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ABSTRACT

Zeolites, mineral substances composed of aluminum and silicon, have found industrial
applications in purification and as a separation technique for compounds. For instance,
zeolites can separate isomers, gases and remove volatile organic compounds from some
waste air streams. Their porous structures are utilized to ‘“sieve" the
molecules/compounds of specific size hence separating them from their mixtures.
Technologically, the separation can be enhanced by fine-tuning and adjusting zeolite pore
sizes and their surface morphology. In order to achieve this mechanism of fine-tuning
zeolites, there is a need to understand zeolite separation mechanisms and their associated
thermodynamics. For instance, isosteric heats of an adsorbent can affect its homogeneity
and consequently separation efficiency. In the current study, therefore, we explore
physical chemical parameters of various types of zeolites adsorption using selected
organic pollutant molecules. Effect of doping to adsorption is also investigated.
Adsorption parameters including isosteric heats, adsorption sites, adsorption isotherms,
activation energies, temperature and loading rates are determined for various types of
zeolites using selected organic pollutants. Mulliken charges are also investigated.
Thereafter, laboratory adsorption experiments were done to verify loading rates of the
zeolites. The average values of isosteric heats for the studied organic pollutants range
between 0 to 59 kcal, which is synonymous with physical adsorption mechanisms of the
organic compounds and also indicate a homogeneous mixture of the adsorbate and
adsorbent. Among the 245 types of zeolites studied, zeolite Cloverite (CLO) gave the
best loading rate for all the studied organic pollutants. It is demonstrated that zeolites can
separate the various organic chemicals from polluted water environments using different
adsorption sites. Furthermore, under low concentrations of adsorbate, the adsorption
process on zeolites obeys a pseudo second order kinetic. In addition, sticking probability
of adsorbate to adsorbent maximizes at activation energy (Ea) then reduces, indicating
the ability of avoiding secondary waste generation through control of Ea. Doping the
zeolites with aluminum increases the ability to adsorb organochlorines. It is also noted
that charge transfer takes place during adsorption. Laboratory experiments required high
silica zeolite in order to pack the columns. Addition of silica gel to the zeolite in the ratio
5;3 was found to be appropriate in order to make slurry. Sorption experiments revealed
that clinoptilolite zeolite clogged the columns hence no adsorption. Untreated synthetic
zeolite FAU was the best adsorbent with a removal percentage of 95%. Furthermore,
untreated zeolite could be reused several times before reaching the saturation point
contrary to treated zeolite. The interstitial water within the untreated zeolite provides the
active oxygen sites for adsorption thus making it the best adsorbent compared to the
treated zeolite with no water in its framework. Experimental results thus agree with our
simulation results.
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CHAPTER ONE

INTRODUCTION
1.1 Background
Zeolites are environmentally compatible crystalline solids, implying that their activities
does not harm the environment, or at least minimizes their negative impact to the
environment. Zeolites micro-pore dimensions and physico-chemical properties strongly
depend on their framework composition’. This means that zeolites’ The
hydrophilic/hydrophobic character of these materials can be tailored by varying the
SiO,/AlLO; ratio (SAR)?. Zeolites three dimensional framework, generating nanometer-
sized channels and cages, imparts to them high porosity and large surface areas®.
Therefore, the three-dimensional framework of zeolites is based on their crystal or lattice
structure. On the other hand, the shape of the internal pore structure strongly affects the
adsorption selectivity towards host molecules. For these reasons, zeolites have been used

as adsorbent media for specific classes of chemicals, including hydrocarbons**®,

78,9 10,11,12

halocarbons”®~ and pharmaceuticals

Adsorption mechanisms of drugs on zeolites can involve both non-specific (ionic) and
specific interactions due to the formation of well-defined local chemical bonds, either
covalent or supramolecular®®. For a given adsorbent material, the different interactions
will depend on the acid-base properties, the number of H-donor groups, and the
hydrophobicity of substances. Recent studies evidenced the presence of stable H-bonded
adducts for drug adsorbed from aqueous solution on zeolites'®. In addition, zeolites can
exchange K*, Na*, Cu*, Ba?*, Mg®*, Cd**, and Rb** cations™*. As a result, its application
in the petrochemical and engineering catalysis sectors has drawn interest recently. By
being divided into various classes like zeolite X, zeolites' commercial usage is further
strengthened *°. Zeolite A, zeolite CHA'®, zeolite FAU"’, and zeolite Y2 are all classes of
zeolites. Based on particular characteristics of zeolite materials, this categorization was
created. Several studies have shown that zeolites are good adsorbents for various
contaminants*®?°. The grand canonical ensemble and statistical physics can be used to fit
the simulation of the isotherms of adsorption of organic contaminants on zeolites at 298
K,



In statistical physics modeling, each model statement represents a particular instance of
an adsorption process. These models are developed gradually, starting with the simplest
Langmuir model (one site energy, one site occupation, and one layer), and moving on to
more complex adsorption processes like the Hill model (monolayer, mono-energy, and
multi-occupancy), double Hill (monolayer, different site energies, and mono-occupancy),
or BET (multilayer, multi-site energies, mono or multi occupancy)®’. The tested models
are influenced by the properties of the curve form, including the linearity, shape, amount
of saturation, slope at the curve's origin, and presence or absence of saturation. A
coefficient of fitting quality makes it possible to choose, from among all a priori provided
models, the model that best describes the nature of the adsorption process and the
energies of different adsorption interactions involved in the adsorption process. However,
it is impossible to determine the chemical origin and structure unless a fitting energy is a
priori assigned to a recognized chemical functional group®. Therefore, this task can be
completed using molecular simulation techniques. Entropy, internal energy, and Gibbs
free energy are three thermodynamic functions that are calculated and evaluated to
conduct a macroscopic analysis. Regardless of the particle motion equations, the Monte
Carlo (MC) simulation approach creates a number of microscopic states under a certain
stochastic law. The MC method is just a simulation tool for events in thermodynamic
equilibrium because it does not use equations of motion and hence cannot incorporate the
concept of explicit time. This method uses a probability density function to create a
number of tiny states. The following is the main algorithm for the MC simulation of a
non-spherical particle system:

M Describe each particle's beginning position and motion.

(i) Calculate the interaction energy U; using this state as the microscopic state i

(iii)  Select a random or arbitrary particle and designate it as "particle a"

(iv)  Use random numbers to translate the particle, then compute the interaction

energy Uj for this new arrangement.

(V) For the example if U; < U;, adopt this new microscopic state and proceed to

Step 7.

(vi) Determine p;/p; for the scenario where U; > U; and select R; at random

from a uniform random number sequence with values ranging from 0 to 1.



Adopt this microscopic state j and go to Step 7 if R; < U;/U;. Reject this
microscopic state if Ry > U;/U;, treat the previous state i as the new
microscopic state j, and move on to Step 7.

(vil) Use random values to alter the particle's orientation, then compute the
interaction energy Uy in the new state.

(viii) If U, < U; , take on this new tiny state and repeat Step 2.

(ix) Determine py/p; and select a random integer R, from the uniform random
number sequence if Uy > U; . Adopt this new microscopic state k and restart
from Step 2 if R, < pi/p; . Reject this new state, use the prior state j as the
new microscopic state k, and start over at Step 2 if R, > py/p;.

The potential energy of a system of particles is described by force field
functions and parameter sets, which are generated from both experimental
work and complex quantum mechanical computations (typically molecules
and atoms). Both bound terms pertaining to atoms connected by covalent
bonds and nonbonded (sometimes referred to as "noncovalent™) terms
characterizing the long-range electrostatic and van der Waals forces are
included in the fundamental functional form of a force field. A broad form for
the total energy in an additive force field can be stated as ineq. 1.1;
Etotal = Ebondea + Enon-bonded 11
but the precise decomposition of the terms depends on the force field.

where the following summations provide the components of the covalent and

noncovalent contributions:

Epondeda = Evond + Eandte + Edinedrai 1.2

Enonbonded = Eelectrostatic + Evanderwaals 13

The accepted model can then be used to derive the thermodynamical potential functions
that control the adsorption process, such as internal energy Eiy, free enthalpy of Gibbs
G,, and entropy S,. To ascertain if the process is feasible or not, certain thermodynamic
parameters must be determined. Knowing the direction in which the reaction would occur

is also made possible by thermodynamics. In predicting the best zeolite for adsorption of



organic pollutants, the three thermodynamic parameters have been calculated. This is
significant in determining the mechanisms of adsorption as well as the direction in which
the process takes place and further stating the possibility of the process. In order to study
the adsorption mechanisms of the 245 zeolites, various organo-chlorine pollutants have
been selected and used in the present study. The selected organic pollutants have been
previously detected in environmental samples beyond allowable limits*. According to
reports from 2019, Lake Victoria is more heavily polluted than usual by persistent
organic pollutants ?°. This has an impact on the standard of the water supplied for home
and commercial use. Both people and aquatic creatures who use the lakes' waters may
experience health issues as a result of these chemicals, which are endocrine disruptors. It
would be proper to use water purification techniques to get rid of these chemicals, but all
of them have been shown to be costly, time-consuming, and some even discharge
dangerous byproducts into the environment. Therefore, given their affordability and
environmental friendliness, zeolites can be a promising choice for the adsorption of POPs
like HCB?*. Since most of these toxins are anthropogenic in origin, a unique remediation
strategy is required. However the availability of a large number of zeolite to date makes it
not easy to select the best zeolite for adsorption. This would require experiment with all
the zeolites before getting the best material. This is however, not possible as laboratory
experiments would take a lot of time and resources and sometimes tiresome as a result of
several failures. To get rid of this challenge, the current study employs Monte Carlo

simulations in predicting the optimal zeolite for organic pollutants adsorption.



1.2 Problem Statement

The presence of organic pollutants (POPs) in the environment has been reported by
previous researchers. These pollutants include organochlorine compounds which were
found present in L. Victoria in 2019. Basing on this, several methods have been
attempted to get rid of these compounds in order to increase clean water availability, but
all have faced numerous setbacks, including cost, time requirement and environmental
unfriendliness. Thus, the need for effective techniques of removing these compounds is
required. One of the most effective ways is the use of sorption techniques on porous
materials. Zeolite adsorbents have been proved to be the best adsorbents for various
applications. In this regard they can as well be utilized as adsorbents for organic
pollutants such as organochlorides. Numerous theoretical and experimental research have
been conducted to explain how molecules adhere to porous materials?!. The adsorption
thermodynamics for the interaction of the adsorbate molecules with the receptor sites of
zeolites, however, remain a subject of ongoing debate. Since there are a large number of
different zeolites discovered (over 240 types), getting the best zeolite for application is
the greatest challenge. By simulating macroscopic properties using microscopic factors,
such as adsorption energies, chemical potential, etc., statistical thermodynamics based on
mathematical models enables the prediction of the optimal zeolite for application. For
their use in various fields, it is crucial to investigate POPs' adsorption using a statistical

physics technique in micro porous materials.

1.3 Objectives
1.3.1 Main Objective
To determine thermodynamics and mechanisms of organochlorine pollutants adsorption
on zeolites.
1.3.2 Specific Objectives
I.  To simulate hence predict organic pollutants adsorption thermodynamics and
mechanisms on zeolites (245 types) using molecular dynamics simulations
technique.
ii.  To determine, experimentally, organic pollutant loading rates using any one of the
studied pollutants in objective one and compare experimental and simulation

results hence verify objective (i).



1.4 Justification of the Study

Zeolites adsorbents have been proved as the best adsorbents for various substances. This
is due to their unique features and performance abilities. For instance, zeolites have been
used as adsorbents for gaseous molecules such as CO, and Hydrogen. Others include
heavy metals, dyes such as methylene blue, organic micro pollutants. Similarly, zeolites
can as well be employed in adsorption of organic pollutants. However, from the previous
studies, there has been no clear classification of all available zeolites adsorbents with the
adsorbate materials that can be adsorbed. Therefore, there is need to carry out trials with
all the materials in order to get the optimal. Doing this experimentally for over 245
zeolites would require a lot of time, space, finances and other resources making it
difficult. Thus, molecular dynamic simulations would be more appropriate for predicting
the best adsorbent material. Simulations have been successfully performed previously.
For instance, Amira et al 2017% issued a review paper where zeolites have been used to
adsorb gases. Wanda et al 2022 also presented results on simulation experiments on gas
adsorption in zeolites®®. From these examples it will also be possible to carry out
simulation for organic pollutants. However these simulation results have to be tested and

proved by laboratory experiments.

1.5 Significance of the Study

One of the most effective strategies for treating and removing harmful contaminants from
the environment is the adsorption process using solid adsorbents®’. Natural zeolite
adsorbent is inexpensive and widely available. Other organic contaminants have been
known to adsorb from wastewaters using natural zeolite. Because of their widespread
availability, they are viable alternatives for wastewater cleanup, lowering the health risks
associated with pollution exposure. This study's findings will provide scientific
information on the efficacy of treatment for selected organic pollutants, as well as the

extent of pollution.



CHAPTER TWO
LITERATURE REVIEW

2.1. Introduction

Environmental science has attracted many scholars around the world as a result of the
growing number of modern issues affecting the ecosystem28. The availability of drinkable
water for use by humans and animals is the key factor impacting the environment®® . This
is a result of both industrialized and developing nations' continuous industrialization. In
order to ensure that the supply of clean water is restored, various scientists have tried to
develop remedies®. Adsorption has drawn the most attention out of all the techniques
used because it has attracted many scientists to its promising results. As a result, this has
been the subject of several studies under a variety of conditions, including temperature,
pressure, pH, time, and many more. Material scientists have already started researching
the synthesis of zeolites for adsorption®. As a result, the adsorption mechanisms of
different zeolites for different materials have been investigated.

This chapter focuses on contemporary research on zeolites adsorptions conducted by
various specialists and molecular simulations that have successfully been employed in
problem solving. To begin with, a general review has been done on molecular
simulations, zeolites, and their structure and attributes as presented by recent research,
including ion compositions. Furthermore, this chapter contrasts zeolites with other
adsorbing substances, such as chitin-based adsorbents (CBA), which have also been
discovered®. Finally, the chapter includes a summary of existing organic pollution

removal techniques, along with a discussion of their drawbacks.

2.2 Molecular Simulations

Microscopic analysis techniques are required in the present era of nanotechnology in
order to create new functional materials and examine physical processes at the molecular
level. These techniques take into account the species that make up a system, like
molecules and tiny particles. The behavior of these species can be studied to derive
macroscopic and microscopic quantities of interest. The Monte Carlo (MC) and
molecular dynamics (MD) methods are examples of what are known as "molecular

simulation methods®." While MC techniques are effective for analyzing thermodynamic



equilibrium, they are inappropriate for analyzing dynamic processes. This is because MC
simulations typically involve generating a large number of samples from a probability
distribution that is stationary and time-independent, whereas dynamic processes involve
time-dependent changes in the system. While MD techniques can be used to study
thermodynamic equilibrium®, they are more effective when examining a system's

dynamic qualities when it is not in an equilibrium state.

2.2.1 Force Fields

The selection of force fields in molecular simulations is crucial®®

. The term "force field"
is used differently in chemistry and computational biology than it is typically used in
physics. Instead of being the gradient of a scalar potential as it is defined in physics, it is
a system of potential energy functions in chemistry. The force field equations are derived
from the potential energy function, and they represent the gradients of the potential
energy with respect to the positions of the atoms or molecules®®. In other words, the force
field equations specify how the potential energy changes as the positions of the atoms or
molecules are varied. The potential energy function itself is a scalar function that depends
on the positions of all the atoms or molecules in the system®". It is not the gradient of a
scalar potential or a system of potential energy functions, but rather a single function that
captures all of the interactions between the particles in the system. Generally, the force
field equations are the gradients of a scalar potential energy function that represents the
sum of terms that describe various types of interactions between the atoms or molecules
in a system®. Typically, harmonic oscillators eq. 2.1, are used to represent the bond and

angle terms in force fields that forbid bond breakdown. This is given as;

1 2
ER :EKU(T'—TL']') 2.1
The more expensive Morse potential, eq.2.2, gives a more accurate representation of a

covalent bond at higher stretching.

