adsorption behavior and on the physic-

ochemical properties of the working fluid.

The properties used in the DP formulation

are the vaporization enthalpy, thermal ex-

pansion coefficients, liquid density, and

saturation pressure. Although Figures 2

and 3 indicate similar behavior for water

and methanol adsorption, we found varia-

tions in the adsorption enthalpy for these

two fluids. These discrepancies are related

to the physicochemical properties of water

and methanol. Figure 5 shows the loading

dependence on the adsorption enthalpy of

water in the three zeolites. There is cor-

relation between the number of cations

(degree of hydrophilicity) and the adsorp-

tion enthalpy. At low coverage, the abso-
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lute value of the adsorption enthalpy is

about 80kJ/mol for the three structures,

but the behavior is differentiable at inter-

mediate and higher loadings. For HS-FAU,

the adsorption enthalpy shows an abrupt

decrease with loading after the low cover-

age regime. This phenomenon is related

to the low concentration of cations that

act as strong interaction centers. Once the

first molecules of water are adsorbed near

the cations at low coverage regime, they

quickly nucleate and occupy the rest of

the adsorption sites in the structure. Sim-

ilar findings have been described in the

literature89,90 for water and methanol ad-

sorption in other sodium-based materials.

The decrease in adsorption enthalpy in

NaY and NaX is less pronounced than in

HS-FAU due to the higher sodium content.

At saturation, the adsorption enthalpy is

about 50−55kJ/mol because adsorbate-

adsorbate interactions prevail over the in-

teractions with the zeolite.

Figure 6 shows the adsorption en-

thalpy using methanol as working fluid.

The general trend differs from the val-

ues for water shown in Figure 5. The

curve corresponding to the adsorption of

methanol in HS-FAU is like that found

for water. The values reach 80kJ/mol at

low coverage and immediately decrease to

50kJ/mol. However, the sudden decrease

of adsorption enthalpy at low coverage is

less pronounced for methanol than for wa-

ter, and the trend shifts slightly at high

loading. The most remarkable differences

Figure 5. Adsorption enthalpy of water as a
function of loading in (a) HS-FAU, (b) NaY, and
(c) NaX. The values were obtained from GCMC
simulation (dashed lines) and QE-TPDA (solid
lines) data.

are for NaY and NaX. At low coverage,

the values are about 80kJ/mol as for the
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other systems. At intermediate loading,

the curves show a minimum at about 60−
65kJ/mol and the adsorption enthalpy in-

creases to 70−75kJ/mol at high loading.

One of the main features of an adsorp-

tion heat storage device is its energy stor-

age density or simply storage density. We

calculated this quantity by integrating the

adsorption enthalpy curves between fixed

adsorption and desorption temperatures.

The values shown in Figures 7a-c were

obtained for a fixed adsorption tempera-

ture of 315K . The figures show the storage

density as a function of the desorption tem-

perature. We select this temperature for

being the lowest temperature measured in

the QE-TPDA experiments for the three

zeolites. From these figures it is possible

to compare the values obtained with QE-

TPDA and GCMC. These results show sim-

ilar differences as in previous adsorption

isobars (Figure 2) and adsorption enthalpy

(Figure 5). However, the operating condi-

tions play an important role here, mak-

ing comparison more difficult. For exam-

ple, Figure 7a shows the GCMC values

for water in HS-FAU. Because of the high

hydrophobicity of this zeolite, the adsorp-

tion obtained from QE-TPDA could not

reach the saturation capacity of water in

HS-FAU. This is because from the experi-

mental side, establishing adsorption equi-

librium in hydrophobic adsorbents takes

long time. The driving force is very low,

leading to condensation within the microp-

ores. The inlet figure compares the storage

density obtained from QE-TPDA and

Figure 6. Adsorption enthalpy for methanol
as a function of loading in (a) HS-FAU, (b)
NaY, and (c) NaX. The values were obtained
from GCMC simulation (dashed lines) and
QE-TPDA (solid lines) data.

GCMC using adsorption temperatures of

300K and 324K , respectively. Using this

approximation, the two curves show anal-
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ogous abrupt increase, reaching similar

storage density values. Extending the

GCMC simulations to a wider range of

temperature provides more detailed anal-

ysis of the storage density behavior. There-

fore, it could lead to the optimization of

the process based on the operational con-

ditions for each working pair. To compare

the maximum performance of the three

adsorbents, we use the data from GCMC

simulations and decrease the adsorption

temperature to 300K . This ensures that

all systems reach saturation (Figure 7d).

We found two trends; (i) HS-FAU shows

an abrupt increase in the storage den-

sity. The maximum energy is released at

relatively low temperatures compared to

NaY and NaX because of the rapid des-

orption in this hydrophobic structure. For

example, at a desorption temperature of

350K , the storage density of HS-FAU sur-

passes 900 kJ/kg. At the same temper-

ature, NaY and NaX do not even reach

600kJ/kg. (ii) NaY and NaX have a mod-

erate steep increase, reaching the maxi-

mum values at the higher tested desorp-

tion temperature, i.e., 500K. NaY and NaX

do not converge to the same storage den-

sity value because these zeolites have not

released all the adsorbed water at 500K

(see Figure 2). In contrast, for HS-FAU,

the curve is flat at temperature values

above 350K because the zeolite desorbs

most of the molecules around this temper-

ature. HS-FAU shows a maximum value

of storage density lower than 1000 kJ/kg,

while for NaY and NaX the value is be-

tween 1100kJ/kg and 1200kJ/kg. It is

important to mention that the working

pressure of water adsorption in HS-FAU

was set circa 1 kPa lower than for NaY

and NaX (1.98 kPa for HS-FAU, 2.8 kPa for

NaY, and 3.1 kPa for NaX). However, the

lower value of pressure does not explain

the low storage density obtained for HS-

FAU (compared to NaY and NaX), since

for these values of pressure the three ze-

olites adsorb similar amount of water at

room temperature (Figure 2). The maxi-

mum storage density depends on the max-

imum loading of water that the adsorbent

can capture and release and the exchange

adsorption enthalpy. This means that the

differences in the maximum storage densi-

ties showed in Figure 7 d) are mainly due

to the adsorption enthalpy of water (see

Figure 5).

It is worth mentioning that the values

analyzed above stand for energy per mass

of adsorbent, however, the volumetric stor-

age density is another common value ana-

lyzed in the literature. 1100−1200kJ/kg

corresponds to 1.7−1.8GJ/m3, which is

within the range of the top performing list

of salt hydrates, another common type of

thermochemical materials used for heat

transfer applications. Donkers et al.91 an-

alyzed the thermodynamic data of almost

600 salt hydrates, selecting the 25 top per-

forming candidates. The salt hydrates of

this shortlist exhibit a storage density be-

tween 1.6 and 2.7GJ/m3. Hence, water-

NaY and water-NaX working pairs show

comparable performance with the top per-
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forming salt hydrates for energy storage

applications.

Figure 7. Storage density (SD) of water-
zeolite pairs in (a) HS-FAU, (b) NaY, and
(c) NaX at Tads = 315K and P = 1.98kPa

(HS-FAU), P = 2.8kPa (NaY), and P = 3.1kPa

(NaX). The inlet figure in (a) is for Tads = 300K

(QE-TPDA) and Tads = 324K (GCMC). Figure
(d) shows the storage density from GCMC
simulation in three zeolites at Tads = 300K .
Tdes stands for the temperature of the heat
transfer device during the desorption cycles.

Previous results highlight the impor-

tance of the operating conditions in order

to maximize the performance of each fluid-

adsorbent working pair. Many works using

process simulation or experimental mea-

surements compare the values of several

working pairs at single fixed operating con-

ditions. However, the storage density val-

ues could change drastically by slightly

changing the operating temperature. To

compare our approach with reported data,

we computed the storage density of water

in NaY and NaX at the same conditions

used in previous studies. Ristic et al.48

reported storage density of water in NaY

of about 675kJ/kg (187.5Wh/kg) for fixed

adsorption and desorption temperatures of

313 K and 413 K, respectively, and operat-

ing pressure of 1.23kPa. Lehmann et al.43

provided storage density values for water

in NaX of about 815kJ/kg (226.38Wh/kg).

However, in this case, the adsorption and

desorption temperatures were extended to

293K and 453K , respectively. In princi-

ple, these two values cannot directly be

compared, and one could think that NaX

shows higher storage densities than NaY.

However, extending the desorption tem-

perature it is possible to analyze the per-

formance of the two systems. In this re-

gard, Figure 8 shows the computed stor-

age density of water in NaY and NaX us-

ing reported adsorption conditions as a

function of desorption temperature. For

comparison, the figure also includes avail-

able experimental data. Our predictions

are in agreement with the experiment and

allow solid comparison between the perfor-

mance of the two zeolites and water work-

ing pairs.

To check the effect of the operating

pressure in the storage density, Figure

A4.2 shows the results for water using

values much lower than the saturation

pressure of water. We can observe how the

maximum storage density values for each

working pair decreases at the pressure

decreases up to 0.1kPa. However, there

are not significant differences when us-

ing 0.5−1kPa with respect to the results

shown in Figure 7.
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Figure 8. Storage density (SD) of water
in NaY (red) and NaX (blue). The val-
ues taken from literature are indicated
with symbols.43,48 The values resulting
from GCMC simulation are in dashed
lines. The operational conditions are
Tads = 313K and P = 1.23kPa for NaY
and Tads = 293K and P = 3kPa for NaX.
Tdes stands for the temperature of the heat
transfer device during the desorption cycles.

To compare the performance of the two

working fluids, we calculated the storage

density of methanol in the three zeolites

using the data obtained with QE-TPDA

and GCMC (Figure 9). As for water, dif-

ferences between the two techniques are

based on the differences found in the ad-

sorption isobars (Figure 2) and the adsorp-

tion enthalpy (Figure 5).

The storage densities of methanol de-

picted in Figure 9 show the same trend

than for water (Figure 7), but the maxi-

mum values are, on average, between 3

and 4 times lower. Despite the different

trends on the adsorption enthalpy of water

and methanol (Figures 5 and 6), the abso-

lute values are similar. Another factor that

could influence the performance of storage

densities when comparing distinct fluids

is the vaporization enthalpy. At room tem-

perature, this enthalpy is about 10kJ/mol

higher for water than for methanol. How-

ever, the limiting factor comparing the

storage densities of the two fluids is the

difference of adsorption loading. Figure 2

shows that the FAU zeolites adsorb be-

tween 3 and 4 times more water than

methanol at low temperatures, which is

in line with the trend observed in the stor-

age densities.

Figure 9. Storage density (SD) of methanol-
zeolite pairs in (a) HS-FAU, (b) NaY, and
(c) NaX at Tads = 315K and P = 5kPa

(HS-FAU) and P = 0.7kPa (NaY and NaX).
The inlet figure in (a) is for Tads = 315K

and P = 0.7kPa. Figure (d) shows the
storage density from GCMC simulation
at Tads = 300K and P = 5kPa (HS-FAU)
and P = 0.7kPa (NaY and NaX). Tdes

stands for the temperature of the heat
transfer device during the desorption cycles.
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6.4 CONCLUSIONS

The combination of QE-TPDA experi-

ments with MC simulation gives detailed

information on the use of FAU zeolites for

heat storage application. The calculated

adsorption isobars show strong influence

of the hydrophobic degree of the adsorbent

in the desorption temperatures. HS-FAU

desorbs most water and methanol at much

lower temperature than NaY and NaX.

This large difference (circa 200 K) impacts

the operating conditions of a heat stor-

age device. Hydrophobic materials such as

HS-FAU can be used at low-temperature

conditions, e.g., in the 300−350K range.

Simultaneously, hydrophilic adsorbents

can operate in high-temperature processes

with desorption temperatures over 550K .

This suggests the possibility of tuning the

Si/Al ratio to maximize the efficiency of

adsorbate-fluid working pairs for given op-

erational conditions.