Eg = Dyj[e™ ") — 1]? 2.2
B 2.3
a = 2 .
5 DU]
rj =1 +1+ 10+ TgN 2.4



The Morse potential level spacing diminishes as the energy approaches the dissociation
energy, in contrast to the equally spaced energy levels of the harmonic oscillator
potential. Due to the zero point energy of the lowest (v = 0) vibrational level, the
dissociation energy Dj; is more than the actual energy needed for dissociation Do.*. (See
the figure 2.1)

Dissociation Energy

_ Skl it
Harmonic
Morse
S V=06
aa)

Internuclear Separation (r)

Figure 2.1: The harmonic oscillator potential (green) and the Morse potential (blue)?.

The rest of the bonded terms have a very flexible functional shape. Usually, accurate
dihedral potentials are supplied. Additionally, "cross terms" that characterize coupling of
various internal variables, such as angles and bond lengths, may be introduced to ensure
the planarity of aromatic rings and other conjugated systems. Hydrogen bonding are also
explicitly described in several force fields*. Since there are many more interactions per
atom in the nonbonded terms*!, they need the most computation. Limiting interactions to
pairwise energies is a common decision. The electrostatic term is typically calculated
using Coulomb’s law, and the van der Waals term with a Lennard-Jones potential, but
both can be scaled or buffered by a constant amount to take into account electronic

polarizability and produce results that are more in line with experimental observations.



For each kind of atom, a force field specifies a set of parameters in addition to the
functional form of the potentials®®. For instance, a force field would have different
characteristics for an oxygen atom in a functional group that is carbonyl and one that is
hydroxyl. The typical parameter set consists of the effective spring constant for each
potential as well as values for the atomic mass, van der Waals radius, and partial charge
for each individual atom™. It also includes equilibrium values for the bond lengths, bond

angles, and dihedral angles for pairs, triplets, and quadruplets of bonded atoms.

2.2.1.1 Assisted Model Building with Energy Refinement (AMBER)

The late Peter Kollman's Introduction to Molecular Dynamics 5 group at the University
of California, San Francisco created the AMBER family of force fields for MD
simulation of biomolecules*. The MD software program that mimics these force fields
goes by the moniker AMBER. The functional form employed by the family of AMBER
force fields is often referred to as a "AMBER force field." There are several parameters
in this form, and each member of the family of AMBER force fields has its own name

and values for each one®™. The AMBER force field's functional is illustrated by eq 2.5:
1 1 1
V(rN) = Zbondsgkb (l - ZO)Z + Zanglesgka(e - 00)2 + ZtortionsEVn(l +

cos(nw —y)) + Z?’; i1 (ei,j [_2 (rro_:>6l + %) 2.5
where k, and k;, are the force constants determined experimentally, [ is the bond length
after stretching, [, is the equilibrium bond length, 6 is the bond angle after bending, 6, is
the equilibrium bond angle, V,, is the energy term, n is the periodicity parameter, o is the
dihedral bond torsion angle, y is the phase parameter, ¢; ; is the well depth, ry;; is the
distance at which the interaction energy between the two atoms is zero, r;; is the
separation between the molecules, g;q; is the atomic charges on the atoms/molecules,
and gy is the permittivity of free space. The force is the derivative of the system's
potential energy with respect to location, which is defined by this equation despite the
phrase “force field" being used*®. The following are the definitions of terms from the
right side: The energy between atoms that are covalently bound is represented by the first

term (which sums over bonds). Near the equilibrium link length, this harmonic (ideal

10



spring) force is a decent approximation, but as atoms separate, it becomes progressively
worse*’. The energy resulting from the geometry of the electron orbitals engaged in
covalent bonding is represented in the second term (summing over angles). The third
term (summing over torsions): This term denotes the energy required to twist a bond as a
result of surrounding bonds, lone pairs of electrons, and bond order (such as double
bonds). It should be noted that a single bond may have multiple instances of these
components, resulting in a Fourier series that represents the overall torsional energy. The
nonbo nded energy between all atom pairs is represented by the fourth term (double
summation over i and j), which can be divided into van der Waals (first term of

summation) and electrostatic (second term of summation) energies.

2.2.1.2 Generalized AMBER force field (GAFF)

To make it easier to simulate medications and their small-molecule ligands in
combination with biomolecules, GAFF contains parameters for small organic molecules.
The Generalized AMBER Force Field (GAFF) is a widely used force field for molecular
simulations in computational chemistry®®. It is an extension of the original AMBER
(Assisted Model Building with Energy Refinement) force field, designed to provide
accurate descriptions of a wide range of organic and small inorganic molecules. GAFF
was developed to address the limitations of traditional AMBER force fields, which were
primarily designed for simulating biomolecules. The goal of GAFF was to provide a
more general and transferable force field that could accurately describe a broader range
of chemical compounds encountered in drug discovery, materials science, and other
fields*. The GAFF force field incorporates parameters for a diverse set of functional
groups, including common organic molecules, aromatic compounds, halogens, metals,
and more™. It assigns atom types, bond parameters, angle parameters, torsion parameters,
and partial charges to each atom in a molecule. These parameters are derived from
experimental and quantum mechanical data, as well as empirical fitting to reproduce a
variety of molecular properties. One key feature of GAFF is its ability to handle diverse
chemical environments by using a set of generalized parameters. This makes it
particularly useful for studying molecules with non-standard structures or modifications.
However, it's worth noting that GAFF may not provide the same level of accuracy for

specialized systems compared to force fields specifically tailored for those systems, such
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as protein force fields for studying biomolecules™. GAFF has been implemented in
several molecular simulation packages, including the widely used AMBER software
suite. It has been applied in a wide range of research areas, such as drug discovery,
molecular dynamics simulations, and computational chemistry studies involving small

organic molecules.

2.2.1.3 GLYCAM force fields

For the purpose of simulating carbs, Rob Woods developed the GLYCAM force fields.
The GLYCAM (GLYCogen parameters for CHARMM) force fields are a set of force
fields specifically designed for simulating carbohydrates and glycoproteins in molecular
dynamics simulations2. Carbohydrates play crucial roles in biological processes, and the
GLYCAM force fields provide accurate descriptions of their conformational behavior
and interactions with other biomolecules. The GLYCAM force fields were initially
developed to complement the CHARMM (Chemistry at Harvard Macromolecular
Mechanics) force field, which is a widely used force field for simulating biomolecular
systems®. The GLYCAM force fields extend the CHARMM force field to include
parameters for the unique structural features and chemical properties of carbohydrates.
GLYCAM force fields assign atom types, bond parameters, angle parameters, torsion
parameters, and partial charges to each atom in a carbohydrate or glycoprotein molecule.
These parameters are derived from experimental data, quantum mechanical calculations,
and empirical fitting to reproduce a range of carbohydrate properties, such as glycosidic

bond conformations and anomeric equilibria®”.

One of the strengths of the GLYCAM force fields is their ability to accurately model the
complex and diverse structural features of carbohydrates, including ring conformations,
glycosidic linkages, and branch points. The force fields also include parameters for
glycan-protein interactions, allowing for simulations of glycoproteins and protein-
carbohydrate complexes. The GLYCAM force fields have been widely used in studies of
carbohydrate-protein interactions, molecular recognition, enzymatic processes, and other
areas of carbohydrate biology®. They have been implemented in popular molecular
simulation software packages, such as CHARMM and AMBER, and have been

continuously refined and updated to improve their accuracy and coverage of carbohydrate
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structures. It's worth noting that the GLY CAM force fields are focused on carbohydrates

and glycoproteins, and may not provide accurate descriptions of other types of molecules.

2.2.1.4 Condensed-phase optimized molecular potentials for atomistic simulation
studies (COMPASS)

COMPASS™ is a member of the consistent family of force fields, which includes the
second-generation force fields consistent force field (CFF)91, polymer CFF (PCFF),
CFF, and COMPASS. For organic compounds including H, C, N, O, S, P, halogen atoms
and ions, alkali metal cations, and numerous biochemically significant divalent metal
cations, they were parameterized against a wide variety of experimental observables.
Based on CFF91, PCFF has been expanded to cover a wide range of organic polymers
and (inorganic) metals. Condensed-phase properties, as well as various and empirical
data for molecules in alone, were used to parameterize and validate this force field®’.
Because of this, a wide variety of molecules, both alone and in condensed phases, may
have their structural, conformational, vibrational, and thermophysical properties
accurately and simultaneously predicted by this force field. The COMPASS force field
includes terms for bonds (b), eq. 2.7, angles (8), eq. 2.8, dihedral (¢), eq. 2.9 and out-of-
plane angles (x), eq. 2.10, as well as cross terms and two nonbonded functions: a
coulomb function for electrostatic interactions and a Lennard-Jones potential for van der
Waals interactions:

Eotat = Ep + Eg + Eg + Ey + Eppr + Epg + Ep g + Egp + Egrg + Eggrp + Eg

+ By 26
Where;
By = ) Tha(b = bo)* + ks (b — bo)® + Ky (b = by)*] 27
b
Fo = ) [ka(8 = 00)? + k3 (6 = 6)° + ks(0 — 0)*] 28
’]
E, = Z[kl(l —cos @) + k,(1 —cos2¢) + ks(1 — cos3¢)] 2.9
Y
E, =3, kox? 2.10
E,, = Z k (b — by)(b' — b}) 211
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Eypp = z k (b — bg)( 6 — 6,) 2.12
b,p

Epp = Z(b — bg) [k, cos @ + k, cos 2¢ + k3 cos 3¢] 2.13
b,p
Egp = Z(B —6,) [kycos @ + k, cos2¢ + k3 cos 3¢] 2.14
0.0
Ep o = Z k(60— 6,)(6" — 62) 2.15
6,6'
Eggrp = 2 k(6 —6,)(6 — 65) cos @ 2.16
0,0',p
E, =) 1 2.17
q -
ij Y
r0.\° r0.\®
Evdwzz:Zz—” -3 2.18
— L Tij Tij
ij ij

where K, ki, Ko, k3, and k4 are the force constants determined experimentally; b and 6 are
the bond length and bond angle after stretching and bending, respectively; by and 6, are
the equilibrium bond length and equilibrium bond angle, respectively; ¢ is the bond
torsion angle; y is the out-of-plane inversion angle; Ep,bo, Eo,00, Eb.0, Eb, @ , Eo, ¢ , and
Eo,00 , ¢ are the cross terms representing the energy due to interaction between bond
stretch-bond stretch, bond bend-bond bend, bond stretch-bond bend, bond stretch-bond
torsion, bond bend-bond torsion, and bond bend-bond bend-bond torsion, respectively; i
is the well depth; rj % is the distance at which the interaction energy between the two
atoms is zero; rj is the separation between the atoms/ molecules; q;, g; are the atomic

charges on the atoms/molecules; and € is the permittivity of free space.

2.2.1.5 CHARMM force field

CHARMM, which stands for Chemistry at HARvard Macromolecular Mechanics, is a
highly adaptable molecular dynamics and mechanics program that was first created in the
Harvard University laboratory of Dr. Martin Karplus®. It was parameterized using tiny
biological model geometry and ab initio energies. A flexible and thorough empirical
energy function that is the accumulation of numerous separate energy factors is used by
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CHARMM. Separable internal coordinate terms and pairwise nonbond interaction terms
provide the foundation of the energy function. Eq. 2.19 below provides an expression for
the total energy. To replicate solvent effects, the electrostatic term might be scaled*. The
functional form and van der Waals combination rules are derived from rare-gas

potentials;

Epot = ) ko(r =102+ ) ko(8 = 80)” + Y [kl — ki cos(n)

Ay B::
] 1]
+ E < 12> - <I‘_6> Sw(rizjfrgn'rgff) + Econstraints + Euser 2.19
ij

where ky, ko, k,, and k, are the force constants for bond stretching, bond bending, bond
torsion, and out-of-plane inversion, respectively; r, 0, and y are the bond length, bond
angle, and inversion angle respectively; r°, 6o, and y° are the equilibrium bond length,
equilibrium bond angle, and equilibrium inversion angle, respectively; rij are the
separation between the atoms/ molecules; n is the periodicity parameter; q;, g; are the
atomic charges on the atoms/molecules; € is the permittivity of free space; A;; and Bj; are
the distances over which the interatomic interaction is zero; and Econstraint and Eser are the
energies arising due to constraint (if applied) and certain user-defined terms (to customize

the force field), respectively.

The 12 term is the repulsive term, describing Pauli repulsion at short ranges due to
overlapping electron orbitals, and the r® term is the attractive long-range term. As a
default energy phrase, hydrogen bond energy is excluded. The present CHARMmM
parameter set was developed in a way that electrostatic and van der Waals forces work

together to characterize hydrogen bond effects®.

2.2.1.6 Consistent valence force field (CVFF)
The Discover program's original force field, the CVFF, is a generalized valence force
field. Amino acids, water, and numerous other functional groups are given parameters.

CVFF has the capacity to use automated parameters, which assign missing parameters'
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values automatically, in the absence of explicit parameters. The output file from the
calculation makes note of these. Small organic crystals and gas-phase structures, such as
amides, carboxylic acids, etc., were fitted by CVFF. It deals with proteins, peptides, and a
variety of chemical systems®. It has been widely utilized for many years as Discover's
default force field. Although it reasonably predicts vibrational frequencies and
conformational energies, its primary use is for studies of structures and binding energies.
The CVFF force field's out-of-plane energy is calculated using an incorrect torsion. An
incorrect torsion perceives three atoms that are related to one another and a center atom
as torsion. Based on permutations of the connected atoms, there are three potential
incorrect torsions that can be formed for a specific out of plane®. Only one of these
incorrect torsions is utilized for CVFF. The energy expression utilized in CVFF is
represented analytically in the following equation eq. 2.20. The bond lengths, bond
angles, torsion angles, and out-of-plane interactions' relative energies of deformation are
represented by terms 1-4, which are referred to as the diagonal terms of the valence force
field. The bond-stretching term is expressed as a Morse potential (Term 1). For this term,

the Discover software also supports a straightforward harmonic potential®*:

Epor = 2(1 — ealb-b0)) 4 Z Hy (6 — 6,)>
Dy 0

+ ) Hy(1+5 cos(np) )

S

+; Zbe'(b—bo)(b'b(’))

+Z ZFegl(e—eoxe'—ea)

+Z ZFbe(b b)(6 - 00)+zw99/ cos ¢ (6 — 0)(6" — 6))
X Drwen+Xe[) ()]

+ Z 44 2.20
ET'L'j

16



where Dy, is the well depth or bond dissociation energy; o is the parameter that controls
the width of the potential well (the smaller the “a,” the larger the well); b and by are the
separation between atoms and equilibrium bond distance, respectively; 6 and 0 are the
bond angle and equilibrium bond angle, respectively; y is the inversion angle; n is the
periodicity parameter; g;, g; are the atomic charges on the atoms/molecules; ¢ is the well

depth (in Term 10) and permittivity of free space (in Term 11); He, H,, and H, are the

constants associated with bond bending, torsion, and out-of-plane inversion, respectively;

Fo.b0, Fo,00, Fb.,0, F, ,0,00, and F,,0 are the cross terms representing the energy due to

interaction between bond stretch-bond stretch, bond bend-bond bend, bond stretch-bond
bend, bond torsion-bond bend-bond bend, out of plane/out-of-plane inversion,
respectively; r* is the separation at which interatomic potential is zero; and r is the

separation between the atoms®*.

2.2.1.7 DREIDING force field

The structures and dynamics of organic, biological, and main-group inorganic
compounds can be predicted using this general force field. The atom kinds are the
constituent parts of the DRESIDING force field. The molecular mechanics force field
treats atoms of the same atom type the same way®. A superposition of valence (or
bonded) interactions (E.a), €q.2.22 that depend on the specific connections (bonds) of the
structure and nonbonded interactions (E.p), 2.27, that depend only on the distance
between the atoms is used to express the potential energy for a molecule with any

conceivable geometry;

E = Eyg + Epp 2.21

Eval :EB +EA+ET+EI 222
1

Ep =5 Ke(R - R,)? 2.23
1 012

Ex = 5 Kij |6 — 67 | 2.24
1

Er = Eij[l - cos[njk(q) - <pjk)]] 2.25
1 2

EI = EKinv((p - (pn) 2.26

The energy for non-bonded is given as

Enb == Evdw + qu + Ehb 227
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2.2.1.8 Universal force field (UFF)

A collection of hybridization-dependent atomic bond radii, a set of hybridization angles,
van der Waals parameters, torsional and inversion barriers, and a set of effective nuclear
charges are among the parameters used to create the universal force field®. For a
molecule, the potential energy is expressed as a superposition of several two-body, three-
body, and four-body interactions. The total of valence or bound interactions and
nonbonded interactions represents the potential energy illustrated by eq.2.28:
E=Er+Eg+E,+E,+Eyqw+Ey 2.28
The valence interactions consist of bond stretching E discussed and angular distortions
Eq discussed earlier. Included as angular distortions are bond angle bending Eg, dihedral
angle torsion (E,) and inversion terms (E,,). The nonbonded interactions consist of van
der Waals (E,q4,, ) terms and electrostatic(E,;) terms ( their illustrations are given from

eq. 2.6 above)

2.2.2 Potentials

Use of proper inter atomic energies and forces is required for the atomistic MC and MD
modeling techniques, which have had an impact on everything from medication design to
crystal development. These interactions are typically modeled using first-principle total-
energy calculations, semi empirical electronic structure approaches, or analytical
potential energy expressions®.

The bond stretch interaction is described by the universal force field as either a harmonic

oscillator illustrated by eq. 2.29:
1
ER =§Kij(r—rij)2 2.29

Or as the Morse function:
Eg = D;j[e” ") — 1]2 2.30
where K;; is the force constant in units of (kcal/mol), rj; is the standard or natural bond

length in angstroms, Dj; is the bond dissociation energy (kcal/mol), and,;
1

o= | Lu : 2.31
~ [2Dy; '

18



Since the Morse function implicitly incorporates anharmonic terms close to equilibrium
(rij) and results in a finite energy (Dj) for bond breakage, it is a more realistic
representation. The natural bond length rj is taken to be the total of single bond radii
particular to each atom type plus bond order and electronegativity corrections®’:

rj =1 +1+10 +Tgn 2.32

2.2.3 Ensemble

Ensemble is a grouping of many systems that are microscopically diverse yet
macroscopically same®®. In statistical thermodynamics, we only look at the average
attributes of the particles that make up a macroscopic sample rather than their behavior.
Particles are virtually absent from classical thermodynamics. Such a thermodynamic is
only interested in bulk properties, such as the quantity of particles N, the temperature T,
and the container volume V. The ergodic theorem states that the average value we
calculate over this huge number of replications is exactly the same as the temporal
average we would derive by examining the time history of the original system. The two
are identical. At the molecular level, not all of the ensemble's cells are exact duplicates of
one another®. Simply put, we make sure that each cell has a specified quantity of
identical thermodynamic characteristics. At this point, there is no discussion of molecular
characteristics. An ensemble of cells with identical N, V, and T values may be shown in
the Figure 2.2 below. A canonical ensemble is stated to be formed by this collection of
cells. According to what is held constant in each cell, there are three additional significant
ensembles in the theory of statistical thermodynamics’®. We have the following
ensembles in addition to the classical ensemble, where N, V, and T are kept constant:
The microcanonical ensemble, where each cell's N, E, and V values are fixed. As a result
of the fact that energy cannot move from one cell to another, this ensemble is actually
incredibly simple. (ii) A constant is maintained for N, T, and P in an isothermal-isobaric
ensemble. (iii) The grand canonical ensemble is the last one, which maintains constants
for V, T, and the chemical potential. The fact that the number of particles can vary makes

the vast canonical ensemble attractive ™.
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Figure 2.2: A canonical ensemble illustration with number of particles N, volume V and

temperature T kept constant.

In the context of adsorption, the concept of an ensemble refers to a collection of identical
or similar systems that differ only in their initial conditions or configurations®.
Ensembles are useful for understanding the statistical properties of a system, such as its
thermodynamic behavior and the likelihood of observing certain configurations or
events’2. One important application of ensembles in adsorption is the study of the
adsorption isotherm®, which describes the relationship between the amount of adsorbate
(e.g., gas) adsorbed on a surface and the pressure or concentration of the adsorbate in the
surrounding environment. The adsorption isotherm is often modeled using different types
of ensembles, such as the grand canonical ensemble, the canonical ensemble, or the
microcanonical ensemble. For example, in the grand canonical ensemble, the total
number of particles (i.e., the adsorbate molecules) and the chemical potential of the
system are fixed, but the number of particles in the adsorbed phase can fluctuate. This
ensemble is useful for modeling adsorption processes that occur at constant chemical
potential, such as gas adsorption on a solid surface. In the canonical ensemble, the
number of particles and the volume of the system are fixed, but the energy of the system
can fluctuate”. This ensemble is useful for adsorption on a porous material. Ensembles
can also be used to model the kinetics of adsorption processes’®, by considering the time
evolution of the distribution of particles in the system. This approach can be useful for
predicting the rate and mechanism of adsorption, and for designing materials with
specific adsorption properties. In summary, the concept of an ensemble is relevant to

adsorption because it allows for the statistical analysis of the thermodynamic and kinetic
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properties of adsorption systems, and can be used to model and predict the behavior of

these systems under different conditions’.

2.3 Zeolites

Zeolite is a naturally occurring aluminum silicate that can also be synthesized. The pore
structure of zeolite is three-dimensional (Figure 2.3). Silicon, aluminum, and oxygen
ions make up this compound. In the crystal structure, the silicon ions are neutrally loaded.
Negative regions are created by the aluminum ions. A cation (Na*, K*) or a proton (H") is
introduced in the pores as a counter-ion to maintain the load balanced”®.

Each zeolite variety contains pores of the same size throughout the crystal structure.
These material types with same pore structure throughout the structure are referred to as

Hierarchical”’

. The ring size of a crystal structure influences its structure in part. The pore
size as well as the counter-ion can be altered by changing the aluminum/silicon ratio.
Natural zeolites are hydrophilic and contain aluminum. These materials make a good
combination.

Table 2.1 : Properties of major synthetic zeolites”

Zeolite Pore Size Silica to Alumina Applications
Type Dimensions Ratio
(A)

Zeolite A 4.1 2-5 Detergent manufacturing

Faujasite 7.4 3-6 Catalytic cracking and
hydro cracking

ZSM-5 5.2x5.8 30-200 Xylene isomerization,
benzene alkylation,

catalytic cracking, catalyst
dewaxing, and methanol
conversion

Mordenite 6.7x7.0 10-12 Hydro-isomerization and
dewaxing
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a b
Figure 2.3: a) USY zeolite and b) equilibrium REY zeolite"

Zeolites have been found in Kenya. The most notable occurrence of zeolites in Kenya is
in the Lake Magadi area’, which is located in the southern part of the country®. The
Lake Magadi area is known for its extensive deposits of trona and nahcolite, which are

minerals that are often associated with zeolites.

2.4 Zeolites’ adsorption phenomena

Adsorption is the process of solute molecules accumulating at an interface. Gas—solid and
liquid-solid interfaces have the most adsorption processes, with solute dispersed
preferentially between the fluid and solid phases. Due to the limited amount of
accumulation per unit surface area, extremely porous substances with a large internal area
per unit volume are recommended®®. Physical and chemical adsorptions are the two
types of adsorptions that have been recognized. Physical adsorption, also known as
physisorption, is based on van der Waals forces (vapor condensation), whereas chemical

adsorption, also known as chemisorption, is based on chemical bonding.
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Figure 2.4: Difference between adsorption and absorption as modified from reference

The former is better suited to a regenerable process, whereas the latter tends to degrade
the adsorbent's capacity®. This means that zeolites can be used and later regenerated by
cleaning the active sites covered by the by-products of adsorption. Because of their
effectiveness in removing contaminants, adsorption techniques have recently gained in
their favor. Adsorption is also a viable treatment option, especially if the adsorbent is
affordable and easily available. The adsorption method has the advantages of being
sludge-free, clean, and removing contaminants completely even in dilute solutions. As a
result, adsorption is one of the most cost-effective and efficient methods for removing
contaminants from wastewater. For instance Lamia and coworkers looked into the
adsorption kinetics of methylene blue (BM) on zeolites as one way of addressing water
pollution®. Dyes were the most significant contaminants in their research. The authors
did this by conducting a parametric investigation of adsorption and the effect of various
key parameters on adsorption of BM on the material employed, in particular the contact
time (equilibrium was reached after 120 minutes), different adsorbent concentrations,
varied masses, pH and temperature. These parameters had a critical role in their tests, as
evidenced by the results. Lamia et al and colleagues conducted a kinetic investigation and
used kinetic models such as pseudo-first order and pseudo-second order to analyze the
experimental results. In this investigation, two types of adsorbent materials were
employed to illustrate their methylene blue dye adsorption mechanisms: natural clay and

activated clay. Natural zeolites were not used since they were not available.

23



Furthermore, Lamia et al. did not investigate the adsorption of organic pollutants, which
are jeopardizing the availability of a clean environment, in their study. This study focused
on the adsorption kinetics of methylene blue (BM) on zeolites as a means to address
water pollution caused by dyes. While their research provided valuable insights into the
adsorption parameters and mechanisms for dyes, it did not include an investigation of
organic pollutants such as organochlorines. This research gap highlights the need for a
specific study that explores the adsorption behavior of organochlorines on zeolites.
Heavy metals, in addition to dyes, have been identified as water pollutants, and methods
for their removal have been developed. Yuna evaluated the removal of heavy metals from
wastewater using natural, modified, and manufactured zeolites®. In his review, Yuna
outlined the applications of natural, modified, and synthetic zeolite in the removal of
heavy metals from waste water solutions, and compared the removal effectiveness on the
same heavy metal. For comparison analysis, three types of zeolites, including natural,
modified, and synthetic zeolites, were employed to remove the same heavy metal, thus
Yuna chose an appropriate adsorbent based on the features of the wastewater in use. He
discovered that modified and synthetic zeolites had better cation exchange capacities and

were more stable than natural zeolites.

The sorption process of three types of zeolites was mostly spontaneous and endothermic,
and heavy metal ions were removed by adsorption and ion exchange processes. As a
result, he concluded that zeolites are effective adsorbent materials with a wide range of
applications in the removal of heavy metals from waste water. Yuna, on the other hand,
dealt on heavy metal adsorption in his study review. Yuna's review examined the removal
of heavy metals from wastewater using different types of zeolites. Although the study
compared the effectiveness of natural, modified, and synthetic zeolites for heavy metal
removal, it did not delve into the adsorption mechanisms of organic pollutants. Hence, a
dedicated study focusing on the thermodynamics and mechanisms of organochlorine
pollutants on zeolites is still lacking. Another sort of adsorbent material, on the other
hand, was developed by Parthasarathy and Narayanan for defluoridation of drinking
water®”. According to their research, a novel low-cost composite adsorbent for removing
excess fluoride from drinking water was successfully manufactured using waste egg shell

(ES), alum, and chitin. Variation of synthesis parameters such as alumina loading,
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ES:chitin ratio, calcinations temperature, calcinations time, shaking time, drying
temperature, and washing time were used to optimize the synthesis of chitin-based
adsorbent (CBA). Narayan and Parthasarathy suggested that using XRD and other
techniques, they were able to prove the presence of several phases of alumina, including
crystalline and amorphous phases for defluoridation of drinking water. According to
Parthasarathy and Narayanan (2014), CBA is a composite material containing
heterogeneous phases of Ca(OH),, AI(OH)3;, Al,O3 encapsulated with carbon, Al (OH)3
and Al,O3 coated on carbon and Al,Os. They found out that by using XRD and
SEM techniques, they were able to prove the presence of several phases of alumina,

including crystalline and amorphous phases.

The material's elemental composition and EDX results both pointed to a composite nature
of the material with several phases. Their SEM image of CBA revealed the presence of
both coarse and tiny particles, as well as irregularly shaped alumina agglomerates
clinging to ES calcite particles. According to this research, CBA beat several reported
adsorbents with its greater adsorption capacity of 30.3 mg g-1, which showed that
defluoridation performance was comprehensively evaluated for CBA. CBA followed
pseudo second order Kinetics, and the fluoride adsorption mechanism was complicated,
involving both intra-particle and surface diffusion in the rate-limiting step. Parthasarathy
and Narayanan developed a composite adsorbent material for defluoridation of drinking
water, but their research did not address the adsorption of organochlorine pollutants. This
further emphasizes the need for a study specifically targeting the adsorption behavior of

organochlorines on zeolites.

Furthermore, Chitin has an amide group per glucose unit; this amide group contains an
electron pair that is available for coordination and behaves like a Lewis base. These
mechanisms are often complex because they necessitate the presence of several
interactions such as ion exchange, complex coordination/chelation training, electrostatic
contacts, acid—base interactions, and hydrogen bonds®. In this regard, zeolites provide
the finest mechanisms since they entail ion exchange due to their charged nature, as well
as acid-base interaction due to their acidic sites. Several other studies have been

published on the use of clinoptilolite-rich rock for removing NH," from water. For
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instance, Parthasarathy and Narayanan in 2014 prepared distilled water (electrical
conductivity 1 S/m) by first removing NH, * using a Chinese clinoptilolite (0.4-0.8 mm)
and then passing the water through a commercial cation-exchange column. Kallo in 2001
harvested drinking water from ground water by removing NH," (5.6 mg/L) via ion
exchange with clinoptilolite-rich material (Georgian occurrence) and removing H,S (1.5
mg/L) via oxidation with chlorine and sodium hypochlorite, which was electrolytically
produced from a NaCl regeneration solution®. Obtaining drinking water from most
natural resources, as well as wastewaters with different levels of pollutants, necessitates
water treatment. Large particles, such as bacteria or suspended solids, as well as
dissolved or colloidal inorganic and organic compounds, may include these contaminants.
Kallo in his work in 2018 gives an overview of the use of natural zeolites in water and
wastewater purification to remove Persistent organic pollutants®. In all the above
research items, there is no single research that identifies adsorption thermodynamics and
mechanisms of organochlorines on zeolites. Overall, the existing literature review
highlights the research gaps in understanding the adsorption thermodynamics and
mechanisms of organochlorine pollutants on zeolites. By addressing these gaps, a study
focused on investigating the adsorption behavior of organochlorines on 245 zeolites
would contribute valuable knowledge to the field of wastewater treatment and provide

insights into the efficient removal of these pollutants from contaminated water sources.

2.5 Persistent organic pollutants. (POPs)

Persistent organic pollutants (POPs), also known as "forever chemicals,” are organic
molecules that are resistant to chemical, biological, and photolytic breakdown in the
environment®. They're poisonous compounds that have a negative impact on human
health and the environment all over the world. Most POPs generated in one country can
and do impact people and wildlife far from where they are used and discharged because
they can be transferred by wind and water. The impact of persistent organic pollutants
(POPs) on human and environmental health was debated by the worldwide community in
2001 at the Stockholm Convention on Persistent Organic Pollutants, with the goal of
eliminating or severely limiting their production®. The United States has taken

significant domestic measures to limit POP emissions. For example, none of the initial
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POPs pesticides specified in the Stockholm Convention are now registered for sale and
distribution in the United States, and in 1978, Congress banned the manufacture of
polychlorinated biphenyl (PCB) and severely limited the use of residual PCB stocks™.
Furthermore, since 1987, the Environmental Protection Agency and the states have
effectively decreased environmental emissions of dioxins and furans from U.S. sources to

land, air, and water®.