We calculated characteristic curves, ad-

sorption enthalpy, and storage densities of

the working pairs using a thermodynam-

ical model based on the theory of adsorp-

tion of Dubinin-Polanyi. The choice of the

operating conditions for each adsorbent-

fluid working pair is crucial. This is a lim-

iting factor for the performance of materi-

als or working fluids. The thermodynami-

cal model provides insights on the perfor-

mance of a heat storage device by only com-

bining adsorption data with some physico-

chemical properties of the fluids. These are

the density, the saturation pressure, and

the enthalpy of vaporization in a range of

operational temperatures and pressures.

These properties can be obtained from ex-

periments, but also from molecular simula-

tion. This could be useful for the screening

of adsorbent-fluid working pairs oriented

to energy storage applications.

The energy released upon heating and

cooling a fluid is higher for water than

for methanol. We found storage densi-

ties of the water-zeolite pairs higher than

1100kJ/kg, while for methanol-zeolite

pairs were about 350kJ/kg. The wa-

ter/methanol ratio of storage densities is

related to the ratio of their adsorption load-

ing. The highest values of water uptake

are due to both, a strongest hydrogen bond

network and the access of water to the so-

dalite cages of the FAU zeolites. The agree-

ment found between experiments and sim-

ulation allows the use of GCMC simula-

tion for other operational conditions and

provides a comprehensive overview of the

performance of the working pairs for en-

ergy storage.
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Metal-Organic Frameworks

Rafael María Madero-Castro, A. Luna-Triguero, C. González-Galán, José

Manuel Vicent-Luna, and Sofía Calero

T
he building climate industry and its influence on

energy consumption have consequences on the en-

vironment due to the emission of greenhouse gasses.

Improving the efficiency of this sector is essential to reduce

the effect on climate change. In recent years, the interest

in porous materials in applications such as heat pumps has

increased due to their promising performance. In this work,

we propose a multistep approach based on the processing

of adsorption data combined with a thermodynamic model

to assess the performance of adsorption heat pumps and

cooling systems. The process provides properties of interest, such as the coefficient of

performance or the released heat upon adsorption and desorption cycles and has the

advantage of identifying the optimal conditions for each adsorbent-fluid pair. We select

several metal-organic frameworks with varying topologies, chemical composition, and

pore sizes to test the proposed method, using methanol and ethanol as working fluids.

We computed the adsorption equilibrium curves using Grand-Canonical Monte Carlo

simulations to describe the adsorption mechanisms in the selected adsorbents. Then,

we use a thermodynamic model to calculate the energetic properties combined with

iterative algorithms that simultaneously vary all the required working conditions. We

discuss the strong influence of operating temperatures on the performance of heat pump

devices. Our findings point to the highly hydrophobic metal azolate framework MAF-6

as an outstanding candidate for heating and cooling applications based on its high

working capacity and excellent energy efficiency.
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7.1 INTRODUCTION

The building energy demand for energy

efficiency has increased in the last two

decades.1,2 Forecasts manifest that this

growth will continue rising due to global

warming.2,3 Consequently, the emission

of greenhouse gasses into the atmosphere

will be higher, producing a feedback pro-

cess.4–6 Improving efficiency in this sec-

tor and reducing greenhouse gasses emis-

sions are critical aspects in mitigating the

climate change.7–10 Traditional heating

systems such as electric or gas heaters

offer low performance.11 They are based

on Joule effect or on the specific heat of

the substances to be burned, respectively,

so that the heat supplied for the heating

system is equal to the energy used. It is es-

sential to foster advanced heating devices

that take advantage of outside heat to in-

crease performance. For example, heating

devices like solar collectors, which use so-

lar energy to warm water or air, are eco-

friendly options.12–14 The main problem

of solar systems is that weather acts as

restrictive factor.15

Heat pumps are a promising alterna-

tive since they take heat from the sur-

roundings, reducing the total energy con-

sumption of the heating system.16 These

systems are efficient and a sustainable

alternative to conventional methods, in-

creasing the performance and decreasing

greenhouse gasses released into the atmo-

sphere. Traditional heat pumps are based

on the compression/decompression of a

working fluid, with hydrofluorocarbons

(like HFC-134a or HFC-125) being the

most used at the industrial level.17,18 The

main problem with these devices is that

they use greenhouse gasses19 that need to

be reduced according to the Montreal Pro-

tocol.19 In this context adsorption-based

Heat Pumps (AHP) and Adsorption Cool-

ing Systems (ACS) using porous materi-

als, are promising options. The operation

mechanism of the AHP and ACS devices

is based on adsorption and evaporation of

a refrigerant. These devices follow the as-

sumption that reversible adsorption (des-

orption) is an exothermic (endothermic)

process.20

In recent years, AHP and ACS made

with porous materials such as activated

carbons,14,21–29 zeolites,29–36 and metal-

organic frameworks (MOFs)29,37–42 have

shown promising performance, showing

remarkable benefits as cost and versatil-

ity. Pal et al.43 studied the production

of highly porous carbons from vegetable

waste for heat pump applications. Works

reported by de Lange et al.44, Li et al.45,

Erdos et al.46, or Jeremias et al.47, among

others, studied a variety of MOFs with

methanol and ethanol as working fluids

for adsorption-driven heat pumps and

chillers applications. Kayal et al.48 stud-

ied the water-AQSOA zeolite working pair

to create of adsorption chillers, conclud-

ing that these zeolites are also suitable for

this purpose. One of the most challenging

parts of designing AHPs is the selection

of the working pair. It is desirable to work

with environmentally friendly fluids with
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high enthalpy of vaporization. However,

the large amount of synthesized porous

adsorbents makes it difficult to assess the

performance of each working pair experi-

mentally. Computationally, it is also very

expensive to test several operating con-

ditions for the selection of the optimal

range for a given pair. The number of

synthetized MOFs is large and continu-

ously growing.49 The high versatility in

terms of composition and pore size makes

them good candidates to operate in dif-

ferent conditions. In-depth knowledge of

the adsorbent-fluid interactions makes it

possible to choose the most suitable pair

for given working conditions. In general,

MOFs exhibit higher adsorption capacity

than zeolites or other porous materials, a

fundamental aspect of increasing the heat

transfer between adsorption/desorption cy-

cles. In this work, we have selected ZIF-

8, ZIF-71, ZIF-90, MIL-140, and MAF-6,

as adsorbents. Four of these MOFs ex-

hibit a large pore size
(

> 11Å
)

, which is

desired for a stepwise isotherm. The ex-

ception is MIL-140 with a pore size lower

than 6Å that we included for compari-

son. These MOFs have been successfully

tested for the adsorption of methanol and

ethanol44,50,51. We will use this experi-

mental data to validate our models.

The selection of the refrigerant for an

adsorption energy storage device is as im-

portant as the selection of the adsorbent,

because the synergy between adsorbent

and fluid working pairs is a critical as-

pect of achieving maximum performance.

As alternatives to conventional refriger-

ants, ammonia30,52 and water52,53 have

been proposed as working fluids. Water

is an excellent candidate due to the high

enthalpy of vaporization and the zero toxi-

city to humans, but as a downside, water

can affect MOFs stability.54 Ammonia is

also an excellent working fluid with a shal-

low melting point (−40◦C) and slightly

lower enthalpy of vaporization than wa-

ter. However, ammonia is a toxic com-

pound that should be used carefully. In the

search for other working fluids for AHPs

and ACSs, light alcohols have become a

possible alternative.44,55 Highly hydropho-

bic materials cannot adsorb/desorb water

at realistic pressure/temperature condi-

tions,56–59 however, these adsorbent can

capture and release methanol and ethanol

within the range of operational condi-

tions. de Lange et al.44 summarized the

main differences of replacing water (the

most common working fluid in MOFs) by

ethanol and methanol. These are, among

others: 1) decrease of the onset pressure

of methanol and ethanol compared to

water, 2) lower hysteresis loop for large

pore materials (below 3.4 nm), 3) lower

energy release per cycle, but heat and

mass transfer may be improved, and 4)

in general, MOFs seem to be more sta-

ble upon alcohol adsorption than upon wa-

ter adsorption. These facts make light al-

cohols a promising alternative to water

and other common refrigerants used in in-

dustry. Another important aspect is the

reduced global warming potential (GWP)
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of small alcohols compared to traditional

working fluids. Ethanol GWP fluctuates

between 0.31−5.55 depending on the pro-

duction path60 compared to the 1120-

3500 GWP for HFC-based refrigerants,

i.e. HFC-134a and HFC-125. Hence, in

addition to previous discussion, the rel-

atively low-cost, high heat capacities and

low melting points make methanol and

ethanol good candidates as working fluids

for AHP/ACS applications.

The large amount of synthesized struc-

tures makes the assessment of the perfor-

mance of each working pair challenging,

from an experimental point of view. Sev-

eral studies focused on strategies to ana-

lyze the performance of alcohol-adsorbent

using computational screenings. Erdos

et al.46 designed a screening process for

methanol and ethanol on almost 3000 ad-

sorbents. The most promising structures

were selected based on the maximum

working capacity obtained in consecutive

relative values of pressure defined by the

authors. A computational screening and

selection based on the coefficient of perfor-

mance (COP) for cooling applications was

reported by Li et al.45 They systematically

rejected structures that perform under be-

low the imposed limit of 0.8. The signifi-

cant number of samples made an in-depth

study challenging in suitable operating

conditions for each system, which lead to

qualitative-based interpretations. To fas-

ten the selection process, they performed

relatively short GCMC simulations (4 ·104

cycles), only running more cycles for the

promising structures. This approach was

aimed to obtain high-performance struc-

tures. However, short simulations in the

first step can also lead to the rejection

of viable materials. It has been previ-

ously demonstrated that materials with

big pores and hydrophobic structures need

more MC cycles to reach equilibrium.53

Following a similar approach, another re-

cent computational screening by the same

authors61 analyzed the performance of

COF-ethanol working pairs for heating,

cooling, and ice-making applications. As

before, they performed short GCMC simu-

lations that can disregard promising can-

didates. Each adsorbent-fluid pair and its

range of operational conditions should be

analysed carefully. This is because any

small change could imply a considerable

deviation on the predicted application of

heating and cooling systems. In this re-

gard, Xia et al.62 went a step further by

varying the working conditions and the ef-

fect on the cooling/heating performance of

COF-5/ethanol and several MOF/ethanol

working pairs.

Here we propose a novel approach to

assess the coefficient of performance or

other thermodynamic quantity, such as

the heat released during the adsorption

process. We apply this method to inves-

tigate MOFs-methanol/ethanol working

pairs and rely on adsorption data and the

consecutive application of mathematical

and thermodynamic models. The advan-

tage of this methodology is that it can

be applied to either experimental or com-
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putational data sets and is also extensi-

ble to other working fluids. Another ben-

efit of the analysis proposed here is that

we considered a wide range of operating

conditions proving that fixing the operat-

ing temperatures could lead to a signifi-

cant loss of information about the perfor-

mance of the process. In short, an AHP

cycle consists of four primary parts: an

adsorber containing the adsorbent, a con-

denser, an evaporator, and an expansion

valve. The heat pump operates by driv-

ing adsorbate between the adsorber, con-

denser, and evaporator. The cycle can be

divided into two parts. In the first part,

the evaporator vaporizes the fluid taking

heat from a low-temperature source and

releasing heat to an intermediate temper-

ature source (adsorption). In the second

part, during the condensation of the fluid,

the condenser receives heat from a high-

temperature source and releases heat to a

second intermediate temperature source

(desorption). During the cycle, the evapo-

rator, condenser, desorption and interme-

diate temperatures play an important role

on the performance of the process. In the

analysis that we propose, we simultane-

ously screen all these temperatures provid-

ing detailed information of the operation

of each MOF-fluid working pair.

The main objective of this work is

to understand the mechanisms that gov-

ern the adsorbate-adsorbent pair, which

enhances the efficiency of the thermody-

namic cycle. With this in mind, we com-

puted equilibrium adsorption isotherms

and isobars of ethanol and methanol

in the MOFs. We analyzed the ener-

getic and structural properties of the ad-

sorbed molecules by evaluating the in-

ternal energy contributions and the hy-

drogen bonds, thus providing atomistic

information on the adsorption behavior.