Hexachlorobenzene (Figure 2.5) is a byproduct of industrial operations and incinerator
activities, as well as a former organochlorine fungicide. It has been identified as a
potential carcinogen to living beings™. It is prohibited worldwide under the Stockholm
Convention on Persistent Organic Pollutants. Prior to its prohibition in the United States,
the chemical was widely used as a seed treatment fungicide for onions, sorghum, wheat,
and other cereals. It was also utilized as a chemical intermediate in the manufacturing of
dyes and the synthesis of other organic chemicals, as a raw material in the development
of pyrotechnic compositions for the military, as a plasticizer for polyvinyl chloride, and
as a wood preservative. It has the ability to bioaccumulate in fat and bio magnify in
tissues of living animals at the top of the food chain®®, HCB is insoluble in water but
soluble in organic solvents.

cl Q

cl cl
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Figure 2.5: Hexachlorobenzene structure used as a seed treatment fungicide

It is very volatile, and as a result, it is likely to partition into the atmosphere. It is highly
resistant to decomposition and has a high partition coefficient (KOW=3.03-6.42) and is
known to bioconcentrate in live creatures' fats. As aresult, HCB is illegal in Austria,

Belgium, Slovakia, Denmark, the European Union, and Germany Hungary,
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Liechtenstein, the Netherlands, Panama, Switzerland, Turkey, the United Kingdom, and
the United States. In Argentina, New Zealand, and elsewhere, it is severely restricted or

has been voluntarily withdrawn®.

2.6 Effects of HCB to living organisms

In humans, chronic (long-term) oral exposure to hexachlorobenzene causes liver illness
with accompanying skin lesions. Epidemiologic investigations were done in 1965 using
some samples of individuals and it was found that those who were orally exposed to
hexachlorobenzene found no evidence of an elevated cancer risk. However, the EPA has
classed hexachlorobenzene as a possible carcinogen based on animal studies that have
documented cancer of the liver, thyroid, and kidney from oral exposure to

hexachlorobenzene (Group B2). There is very little evidence on inhaling®.

Porphyria, skin lesions, hyper excitability, weight changes, enzyme activities, and liver
morphology have all been linked to HCB sub chronic toxicity. In addition, HCB has been
shown to activate the immune system in rats while suppressing the immune system in
mice. HCB has also been linked to negative effects on fertility and reproductive tissue®.
So far, several remediation approaches have been used to remove PCB contaminants
from the environment. However, none of the strategies were successful in reaching this
goal. Chemical reagent, supercritical water oxidation, ultrasonic radiation, bimetallic
systems, nZVI, and nZVI combination with a second metal, for example, have high
remediation efficiency (78-99%) and a short reaction time®. However, these
technologies are frequently prohibitively expensive. The remediation efficacy of
phytoremediation and microbial degradation is low (40-60%)%. Despite the fact that
phytoremediation and microbial degradation have a low remediation efficiency and a
long remediation time, the main advantage is the inexpensive implementation costs. As a
result, they are not suitable for full-scale application at an in-situ contaminated
site. When compared to the technologies listed above, activated carbon and the biofilm
coated activated carbon techniques received the highest rankings in this table. Because of
their low cost and relatively high remediation efficiency (more than 60%), they can be
used for both in-situ and ex-situ PCB remediation®. Because PCBs are complicated

substances, knowledge of their chemical and physical properties is essential for better
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understanding of their movement and fate and, as a result, selecting effective cleanup
measures. This study advocates for sorption as the most cost-effective, dependable, and

environmentally acceptable method of removing organochlorine pollutants.

2.7 Chlorinated Paraffins (CP)

Chlorinated paraffins (CPs), which include short-chain chlorinated paraffins (C10-C13,
SCCPs), medium-chain chlorinated paraffins (C14-C17, M?CCPs) and long-chain
chlorinated paraffins (C18-C30, LCCPs), are complex mixtures of polychlorinated n-
alkanes®. Short and Medium Chain Chlorinated Paraffins (SCCPs and MCCPs,
respectively) are chemicals that are persistent, bioaccumulative and toxic to aquatic
organisms *. For several decades, they have been used in industrial applications such as
high-temperature lubricants, plasticizers, flame retardants, and additives in adhesives,
paint, rubber, and sealants. Among all CPs, SCCPs have gained the most attention due to

I 95,99, 100

their properties including long-range transport potentia , bioaccumulation

| 101102103 “and chronic toxicity to organisms *** 1. SCCPs have been listed in

potentia
Annex A at the eighth meeting of the Conference of the Parties to the Stockholm
Convention (SC) in May 2017 as new persistent organic pollutants (POPs) '®. Similarly,
as a subclass of CPs, MCCPs are also widely applied in industrial production and can
enter the environment when being produced and used. They possess chemical properties
like those of SCCPs. Therefore, MCCPs can also potentially have adverse effects on the
environment and human health 1 1% 1% China began the CP production in the 1950s,
and it is currently the largest producer and user of CPs in the world ¥’. Since the 1990s,
both the production and release of CPs into the environment have soared globally.
Literature studies indicate that SCCPs and MCCPs are widely distributed in different
environmental matrices 11010210123 “Ligvever, CP levels in environmental matrices
of remote areas have scarcely been reported. Remote high-altitude mountain regions
always have low temperature and high precipitation, and thus can trap various semi-
volatile chemicals through distillation and cold condensation effects, which is also known

as “mountain cold-trapping”.
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2.8. Polycyclic aromatic hydrocarbons (PAHS)
PAHs have been commonly detected in air, soil and water entailing a ubiquitous
environment risk''*. The low solubility of PAHs in water causes their attachment to the

surface of particular matter which enables them to reach the hydrosphere™®

. According
to Karyab et al 116 PAHs enter water sources predominantly through fossils fuels
combustion, petroleum spill, road runoff, industrial wastewater, leaching from creosote-
impregnate wood and dry and wet deposition''®. Hence, PAHs have been reported in

drinking water, rivers and lakes, groundwater, wastewater, seawater and sediments™"”.

2.9 Thermodynamics of adsorption in zeolites adsorbents

The thermodynamic behavior of the sorption of organic compounds onto zeolites
adsorbents from aqueous solution shows whetherthe sorption process follows
physisorption or chemisorption. In physisorption, a weak Van der Waals attraction is
observed between an adsorbate (organic compound) and a surface. However,
chemisorption occurs by the formation of chemical bonds between the surfaces of solid
(adsorbent) and the compound. In this case, it is difficult to remove adsorbate being
adsorbed from the adsorbent; therefore, chemisorption is of irreversible nature. In
contrast, the process of physisorption is reversible, i.e., desorption of the adsorbate occurs

by increasing the temperature and does not require any activation energy.

2.9.1 Significance of thermodynamic parameters for the adsorption of heavy metals
onto green adsorbents

Thermodynamic parameters of adsorption from solutions provide a great deal of
information concerning the type and mechanism of the adsorption process. The Gibbs
energy change AG® is calculated from eq. 2.33:

AG° = —RTInK 2.33
A negative Gibbs free energy value indicates the feasibility and spontaneous nature of the
adsorption process. The distribution constant K can be expressed as;

Cad
K=— 2.34
Ce
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In which C,; and C, are the concentration of solute adsorbed at equilibrium and the
solute concentration in solution at equilibrium, respectively. R is the gas constant with a
value of 8.314 J mol™ K™, and T is the absolute temperature in kelvins.

The relationship of (AG°) to enthalpy change (AH°) and entropy change (AS°) of

adsorption is expressed as equation. 2.35:

AG® = AH® — TAS® 2.35

Using equation 2.33 in equation 2.35;

I = —2H° A5 2.36
RT R

The values of AH® and AS° are determined from the slope and intercept of the linear plot

of(In K) versus (1/T) of Equation 2.10.

The positive value of change in enthalpy (AH°) indicates that the adsorption is an
endothermic process, while positive value of change in entropy (AS°) reflects the
increased randomness at the solid/solution interface during adsorption process, whereas

negative AS® values represent the opposite phenomenon (decreased randomness).

2.9.2 The adsorption isotherm

The adsorption isotherm displays information of how much material will adsorb for a
given set of state variables (pressure P and temperature T when using gases as
adsorptives, concentration ¢ and temperature T when dealing with adsorption from
solutions). The amount of adsorbed material can be given as surface coverage, i.e., the
fraction of occupied/available sites, or by the volume V, taken up by the sum of particles
adsorbed in the first monolayer.

The adsorption isotherm is one of the most important criteria for an adsorption process.
In practice, the uptake of adsorptive of a given catalyst material is a decisive quantity,
since a high uptake usually means a (desired) high catalyst efficiency. The respective
uptake is often called , °‘sorption capacity’ and characterised by the sorption (or
adsorption) isotherm. The form of the sorption isotherm provides a lot of first-glance
information about the chemical and physical properties of the catalyst material and about

how the adsorption process proceeds over a given surface. In principle, various kinds of
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isotherms can be distinguished, depending on the nature of the catalyst and the kind of
interaction.

) The Langmuir adsorption isotherm
The Langmuir adsorption isotherm is based on the fact that in adsorption - desorption
equilibrium the rates of adsorption and desorption are equal, while the rate of adsorption
is determined by the collision frequency of the gas phase particles with the surface. The

Langmuir adsorption isotherm is expressed as equation. 2.37;

_ So -1 Edes)
K(T) = N (2mmkT) ™72 exp( T 2.37

max

With S, representing the initial sticking coefficient, v the frequency factor of the
desorption reaction, K (T) is the equilibrium constant at temperature T and N,,,, the
maximum number of adsorbed particles: For non-activated (spontaneous) adsorption, the
desorption energy Eg.s is equal to the energy of adsorption, E,;. The adsorption
equilibrium constant (K) is used to estimate thermodynamic parameters of adsorption
However, the amount of adsorbed molecules is given by the Langmuir equation as;

Ce KL

_ 2.
e qmax CeKL + 1 38

q

In which g, and g,,,,, are the amount adsorbed at equilibrium and maximum adsorption
capacity of adsorbent.

i) The BET adsorption isotherm
The aim of this isotherm is to explain the physical adsorption of gas molecules on
a solid surface and serves as the basis for an important analysis technique for the
measurement of the specific surface area of materials. The BET equation is given as;

5 cP
T (1=P/P)(Py + P(C—1))

Where C is referred to as the BET C-constant, P, is the vapor pressure of the adsorptive

2.39

bulk liquid phase which would be at the temperature of the adsorbate and 0 is the surface
coverage, defined as:

0 = nggs/Nm 2.40
Here ngq4s is the amount of adsorbate andn,, is called the monolayer equivalent.
The n,, is the entire amount that would be present as a monolayer (which is theoretically

impossible) for physical adsorption would cover the surface with exactly one layer of
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adsorbate. The above equation, equation 2.13, is usually rearranged to yield the following

equation for the ease of analysis:

P
Py C-1 (P) 1
= — |+ — 2.41
v[1 = (P/Py)] vnuC \Py) v,C

Where P and P, are the equilibrium and the saturation pressure of adsorbates at the
temperature of adsorption, respectively; vis the adsorbed gas quantity (for example, in
volume units) while v,,, is the monolayer adsorbed gas quantity. C is the BET constant,

( )
R ]

Where E| is the heat of adsorption for the first layer, and E; is that for the second and

2.42

higher layers and is equal to the heat of liquefaction or heat of vaporization.
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CHAPTER THREE
METHODOLOGY

3.1 Adsorption on various Zeolites (simulation experiments)

All the zeolites that were used in this study were obtained from the International Zeolites
Association (IZA) database. The organic pollutants such as HCB structure was modeled
using the material studio software. This was done by first sketching a benzene ring using
the ‘sketch a ring’ on the sketch toolbar. The benzene ring was then filled with chlorine
atoms on each carbon atom, ensuring the correct bonding of the atoms. The resultant
compound was the required HCB compound. Since the structure resulting from initial
sketch is usually not chemically reasonable ™8 in the sense that it may violate certain
fundamental principles of chemistry, such as the octet rule or the requirement for certain
types of bonding , the sketch structure was ‘cleaned’ using the clean button on the sketch
toolbar. There was a need of finally optimizing the structure and thus this was done using
forcite module in material studio software. During geometry optimization, this module
performs energy minimization on molecular and periodic systems. The module was
chosen because it maintains the initial symmetry established by the space group
throughout optimization, and the crystal structure is optimized either with regard to all
structural degrees of freedom or using rigid body constraints, which fix the relative
distances between a group of atoms. Furthermore, BIOVIA Materials Studio Forcite is
intended to interact with a wide range of forcefields while providing simple and flexible

119

access to the corresponding parameter settings~. All the other compounds were modeled

in similar way with the use of appropriate atoms.

Material studio software contains various structures including zeolites, polymers,
semiconductors, metals, and nanotubes. Having modeled and optimized the pollutant
structure (sorbate), the zeolite (sorbent) structure was imported from the zeolite database.
This was attained by selecting file and choosing import from the menu bar, or one could
simply click the import button so as to open the import document dialog. This was then
followed by careful navigation to the structures, zeolites and then selecting a zeolite. The
desired zeolite was selected and opened. Before setting up the calculation, the symmetry
of the sorbent was changed to P1 since sorption calculations require crystals without
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symmetry as guest molecules would break any available symmetry . To do this, we

selected build, symmetry and selected make P1 from the menu bar.

The sorption calculation was performed as follows, first the sorption tools button was
identified from the task bar and calculations selected from the dropdown list. This
displayed the sorption calculation dialogue from which adsorption conditions were set.
Since we were interested in the adsorption of organic pollutants on zeolites, the task was
set to adsorption isotherm using metropolis method'?. The task quality was set to
medium in order to achieve good results since realistic statistical analysis requires
the Medium or Fine setting. However, it was noted that the fine quality took a lot of time
giving similar results with the medium quality. The upper and lower fugacity at which
calculations were performed was set as 1 atm (101.325 kPa) and 10 atm (1013.25 kPa),
respectively. The Fugacity steps were set to9and the Logarithmic checkbox was
checked. The Temperature was set to 298 K. The force fields options to be used in the
calculation were selected from the energy tab of the sorption calculation dialog as
universal. The quality of the energy calculation was set to medium with the previously
mentioned reasons, setting the Ewald and group to electrostatic summation method. The
van der Waals summation method was set to atom based. Finally, the appropriate
properties calculation was selected from the properties tab of the sorption calculation by
checking the check boxes for Energy distribution, Density field and Energy field. The
sample interval was set to 50 and the grid resolution to medium which automatically set
the grid interval to 0.4 A. Calculations were then performed using the run tool in the title
bar. The criteria used for selecting the parameters for calculation are based on established
literature and experimental conditions for studying adsorption on zeolites. The
temperature was set to 298 K, which is the standard temperature used for most
experimental studies. The pressure range of 1-10 atm was chosen as it represents a range
of typical environmental conditions and the sorption isotherm calculation was performed
using the Metropolis method. The upper and lower fugacity limits were set to 1 atm and
10 atm, respectively, as these are common ranges for studying adsorption behavior. The
force fields options used in the calculation were selected as universal and the quality of
the energy calculation was set to medium, with the Ewald and group to electrostatic

summation method and the van der Waals summation method set to atom-based.
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This selection was made to ensure that the calculated results are both accurate and
computationally feasible. The appropriate properties calculation was selected, including
Energy distribution, Density field, and Energy field. These parameters were selected to
ensure reliable and accurate results, and were based on previous studies and established
best practices in the field. However, before running calculations for all zeolites, we first
calculated the adsorption capacities using all the force fields in order to identify the best
force fields. Other zeolites structural properties were obtained from IRASPA software.