We used the Dubinin-Polanyi thermody-

namic model to calculate the characteristic

curves discussing its applicability. To anal-

yse the efficiency of the systems we calcu-

lated the coefficient of performance (COP)

and the energy transferred to the con-

denser. We search for optimal conditions

for each MOF-alcohol pair, discussing the

limitations of fixing the values of operat-

ing temperatures. Our results show a high

performance of the working pairs for cool-

ing and heating, making them an alterna-

tive to conventional AHP/ACS.

7.2 METHODOLOGY

We propose a multistep process to method-

ically evaluate the performance of MOFs

for heating and cooling applications and

to find the optimal working conditions for

each adsorbent-fluid working pairs. This

method is tested using five MOFs for the

adsorption of methanol and ethanol work-

ing fluids. The multistep process consists

of a combination of molecular simulation,

thermodynamical modelling, and in-house

algorithms that iteratively analyze the

performance of and AHP/ACS process.

7.2.1 Adsorbents

We study the prospects of ZIF-8, ZIF-

40, ZIF-71, ZIF-90, and MIL-140C for
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AHP and ACS applications. The first four

are Zn-based Zeolitic Imidazolate Frame-

works (ZIFs), and the last one is a previ-

ously reported Zr-based MOF for similar

applications.44 Table 1 summarizes the

topology and structural properties, pore

volume
(

Vp

)

, surface area (SA), frame-

work density
(

ρ
)

, and helium void frac-

tion (HvF) of the selected adsorbents.

ZIF-863 and ZIF-9064 exhibit SOD topol-

ogy and are formed by Zn metal cen-

ters connected to 2-methylimidazole and

2-carboxydehyde organic linkers, respec-

tively. The SOD topology is characterized

for sodalite central cages interconnected

through small windows. ZIF-8 and ZIF-90

possess pores in the range of 10.5−11Å

and apertures of 3.5Å. ZIF-7165 and MAF-

6,59 with RHO topology, are formed by Zn

metal centers connected to Zn metal cen-

tres connected with 4,5-dichloroimidazole

and 2-ethylimidazole organic linkers, re-

spectively. The RHO topology structures

are constructed by large central cages in-

terconnected through channels. These two

MOFs have similar pore sizes, big cages of

about 16.5−17.5Å and cylindrical chan-

nels of 6.5 − 7Å. The nature of the or-

ganic ligand exerts a strong influence in

the available pore volume of ZIF-71 and

makes MAF-6 the MOF with the largest

pore volume under study. MIL-140C66

is a five-coordinated Zr-based MOF with

a biphenyl-4,4’-dicarboxylic acid linker.

The structure has small triangular-shaped

channels of about 6Å that propagate along

the c-axis. MIL-140C is the smallest struc-

ture under study in terms of available

pore volume and surface area. Figure 1

displays the schematic framework connec-

tivity, pore size distribution (PSD). The

schematic representation of the ligands

can be found in the Appendix 5, (Figure

A5.1).

Table 1. Structural properties of the selected MOFs, density, pore volume, helium void fraction,
surface area and pore size.

MOF Topology ρ
[

kg m−3]

Vp

[

cm3 g−1]

HvF SA

[

m2 g−1]

Pore Size
(

Å
)

ZIF-8 SOD 924.586 0.52 0.484 1732.483 10.855
ZIF-90 SOD 988.431 0.51 0.507 1661.356 10.715
ZIF-71 RHO 1154.904 0.42 0.496 1379.243 16.645
MAF-6 RHO 813.579 0.59 0.482 1664.484 17.435

MIL-140C - 1173.139 0.34 0.400 1298.945 5.795
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Figure 1. Schematic representation of the framework connectivity of (a) ZIF-8, (b) ZIF-71, (c)
MIL-140C, (d) ZIF-90 and (e) MAF-6, and (f) Pore Size Distribution. Nitrogen atoms are coloured
in blue, carbon atoms in cyan, oxygen atoms in red, chlorine atoms in green, and zirconium and
zinc atoms in grey. Hydrogen atoms are omitted for clarity.

7.2.2 Simulation Details

We carried out Monte Carlo (MC) simu-

lations in the Grand-Canonical ensemble

(GCMC) using the RASPA simulation soft-

ware,67,68 to obtain the adsorption capac-

ities as a function of temperature or ex-

ternal pressure. The MC production run

cycles range between 7 ·105 and 2.2 ·106.

The number of cycles changes depending

on the nature of the system working fluid-

adsorbent to ensure that the results fluc-

tuate around an equilibrium value.53 The

final data are averaged over the last 5 ·105

MC cycles.

We used Lennard-Jones and Coulom-

bic potentials to describe the interac-

tions between adsorbates and adsor-

bents. We employed Lorentz-Berthelot

mixing rules69 to calculate Lennard-Jones

crossed terms between different atoms. We

fixed the length of the simulation box so

that we always exceed twice the spheri-

cal cut off of 12Å. Electrostatic contribu-

tions to the energy of the system have

been obtained using Ewald summation.70

We used TraPPE force field71 to describe

the models for the adsorbates. The struc-

tures are considered rigid during the sim-

ulations, placing the framework atoms in

their crystallographic positions. We used

the reported crystal structures of ZIF-

8,63 ZIF-71,72 MIL-140C,66 ZIF-90,73 and

MAF-6.74 The Lennard-Jones parameters

for the adsorbates are taken from DREID-
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ING75 except for the metal atoms, taken

from UFF.76 The partial charges of the

adsorbents (see Figure A5.1 of the Ap-

pendix 5) are calculated using the EQeq

method,77 except for MAF-6, taken from

the work of Gutierrez-Sevillano et al.78

Since the interactions of molecules of alco-

hols via hydrogen bonds play an essential

role in the adsorption mechanism,79 we

compute the average number of hydrogen

bond per molecule using methodology de-

scribed in previous work.79

7.2.3 Thermodynamic Model

The AHP cycle consists of two steps for

adsorption (isobaric adsorption and isos-

teric heating) and two for desorption (iso-

baric desorption and isosteric cooling) as

represented in Figure 2. The system has

different operating conditions pairs (p,T)

during the cycle, the temperature of the

evaporator (Tev), temperature of the con-

denser (Tcon), temperature of desorption

(Tdes), and intermediate temperatures

(Tev < Tcon < T1 < T2 < T3 < Tdes), and as-

sociated pressures.

The adsorption and desorption phases

of an AHP are characterized for the energy

in the different stages: heat taken from the

evaporator (Qev), the required energy for

desorption or regeneration
(

Qreg

)

, heat re-

leased by the condensed fluid (Qcon), and

the heat released during the adsorption

(Qads) at intermediate temperature. For

practical reasons, it is common to assume

that T1, also called the minimum tempera-

ture of adsorption (Tads), is equal to Tcon.

Figure 2. Isosteric cycle of an AHP, includ-
ing vapor pressure of alcohol molecules (black
line), temperature and pressure of the evapora-
tor (Tev, pev), and the condenser (Tcon, pcon),
desorption temperature

(

Tdes

)

, and intermedi-
ate cycle temperatures (T1−3). Highlighted in
blue, the working cycle (adsorption) and in red
the regeneration cycle (desorption).

The coefficient of performance (COP),

used to describe the energetic efficiency, is

defined as the ratio beteween the obtained

energy and the input energy. For heating,

the COP is defined as

COPH =
− (Qcon +Qads)

Qreg

(7.1)

and for cooling

COPC =
− (Qev)
Qreg

(7.2)

Qcon and Qev are proportional to the

enthalpy of vaporization
(

∆Hvap

)

, the

density of the working fluid
(

ρwf
)

in

confinement, and the working capacity

(∆W), which is the difference between

the maximum and minimum isosteres

(Wmax −Wmin). The calculation of the en-

ergy needed for regeneration
(

Qreg

)

and

the energy release during adsorption

(Qads) is more complex and involves the

estimation of the enthalpy of adsorption,
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∆Hvap (W). The equations that govern the

AHP process from a thermodynamic per-

spective are detailed in the literature.44

The enthalpy of vaporization is taken

from Majer et al.,80 while the remaining

parameters are calculated using models.

Based on the Dubinin-Polanyi (DP)

theory,81,82 any equilibrium adsorption

curve where loadings is pressure and tem-

perature dependent, q (p,T), can be re-

duced to a characteristic curve. The char-

acteristic curve is the relation between

the potential of adsorption (A) and the ad-

sorbed specific volume (W) defined as:

A = RT

(

ln
p0 (T)

p

)

W =
q (p,T)
ρwf (T)

(7.3)

where p0 is the vapor pressure of the work-

ing fluid, q is the mass adsorbed, and

ρwf is the density of the working fluid in

the adsorbed phase. We used the Peng-

Robinson equation of state83 to set the

saturation pressure. The DP theory allows

to calculate adsorption enthalpy from the

characteristic curve using numerical tech-

niques.

We calculated the adsorbate density

using the Hauer model.84 This model es-

tablishes linear relations between the bulk

density and the density inside the pores

of the structure. The model was initially

developed for water, and has been mod-

ified to estimate the density of alcohols

were ρ (T0) is the free liquid density taken

from experimental data at the reference

temperature (T0 = 283K).85

ρwf (T)= ρ (T0) [1−αT (T −T0)] (7.4)

The coefficient of thermal expansion,

αT , is considered constant for each work-

ing fluid. αT has been calculated using the

equation

αT =−
1

ρ (T)

(

∂ρ (T)
∂T

)

p

(7.5)

using the density of the fluid at high

pressure, 100 MPa. At T = 300K , αT is

8.026 ·10−4 [1/K] for methanol and 7.285 ·
10−4 [1/K] for ethanol.

7.2.4 Multistep Process

The process is schematically represented

in Figure 3. Step 1 is to obtain the equi-

librium adsorption curves, e.g., adsorption

isotherms and isobars. This can be done

either experimentally or with GCMC sim-

ulations. In Step 2 the input data is pro-

cessed according to Dubinin-Polanyi the-

ory. From there, we obtained a tempera-

ture invariant characteristic curve that

allows i) to predict new adsorption curves

at any conditions (step 1) and ii) proceed

with the thermodynamic analysis of the

system.

It is necessary to insert pre-processed

functions into the algorithm to apply DP

theory. The most significant variables are

the density of the fluid in confinement
(

ρwf
)

, and the saturation pressure (p0)).

Once the characteristic curve is obtained,

the process bifurcates. During Step 3 we

calculate the enthalpy of adsorption of the

system, which depends on the enthalpy
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of evaporation of the fluid, the adsorption

potential, and the entropy’s contribution.

The entropy calculation is pre-processed

due to its dependency on the thermal ex-

pansion coefficient of the fluid in confine-

ment. In Step 4 the isosteric cycle is calcu-

lated, estimating the maximum and min-

imum capacity isosteres for given condi-

tions, i.e., setting Tev and Tcon and the as-

sociate pressures. The calculation of COP

for either heating or cooling can be done

under different conditions (Step 5). With-

out optimization, the temperature of the

evaporator and the condenser are fixed,

and therefore the associated pressures.

The COP is assessed as a function of the

desorption temperature. Step 6 is the op-

timization step. Here we scan the operat-

ing conditions and associated thermody-

namic parameters in subsequence loops.

The variation of Tev, Tcon and Tdes are

made simultaneously, with the only con-

dition of Tev < Tcon < Tdes. After the mas-

sive data generation, the algorithm com-

putes the COP by fixing only one tempera-

ture (Tev or Tcon) and scanning for the op-

timal conditions. From this step, we obtain

a 3D plot per fixed variable that allows the

election of the operational conditions that

provide maximum performance. Using the

same procedure, we calculated other quan-

tities of interest such as the heat released

to the condenser (Qcon), proving that it is

useful to obtain properties that strongly

depend on the operating conditions.