Adsorption locator was used to determine the adsorption sites for all the compounds.

To analyse the adsorption isotherms, origin pro software was used to fit all the plots
obtained. Origin is a software application for interactive scientific graphing and data
analysis. OriginLab Corporation created it, and it works on Microsoft Windows. It
produced a large number of platform-independent open-source clones and alternatives,
including LabPlot and SciDAVis. Origin's graphing support provides a variety of 2D/3D

plot types.

In Origin, data analyses include statistics, signal processing, curve fitting, and peak
analysis. A nonlinear least squares fitter based on the Levenberg-Marquardt algorithm is

used to fit the curves in Origin.

Origin accepts data files in a variety of formats, including ASCII text, Excel, NI TDM,
DIADem, NetCDF, SPC, and others*®. It also exports the graph to a variety of picture
file types, including JPEG, GIF, EPS, TIFF, and others.

3.2 Laboratory Adsorption Experiments

3.2.1 Preparation of zeolites

The zeolites were obtained from Sigma Aldrich and were crushed to a required particle
size to increase the surface area prior to thermal activation. The thermal activation
process was carried out by following a previously reported method (cite the source) with
slight modifications. Briefly, the required amount of the desired zeolite X was placed in a
sample tube and plugged with glass wool to prevent the zeolite from being blown off.
The sample tube was then connected to a vacuum pump under room temperature for 30

minutes to remove any moisture present in the zeolite. The temperature was then raised
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gradually by 50 °C every 30 minutes until it reached 400 °C, under vacuum conditions.
This temperature was selected based on previous studies that have shown that it is
sufficient to activate the zeolite’® **, The sample was then held at this temperature for 4
hours under a 10-5 torr vacuum to complete the activation process. Finally, the sample
was carefully removed from the pump. The selection of the temperature for zeolite
activation was based on previous studies that have investigated the effect of temperature
on the physicochemical properties of zeolites'®. It has been reported that the thermal
stability of zeolites increases with increasing temperature, and temperatures above 300 °C
are required to remove the water molecules present in the zeolite framework'?® ',
Moreover, studies have shown that high-temperature activation of zeolites can increase
the surface area, pore volume, and pore size distribution, leading to enhanced adsorption
properties'?®. Therefore, we chose to activate the zeolites, Figure 3.1, at 400 °C to ensure

complete removal of the water molecules and to enhance their adsorption properties.

to vacuum line \

7

exchanged
zeolite satnple

interconnecting
valve

Figure 3.1: Zeolite activation set up for laboratory sorption experiments.

37



3.2.2 Adsorbate preparation

In a 500 ml volumetric flask, 300ml stock solution of 30 ppm was prepared. Using
various standards of lppm, 2ppm, 3ppm, 4ppm, Sppm, 6ppm, 7ppm, 8ppm, 9ppm,
10ppm 15ppm, 20ppm and 25ppm were prepared from the stock solution.

3.2.3 Standard calibration curve

The standards prepared were used to measure absorbance using a UV-Vis
biospectrometer machine (Eppendorf AG 22331 Hamburg). The absorbance of each
sample standard was measured seven times and the average value calculated. The
standard deviation was then calculated from the obtained values. This was used to fix
error bars on the calibration curve. A graph of absorbance against concentration was

plotted.

3.2.4 Adsorption experiments

Zeolite x was mixed with silica gel in the ratio 5:3. This was done in order to increase the
Si/Al ratio. This was done for both treated and untreated zeolite. The main aim was to
increase hydrophobic nature of the zeolite in order to improve the adsorption. Zeolite
clineoptile was also used to investigate the adsorption since it contains a higher Si/Al
ratio. Silica gel was also investigated for its adsorption ability. Five columns were
therefore set, one packed with silica gel, one with treated zeolite x, one with untreated
zeolite x, one with treated clineoptile and one with untreated clineoptile zeolite. A
standard solution of 15ppm was run through all the columns several times until there was

no further change in concentration as determined from our developed standard curve.
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1. Introduction
Force fields including hydrophobic effect, torsional angle, Lennard Jones distance and

atom angle as illustrated in Figure 4.0 provide initial parameters needed to calculate

potential energy of a system in Monte Carlo simulations.

water
Continuum solvent model

Hydrophobic effect is roughly
proportional to surface area

[

i

Distance bond length or 3-atom angle
Figure. 4.0: Illustration of various force fields exhibited by a molecule in motion.

Adopted from Heinz et al. 2017'%

Other force field parameters include atomic mass, atomic charge and dihedral angles.
Among the methods of determining force field parameters, it was found out that the
universal force field method provide parameters necessary for optimal organic pollutant

loading on zeolites (Figure 4.1).
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Fig. 4.1. Loading of hexachlorobenzene (HCB) molecules on FAU zeolite (a) and CLO
zeolite (b) at various forcefields. vcff: valency consistent force field; pcff: polymer
consistent force-field; dreiding: a simple generic force field; COMPASS: condensed-
phase optimized molecular potentials for atomistic simulation studies.

Structural features of the 245 types of zeolites were determined including mass (M),
density (D), helium void fraction (HVF), accessible pore volume (APV), gravimetric
surface area (GSA), and dimensionality of the pore system (Di) (Table Ap 4.1). These
results are placed in the appendix (Ap) due to their bulky nature. The structural features
and hexachlorobenzene force fields were used to predict possible loading capacities of
organic pollutants on specific zeolites. Activation energies in kcal and isosteric heats in
kcal were also predicted for the adsorption processes. Based on the results in Table Ap
4.1, only 15 zeolites were selected to have substantive loading rates for organic
pollutants. Consequently, the 15 resultant zeolites were predicted for loading of other
organic pollutants including Hexachlorocyclohexane (Table 4.2), Dichlorodiphenyl
trichloroethane (Table 4.3), Phenanthrene (Table 4.4), Fluoranthene (Table 4.5),
Acenaphthylene (Table 4.6), Hexachlorotetradecane (Table 4.7),
Heptachlorotetradecane (Table 4.8), Octachlorotetradecane (Table 4.9),
Hexachlorodecane (Table 4.10), Heptachlorodecane (Table 4.11), and
Octachlorobenzene (Table 4.12). A summary of the adsorption process provides CLO as
the best zeolites adsorbent for the studied organic pollutants (Table 4.1). It is noted that
whereas some organic pollutants adsorption would happen spontaneously (exothermic

reactions), others would be non-spontaneous (endothermic) at 298 K and a pressure of
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between 101.325KPa and 1013KPa. The adsorption process may be at equilibrium in an

average of 30 minutes and the adsorbate would mix homogeneously with the adsorbent
(isosteric heats of around 50 kcal) (Table 4.1).

Table 4.1. Predicted organic pollutant loading rates (molecules per unit cell) on the best
zeolite adsorbent with the accompanying activation energy, isosteric heat and

approximate time of adsorption at a temperature of 298K and a pressure range of
between 101.325KPa and 1013KPa.

Organic Pollutant Zeolite | Loading Activation Isosteric | Time
(Molecules/cell) | Energy Ea | Heat (Sec)

(kcal) (kcal)

Hexachlorobenzene CLO 120 -642 38 1340
(exothermic)

Hexachlorocyclohexane | CLO 113 247 40 1180
(endothermic)

Dichlorodiphenyl CLO 43 227 44 857

trichloroethane (endothermic)

Phenanthrene CLO 132 999 52 1880
(endothermic)

Fluoranthene CLO 105 4547 53 1680
(endothermic)

Acenaphthylene CLO 167 5686 48 2180
(endothermic)

Hexachlorotetradecane | CLO 21 -125 51 1280
(exothermic)

Heptachlorotetradecane | CLO 22 -239 52 1080
(exothermic)

Octachlorotetradecane | CLO 19 -102 56 1150
(exothermic)

Hexachlorodecane CLO 47 -2 53 1120
(exothermic)

Heptachlorodecane CLO 30 -109 53 1186
(exothermic)

Octachlorobenzene CLO 22 -189 45 1160

(exothermic)
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Table 4.2; Loading of Hexachlorocyclohexane (HCH) on selected zeolites, activation
energies (E,) and isosteric heats at a temperature of 298K and a pressure range of
between 101.325KPa and 1013KPa

S/No. Zeolite  Loading total isosteric  Time taken
energy  heats (sec)
1. CLO 113 246.857  39.492 1180
2. TSC 24 -27.3 41.992 319
3. IT™vV 19 64.688 37.692 221
4. IFT 15 -34.234 44.092 317
5. FAU 11 -23.818 42.992 212
6. IRY 10 -13.47 45.392 335
7. RWY 10 27.231 39.392 213
8. DFO 10 -57.638 44592 374
9. SYT 9 -30.983 48.392 312
10. LTA 8 -49.638 40.192 332
11. LTN 8 -55.522 40.192 392
12. SBT 6 -24.735 38.992 518
13. EMT 6 -11.007 41.792 400
14, SBS 5 -23.976 44.492 395
15. MWF 2 -18.209 41.392 477

Table 4.3; Loading of dichlorodiphenyl trichloroethane (DDT) on selected zeolites,
activation energies (E,) and isosteric heats at a temperature of 298K and a pressure
range of between 101.325KPa and 1013KPa

S/INo Zeolite loading total energy isosteric time taken (sec)
heats

1. CLO 43 227.244 43.292 857
2. TSC 12 -62.998 53.992 337
3. ITv 10 16.284 49.192 229
4, FAU 6 -76.692 53.292 3472
5. RWY 6 -7.76 51.492 585
6. IRY 5 -19.815 50.992 428
7. IFT 5 -31.744 48.592 333
8. SBT 3 -31.593 53.192 603
9. DFO 3 -21.878 52.792 394
10. EMT 3 -34.122 53.792 409
11. SBS 3 -39.912 55.492 509
12. SYT 2 -0.27 38.992 299
13. LTA 0 0 - 20

14. LTN 0 0 - 39

15. MWF 0 0 - 0
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Table 4.4; Loading of phenanthrene on selected zeolites, adsorption energies (E,) and
isosteric heats at a temperature of 298K and a pressure range of between 101.325KPa
and 1013KPa

S/INo ZEOLITE LOADING TOTAL ISOSTERIC TIME
ENERGY HEAT
1. CLO 132 999.188 52.192 1880
2. TSC 30 3.857 57.892 1119
3. ITV 26 131.213 55.792 821
4.  FAU 16 -3.395 57.792 717
5. IFT 16 -18.046 59.992 212
6. RWY 13 44.294 57.692 635
7. DFO 12 1.148 52.692 313
8. SBT 11 -12.558 56.992 374
9. LTA 10 -16.375 54.892 312
10. IRY 10 10.323 54.092 232
11. SYT 10 -2.079 55.092 492
12. LTN 8 -26.151 43.692 518
13. EMT 8 -21.234 56.492 400
14. SBS 6 2.268 53.192 395
15. MWF 2 3.175 38.692 477

Table 4.5; Loading of fluoranthene on selected zeolites, activation energies (E,) and
isosteric heats at a temperature of 298K and a pressure range of between 101.325KPa
and 1013KPa

S/INO ZEOLITE LOADING TOTAL ISOSTERIC TIME
ENERGY HEAT

1. CLO 105 4546.752  53.792 1680
2. TSC 25 856.737 64.592 839
3. 1TV 22 896.023 53.792 261
4. FAU 15 497.665 64.292 317
5. RWY 12 438.182 62.792 1129
6. IFT 11 398.182 58.692 155
7. IRY 10 336.115 64.392 213
8. LTA 8 286.111 44.892 274
9. LTN 8 240.683 47.592 312
10. SYT 8 306.113 47.392 352
11. DFO 8 259.318 55.892 392
12. SBT 7 241.432 59.692 518
13. EMT 7 233.222 61.192 610
14. SBS 7 220.367 63.692 395
15. MWF 0 0 417
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Table 4.6; Loading of acenaphthylene on selected zeolites, activation energies (E,) and
isosteric heats at a temperature of 298K and a pressure range of between 101.325KPa
and 1013KPa

SINO ZEOLITE LOADING TOTAL ISOSTERIC TIME
ENERGY HEAT

1 CLO 167 5686.454  47.792 2180
2 TSC 38 1089.09 50.792 719
3 ITv 33 1075.544  47.492 1221
4 FAU 19 505.922 45.392 917
5 LTA 16 394.262 49.392 212
6 IRY 14 415.7.7 50.392 335
7 SBT 12 336.505 49.792 223
8 IFT 21 619.018 52.092 376
9 RWY 15 494.12 51.792 362
10 LTN 16 377.048 49.892 432
11 SYT 12 343.304 50.992 372
12 DFO 16 440.777 47.892 518
13 EMT 9 269.674 47.892 460
14 SBS 10 259.252 52.992 398
15 MWF 2 54.26 37.292 457

A graph of sorption probability (sticking probability), P(E), versus total energy of
hexachlorobenzene on CLO is presented in Fig. 4.2. The parameter P(E) shows the
potential of an adsorbate to remain on an adsorbent system and it serves the best purpose
when its value lie between zero and unity (O<P(E)<1). The parameter P(E) is
independent of the system’s operating temperature®. Sticking probability can also be

evaluated from Eq. 4.1;

In(1 — ) = In(P(E)) + % 4.1

Where; 6 is the surface coverage and E, is the activation/sorption energy. Activation
energy is the minimum energy required to cause a chemical reaction. For sorption
process, a negative activation energy suggests that a low temperature favors the process
in which case the sorption process is termed to be exothermic'®*" *2. In Fig. 4.2, the
maximum adsorption energy for adsorption of HCB on CLO zeolite was -27 kca/mol. At
this value, the isosteric heats of adsorption (from Table Ap 4.1) was obtained as 38
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k

kca/mol. From the work done by Sedlacek™, it is noted that at maximum adsorption

energy, the activation energy is approximately half of the isosteric heats. Basing on this,
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the activation energy at this point was calculated as -19 kca/mol™*. It is clear from Fig.
4.2 a, b and c that before the activation energy is attained, the sticking probability
increases. However, at the optimum activation, the sticking probability is very high.
Beyond activation energy, the sorption probability decreases. This behavior is evident for
all adsorbates and adsorbents studied in this work. This shows that separation
(adsorption) for the exothermic process should occur below E, and regeneration of

adsorbate should be done above E..
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Figure. 4.2. Sticking probabilities versus activation energy for adsorption of
octachloroundecane a, heptachlorodecane b and hexachlorobenzene ¢ on CLO zeolite.

It is also evident, from Figure 4.2, that the activation energy for these organochlorines
decreases with the increase in the number of chlorine atoms in the structure. This is
evidenced from Figure 4.2 a, b, ¢ in which octachloroundecane a) with eight chlorine
atoms has Ea of -42Kcal/mol, heptachlorodecane b) with seven chlorine atoms has Ea of
-36 Kcal/mol and hexachlorobenzene c) with six chlorine atoms has Ea of -27 Kcal/mol.
This trend has been reported in previous studies and hence the results in the present study

is justified. One study published in the Journal of Organic Chemistry in 2017 investigated
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the effect of chlorine substitution on the activation energy of a series of reactions

involving aromatic compounds*®®

. The authors found that the presence of chlorines in the
ortho position to a reaction site lowered the activation energy of the reaction, while
chlorines in the meta or para position had no effect or even increased the activation
energy. Another study published in Environmental Science and Technology in 2019
investigated the effect of chlorine substitution on the degradation of polychlorinated
biphenyls (PCBs) in the environment**. The authors found that the presence of chlorine
atoms in the PCBs lowered the activation energy of the degradation reactions, leading to
faster degradation rates. These studies support the trend observed in the present study,
that the activation energy of organochlorines decreases with an increase in the number of
chlorine atoms in the structure. However, it is important to note that the effect of chlorine
substitution on activation energy can depend on the specific reaction and the position of

the chlorine atoms in the molecule.