Figure 3. Schematic algorithm of the designed multistep process.
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7.3 RESULTS AND DISCUSSION

The first set of calculations was used

to test the suitability of the force field

to reproduce the experimental adsorp-

tion of these polar molecules in the se-

lected MOFs. We calculated the adsorp-

tion isotherms of methanol and ethanol to

compare with reported experimental data

for ZIF-8,44,50 ZIF-71,50 MIL-140C,44 ZIF-

90,50 and MAF-6.51 Figure 4 shows that

the computed and experimental adsorp-

tion isotherms are in line. We found small

discrepancies on the onset pressures of

ZIF-90 and ZIF-71. This can be due to the

choice of a generic force field, which has

not been refined for a particular adsorbent-

adsorbate pair. We found larger devia-

tions for the adsorption isotherms of the

two alcohols in MIL-140C, overestimat-

ing the adsorption capacity of methanol

and underestimating the adsorption ca-

pacity of ethanol. Regarding this mixing

behaviour, we cannot rule out any flexibil-

ity effect of the MOF, neglected in the sim-

ulations. However, the general behaviour

of all isotherms is well described by the

selected force field, making it suitable for

studying the adsorption of alcohols in ze-

olitic imidazolate frameworks.

Figure 4. Computed adsorption isotherms (symbols) of methanol (red) and ethanol (blue) in (a)
ZIF-8, (b) ZIF-71, (c) MIL-140C, (d) ZIF-90 y (e) MAF-6 at different temperatures, 298K (squares)
and 308K (circles). The experimental values (solid lines) are taken from the literature.44,50,51
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Figure 5 compares the adsorption

isotherms at room temperature. The

adsorption isotherms of methanol and

ethanol in ZIF-8 and ZIF-90, which have

SOD topology, show very similar be-

haviour. This can be explained in terms

of similar structural properties and com-

position (see Table 1). The other pair of

adsorbents that share the RHO topology

are ZIF-71 and MAF-6. The presence of

chlorine atoms in ZIF-71 have significant

effects on the adsorption. Compared to

MAF-6 we observe a decrease of the ad-

sorption capacity and a slight attenuation

of the abrupt step caused by the higher hy-

drophilic degree. In addition, the highly

hydrophobic MAF-6 shows the highest

adsorption capacity for both adsorbates

among the studied structures. MIL-140C

shows the lowest ethanol capacity while

the adsorbed methanol is comparable to

that obtained in the other MOFs. This is

due to more effective packing of methanol

than ethanol within the small channels

of MIL-140C, directly related with the ki-

netic diameters, 3.6Å and 4.3Å, respec-

tively.86 The maximum adsorption capac-

ity can be related to the pore volume
(

Vp

)

of the adsorbent. Thus Figure 5c shows

a clear hierarchy: MAF −6 > ZIF −8 ≈
ZIF −90 > ZIF −71 > MIL−140C.

The adsorption isotherms calculated

for ZIF-8, ZIF-90, and MAF-6 have a

steeped behaviour, less prominent for ZIF-

71 and MIL-140C. This is due to the strong

guest-guest interactions of the adsorbates

inside the pores, typical characteristic of

Figure 5. Computed adsorption isotherms of
(a) methanol and (b) ethanol at 298K . Satura-
tion capacity (c) of methanol (closed symbols)
and ethanol (open symbols) as a function of
pore volume. The solid lines in (c) stands for
the fitted values to a straight line showing the
dependence of loading with the pore volume.

hydrophobic materials. These interactions

are driven by hydrogen bonds (HB). Fig-

ures 6a and 6b show the average num-
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ber of hydrogen bonds per molecule (nHB)

as a function of pressure. In the onset

pressure where the adsorption occurs we

found an abrupt increase in nHB. At high

loading the nHB is similar confinement to

that in the bulk.79 We found exceptions

for methanol and ethanol in ZIF-71 and

ethanol and in MIL-140C. In the case of

ZIF-71, the reason is the type of organic

ligand. The atoms of chlorine are partially

placed in the large cage, and this reduces

the hydrophobicity degree of the structure.

This is reflected in the shape of the adsorp-

tion isotherm and in the reduction of the

hydrogen bond network within the cavi-

ties. In the case of MIL-140C the reason

is the shape and size of the framework.

It is the only channel-shaped structure

studied here. The other MOF are cage-

shaped. The number of hydrogen bonds

per ethanol molecule is lower in MIL-140C,

while for methanol it is similar to the rest

of the MOFs. In addition to the average

number of hydrogen bonds, Figure A5.2 of

the appendix 5 shows that the structure

of these hydrogen bonds changes in con-

finementent, with a competition between

molecules of alcohol with one or two HBs.

The effect of hydrogen bonds is reflected in

the guest-guest potential energy (UGG) as

a function of external pressure obtained

from isotherms at 298K (Figures 6c and

6d). The similararities in the adsorption

isotherms, nHB, and guest-guest interac-

tion energy confirms that the adsorption

mechanism is driven by the nucleation of

the polar molecules through hydrogen

Figure 6. nHB (a,b) and guest-guest inter-
actions (c,d) of methanol (left) and ethanol
(right) as a function of external pressure. Non-
depicted error bars denote fluctuations smaller
than the symbol size. The black lines in (a,b)
represent the nHB of methanol and ethanol in
the bulk.

bond interactions. This behaviour is simi-

lar to that found in the adsorption of other

polar compounds such as ammonia on ad-

sorbents with large cavities.87

The remaining energy contribution is

that corresponding to the interaction be-

tween guest molecules and adsorbents, as

shown in Figure 7. The affinity between

the adsorbates and the internal surface

of the framework increases with the host-

guest energy. Host-guest interactions gen-

erally weaken with loading as preferen-

tial adsorption sites fill up and guest-guest

interactions become more important. Ad-

sorption onset pressure is strongly related

to host-guest interactions,88 surface area

of the structure and the kinetic diame-

ter of the adsorbate. Pressure below the

step in the adsorption isotherm (see Fig-

ures 4 and 5) represent the infinite dilu-
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tion regime. We identify this regime with

a reduction in host-guest energy of all

the structures except MIL-140C. The host-

guest energy of the two adsorbates is al-

most a constant value throughout the pres-

sure range, because of the size and shape

of the cavities of this MOF. MIL-140C has

one-dimensional triangular-shaped chan-

nels of about 6Å, (see Figure 1) that hin-

der the nucleation of the alcohol molecules,

thus maintaining the same host-guest en-

ergy. The low coverage host-guest energy

is approximately double for ZIF-71 and

MAF-6 than for ZIF-8 and ZIF-90, due to

the interaction of the first molecules en-

tering the structures with specific bind-

ing sites. Methanol and ethanol first in-

teract with the exposed chlorine atoms of

the dichloroimidazole link of ZIF-71. As

for MAF-6, the alcohol molecules interact

with the aromatic rings of the ligand by

electrostatic interactions, where the hy-

droxyl group aligns with the electrostatic

field lines pointing towards the center of

the ring.79 After the step in the adsorption

isotherm, the host-guest energy decreases

to a constant minimum value, while the

guest-guest energy reaches the maximum

value in the same pressure interval (Fig-

ure 6c,d). This transition from host-guest

to guest-guest interactions points to the

nucleation of molecules in hydrophobic

MOFs with large pores. Similarly, this en-

ergy exchange is the origin of the energy

released during the adsorption process,

which govern the AHP and ACS devices.

Figure 7. Host-guest interactions of
methanol (a) and ethanol (b) as a function of
external pressure in selected MOFs.

For realistic applications it is impor-

tant to maximize the thermodynamic ef-

ficiency of the system.89 One of the key

aspects in the design of AHP and ACS de-

vices is the choice of the operating condi-

tions. The thermodynamic cycle (Figure

2) involves two isobaric and two isosteric

steps, hence, it is convenient to analyze

the adsorption isobars in addition to the

adsorption isotherms described. It is de-

sirable from an energetic point of view to

have an adsorption isobar with a single

and steep step. It is known that small vari-
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ations in the regeneration conditions can

lead to large changes in performance.45

In this regard, we use pressure control as

a mechanism to improve efficiency. The

working pressure is based on the onset

pressure of the adsorption isotherm at

room temperature. The pressure is estab-

lished for each working pair as the lowest

value of pressure that ensures high up-

take (immediately after the step in the ad-

sorption isotherm at 298K). We calculated

the adsorption isobars of methanol and

ethanol at the selected pressures (Figure

8). Table A5.1 (Appendix 5) summarizes

the temperature and pressure conditions

of the adsorption isotherms and isobars

calculated in this work. Figure 8 shows the

adsorption isobars of (a) methanol and (b)

ethanol on selected MOFs. These isobars

give an idea of the regeneration tempera-

ture for each working pair at the chosen

operating conditions. The slope in the des-

orption isobar is a first indication of the

efficiency and performance of a particu-

lar working pair. The temperature window

for the desorption process is in the range

of 300−340K depending on the working

pair. Above this temperature all structures

have released most of the methanol and

ethanol load.

The next stage of our multistep pro-

cess is the post-processing of the adsorp-

tion data using the thermodynamic model.

Here, the characteristic curve of adsorp-

tion is critical as we can extract a set of

relevant quantities from this reduced rep-

resentation of the adsorption data. As

Figure 8. Calculated adsorption isobars of
(a) methanol and (b) ethanol at the selected
working pressures shown in Table A5.1. (Ap-
pendix 5)

described in the methodology section, the

DP theory relates the adsorption poten-

tial (A) and the amount of adsorbed vol-

ume (W). One of the limitations, is the

assumption of the temperature invariance

of W . To ensure the applicability of the DP

theory all calculated adsorption isotherms

and isobars (see Table A5.1 of the Ap-

pendix 5) must converge to the same char-

acteristic curve. Figure 9 shows the char-

acteristic curves of the working pairs from

all the calculated adsorption curves. The

agreement of the different transforma-
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tions indicates the suitability of the DP

theory in the systems under study. We

can then use the characteristic curve to

calculate any adsorption equilibrium rela-

tion for a given operating conditions, since

any combination of (p,T) is related via A

to the working volume, and therefore to

the loading. We confirmed this interesting

property of the characteristic curve by pre-

dicting adsorption isotherms at different

temperatures (Figure A5.3, Appendix 5)

and one adsorption isobar for each work-

ing pair (Figure A5.4, Appendix 5).

Figure 9. Characteristic curves determined from the calculated adsorption isotherms and
isobars. The lines correspond to fit curves obtained by splines.

To verify the validity of our approach

we compute relevant properties for the

AHP and ACS devices. Figure 10 shows

a comparison with the data from de Lange

et al.44 Figure 10a shows characteristic

curves of methanol and ethanol in ZIF-8.

It can be seen that for both working flu-

ids, the characteristic curves are similar in

shape and maximum capacity. The small

differences are due to the choice of density,

taken as an approximation by de Lange et

al.44 and using Hauer’s model. Figure 10b

shows the enthalpy or heat of adsorption

as a function of loading. The experimental

∆H have been obtained using the Clausius

Clapeyron method90,91 while in this work

we used the the Dubinin-Polanyi theory.

Figure 10c shows the COPs for the two

working fluids using the operatig condi-

tions specified by de Lange et al.,44 That
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is, Tev = 278K and Tcon = 303K for ACS

and Tev = 288K and Tcon = 318K for AHP.

The results agree very well, with only a

small deviation due to density choices, ∆H

calculation method, or saturation pressure.

Finally, Figure 10d shows the heat re-

leased in the condenser (Qcon) with Tcon =
298K and assuming maximum desorption.

We found a reasonable agreement com-

pared to the experimental values (circa

15% and 5% difference), considering the

different methodology used in this work.

We can then conclude that the choice of

methodology is suitable to study the per-

formance of porous materials for AHP and

ACS applications.

The COP for the cooling and heating

processes using methanol and ethanol al-

lows to compare the performance of the ad-

sorbents (Figure A5.5 of the Appendix 5).

Similar to Figure 10c), The COP increases

to a maximum value over a temperature

range of about 320−340K , then decreases

linearly as temperature increases. The op-

timal desorption temperature must be cho-

sen to ensure complete regeneration of the

material, avoiding unnecessary overheat-

ing and wasted energy. Methanol gener-

ally shows a slightly higher value than

ethanol over the entire temperature range.

An exception seems to be that of the COP

(cooling) in MAF-6, where for methanol

we find a maximum COP close to 0.9 and

for ethanol it barely reaches 0.2. However,

this low value is not an adequate indica-

tion of the performance of the material

but rather a consequence of the setting

of the operating conditions. Figures 10c

and 11 show a typical representation of

the COP values, that is, varying the des-

orption temperature, but fixing the tem-

peratures of the evaporator and condenser,

respectively. To clarify this issue, Figure

11 shows the COP for cooling of ethanol in

MAF-6, setting the temperature of the con-

denser to 288K , and for two nearby values

of the temperature of the evaporator, 273

and 278K . We can see that variation of

five degrees on the operating conditions

drastically changes the performance of the

working pair.

Figure 10. Characteristic curves of methanol
and ethanol in ZIF-8. The points correspond to
simulations and the black lines to the fit. (b)
Heat of adsorption of methanol and ethanol
in ZIF-8 using Dubinin-Polanyi. (c) COP of
methanol and ethanol as a function of desorp-
tion temperature. (d) Qcon of methanol and
ethanol in ZIF-8 at Tcon = 298K . The red lines
and symbols correspond to methanol and the
blue lines and symbols to ethanol. The dashed
lines are for values obtained from the litera-
ture44 while the solid lines are for those calcu-
lated in this work.
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The effect shown in Figure 11 is more

noticeable for materials depicting steeped

adsorption isotherms or isobars. However,

steep adsorption is desired for these ap-

plications when complete regeneration of

the thermodynamic cycle occurs in a small

increase of temperature or pressure. To

avoid misinterpretation of performance

analysis, we suggest to deeply examine

each working pair and reduce the num-

ber of fixed parameters. Using the pro-

posed multistep process, we iteratively cal-

culate the targeted properties for all the

possible working temperatures. In this

way, instead of having a single relation-

ship between the COP and desorption tem-

perature (Figure 11), we obtain a com-

plex data set that shows the evolution of

the COP. This is done by simultaneously

varying all the operating temperatures of

the thermodynamic cycle. Figure 12 rep-

resents the COP for cooling of ethanol in

MAF-6 as a function of the temperature

of the condenser, evaporator, and desorp-

tion. From this data set, we can extract

the values of the range of operating con-

ditions that maximize the COP. In this

case, the ethanol adsorption in MAF-6

shows a maximum COP of 0.84−0.86 at

Tev = 275−285K , Tcon = 278−288K , and

Tdes = 300−315K .

Figure 11. Coefficient of performance (cool-
ing) of ethanol in MAF-6 as a function of des-
orption temperature, fixing the temperature of
the evaporator at 273K and 278K , respectively.
The temperature of the condenser is fixed at
Tcon = 288K .

Figure 12. Evolution of the coefficient of performance (cooling) of ethanol in MAF-6 by varying
the operating temperatures of the thermodynamic cycle (see Figure 2).
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To compare the results obtained in the

five MOFs, Figure 13 shows the COP for

cooling, setting the temperature of the

evaporator to 278K . This temperature is

within the range of operating conditions

for cooling applications, and all working

pairs reach the optimum level of COP val-

ues. As in Figure A5.5, methanol performs

better than ethanol for cooling applica-

tions, which could be due to better molecu-

lar packaging leading to a higher adsorp-

tion capacity. The superior performance of

MAF-6 compared to the other the adsor-

bents is remarkable. The high adsorption

capacity and especially steeped adsorption

behaviour make this MOF outperform the

rest under study for AHP and ACS appli-

cations.

Another relevant property shown in

Figure 10d) is the heat energy trans-

ferred to the condenser (Qcon). Figures

14a) and b) compile the Qcon of methanol

and ethanol for the five MOFs. It can be

seen that methanol releases more energy

than ethanol. The volumetric energy re-

leased in the condenser shows similar val-

ues for heating and cooling applications.

Again, the exception to the rule is the

value of ethanol in MAF-6 for cooling ap-

plications, for the same reasons as for COP.

We obtained the Qcon assuming a complete

regeneration of the cycle, i.e., maximum

desorption of the adsorbates. This means

that the only temperatures that affect the

calculation of Qcon are those of the evap-

orator and condenser. To get a broader

overview of the variation of Qcon of metha-

Figure 13. Coefficient of performance (cool-
ing) of methanol (left column) and ethanol
(right column) by varying the operating temper-
atures of the thermodynamic cycle (see Figure
2). The temperature of the evaporator is fixed
at Tev = 278K .

nol and ethanol with operating tempera-

tures, we plot Qcon as a function of Tcon

and Tev in Figures 14c) and d). We chose

MAF-6 as the reference MOF due to its

higher performance compared to the other

MOFs studied here. In line with the ad-

sorption isotherms and isobars, MAF-6

shows a pronounced Qcon, suggesting the

importance of choosing the working con-

ditions. After the step, all the curves con-

verge to a similar maximum Qcon value,

which is the optimal value for each work-

ing pair. In general, all the working pairs

studied here show a good performance for
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AHP and ACS applications. However, the

best choice would be MAF-6, taking into

account the energy release, the coefficient

of performance, and the highest adsorp-

tion capacity.

Figure 14. Volumetric heat energy trans-
ferred to the condenser per unit of volume of
MOF using (a) methanol and (b) ethanol for
AHP (red) with Tev = 273K and Tcon = 288K

and ACS (blue) Tev = 283K and Tcon = 298K .
Volumetric heat energy transferred to the con-
denser per unit of volume of MOF using (c)
methanol and (d) ethanol in MAF-6 with vari-
ation of the temperature of the evaporator as-
suming full desorption

7.4 CONCLUSIONS

We shed light on the mechanisms that

govern the adsorption-driven heat pumps

for heating and cooling applications us-

ing MOFs and light alcohols. We exam-

ined and compared the performance of

five MOFs using methanol and ethanol as

working fluids. The adsorption isotherms

and isobars, the energetic interactions

between molecules and adsorbents, and

the nucleation of the fluids in confine-

ment were calculated from GCMC sim-

ulation. Adsorption data was processed

using mathematical modeling based on

the Dubinin-Polanyi theory of adsorption

and a thermodynamic model to describe

relevant properties for heating and cool-

ing applications. Finally, we proposed a

multistep approach to analyze the rela-

tionships between performance and oper-

ating conditions, which allows describing

the optimal working conditions for each

adsorbent-fluid pair. All MOFs selected in

this work, combined with methanol, show

high performance for AHP and ACS appli-

cations. The performance coefficients were

above 0.8 for cooling and 1.8 for heating.

The energy released to the condenser was

above 90kWh/m3. The performance asso-

ciated with ethanol adsorption is lower

than for methanol but still significant for

MAF-6. This MOF outperforms the other

adsorbents studied here for AHP and ACS

applications in a wide range of operating

conditions. It exhibits COP above 0.9 and

1.9 for cooling and heating, respectively,

and Qcon 115kWh/m3 for methanol. With

a pore size of about 18Å and relatively low

density, the hydrophobic MAF-6 exhibits

large pore volume and surface area, re-

sulting in a steeped isotherm and large

adsorption capacity for light alcohols.

Overall, the multistep process pro-

posed here seems to be an efficient tool

for analyzing the performance of work-

ing pairs for heating and cooling appli-

cations. We have demonstrated the im-
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portance of removing constraints for ap-

plying the thermodynamic model. Estab-

lishing or assuming fixed values of cer-

tain operating temperature could lead to

misinterpretation of the performance of

the working pairs. This is particularly

remarkable for systems showing steeped

isotherms, which at the same time are de-

sired for these applications. An increase

of temperature of a few degrees could de-

crease by 80% the performance of a work-

ing pair. Another advantage of the pro-

posed approach is that it only needs an ad-

sorption isobar or isotherm as input. This

approach can be combined with simula-

tion data or experimental measurements

since we employed mathematical model-

ing to post-process the adsorption data. We

have shown that we can simultaneously

describe experimental results from the lit-

erature with high accuracy and predict

various properties involved in heating and

cooling applications.
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CONCLUSIONS

The main conclusions drawn from this thesis are:

1. The steep adsorption isotherms in MAF-6 make this MOF optimal for the capture of light

alcohols by pressure swing adsorption as the structure does not require high pressure

swings to adsorb and release adsorbates.

2. The clustering of molecules below the saturation pressure of each adsorbate is a key factor

in the adsorption mechanism. Cluster formation requires a large energy exchange between

the low concentration regime and the saturation loading.

3. The aromatic rings of 2-ethylimidazole organic linkers are specific binding sites for MAF-6.

The hydroxyl groups of the alcohol molecules are oriented by the electrostatic field around

the binding sites and point to the centre of the aromatic rings of the organic linker.

4. The self-diffusion coefficients of the molecules of alcohol in MAF-6 decrease with increasing

chain length. The values are similar for all isomers.

5. MAF-6 exhibits high adsorption capacity and steep adsorption behaviour. The energy

exchange during the adsorption process is also high and allows the adsorbates to diffuse.

Based on these results, MAF-6 is a promising adsorbent for the capture of light alcohols.

6. The purification of bioalcohols using pervaporation membranes based on hydrophobic

zeolites has several advantages over distillation, including a lower energy requirement.

7. The all-silica MFI zeolite allows diffusion of pure methanol and ethanol and prevents

diffusion of pure water. This is due to the hydrophobic character of the zeolite. Pure water

strongly interacts through hydrogen bonds with the silanol groups.

8. Hydrogen bonding of water to silanol groups is weaker when water is in a mixture with

alcohol. The tendency of water to create hydrogen bonds with alcohols allows molecular

permeability through the MFI-based membrane.

9. Strong hydrogen bonding between water and alcohol molecules reduces selectivity of alcohol

over water in MFI-based membranes. To avoid this, a solution can be modified the surface

with functional groups that overcome the interaction between water and alcohol molecules.
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This can be used as a new strategy to fabricate membranes with improved separation

performance for bioalcohol dehydration.

10. Activation of the adsorbent at high temperatures is an important step to ensure adequate

porosity of activated carbons. The functional groups present on the inner surface regulate

the degree of hydrophobicity/hydrophilicity of CS1000a.

11. Computational modelling of amorphous materials is challenging when the structure is not

well defined crystallographically. The use of realistic models is necessary to adequately

describe the adsorption properties of polar adsorbates. The simplified model can correctly

predict the energy storage densities obtained from the adsorption of light alcohols. However,

the simplified model fails to accurately describe the adsorption mechanisms due to its high

hydrophobicity compared to real adsorbates. The knowledge presented in this thesis can

assist in future materials modelling developments.

12. The combination of atomistic simulations with a mathematical analysis based on a thermo-

dynamic adsorption model is a promising method to relate the performance of an energy

storage process with physicochemical properties at the molecular level.

13. The interactions of the light alcohols with the structure dominate the low-coverage adsorp-

tion, while the mutual interactions are essential for the nucleation that fills the pore to

saturation.

14. Steep isotherms coupled with a large amount of adsorbed mass make CS1000a outperform

BPL-activated carbons. CS1000a carbon is an excellent candidate for light alcohol storage

and thermal energy applications. The results derived from this thesis can serve as a guide

for the future design of new and efficient adsorbents for storage applications with low

energy cost.

15. The combination of the QE-TPDA experiments with the MC simulation provides detailed

information on the use of FAU zeolites for thermal storage applications. The agreement

between experiments and simulation ensures the use of GCMC simulations to extend the

operating conditions and provide a comprehensive view of the performance of the working

pairs for energy storage.