Isosteric heat is the ratio of the infinitesimal change in the adsorbate enthalpy to the
infinitesimal change in the quantity adsorbed under constant temperature and pressure™®’.
It is the heat of adsorption established at constant amount of adsorbate adsorbed. This
parameter is essential in characterization of adsorption process and is usually calculated
using Clausius-Claperyron equation (Eq. 4.2)*®

d(InC.) _ AH,
dT  RT?
Where; C. = equilibrium concentration of adsorbate

4.2

T= Temperature (K)
R= Universal gas constant
AH,= enthalpy change
Isosteric heat of adsorption is very important as it can be used to carry out

characterization of the surface adsorbents™

. It has been proven that an adsorbent is
homogeneous if its isosteric heat of adsorption is independent of the amount of adsorbate
it adsorbs and heterogeneous if it varies with the amount of adsorbate adsorbed **’. From
the current study, there was no relationship between the amount of adsorbate adsorbed

and the isosteric heat Table Ap 4.1 thus the adsorbents were homogeneous. In addition,
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most values for the isosteric heat of adsorption were found to range between 0-59 kcal,

thus indicating that the adsorption was physisorption***.

Furthermore, the present data gives the percentage weight (wt%) of adsorbed molecules
on various adsorbents, as in Table Ap 4.1. This indicated that CLO zeolite, shown in Fig.
4.3, has the highest wt% of the adsorbate, 65.84wt%. Therefore, the best adsorbent was
selected basing on the wt% since this could give the efficiency of the material for HCB
adsorption. This was also considered for other compounds investigated in the current
work. Therefore, CLO zeolite is the best material for the separation of HCB. This
material has a mass of 17728g/mol and a three-dimensional pore system. Zeolite RWY
(second best), compared to CLO, has a smaller mass. This makes it adsorb fewer
molecules per cell than CLO. In addition, the fact that some of the adsorbed molecules
may escape from the cells makes this material to have a lower wt% than CLO.

Notably, the highest loading shown by CLO zeolite is also attributed to its overall large
cavity diameter, 10.06 A. This diameter enables it to have a higher maximum loading
capacity of HCB compound inside its cells. GSA and VSA are also very important
factors affecting the loading capacity of HCB on zeolites. This means that if a material
has a large mass, comparable GSA and VSA and a larger pore size, it may accommodate
many guest molecules'*®. RWY zeolite on the other hand, has a lower mass but a large Di
with a large GSA and VSA, giving it a higher wt% capacity (54.23 wt. %) of HCB
molecules giving it a second rank as in Table Ap 4.1. Zeolite ITV has a larger mass,
GSA and VSA with a small Di than the preceding two zeolites. The small Di overrides
the other factors and makes it the third in the rank with an uptake capacity of 33.65 wt %.
The fourth zeolite in the rank is IFU with a capacity of 32.41 wt%. This is very close to
that of ITV zeolite. This is attributed to the fact that ITV has a larger mass than LTA and
LTA has a larger Di than ITV, thus bringing uptake efficiency such close. Zeolite LTA
with an uptake capacity of 32.31 is ranked the fifth. This value is very close to that of
IFU. However, this closeness may be attributed to their almost equal pore sizes. This
explains how the different parameter (structural) affects the loading capacity. The
variation in mass, GSA, VSA and Di is exhibited among all zeolites in Table Ap 4.1,

resulting into different uptake capacity of the adsorbate.
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Figure 4.3: CLO zeolite structures before and after hexachlorobenzene (HCB) uptake,
respectively.

However, if the Di of a material is much larger, it allows a large number of guest
molecules into the host material though the efficiency of retention is lowered by escaping
molecules. For instance, zeolite TSC with 28 molecules loaded per cell and a Di of
15.87A has an uptake capacity of 25.69 %wt. The results of this study show that some
materials with a Di of zero can still accommodate guest molecules. The zero diameters
are attributed to the lack of dimensionality in their pore system. This zero dimension
means that the material contains pores in both dimensions, 1D, 2D and 3D, since zero is a
basis of everything ***. In physics and mathematics, a zero-dimensional object or system
has no spatial extent in any direction, meaning it lacks any measurable length, width, or
height'*?. A zero-dimensional object can be thought of as a point or a particle that has
position but no size or volume. In the context of materials science and porous materials, a
zero-dimensional pore system refers to a pore structure that does not have a well-defined
pore size or dimensionality, meaning it has pores in multiple dimensions (1D, 2D, and
3D), resulting in a pore system with infinite possibilities and characteristics. Their aspect
has the following characteristics: they are limitless in both macroscopic and microscopic
scales, they can retain their form within the three-dimensional Universe, they can exist
both within and outside three-dimensional matters, and they perform the critical function

of emitting and perceiving information within the structure of matters*.

48



A correlation analysis was done in order to get more understanding of how various
structural features affect the uptake capacity since it is evident that HCB compound was
adsorbed within the cages in the zeolite, see Figure 4.3. The results showed that mass
and density were negatively correlated to adsorption capacity (Figure 4.4a). This means
that a heavier material would have less uptake capacity compared to lighter material. This
is logical experimentally as in a measure of equal amount of two substances for different
relative masses, with less relative mass, would be quantitative compared to the one with
higher relative mass. This means that the more quantitave (large mass) material would
have more adsorption sites than the less quantitative (smaller mass) one. Similarly, the
density is negatively correlated to adsorption capacity (Figure 4.4b). This is due to the
fact that density of a material is mass per unit volume meaning that it follows same ideas
as mass. On the other hand, HVF, APV, VSA, GSA and Di are positively correlated to
wt% (Figure 4.4 c-h). However there is a strong positive correlation between APV and
wt% compared to other parameters with positive correlation. This implys that accessible

pore volume plays a key role to the adsorption capacity of hexachlorobenzene on zeolites.
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Figure 4.4: a,b,c,d,e,f,g,h Correlation between zeolites structural parameters; mass,
density, HVF, APV, VSA, GSA DPS, Di and adsorption capacity (wt%).
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Experimentally, previous research have also pointed out the effect of structural features
of zeolites on adsorption. For instance, Magdalena Wotowiec and co-workers did
experimental study on the removal of volatile organic compounds (VOCs) and PAHSs by
zeolites and surfactant modified'*, and discovered that molar mass of the zeolites and
diameter were the major factors which affected the adsorption capacities of these
pollutants on zeolites. The present study is agreement with their findings and has further
looked into more features as shown in figure 4.4.

Adsorption isotherms were also used to compare the adsorption capacity of adsorbents
for HCB. Figure 4.5 shows the adsorption isotherms of HCB on the best 10 zeolites

investigated in this study.

Loading per cell

200 400 600 800 1000
Fugacity (KPa)

Figure 4.5: HCB adsorption isotherms on the best performing zeolites.

It was shown that a fairly rapid rise in adsorbed quantity with increasing pressure up to
saturation occurred; thus, they were characterized by a plateau that was nearly horizontal.

145 as shown in

For this type of isotherms, the site is occupied by one molecule or empty
Figure 4.3. It was assumed that any given receptor site can be empty or occupied by one
part molecule in accordance with the monolayer model. The grand canonical partition

function in this case, for only one site, has the form as shown in Eq. 4.3
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grand canonical partition function, Zec =1+ ePE+w 4.3

Where ¢ is the magnitude of the adsorption energy level of one receptor site, u is the
chemical potential, and B is the Boltzmann factor (1.380649 x 10—23 joule per kelvin).
Using the definition of the adsorbed quantity expression against the concentration of the

adsorbed molecules, we obtain the formula in Eq. 4.4

nN
N,=—M 4.4

C1/ n

2

1 ( : )

Where n is the number of adsorbed molecule(s) per site, Ny is the receptor site density,

N, is the adsorbed quantity and C1/2 is the concentration at half saturation. The
parameter C1 /s is related to the adsorption energy as reported by Lamine and Bouazra'*®

Khalfaoui et al **° by the eq. 4.5;

—AEa

C1/2 = BP,se RT 4.5
Where P, is the saturated vapor pressure, R is the ideal gaseous constant, and T is the
room temperature. —AE, is the molar adsorption energy from the dissolved state. Eq. 4.5

takes the following form in the case of a liquid system,

—AEa

Ciy, = Cee®T 4.6
Where Cs is the solubility of the adsorbate. We can note that the adsorption is governed

by a law similar to that of Fermi and Dirac **" '*

since the site is empty or occupied by
only one molecule. If we take n equal to unity, we obtain the expression of Langmuir
which is usually used to model this type of isotherm. This model was established by
Lamine and Bouazra*® and was enough to model this type of isotherms.

The stoichiometric coefficient n describes and interprets the adsorption equilibrium.
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Khalfaoui and his collaborators™™ showed that the higher the concentrations, (C>C1/2)

the higher n is, and the less important the adsorbed molecule quantity is. For low
concentrations, the inverse phenomenon occurs; i.e., when n decreases, the anchorage
number, which is defined as the inverse of n, increases, so it is more difficult to find a
great number of empty sites near saturation at the same time. The steric coefficient Ny is

related to the adsorbed quantity at saturation N, s5: by the expression in Eq. 4.7,
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Na sat = NMNNj max 4.7
Where Na sat is the quantity adsorbed at saturation; Nm is the steric coefficient; n is the
stoichiometric coefficient; and N; max is the layer number.

In equation 4.7, for fixed n and Ni max parameters, the increase of Ny, can improve the
adsorption capacity at saturation. The energetic parameter C1 /s is closely related to the

149
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adsorption energy level. It is shown by Khalfaoui et al™ that at a fixed concentration

value, the lower C1/2 is, the higher the adsorbed quantity is. This fact is valuable for all

concentration values far from the saturation. So, we can conclude that the receptor sites
which have the stronger energy will be rapidly and easily occupied. Experimental
isotherms that possess the shape similar to the one obtained in this study is the one for the
case of adsorption of iodine from aqueous potassium iodine solution on zinc chloride

activated carbons **° and the adsorption of ethane on Ajax activated carbons **.

Further investigations were done to deeply understand the adsorption mechanisms for the
best and the least loading zeolites and the results are shown in Figure 4.6. For the best
performing zeolites CLO and TSC, the adsorption sites are distributed evenly throughout
the framework. These sites are attributed to the number of oxygen atoms which are the
active sites providers. However, for the least performing zeolites, the active sites are
specifically distributed as shown in Figure 4.6 ¢ and d. For comparison, the adsorption of
DDT and HCH was also studied. From our findings, the adsorption of DDT and HCH
also follows the same mechanisms as discussed for HCB. It therefore indicates that for
OCPs the process that takes place does not involve bond formation as the molecules are
attached on the surface of the zeolites and in the cages of the zeolite. The adsorption
thermodynamics for OCPs, Figure Ap 4.2a, follows pseudo second order kinetic plots.
The pseudo second order mechanism is however presumed for lower concentrations of
the pollutant, the reaction mechanism may switch to pseudo second order under high

concentrations of the pollutant.
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b) Adsorption sites for HCB on TSC
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Figure 4.6: a,b,c,d Adsorption sites for hexachlorobenzene (HCB) for the best a, b and
the worst c, d zeolites.

4.2 Adsorption of chlorinated paraffins (CPs)

The adsorption results in this study for the selected CPs show that zeolite CLO could
offer the best adsorbent for separation of CPs from water. From Tables 4.7 — 4.9, the
loading results for the studied MCCPs are 21, 22, and 19 molecules per cell on CLO
zeolite for hexachlorotetradecane (Ci4H24Clg), heptachlorotetradecane (Ci4H23Cl7) and
Octachlorotetradecane (Cy14H22Clg) respectively with the adsorption energies of -124, -
239 and -102 kcal/mol.
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Table 4.7; Loading of hexachlorotetradecane on selected zeolites, activation energies
(Ea) and isosteric heats at a temperature of 298K and a pressure range of between
101.325KPa and 1013KPa

S/NO ZEOLITE LOADING TOTAL ISOSTERIC TIME
ENERGY HEAT
1 CLO 21 -124.893 50.592 1280
2 ITv 6 -46.723 47.492 619
3 TSC 5 -65.981 55.592 321
4 FAU 5 -95.849 58.792 417
5 IFT 5 -108.903 61.892 210
6 IRY 4 -68.593 58.492 395
7 RWY 4 -47.078 56.792 263
8 SBT 3 -72.463 55.992 314
9 SYT 2 -40.867 52.592 212
10 EMT 2 -51.185 57.292 302
11 SBS 2 -49.348 56.092 352
12 DFO 1 -7.252 48.092 519
13 LTA 0 0 - 20
14 LTN 0 0 - 18
15 MWF 0 0 - 20

Table 4.8: Loading of heptachlorotetradecane on selected zeolites, activation energies
(Ea) and isosteric heats at a temperature of 298K and a pressure range of between
101.325KPa and 1013KPa

SINO  ZEOLITE LOADING TOTAL ISOSTERIC TIME
ENERGY HEAT
1 CLO 22 -239.367 52.292 1080
2 ITv 6 -81.929 54.092 719
3 FAU 4 -118.522 61.592 201
4 IRY 3 -63.711 58.692 337
5 SBT 3 -101.693 62.292 222
6 IFT 3 -13.767 60.692 365
7 RWY 3 -51.286 50.892 216
8 SBS 2 -64.237 60.992 324
9 SYT 1 -13.426 40.992 362
10 DFO 1 -28.128 55.992 312
11 EMT 1 -27.691 56.192 342
12 TSC 0 0 - 18
13 LTA 0 0 - 20
14 LTN 0 0 - 20
15 MWF 0 0 - 20
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Table 4.9: Loading of Octachlorotetradecane on selected zeolites, activation energies
(Ea) and isosteric heats at a temperature of 298K and a pressure range of between
101.325KPa and 1013KPa

S/INO ZEOLITE LOADING TOTAL ISOSTERIC TIME
ENERGY HEAT
1 CLO 19 -102.471 56.292 1150
2 TV 6 -10.882 57.292 329
3 FAU 4 -74.751 60.492 231
4 IFT 4 -65.356 61.892 417
5 IRY 3 -39.851 61.292 242
6 RWY 3 -22.947 57.392 385
7 SBT 2 -41.968 60.492 223
8 EMT 2 -43.618 69.192 376
9 SBS 2 -42.093 60.792 318
10 TSC 1 -6.284 45.292 352
11 SYT 1 -11.836 51.292 322
12 DFO 1 -16.652 56.592 418
13 LTA 0 0 - 20
14 LTN 0 0 - 20
15 MWF 0 0 - 20

The isosteric heats for this group of compounds were found to be higher than OCPs. This
could be attributed to a greater number of atomistic composition of adsorbates. See
Figure Ap 4.12 (a). Similarly, the studied SCCPs (shown in Figure Ap 4.12 (b)), were
hexachlorodecane, heptachlorodecane and octachlorodecane which had a total loading of
47, 30 and 22 molecules per cell, respectively, on CLO zeolite, as in Table 4.10, 4.11,
and 4.12. From these results the trend indicates that an increase in the number of chlorine
atoms in the structure of the sorbate, which increases the number of chlorine carbon
bonds, reduced the loading into the zeolites. This could be attributed to the increase in
size of the sorbate material which makes it quite difficult for the sorbate to access the

active adsorption sites.