16. Adsorption isobars reflect the influence of the hydrophobic degree of the adsorbent on

desorption temperatures. HS-FAU desorbs most of the water and methanol at a much

lower temperature than NaY and NaX. This has an impact on the operating conditions of

a heat storage device. Therefore, hydrophobic materials such as HS-FAU can be used in

low-temperature conditions, and hydrophilic adsorbents can operate in high-temperature

processes.

17. The adsorption isobars of methanol and water exhibit similar behaviour due to the polar

nature of both adsorbates and their interaction with non-framework sodium cations. How-

ever, the amount of adsorbed water is more significant than that of methanol. The higher

values of water adsorption are due to the stronger hydrogen bond network and the access
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of water to the sodalite cages of the FAU zeolites. Therefore, the energy released by heating

and cooling is higher for water than for methanol, and the ratio of storage densities is

related to the ratio of adsorption loading.

18. Controlling the hydrophobicity of zeolites by adjusting the Si/Al ratio could maximize the

efficiency of adsorbate-fluid working pairs for given operating conditions. The choice of

such operating conditions is crucial because it is a limiting factor for the performance of

materials or working fluids.

19. The use of the Dubinin-Polanyi thermodynamic model to process adsorption data is suitable

for obtaining fundamental properties to evaluate the performance of heat storage devices.

This model is based solely on adsorption data obtained from experiments or simulations

and on a set of physicochemical properties of the fluids. In this sense, molecular simulation

is a promising tool for identifying adsorbent-fluid working pairs oriented to energy storage

applications.

20. The adsorption of methanol and ethanol in metal-organic frameworks is key for finding high-

performing pairs in heating and cooling applications. In particular, the highly hydrophobic

adsorbent MAF-6 outperforms other MOFs for adsorption-driven heat pump applications.

The combination of large pore size, volume, and surface area with pronounced adsorption

isobars and isotherms makes this material an excellent candidate for taking heat from the

surroundings in a wide range of operating conditions.

21. The proposed multistep process to assess the performance of working pairs for energy

storage applications has proven to be an excellent tool for describing properties relevant to

heating and cooling applications. This iterative method screens all suitable combinations

of operating conditions and avoids data loss due to the complexity and the number of

variables of the thermodynamic model. It is suitable for post-processing adsorption data

from experiments or simulations. This method can accurately describe the experimental

results and also predict various properties related to heating and cooling applications.





SUMMARY

This thesis deals with alcohols and water confined in porous materials for applications such as

storage, separation or energy transfer. Alcohols can contain one or several hydroxyl groups (−OH)

simply linked by a covalent bond to a carbon atom. This carbon can be part of a chain of alkanes,

alkenes or alkynes, or part of an aromatic ring. Possible configurations of existing alcohols are

almost unlimited, which makes systematic studies costly. In this context, advanced simulation

techniques can be useful. Monte Carlo simulations, molecular dynamics or energy minimizations

provide relevant information on the physicochemical properties of alcohols and their behaviour in

the pure state, in mixtures with other alcohols or with water and their interaction with porous

materials.

Simulation techniques were used in this thesis to evaluate:

Storage of alcohols in a highly hydrophobic MOF. In this chapter, the adsorption of

methanol, ethanol, propanol and butanol in the porous material MAF-6 has been studied. MAF-6

is a highly hydrophobic and stable adsorbent with high capacity. The results of this work indicate

that nucleation by hydrogen bonding is the main mechanism governing the adsorption of alcohols

on this hydrophobic adsorbent. This results in steep isotherms reaching high saturation capacity

values. Nucleation takes place at values below the saturation pressure of each fluid and involves

high energy exchange in the adsorption and desorption regimes. Further analysis revealed the

existence of binding sites favouring the nucleation of alcohol molecules and the absence of diffusion

limitations for light alcohols through the pores of this MOF.

Dehydration of alcohols in equimolar mixtures using membranes composed of

pure silica zeolites. In this chapter, the separation of methanol and ethanol with water has

been studied using pervaporation membranes composed of MFI zeolite. Liquid mixtures of alcohol

and water have been investigated by concentration-guided molecular dynamics finding that the

mutual interaction between the alcohol and water molecules makes the membrane unable to

completely dehydrate the alcohol samples, although it achieves excellent separation.

Use of activated carbons in combination with alcohols for energy storage. This

chapter explores the use of linear alcohols (methanol, ethanol, 1-propanol and 1-butanol) in

combination with activated carbons derived from the pyrolysis of mineral coke to store thermal

energy. The results suggest that the activated carbons studied can store a large amount of thermal

energy. This is due to the synergy of the adsorbed molecules and their interaction with the internal

129



130 Chapter

surface of the adsorbent. The selected activated carbon (CS1000a) improves the performance for

energy storage applications compared to other commercial samples, being a promising alternative

for industrial applications.

Study of water and alcohol adsorption on zeolites with cations and their use for en-

ergy storage. In this chapter, the adsorption of water and methanol on faujasites (FAU) has been

studied by varying the cation concentration using quasi-equilibrium temperature programmed

desorption and adsorption measurements and Grand Canonical Monte Carlo simulations. In

addition, using the methodology proposed in the previous chapter, the energy density that the

FAU-alcohol pair can store as a function of the number of cations has been calculated.

Use of the alcohol-MOF pairs as heat pumps or refrigerators. In this chapter, the

possibility of using alcohols in different MOFs and ZIFs to transport heat from hot to cold

environments is explored. By modifying the operating conditions of the adsorption and desorption

cycles, a heat pump device can transport heat at convenience. All this is based on the principle

that adsorption is an exothermic process. The high heat capacity of alcohols, their versatility

and the ability to interact with both hydrophobic and hydrophilic structures make them great

candidates for working fluids in devices such as heat pumps or refrigerators.



RESUMEN

(Summary in Spanish)

En esta tesis se han estudiado los alcoholes, tanto en estado puro como en mezclas con agua,

en combinación con materiales porosos para aplicaciones como almacenamiento, separación o

transferencias energéticas. Los alcoholes contienen uno o varios grupos hidroxilo (−OH) unidos

por un enlace covalente simple a un átomo de carbono. Este carbono puede pertenecer a una cadena

de alcanos, alquenos o alquinos, o a un anillo aromático. Las posibles configuraciones de alcoholes

son casi ilimitadas por lo que estudiarlos puede resultar una tarea complicada y costosa. El uso

de técnicas avanzadas de simulación es una herramienta muy útil en este contexto. La simulación

usando métodos como el de Monte Carlo, dinámica molecular o minimizaciones energéticas

proporcionan información relevante sobre las propiedades fisicoquímicas de los alcoholes y su

comportamiento en estado puro, en mezclas con otros alcoholes o agua y su interacción con

materiales porosos. Utilizando estas técnicas hemos podido estudiar los siguientes sistemas:

Adsorción de alcoholes en un MOF altamente hidrofóbico. En este capítulo se ha

estudiado la adsorción de metanol, etanol, propanol y butanol en el material poroso MAF-6. Este

adsorbente es altamente hidrofóbico. Además es estable y tiene una gran capacidad de almacenaje

molecular. Los resultados de este trabajo indican que la interacción a través de enlaces por

puentes de hidrógeno es el principal mecanismo que gobierna la nucleación de alcoholes en el

adsorbente. Esto da como resultado isotermas con una subida muy abrupta que alcanzan altos

valores de capacidad en saturación. La nucleación tiene lugar a valores inferiores a la presión

de saturación de cada fluido lo que implica un alto intercambio de energía en los regímenes

de adsorción y desorción. Un análisis posterior reveló la existencia de sitios de adsorción que

favorecen la nucleación de las moléculas de alcohol y que no limitan la difusión para los alcoholes

ligeros a través de los poros de este MOF.

Deshidratación de alcoholes en mezclas equimolares usando membranas compues-

tas de zeolitas pura sílica. En este capítulo, hemos estudiado la separación de metanol y etanol

de agua usando membranas de pervaporación compuestas por zeolita tipo MFI. Se han estudiado

mezclas líquidas de alcohol y agua mediante técnicas avanzadas de dinámicas molecular, encon-

trando que la interacción mutua entre las moléculas de alcohol y agua hace que la membrana

no sea capaz de deshidratar completamente las muestras de alcohol, aunque se logra una buena
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separación.

Uso de carbones activados en combinación con alcoholes para el almacenamiento

de energía. Este capítulo ha explorado el uso de alcoholes lineales (metanol, etanol, 1-propanol y

1-butanol) en combinación con carbones activados derivados de la pirólisis de coque mineral para

almacenar energía térmica. Se ha visto que estos carbones son capaces de almacenar una gran

cantidad de energía térmica ya que no sólo la interacción de las moléculas con la superficie interna

del material juega un papel fundamental, sino que también es crucial la cantidad de moléculas

adsorbidas. En este contexto, se ha visto que uno de los carbones aquí estudiados (CS1000a)

muestra propiedades superiores a otros carbones comerciales utilizados a nivel industrial.

Estudio de la adsorción de agua y alcohol en zeolitas con cationes y su uso para

almacenar energía. En este capítulo hemos estudiado la interacción a nivel molecular del

metanol y el agua en faujasitas (FAU) con diferentes concentraciones de cationes, desarrollando

un conjunto de parámetros que describen la adsorción con los elementos mencionados. Este estudio

se ha desarrollado a través de un enfoque experimental y de simulación. Además, utilizando la

metodología propuesta en el capítulo anterior, se ha calculado la densidad energética que puede

almacenar el par FAU-alcohol en función del número de cationes.

Uso de pares alcohol-MOF como bombas de calor o enfriadores. Este capítulo ha

explorado la posibilidad de usar alcoholes en diferentes MOFs y ZIFs para transportar calor

de ambientes más cálidos a más fríos. Modificando las condiciones operacionales de los ciclos

de adsorción y desorción se puede transportar el calor a conveniencia. Todo esto se basa en el

principio de que la adsorción es un proceso exotérmico. La alta capacidad calorífica de los alcoholes,

su versatilidad y la posibilidad de interactuar con estructuras tanto hidrofóbicas como hidrofílicas

los convierten en excelentes candidatos para fluidos de trabajo en dispositivos como bombas de

calor o enfriadores.
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Figure A1.1 Schematic representation of the HB criterion. Atoms of oxygen are represented by
red spheres and hydrogen by white spheres.
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Figure A1.2 Adsorbate-adsorbate radial distribution functions from MD simulation of each
alcohol in the bulk and spatial distribution function of the oxygen atoms than can be connected
via hydrogen bonds to a molecule of methanol.
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Figure A1.3 Radial distribution functions of the atoms of oxygen and hydrogen of methanol
with the binding-sites of MAF-6.

Figure A1.4 Adsorbate-adsorbate radial distribution functions corresponding to the MD sim-
ulation of methanol in the bulk (dashed lines) and confined in the cavities of MAF-6 (solid
lines).
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Table A1.1 Saturation pressure [kPa] of adsorbates calculated using Antoine equation and

Peng-Robinson Equation of State.

Adsorbate Antoine Eq. Peng-Robinson EoS
methanol 16.78 15
ethanol 7.77 8

1-propanol - 3
2-propanol 5.76 6
1-butanol 0.92 1.1
2-butanol - 3.2

tert-butanol 5.51 7
ethylene-glycol - 0.1

Table A1.2 Average number of hydrogen bonds (nHB) of molecules of alcohol in the bulk.

Adsorbate nHB in the bulk

methanol 1.91
ethanol 1.91

1-propanol 1.90
2-propanol 1.89
1-butanol 1.87
2-butanol 1.83

tert-butanol 1.68
ethylene-glycol 3.84
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2.1 Force field parameters for the MFI membrane atoms

Table A2.1 Atom types (a) and parameters for the non-bonded Lennard-Jones potential (b), bonds

(c), angles (d) and dihedrals.

a) Atom types, and their corresponding masses and the partial charges

Atom Mass[u] Charge[e]
Si 28.0855 2.100
O1 15.999 -0.725
O2 15.999 -1.05
H1 1.008 0.200

CH3_MeOH 15.03452 0.265
CH3_EOH 15.03452 0
CH2_EOH 14.02658 0.265

O_alc 15.9994 -0.700
H_alc 1.008 0.435
O_wat 15.9994 -0.8476
H_wat 1.008 0.4238

b) Non-Bonded potential

Vi j = 4εi j

((

σi j

r i j

)12

−
(

σi j

r i j

)6)

A i A j ε [kJ/mol] σ [nm]
Si Si 6.89057 cdot10−7 0.334478
O1 O1 0.7986 0.3107819
O2 O2 0.7986 0.3107819
H1 H1 0.0 0.0
Si O1 0.10153396046 0.247105204426
Si O2 0.00164729035 0.341646346144

CH3_MeOH CH3_MeOH 0.815 0.375
CH3_EOH CH3_EOH 0.815 0.375
CH2_EOH CH2_EOH 0.382 0.375

O_alc O_alc 0.773 0.302
H_alc H_alc - -
O_wat O_wat 0.650 0.3166
H_wat H_wat - -
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c) Harmonic Bond Potential

Vi j =
1
2

kb

(

r i j −b0
)2

A i A j Kb [kJ/mol ·nm−2 b0 [nm]
O1 H1 4640.07 0.09476

CH3_MeOH O_alc 502416.0 0.1430
CH3_EOH CH2_EOH 502416.0 0.1540
CH2_EOH O_alc 502416.0 0.1430

O_alc H_alc 502416.0 0.0945
O_wat H_wat 345168.134 0.1000

d) Harmonic Angle Potential

Vi jk =
1
2

kθ

(

θik j −θ0
)2

A i A j Ak Kθ [kJ/mol·rad−2 ] θ0 [o]
O1 Si O2 144.1876 109.47
O2 Si O2 144.1876 109.47
Si O2 Si 149.6391 142.71

CH3_MeOH O_alc H_alc 460.61833 108.50
CH3_EOH CH2_EOH O_alc 419.04626 109.47

CH2_MeOH O_alc H_alc 460.61833 108.50
H_wat O_wat H_wat 383.18666 109.47

e) Dihedral Potential

VRB =
5
∑

n=0
Cn

(

cos
(

ψ
))n , whereψ= θi jkl −180o

A i A j Ak Al C∗
0 C∗

1 C∗
2 C∗

3 C∗
4 C∗

5
CH3_EOH CH2_EOH Oalc Halc 2.822 2.943 0.485 -6.25 0.0 0.0

*All the coefficients are expressed in kJ/mol
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2.2 GCMC methodology

To obtain the amount of molecules of alcohol and water inside the structure we performed 2 ·105

equilibrate cycles, followed by 106 production run cycles in the grand-canonical ensemble (GCMC).

In these simulations, we considered a rigid periodic crystal using the crystallographically deter-

mined position of the atoms, because the flexibility does not affect so much to adsorption. The

MFI unit cell was replicated 2, 2 and 3 times in the x, y and z direction, respectively, to surpass

twice the spherical cut-off used for non-bonded interactions; i.e. 12 Å. Translation, rotation and

insertion/deletion moves were sampled with equal probabilities.

2.3 CGD-MD parameters

CGD-MD is a simulation method that provides regions in which the particle concentration is

maintained at a target value. With this aim, a bi-directional bias force is applied on the particles

to keep the concentration of the particles constant in the control regions. The expression for the

bi-directional force is

F(z)= ki

(

nCR
i

−n0i

)

·G
(

z, ZF

)

where ki is a force constant, nCR
i

is the instantaneous density in the designated control

regions (CR) while n0i is the target density. G
(

z, ZF

)

is a bell-shaped function whose value is

equal to 1 for z = ZF and it is null outside of a ZF -centered w range, i.e. G
(

z, ZF

)

delimits the

region where forces are applied. Mathematical expression of this bell-shaped function is

G
(

z, ZF

)

=
1

4w

[

1+ cosh

(

z−ZF

w

)]−1

Instantaneous particle density is given by

nCR
i

=
1

V CR

Ni
∑

j=1
θ

(

Z j

)

where θ
(

Z j

)

{

1 if Z j ∈ CR

0otherwise

where V CR the volume of the CR.

Table A2.2 Force constants and width of the control regions in the inlet and outlet of the

membrane.

Side w[nm] ki[kJ ·nm3/mol] ZF [nm] V CR[nm]/
(

LxL y

)

Inlet 0.25 500 4.107 2.5
Outlet 0.25 5000 24.690 2.5
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2.4 Supplementary results from CGD-MD simulations

Table A2.3 Target concentrations and computed average concentrations of methanol, ethanol

and water in control regions in single component CGD-MD simulations.

Feed control region (FCR) Permeate control region (PCR)
Target concentration∗ Average concentration∗ Target concentration∗ Average concentration∗

Methanol 15.23 14.99±0.06 0 0.004±0.007
Ethanol 10.31 10.16±0.05 0 0.028±0.007
Water 33.46 33.7±0.1 0 0∗∗

*Expresed in [molecules/nm3] **Water does not enter the MFI membrane in the single

component simulation.

Figure A2.1 Moving averages of the molecular density (calculated using preceding 100 data
points) as a function of simulation time for methanol (red), ethanol (green) and water (blue) in
the FCR (a) and PCR (b). Note that because pure water does not permeate through the MFI
membrane, water density in PCR is effectively zero. For methanol and ethanol densities in PCR
are noisy due to very low statistical probability of finding a particle in vacuum. Concentrations
averaged over the 200ns production runs are given in Table A2.3.

Table A2.4 Target concentrations and computed average concentrations of methanol, ethanol

and water in control regions in alcohol-water mixture CGD-MD simulations.

Feed control region (FCR) Permeate control region (PCR)
Target concentration∗ Average concentration∗ Target concentration∗ Average concentration∗

Methanol-water 10.29 10.43±0.07 / 10.39±0.09 0 0.0002±0.0008
Ethanol-water 7.88 7.92±0.06 / 7.89±0.09 0 0.003±0.004 / 0.0001±0.0006

*Expresed in [molecules/nm3]
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Figure A2.2 Moving averages of the molecular density (calculated using preceding 100 data
points) as a function of simulation time in the FCR (blue) and PCR (red) in the methanol-water
(top) and ethanol-water (bottom) mixtures. The data for alcohols are shown on left side (methanol
(a) and ethanol (c)) and water on right side ((b) and (d)) Concentrations averaged over the 200 ns
production runs are given in Table S4.

Table A2.5 Number of hydrogen bonds per alcohol molecules.

Feed Membrane Membrane normalized∗

Methanol 1.91 1.32 1.43(= 1.324× (14.99/3.713746463/0.292))
Ethanol 1.91 1.27 1.32(= 1.273× (10.16/2.863494745/0.292))

*number of hydrogen bonds per alcohol molecule in the membrane × molecular density of

alcohol in the feed (Table A2.3) ÷ average molecular density of the alcohol in the membrane (data

from Figure 3.3 ÷ void fraction)

To speculate on the extent of the role that the hydrogen bonding plays in the diffusion of

alcohol molecules, we calculated the number of hydrogen bonds per alcohol molecule in the feed

and in the membrane from single component simulations. The data given in Table S5 shows that

the number of hydrogen bonds between alcohol molecules decrease in MFI compared to the feed.
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However, to be able to make a head-to-head comparison, the numbers for hydrogen bonding in the

membrane should be normalized with respect to the molecular density of alcohols in accessible

MFI pore volume; i.e. void fraction (predicted to be 0.292 from Monte Carlo simulations). The

normalized number of hydrogen bonds between alcohols molecules are clearly smaller than those

of in the bulk. Given that the hydrogen bonding is relatively weaker between alcohol molecules in

the membrane, we can speculate that it does play an important role in the diffusion of alcohols in

the membrane.
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Table A3.1 Lennard-Jones parameters and point charges for (a) adsorbents and (b) adsorbates

used in this work.

a)
Pseudo atom ε/KB [K] σ

[

Å
]

q [e]
−C−H 28.00 3.36 0.00
−C−H 15.08 2.42 0.00
−C−OH X X 0.20
−C−OH 78.20 3.07 -0.64
−C−OH X X 0.44

−C−COOH X X 0.08
−C−COOH 52.00 3.75 0.55
−C−COOH 105.7 2.96 -0.50
−C−COOH 85.60 3.00 -0.58
−C−COOH X X 0.45

* "X" denotes that the atom does not interact through Van der Waals interactions.

** The parameters are referred to atoms in bold and underlined.

b)
Pseudo atom ε/KB [K] σ

[

Å
]

q [e]
methanol
CH3_alc 98.00 3.75 0.265

O_alc 93.00 3.02 -0.700
H_alc X X 0.435

ethanol
CH3_alc2 98.00 3.75 0.000
CH2_alc 46.00 3.95 0.265

O_alc 93.00 3.02 -0.700
H_alc X X 0.435

1-propanol
CH3_alc2 98.00 3.75 0.000
CH2_alc3 46.00 3.95 0.000
CH2_alc 46.00 3.95 0.265

O_alc 93.00 3.02 -0.700
H_alc X X 0.435

1-butanol
CH3_alc2 98.00 3.75 0.000
CH2_alc2 46.00 3.95 0.000
CH2_alc2 46.00 3.95 0.000
CH2_alc 46.00 3.95 0.265

O_alc 93.00 3.02 -0.700
H_alc X X 0.435
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* "X" denotes that the atom does not interact through Van der Waals interactions.

** The names of the pseudo atoms have been taken from TraPPE1 nomenclature

Table A3.2 Structural properties of ACs models.

CS1000 CS400 CS1000a
With functional groups with functional groups with functional group without functional group
exp. sim. exp. sim. exp. sim. sim.

ρ [g/ml] 1.584a 1.583b 1.275a 1.274b 0.737a 0.737b 0.727b

Porosity 0.14b 0.15b 0.60b 0.60b

O/C ratio 0.041a 0.041c 0.123a 0.121c 0.0087a 0.0095c 0
H/C ratio 0.15a 0.17c 0.53a 0.54c 0.091a 0.097c ∼0
PV

[

cm3/g
]

0.091b 0.12b 0.817b 0.827b

SA
[

m2/g
]

60.91b 130.9b 2377.5b 2409.6b

a Jain, S. K.; Pellenq, R. J. M.; Pikunic, J. P.; Gubbins, K. E. Molecular Modeling of Porous Carbons

Using the Hybrid Reverse Monte Carlo Method. Langmuir 2006, 22 (24), 9942âĂŞ9948.
b Peng, X.; Vicent-Luna, J. M.; Q. Jin. Separation of CF4/N2, C2F6/N2, and SF6/N2 Mixtures in

Amorphous Activated Carbons using Molecular Simulations. ACS Appl. Mater. Interfaces, 2020,

(12), 20044-20055.
c This work.

Table A3.3 Thermal expansion coefficients of the working fluids at room temperature and their

corresponding pressure.

Fluid αT

[

K−1]

·10−4 Pressure[MPa]
methanol 8.026 100
ethanol 7.285 100-103.9

1-propanol 5.910 102-104.2
1-butanol 6.065 100-102.4
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Figure A3.1 Adsorption isotherms of Ar (a) and nitrogen (b), calculated by GCMC simulations
(solid squares) and compared to experimental data2 (solid circles) in CS400 and CS1000 at
77K. We used the force field for Ar and N2 molecules reported by3,4 to compute the adsorption
isotherms.

Figure A3.2 Isosteric heat of adsorption of linear hydrocarbons (a) as a function of the chain
length in CS1000a, calculated in this work and compared to the experimental data reported by
Carrot et al.5 and the simulated data provided by Falk et al.6 (b) Computed adsorption isotherms
at 423 K (points) compared to the simulation values (lines) reported by Falk et al.6
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Figure A3.3 Computed adsorption isotherms (a) of methanol in CS1000a compared to the
experimental isotherm in WS-480 reported by Wu et al.7 at 298K. Entalphy of adsorption as a
function of the adsorbed loading of methanol (b) in CS1000a calculated by GCMC simulations,
using the Dubinin-Polanyi theory, and reported by Wu et al.7 Enthalpy of vaporization of methanol
at room temperature is presented as a baseline.