On the other hand, the results in Table 4.10. 4.11. and 4.12 based on the best zeolite
shows that with addition of chlorine molecules in the sorbate structure would reduce the

isosteric heat of adsorption.
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Table 4.10: Loading of hexachlorodecane on selected zeolites, activation energies (E,)
and isosteric heats at a temperature of 298K and a pressure range of between
101.325KPa and 1013KPa

SINO ZEOLITE LOADING TOTAL ISOSTERIC TIME
ENERGY HEAT
1 CLO 47 -2.007 52.692 1120
2 TSC 12 383.581 41.092 314
3 FAU 8 -45.199 59.092 222
4 TV 7 51.257 39.592 318
5 IFT 7 -16.431 51.592 218
6 RWY 6 22.343 48.992 336
7 IRY 5 3.74 52.092 203
8 SBT 4 -29.235 53.492 384
9 SBS 4 -19.701 53.892 362
10 SYT 3 -4.741 45.692 342
11 DFO 3 -15.656 53.292 322
12 EMT 3 -8.952 46.692 618
13 LTA 0 0 - 20
14 LTN 0 0 - 19
15 MWEF 0 0 - 20

Table 4.11: Loading of heptachlorodecane on selected zeolites, activation energies (E,)
and isosteric heats at a temperature of 298K and a pressure range of between
101.325KPa and 1013KPa

SINO  ZEOLITE LOADING TOTAL ISOSTERIC TIME
ENERGY HEAT
1 CLO 30 -109.095 53.092 1186
2 TV 10 -62.863 51.092 312
3 TSC 9 -106.52 42.192 228
4 IFT 7 -108.827 56.292 316
5 FAU 6 -108.921 54.292 230
6 IRY 5 -62.2 53.692 338
7 RWY 5 -45.178 50.392 215
8 SYT 4 -60.1 51.492 384
9 SBT 3 -61.991 50.392 382
10 DFO 3 -52.859 50.792 332
11 EMT 3 -50.97 55.592 342
12 SBS 2 -38.222 49.192 538
13 LTA 0 0 - 20
14 LTN 0 0 - 20
15 MWEF 0 0 - 20
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Table 4.12: Loading of octachlorobenzene on selected zeolites, activation energies (E,)
and isosteric heats at a temperature of 298K and a pressure range of between
101.325KPa and 1013KPa

SINO ZEOLITE LOADING TOTAL ISOSTERIC  TIME
ENERGY HEAT

1. CLO 22 -189.342 45.292 1160
2. 1TV 7 -124.868 58.592 369
3. FAU 6 -165.267 59.892 231
4. RWY 5 -103.055 55.892 357
5. IRY 4 -77.559 51.792 312
6. IFT 4 -97.07 54.392 375
7. SBT 3 -80.387 51.092 223
8. SYT 3 -75.124 55.192 334
9. EMT 2 -49.472 48.992 392
10. SBS 2 -60.742 56.192 352
11. DFO 1 -19.717 50.892 312
12. TSC 0 0 - 20
13. LTA 0 0 - 20
14. LTN 0 0 - 20
15. MWF 0 0 - 20

The adsorption mechanisms as illustrated by Fig. Ap 4.6 clearly shows that the sorption
of MCCPs on zeolites is physical, similar to SCCPs as in Figure Ap 4.118. There is no
bond formation in the process. The oxygen atoms provide the active sites for adsorption
as shown by Figure 4.10. There are electrostatic attraction forces between the chlorine
and oxygen atoms. This means that the presence of oxygen atoms in the zeolite structure
is of great importance for adsorption. The thermodynamics of CPs adsorption on zeolites
follow a pseudo second order as shown in Figure Ap 4.2, (d) for MCCPs and (b) for
SCCPs. The adsorption isotherms for CPs revealed two types of behavior on different
zeolites. For instance, octachlorotetradecane displays an H-shaped adsorption isortherm

with CLO and step wise isotherms with other zeolites (Figure 4.7).
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Figure 4.7: Adsorption isotherms for octachlorotetradecane on various zeolites.
From Fig. 4.8 a and b show the best two zeolites for MCCP adsorption has, like OCPs,
adsorption sites distributed evenly throughout the framework. However, the least

adsorbing material has less adsorption sites which are at specific locations as shown in
Fig. 4.7 c.
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¢) Loading of hexachlorodecane on DFO
Figure 4.8: Adsorption sites for Medium-Chain Chlorinated Paraffins (MCCPs).

4.3 Adsorption of polycyclic aromatic hydrocarbons (PAHS)

In this current study, the adsorption of selected PAHs was investigated. The results show
that among the zeolites studied, zeolite CLO had the highest removal of 132, 105 and 167
molecules per cell for Phenanthrene, Fluoranthene and Acenaphthylene, respectively.
This is shown in tables Ap 4.4, 4.5 and 4.6. Despite CLO showing potential ability for
application, the process involving PAHs studied here requires much heat from the
environment. This makes it less economical than the other zeolite which releases the heat
into the environment. Interestingly among the 15 zeolites investigated for PAHs
separation, a good number of them involved exothermic process. These include zeolites
FAU, IFT, SBT, LTA, SYT, LTN and EMT. This is for acenaphthylene adsorption.
However, the rest of the zeolites indicated endothermic adsorption process for PAHs
studied in this work (see Table 4.4, 4.5, 4.6). The structure of PAHs studied here
comprises of carbons and hydrogen atoms. This therefore enabled assessment of
adsorption mechanisms basing on the number of carbon atoms. It was then found that for

60



group of pollutants, increasing the number of carbon atoms reduces the number of
adsorbed molecules. From Tables 4.5-4.6, it is evident that fluoranthene with 16 carbon
atoms in its structure has the least number of its molecules being adsorbed in zeolites.
However, acenaphthylene with 12 carbon atoms has the highest number of molecules
which are adsorbed in zeolites followed by phenanthrene which has 13 carbon atoms. The
above results could be attributed to the fact that more atoms in the adsorbate structure
increases the size of the adsorbate hence hindering it from accessing the microspores of
the adsorbent. It thus clear that even a difference of one atom in the adsorbates structure
counts. However, the number of active sites atoms plays a key role in adsorption. For
instance, it is evident from the present study that oxygen atoms in zeolites structure
provide the active sites for adsorption of organic compounds (Table 4.13). As such, CLO
zeolite among all the 245 studied zeolites has the highest number of oxygen atoms. This
therefore explains why it is having the highest loading for all the organic compounds
studied in this work. Table 4.13 below shows the number of atoms in adsorbates and
adsorbents (few selected). The adsorption mechanism involved in this process revealed
physical adsorption as demonstrated in the supporting information (Fig. Ap 4.3) and the
thermodynamics of adsorption showed pseudo second order plots as shown in supporting
information (Fig. Ap 4.2). Similarly, just like SCCPs, MCCPs and OCPs, oxygen atoms
provided the active sites for adsorption. The adsorption isotherm for PAHs shown below
reveals that all the studied PAHs compounds had similar behavior during their
interactions with all zeolites. They showed H-shaped isotherms with all the zeolites. See
Fig 4.9.

From figure 4.5, 4.7 and 4.9, it is clear that the adsorption of hexachlorobenzene,
octachlorotetradecane and phenanthrene have same site distribution on surface of the

zeolites. This evidenced by the shape of the isotherms for the studied zeolites.
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Figure 4.9: Adsorption isotherms for phenanthrene on various zeolites.

Table 4.13: Correlation of oxygen atoms in adsorbate to high pollutant loading rate

Pollutant Carbon  Chlorine  Zeolite No. of oxygen Reference Loading per Avera
atoms atoms atoms (Oxygen cell ge
atoms) adsorp
tion
energy
(kcal)
Hexachlnzene 6 6 CLO 5152 Bl 120 -641
RWY - 152 12 -98
ITv 379 153 21 -130
IFU 260 154 13 -178
LTA 600 155 13 -229
Phenanthrene 14 0 CLO 5152 151 132 999
TSC 897 156 30 3
ITv 379 153 26 131
FAU 624 187 16 -3
IFT 317 158 16 -18
Hexachlorotetr 14 6 CLO 5152 151 21 -124
adecane TV 379 158 6 -46
TSC 897 156 5 -65
FAU 624 157 5 -95
IFT 317 158 5 -108
Octachlorotetr 14 8 CLO 5152 151 19 -102
adecane TV 379 153 6 -10
FAU 624 187 4 -74
IFT 317 158 4 -65
IRY 154 152 3 -39
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To justify our data provided in Table 4.13, a person’s correlation analysis was done. The
value of r obtained from the linear fit was 0.8 indicating that our data could explain 80%
of our findings. This is attributed to the fact there are other available

parameters(structural) that could explain the 20%. See Figure 4.10.
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Figure 4.10: Person correlation plot of oxygen atoms in adsorbate to high pollutant
loading rate.

The experimental research done by Xiaofang You et al™® on removal of nonylphenol
pollutants by Molecular dynamics simulations revealed that the organic pollutants
adsorbed on the adsorbent surface through oxygen-containing functional group. This
strongly agrees with our present study in which oxygen atoms have played a key role in

adsorption of organic pollutants.
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4.4 HOMO-LUMO orbitals

We also displayed the contaminants' optimized structures and frontier orbitals, as shown
in Figure 4.11. The global hardness can be computed using the HOMO orbital energy
(Enomo), Which is often correlated with a molecule’s ability to donate electrons, and the
LUMO orbital energy (ELumo), which is correlated with a molecule's ability to accept
electrons. Lesser energies denote stronger reactivity and lower stability, and the energy
difference between HOMO and LUMO also contributes to the description of the chemical
behavior and electrical characteristics of molecules. Contrary to the LUMO, which is
more evident and concentrated across the entire structure, the HOMO of
hexachlorobenzene is localized on the atoms, chlorine, and carbon leaving the bond
surfaces. The HOMO is focused on middle atoms in hexachlorotetradecane, similar to the
LUMO but more prominent. In hexachlorodecane, the LUMO is localized at one end of
the molecule and covers the end with chlorine atoms. The HOMO is located on the center
upper part of the molecule and appears on hydrogen and chlorine atoms. In contrast to
LUMO, which is concentrated on the entire molecule and covers all the atoms, HOMO in
hexachlorocyclohexane is concentrated on the bulk of the atoms while leaving some
chlorine and hydrogen atoms unscathed. Similar to LUMO, which is more apparent,
heptacholrodecane possesses a confined HOMO spanning chlorine, hydrogen, and carbon
atoms at one end. The HOMO orbital for the compound octachlorodecane revolves
around the chlorine, hydrogen, and carbon atoms on one end. Contrarily, the LUMO is

dispersed, covering the two ends while leaving the center atoms unaffected.

The dichlorodiphenyl trichloroethane's LUMO is situated on the top atoms, which leaves
the lower ones empty. The bonds' excretions are likewise not included in the HOMO. On
the other hand, all of the atoms, including the bond surfaces, are where the LUMO is
concentrated. Like octachlorodecane, heptachlorotetradecane’s HOMO is located at one
end of the molecule. Similarly, just like octachlorodecane, the HOMO of
heptachlorotetradecane is localised at both ends though more pronounced. Finally,
octachlorotetradecane has HOMO at the end with distributed chlorine atoms. The other
end with closely distributed chlorine atoms is avoided. However, the one carbon atom in

the HOMO end with hydrogen atoms but no chlorine is left out. In contrast, the LUMO of
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octachlorotetradecane is localized at the opposite end of the molecule with more closely
distributed chlorine atom. Similarly, the cabon atom with no chlorine atom is also left

unoccupied.

The calculations of the energy levels of the electron orbitals, Table 4.14, allowed
quantifying the value of the HOMO and LUMO energies, whereby hexachlorodecane has
the lowest HOMO energy (- 0.2558 eV) while dichloro diphenyl trichloroethane has a
relatively higher HOMO energy (-0.1832 eV).

Table 4.14 The HOMO LUMO energy values for various studied compounds with
calculated HOMO LUMO energy gap.

Compound HOMO LUMO energy HOMO-LUMO

Energy (eV) eV) energy gap (eV)
Hexachlorodecane -0.2558 -0.0717 0.1841
Dichloro diphenyl -0.1832 -0.0777 0.1406

trichloroethane

Hexachlorobenzene -0.2294 -0.0838 0.1456
Hexachlorotetradecane -0.2341 -0.0389 0.1952
Hexachlorocyclohexane -0.2553 -0.0776 0.1777
Heptachlorodecane -0.2427 -0.0515 0.1912
Octachlorodecane -0.2495 -0.0734 0.1761
Heptachlorotetradecane -0.2388 -0.0692 0.1696
Octachlorotetradecane -0.2395 -0.0418 0.1977

These energies are very significant in determining the stability/reactivity and hardness of
a molecule. Previous studies have established that the larger the HOMO-LUMO energy
gap, the harder and more stable/less reactive the molecule®*®*, There our results show
that octachlorotetradecane has a higher stability. It has relatively a higher chemical
hardness of 0.1977 eV, while dichloro diphenyl trichloroethane is less stable and has a

relatively low chemical harness of 0.1406 eV.
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Figure 4.11: optimized structures of hexachlorobenzene, hexachlorotetradecane,
hexachlorodecane hexachlorocyclohexane, heptachlorodecane, octachlorodecane,
dichloro diphenyl trichloroethane heptachlorotetradecane and octachlorotetradecane
respectively; grey, white and green colors represent carbon, hydrogen and chlorine
atoms respectively. Yellow and blue regions correspond to positive and negative values
of the orbital.
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4.5 Reaction Pathways
The most stable configuration of the HCB in the CLO zeolite was also identified

alongside the corresponding adsorption energies. This is as shown in Figure 4.12 below

0.02 Ha

0.00

C ¢ -0.04 Ha

Figure 4.12 The most stable configuration of hexachlorobenzene adsorbed on CLO
zeolite with the corresponding energy; CLO cluster interaction with hexachlorobenene
energy and their products energy in predicting the most probable mechanism.

A system with an adsorption energy of -513.53 kcal/mol was found to be the most stable.
To forecast the most stable interactions between HCB and the zeolite, a CLO cluster from
the complete structure was obtained in this viewpoint. According to the aforementioned
findings, the interaction behavior that showed the least amount of energy shift between
the reactants and the product energy was the most appropriate and stable. In that regard,
the interaction behavior that involves the bonding of chlorine to oxygen via hydrogen
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was the most likely. Gibbs free energy was utilized to identify the most likely path that
the reactants would take in addition to the reaction options mentioned above. A rise in the
system's entropy would imply a potential spontaneous process in the scenario where the
reactants possessed more energy than the products. The process is known as exergonic if
the change in Gibb's free energy, G, is negative, which indicates that the process will

happen spontaneously.

oS & ¥R & 5 N e o1

Adsorption energy = -513.53 kcal/ mol Hexachlorobenzene

Figure 4.13: a) Structure of the most stable configuration of hexachlorobenzene
adsorbed on the CLO. b) The calculated Gibbs free energy of formation of various
products relative to hexachlorobenzene in CLO.

Most of hexachlorobenzene molecules were seen inside the channels of the zeolite.most
of the outer channels were left vacant. This can be a clear indication that the adsorption
process for hexachlorobenzene takes place inside the zeolite structure. For the most stable
configuration, adsorption energy of -513.53kcal/mol was observed. This highly negative
energy clearly indicates the exorthermic nature of the process thus economical. On the
other hand, Figure 4.13 b shows the calculated Gibbs free energy of formation of various
products relative to Hexachlorobenzene in CLO. Differences in Gibbs free energy of
formation of various products determine the equilibrium concentration of the various
reaction intermediates'®?. In this case the free energy for the reaction between chlorine is
smaller compared to the free energy for the reaction of chlorine with oxygen through
hydrogen, (-30835.612 kcal/mol vs -3430.654 kcal/mol) respectively. Thus, the

interaction between chlorine and oxygen is likely to be suppressed.
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4.6. Mulliken charge distribution

Table 4.15: . Mulliken charge distribution (au) on HCB, CLO and HCB-CLO before and after
adsorption calculated from DMOL3 module using medium quality and GGA — PW91 functional.