Figure A3.4 Storage densities (SD) of n-alcohols in BPL and water in 13X zeolite reported by
Kohler et al.8 (dashed lines) and computed with the mathematical model (solid lines) used in
this work. The loading of each working fluid to calculate the storages densities in BPL using the
mathematical model (see Simulation Details section) has been estimated from their corresponding
adsorption isobars at 5, 9, 2, and 0.9 kPa for methanol, ethanol, 1-propanol, 1-butanol, and water,
respectively. The adsorption isobars have been computed from the characteristic curve generated
using the experimental isotherms reported by Taqvi et al.9
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Figure A3.5 Atomistic representation of (a) CS1000, (b) CS400 and (c) CS1000a AC models.

Figure A3.6 Characteristic curve of methanol in CS1000a. The solid line represents the fitting
using splines, and the point data are obtained from independent simulations; red circles, and blue
squares from adsorption isotherms at 298 K and 353 K respectively and green triangles from an
adsorption isobar at 10 kPa.
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4.1 Structural model for zeolites

All zeolites were generated following the same procedure regardless the Si/Al ratio. The unit

cell of the pure silica FAU contains 192 Si atoms. We substitute some Si atoms by Al atoms to

reproduce the experimental chemical composition (Si/Al ratio of 100, 2.61, and 1.06, HS-FAU,

NaY, and NaX, respectively). HS-FAU, NaY, and NaX contain 2, 56, and 88 Al atoms, respectively.

We generated the structures following the methodology described in previous works.1,2

We started from the crystallographic positions of the pure silica zeolite from the International

Zeolite Association (IZA) database3 to construct the aluminosilicates. For each structure, we

created a set of 50 configurations by randomly substituting some silicon atoms by aluminum

atoms within the constraint of Lowenstein’s rule and selected the most energetically favorable

configuration. Then, we compensated the net negative charge of the adsorbents by placing sodium

extra-framework cations in the most probable crystallographic positions reported in the literature.

A detailed description of these extra-framework cations is given in references.4–6 Once we added

the extra-framework cations to their preferential location, we optimized the structures with energy

minimization simulations using Baker’s7 method and a full-flexible core-shell potential.8,9

4.2 Parameterization of methanol-zeolite interactions

Interactions parameters between the molecules of water and the HS-FAU and NaX zeolites were

developed in our previous work10 using experimental adsorption isobars as reference data. In

this work, we also computed the adsorption isobar of water in NaY, showing that the water-zeolite

interactions are transferable in the whole range of Si/Al substitutions. Here we followed a similar

procedure to obtain the methanol-zeolite interactions. Starting from the cross-term Lennard-Jones

parameters for each pseudo atom of the methanol-zeolite pairs, we iteratively modify the ε and σ

parameters, creating a matrix of values smaller and larger than the initials. The partial charges

for the adsorbates and zeolites are kept fixed and given in Table A4.1. For each set of parameters,

we computed five values of an adsorption isobar from the low to the high coverage regime. We

first compare with experimental data for NaX to narrow the search of adequate parameters to

reproduce the adsorption in the zeolite with the highest content of extra-framework cations. Then,

we compare with the measured data for HS-FAU and finally for NaY. We repeated the process

until we found reasonable agreement between experiments and simulations using the same set of

Lennard-Jones parameters regardless the Si/Al ratio. The optimal values are provided in Table

A4.2 and the validation against experimental values is shown in Figure 2 of the manuscript.
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Table A4.1 Lennard-Jones parameters and charges of each pseudo-atom for the adsorbent and

adsorbates. Ozeo −Si and Ozeo − Al are the oxygen atoms bridging to silicon and aluminum

atoms, respectively.

Vi j = 4εi j

((

σi j

r i j

)12

−
(

σi j

r i j

)6)

(4.1)

Molecule Atom q[e] ε/kB [K] σ [Å]]
Ow -0.8476 78.2878 3.165

watera

Hw 0.4238 0∗ 0∗

CH3 0.265 98 3.75
Oalc -0.7 93 3.02methanolb

Halc 0.435 0∗ 0∗

Sizeo 2.05 22 2.3
Ozeo−Si -1.025 53 3.3
Alzeo 1.75 22 2.3
Ozeo−Al -1.2 53 3.3

zeolitec

Na 1.0 0∗ 0∗

∗“0” indicates this atom does not interact through van der Waals potential. [a] reported in

reference,11 [b] reported in reference,12 and [c] reported in reference13

Table A4.2 Lennard-Jones parameters to describe the interactions between the zeolite and the

water and methanol molecules.

Molecule Pair interaction ε/kB [K] σ
[

Å
]

Ow −Ozeo 80 3.3
watera

Ow −Na+ 50 3.3
CH3 −Ozeo 80 3.8
Oalc −Ozeo 70 3.8
CH3 −Na+ 80 3.6

methanolb

Oalc −Na+ 80 3.2

[a] Taken from ref [b] This work.
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Table A4.3. Intramolecular force field for water and methanol molecules.

a) Bonds

Vi j =
1
2

kr (r− r0)2 (4.2)

Molecule Atom i Atom j r0 [Å] kr/kB [K]
watera Ow Hw 1.0 415144.47

CH3 O
a lc 1.43 ∞∗

methanol
O

a lc Halc 0.945 ∞∗

∗“∞” indicates this atom does not interact through van der Waals potential.

b) Bends

Molecule Atom i Atom j Atom k θ0 [ř] kθ/kB [K]
watera Hw Ow Hw 109.47 46087.0528
methanolb CH3 Oalc Halc 108.5 55400

[a] Bond and bend parameters reported in11 (water) and [b] reported in reference12 (methanol).

4.3 Thermodynamical model

We used the mathematical model based on the Dubinin-Polanyi theory14,15 to obtain the energy

storage properties of the zeolite-fluid working pairs. We first convert the adsorption isobars into

their corresponding characteristic curves. The characteristic curve relates the volumetric uptake

W (volume of fluid adsorbed in the micropores [ml/g]) and the adsorption potential A [kJ/mol].

A = RT log
(

psat

p

)

(4.3)

W =
q (p,T)
ρ (T)

(4.4)

where psat, is the saturation pressure of the working fluid, q (p,T), the loading of adsorbed fluid

per mass of adsorbent, [g/g], and ρ (T), the density of fluid confined within the micropores [g/ml].

We use the Peng Robinson equation of state to calculate the saturation pressure of each fluid.16

We obtained the loading of fluid from QE-TPDA experiments and GCMC simulation. We used the

model of Hauer to obtain the density of confined fluids within the micropores.17,18 This model

gives a linear relationship between the density of a fluid confined within the pores of an adsorbent

and the operational temperature:

ρ (T)= ρ0 (T0) ·
[

1−αT

(

T −T0 )] (4.5)
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where ρ0 is the free liquid density at the reference T0 (283.15 K for water15 and 298K for

metanol).19 αT is the free liquid thermal expansion coefficient of each working fluid at the

reference temperature and 100 MPa.18,19 (

3.871 ·10−4K−1 for water and 8.026 ·10−4K−1 for

methanol ).

The Dubinin-Polanyi theory also allows determining the adsorption enthalpy, which is defined

as:

∆H =∆Hvap + A−T∆S (4.6)

where ∆Hvap is the enthalpy of vaporization, A is the adsorption potential (Gibbs free energy)

and ∆S is the entropy variation,20 calculated as:

∆S =αAdsW
∂A

∂W

∣

∣

∣

∣

T
(4.7)

where αAds is the thermal expansion coefficient of the fluid in the adsorbed phase, obtained from

the density model. Finally, we calculated the thermochemical storage density by integrating the

enthalpy curves within the selected adsorption and desorption temperatures:

SD =
∫q(Tdes)

q(Tads)
∆H (q)dq (4.8)

In summary, the mathematical model based on the Dubinin-Polanyi theory allows obtaining

the storages densities of adsorbent-fluid working pairs, just from an adsorption isotherm or

isobar and some physicochemical properties of the fluids. These properties are the enthalpy of

vaporization, bulk liquid density, thermal expansion coefficient, and saturation pressure.

Another advantage of the characteristic curve is that it can be reverted to obtain the adsorp-

tion isobars or isotherms at different conditions. In addition to the adsorption isobars, we also

computed the adsorption isotherms to check the validity of the Dubinin-Polanyi theory. Figure 4.1

shows the adsorption isotherms of both working fluids in the three zeolites.
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Figure A4.1 Adsorption isotherms at 298, 350, 400, and 500 K of water (top) and methanol
(bottom) in HS-FAU (a, d), NaY (b, e), and NaX (c, f), respectively. Closed symbols represent
computed values with GCMC simulations and lines are predicted isotherms obtained from the
characteristic curves using the thermodynamical model of Dubinin-Polanyi.

Figure A4.2 Storage density (SD) of water-zeolite pairs in HS-FAU, NaY, and NaX at Tads =
300K and P = 0.1kPa (a), P = 0.5kPa (b), and P = 1kPa (c).
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MOF Atom Partial Charge [e]
ZIF-8

N1 -0.4973
Zn1 1.022
C1 0.4958
C2 -0.0672
C3 -0.272
H2 0.1023
H3 0.0632

ZIF-71
N1 -0.2873
Zn1 1.2054
Cl1 -0.24505
C1 0.14155
C3 0.16585
H1 -0.01125

MIL-140C
O1 -0.6152887
O2 -0.3996415
Zr 1.50139
C1 0.370644
C2 -0.107838
C3 0.023914
C4 0.0630835
C5 0.0203093
H3 0.0348988
H4 0.04140775

ZIF-90
C1 0.3078
C2 -0.0255
C3 -0.4335
H1 0.0321
H2 0.2944
N1 -0.3229
O1 -0.1371
Zn1 1.202

MAF-6
C1 -0.1872
C2 0.3068
C3 -0.4654
C4 -0.6812
H1 0.1768
H3 0.2185
H4 0.2202
N1 -0.7685
Zn1 2.6
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Figure A5.1. Schematic representation of the organic linkers of (a) ZIF-8, (b) ZIF-71, (c)

MIL-140C, (d) ZIF-90 and (e) MAF-6. Nitrogen atoms in blue, carbon atoms in cyan, oxygen atoms

in red, chlorine in yellow, hydrogen in white and zirconium and zinc atoms in grey. Partial charges

of the atoms of each MOF. MAF-6 charges are taken from the literature.1

Table A5.1 Equilibrium adsorption conditions for methanol and ethanol.

Isotherm, Temperature [K] Isobar, Pressure [kPa]
MOF

Methanol Ethanol Methanol Ethanol

ZIF-8
298
308

298
308

5 0.8

ZIF-71
298
308

298
308

8 4

MIL-140C
298
308

298
308

1.5 4

ZIF-90
298
308

298
308

10 3

MAF-6
298
308

298
308

10 2.5

Figure A5.2 f i of methanol (left) and ethanol (right) at 3kPa (a,b) and at saturation (c,d).
Non-depicted error bars denote fluctuations smaller than the symbol size.
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Figure A5.3 Adsorption isotherms from Grand Canonical Monte Carlo simulation (symbols)
and calculated from the characteristic curve (lines) of methanol (left column) and ethanol (right
column) in (a,b) ZIF-8, (c,d) ZIF-71, (e,f) MIL-140C, (h,g) ZIF-90, and (i,j) MAF-6 at 298K and
308K .
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Figure A5.4 Adsorption isobars from Grand Canonical Monte Carlo simulation (symbols) and
calculated from the characteristic curve (lines) of methanol (top) and ethanol (bottom) in ZIF-8,
ZIF-71, MIL-140C, ZIF-90, and MAF-6 at the selected working values of pressure shown in Table
A5.1.
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Figure A5.5 Coefficient of performance as a function of the desorption temperature of methanol
(solid lines) and ethanol (dashed lines) for AHP (red) and ACS (blue).
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