HCB ( Before adsorption)

CLO before adsorption

HCB - CLO after adsorption

C 0.06 Ga 1.296 Ga 1.295
C 0.06 P 1.582 P 1.579
C 0.06 0] -0.817 0] -0.816
C 0.06 0] -0.742 0] -0.757
C 0.06 0] -0.761 0] -0.742
C 0.06 0] -0.752 0] -0.754
Cl -0.06 0] -0.74 0] -0.75
Cl -0.06 0] -0.695 0] -0.701
Cl -0.06 0] -0.744 0] -0.75
Cl -0.06 Ga 1.298 Ga 1.304
Cl -0.06 P 1.579 P 1.582
Cl -0.06 0] -0.815 0] -0.818
0] -0.76 0] -0.739
0] -0.744 0] -0.741
0] -0.754 0] -0.745
0] -0.76 0] -0.759
0] -0.699 0] -0.698
0] -0.748 0] -0.757
P 1.585 P 1.58
P 1.578 P 1.583
Ga 1.301 Ga 1.290
0] -0.698 0] -0.696
0] -0.753 0] -0.749
0] -0.743 0] -0.755
0] -0.697 0] -0.690
0] -0.816 0] -0.815
Ga 1.288 Ga 1.287
0] -0.816 0] -0.817
H 0.459 H 0.461
H 0.423 H 0.425
H 0.429 H 0.428
H 0.459 H 0.459
H 0.429 H 0.435
H 0.459 H 0.459
H 0.461 H 0.458
H 0.430 H 0.425
C 0.055
C 0.053
C 0.054
C 0.053
C 0.050
C 0.054
Cl -0.037
Cl -0.061
Cl -0.057
Cl -0.055
Cl -0.052
Cl -0.056

69




We further analyzed the Mulliken charge distribution on HCB before and after binding
on the CLO cluster as shown in Table 4.15 above. The results showed that before
adsorption, the chlorine atoms in the HCB structure have a charge of -0.06 each while
carbon atoms have a charge of 0.06 each. Thus before adsorption, chlorine molecule has
zero charge, ie it is electrically stable. After adsorption, it is interesting to note that there
is a charge transfer between CLO and HCB atom where the chlorine atoms attains a new
charge of -0.037, -0.061, -0.057, -0.055, -0.052 and -0.056 while the carbon atoms have a
charge of 0.055, 0.053, 0.054, 0.053, 0.050 and 0.054. The net charge on HCB becomes
0.001. On the other hand, the CLO cluster has a charge of 0.002 before adsorption. After
adsorption, it attains a charge of 0.001. The values of Mulliken charges suggest that the

CLO cluster acts as electron donor while the HCB molecule acts as electron acceptor.

4.7 Effect of doping zeolites to adsorption

An investigation was done into how doping CLO zeolite affected loading capacity.
Aluminum, sodium, and silicon are separately exchanged for the phosphorus atoms at
various locations with varying symmetrical attributes in the CLO unit cell, and
optimization is then carried out. It's noteworthy to notice that the loading of
hexachlorobenzene increases from 120 to 133,126 and 127 molecules per cell,
respectively, when CLO is doped with aluminum, sodium, and silicon. This is equivalent
to 68.0, 67.6, 67.0, 66.8, and 67.0 wt% in terms of weight percent, respectively. It is
noted that dopping CLO zeolite provides improved results in terms of both loading and
wt%. However among the dopants studied, aluminum provided the best results when an
extra frame work is included. The extra framework is used to balance the charges on the
aluminum atoms inside the zeolite structure (see Figure 4.14). However, Changes in
masses and other structural characteristics, such as pore diameters, may be accountable
for this improvement in performance. Because silicon, sodium, and aluminum have
different atomic radii from gallium atoms, the pore diameters rise. In general, the doping
of zeolites led to an increase in the adsorption capacity of hexachlorobenzene. This
demonstrates that even for zeolites that perform poorly, altering them through doping can
increase the loading of organic contaminants. This is in agreement with the experimental

work performed by Magdalena et al. in their study, they suggested that a zeolite with
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more defects and impurities in the more accessible mesopores for organic compounds

than a pure zeolite.
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Figure 4.14: Adsorption capacities of CLO when doped with silicbn (a), sodium (b) and

Aluminium(c).

Table 4.16: Effects of doping on adsorption capacity of CLO zeolite.

Doping atom

heat

Isosteric

Energy

Loading Wit%

(kcal/mol)
44.892
39.292

127
124

(kcal/mol)
-341.178

68.0

133
130
127
125
126

Al with extra framework

Al

-317.273
-360.479

67.6
6
6

without extra framework

7.0
6

Si with extra framework

-326.392

8

Si without extra framework

Na

44.992

-362.833

67.0
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Table 4.17: Effect of doping on Mulliken charge distribution (au) on HCB, CLO and
HCB-CLO before and after adsorption calculated from DMOL3 module using medium
quality and GGA — PW91 functional.

HCB before adsorption

doped CLO
cluster before adsorption

Doped CLO-HCB
after adsorption

C 0.060 Ga 1.281 Ga 1.19
C 0.060 Al 1.157 Al 1.229
C 0.060 0 -0.717 0 -0.633
C 0.060 0 -0.722 0 -0.613
C 0.060 0 -0.674 0 -0.644
C 0.060 0 -0.686 0 -0.6
Cl -0.060 0 -0.673 0 -0.649
Cl -0.060 0 -0.654 0 -0.635
Cl -0.060 0 -0.691 0 -0.609
Cl -0.060 Ga 1.246 Ga 1.123
Cl -0.060 P 1.506 P 1.194
Cl -0.060 0 -0.713 0 -0.673
0 -0.677 O -0.609
0 -0.684 O -0.607
0 -0.733 O -0.661
0 -0.713 O -0.588
0 -0.647 O -0.602
0 -0.677 O -0.645
P 1.516 P 1.174
P 1.511 P 1.174
Ga 1.273 Ga 1.119
0 -0.643 O -0.602
0 -0.717 O -0.611
0 -0.682 O -0.600
0 -0.651 O -0.595
0 -0.719 O -0.635
Ga 1.289 Ga 1.111
H -0.717 H -0.632
H 0.379 H 0.372
H 0.374 H 0.369
H 0.376 H 0.373
H 0.373 H 0.358
H 0.37 H 0.438
H 0.386 H 0.374
H 0.378 H 0.378
H 0.376 H 0.371
C -0.001
C -0.001
C 0.000
C -0.009
C -0.036
C -0.002
Cl 0.072
Cl 0.031
Cl 0.033
Cl 0.028
Cl 0.024
Cl 0.028
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The effect of doping on Muliken charge distribution was investigated (see Table 4.17).
The charge on each atom before and after adsorption was calculated as 0.060 on each
carbon atom and -0.060 on each chlorine atom before adsorption; -0.001, -0.001, 0.000, -
0.009, -0.036 and -0.002 for carbon atoms and 0.072, 0.031, 0.033, 0.028, 0.024 and
0.028 for chlorine atoms after adsorption. From Table 4.17 above, it is noted that, HCB
molecule has a zero charge before adsorption just a similar case as in Table 4.15. After
adsorption, HCB molecule inside the zeolite becomes positively charged with a net
charge of 0.167. On the other hand, a doped CLO cluster has a charge of 0.001 before
adsorption which defines it as positively charged. After adsorption, it becomes negatively
charged with a net charge of -0.096. These Muliken charge values for doped CLO cluster
suggest that, for a doped CLO zeolite, its interaction with HCB makes it an electron
acceptor while HCB becomes an electron donor. This may be attributed to the fact that
aluminium being a trivalent element substitutes phosphorus, which a pentavalent, leaving
the material more electronically imbalanced, and hence the need to accept electrons.
Thus, it is good to note that charge transfer that takes place between a pure zeolite and
HCB is opposite to that of a doped zeolite and HCB.

The energy difference between the reactants and the products when the CLO is doped
was further investigated. This was done by substituting phosphorus atom with a single
aluminum atom. The interaction between chlorine and oxygen atom in the zeolite through
a virtual hydrogen bond showed a higher energy of -12.251116 Ha which is equivalent to
-333.37 eV, while the energy of the product involving displacement of chlorine is -
12.628273 Ha which is equivalent to -343.6330 eV. These results shows that adsorption
of HCB on a doped zeolite would involve displacement of chlorine atom from the
compound. This phenomenon is attributed to the fact that doping increases the system

energy and this aids in dislocation of chlorine atom from the compound.
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Figure 4.15. The most stable configuration of hexachlorobenzene adsorbed on doped
CLO zeolite with the corresponding energy; doped CLO cluster interaction with
hexachlorobenene energy and their products energy in predicting the most probable
mechanism

We further investigated the adsorption isotherm for the dopped CLO and it was evident
that, when doped with Aluminum, the zeolite maintains a stepwise isotherm, implying
that there exist different types of adsorption sites. On the other hand, doping with sodium
changes the adsorption isortherm into an H-shaped isotherm. This simply means that
sodium doped CLO material has a higher affinity for Organic pollutants. In addition this
could mean also that the sodium makes the CLO zeolite to adsorb like a monolayer and at

a low pressure.
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Figure 4.16 : Effect of doping on adsorption isotherm of zeolite CLO

4.8 Thermodynamic parameters

Gibb’s free energy, entropy, enthalpy and heat capacity were investigated in this study.
The results shown in figure 4.17 below show that the Gibb’s free energy decreases with
increase in temperature. Gibbs free energy (G) is a measure of the energy available to do
useful work in a system at constant pressure and temperature. For a chemical reaction to
occur spontaneously, the Gibbs free energy change (AG) of the reaction must be negative,
indicating that the products have less free energy than the reactants. In other words, the
reaction releases free energy and can proceed without the addition of external energy. If
AG is positive, the reaction is non-spontaneous and requires an input of energy to
proceed. If AG is zero, the system is in equilibrium, and the reaction neither proceeds
forward nor backward. Therefore, Gibbs free energy affects a reaction by determining
whether it can occur spontaneously or requires an input of energy to proceed®®. On the
other hand, the entropy of the system for all compounds investigated was noted to
increase with increase in temperature. This positive entropy change indicates that there is
increase in randomness at the solid-solid interface during adsorption. In addition, the

enthalpy of both compounds was noted to increase with increase in temperature leading
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to a positive change. See figure 4.1 a-d in the appendix and Table 4.13. From these
results, the adsorption process was found to be spontaneous, feasible and endothermic.
The energy of activation calculated by the monte Carlo algorithm, Table Ap 4.1 was
found to range between 0 to 59 which indicated an adsorption process to be physical
adsorption. In comparison with the work done by Michael Fischer on Simulation-based

184 “the values

evaluation of zeolite adsorbents for the removal of emerging contaminants
obtained in the current study ( 0-59 kcal/mol) are closer those from Michael’s work (27-
46 kcal/mol). The slight difference could be due the structures of the pollutants
investigated. However the conclusion from the two studies was that organic pollutants

interact with the zeolites through physical adsorption.
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Figure 4.17: Adsorption thermodynamics of hexachlorobenzene (a), heptachlorodecane
(b), heptachlorotetradecane (c) and hexachlorocychlohexane (d) chlorinated pollutants.
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4.8 Extended work on mechanisms of hydrogen storage by zeolites

In order to understand more on adsorption mechanisms of zeolites and whether the
mechanisms on liquid adsorption mirrors gas adsorption, a study was carried out on
hydrogen adsorption by zeolites. In this particular case, the zeolites with highest
hydrogen storage capacity include Linde type A (LTA): 4.8 %wt, JBW: 3.25 % wt, and
RTH: 2.89 % wt. The results show that Di, D and M have a negative effect on the
percentage weight capacity, while GSA and VSA have the highest positive contribution
to the percentage weight. As such, one can improve hydrogen loading capacity of zeolites
by reducing the mass and density while increasing both gravimetric and volumetric
surface area (appendix 5).

4.9 Experimental results

The computational results provide CLO as the best adsorbent for organic pollutants
studied. Various mechanisms have been predicted to take place during adsorption process
in this study. The adsorption sites have also been predicted. Oxygen atoms have been
predicted to provide the active adsorption sites for all the studied compounds. In this
section, experiments have been performed using both natural and synthetic zeolites. Each
of the adsorbents have been treated special for adsorption process. The aim is to compare

the experimental results with computational findings.

The calibration graph, absorbance against concentration is shown in figure 4.18. From
the graph, a coefficient of determination, R- squared, was used to determine how well the
data fit the regression model. The R-squared value from our fit was 0.95898, which
shows a good fit. The ratio between the covariance of concentration and absorbance, and
the product of their standard deviations, r, was 0.98226. The equation of the calibration
tool used is shown below ( eq 4.8)

y = 0.00884x 4.8
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Equation y=a+b*x
O 30 Weight Instrumental

. b Residual Sum of 798.53708
Squares P
Pearson's r 0.98226

o
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Figure 4.18: Pearson’s correlation between absorbance and HCB concentration.

From the adsorption results, it was observed that zeolite X, both treated and untreated
was less hydrophobic and thus it solidified immediately it came in contact with water.
This was due to less Si/Al ratio. This material could therefore not be used for adsorption
using columns. However, in order to use it for adsorption in columns, there was a need to
increase Si/Al ratio in order to make it hydrophobic. The addition of silica gel to this
zeolite in the ratio 5:3 was the most effective way. On the other hand, clinoptilolite
zeolite was found to be less hydrophobic and thus it was easy to make a slurry. Thus,
there was no addition of silica gel required. However, clinoptilolite zeolite could not be
used for adsorption in columns since it clogged inside the column and thus it could not
allow water to pass through. This was the case even after mixing with silica gel. A
solution to this could therefore be avoiding very fine powdery particles though not
investigated in this study. The results provided in this study therefore are the adsorption

by treated zeolite x and untreated zeolite x (FAU topology).
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Table 4.18: Absorbance values of a HCB sample adsorbed on zeolite X, (both treated

and untreated) and silica gel.

Material Average absorbance of HCB

1 2 3 4 5
Treated zeolite x  0.024 0.021 0.002 0.002 0.001
Untreated zeolite 0.013 0.0085 0.002 0 ND
X
Silica gel 0.039 0.039 0.038 0.039 0.038

The absorbance values (Table 4.18) were used to get related concentrations using Figure
4.18. The concentrations of the unknown are reported in Table 4.19. From Table 4.18,
the absorbance values shown are less than the expected values, implying that adsorption
took place in all the set ups. However, it is clear that the untreated zeolite x had a higher
adsorption capacity compared to the one that had undergone special treatment. This is
seen from the absorbance values. It is also clear that the specially treated zeolite becomes
saturated easily unlike the treated one. Using the results in Table 4.18 and the equation of
the correlation graph, equation 4.9.1, the concentration at every stage is calculated (see
Table 4.19)

Table 4.19: The concentration of the pollutant solution at every stage as calculated from
the calibration curve.

Material Concentration of HCB

1 2 3 4 5
treated zeolite x 27149 23756  0.2262 0.2262 0.1131
untreated zeolite x 1.4706 0.9615 0.2262 0 ND
silica gel 44118 4.4118  4.2986 4.4118 4.2986

From Table 4.19, it is evident the concentration after every run in the column packed
with silica gel was almost constant, though lower than the expected concentration, 5ppm.
For treated zeolite x packed column, the maximum concentration expected was 6ppm and
6.8 ppm for the column packed with untreated zeolite X. These concentrations were
calculated from the amount of water that remained in the columns after packing the
zeolites. The amount of pollutant concentration removed at every stage was further

calculated and this is seen in Table 4.20.
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Table 4.20: The pollutant removal capacity at every run stage

Material Removed concentration of HCB

1 2 3 4 5
treated zeolite x ~ 3.2851 0.3393 2.149 ND 0.2149
untreated zeolite 5.3294 0.5091 0.7353 0.2262 N.D
X
silica gel 0.5882 ND 0.1132 -0.1132 ND

From Table 4.20, it is clear that the removal rate for silica gel is very small and thus this

could not affect the adsorption capability of zeolites.
The best performing zeolite, untreated zeolite x, was further investigated to find the
optimal removal. This was done by using a solution with higher concentration which was

run through the column several times until the saturation point was reached.

Table 4.21: Adsorption capacities for untreated zeolite x

No. of runs 1 2 3 4 5
Average absorbance  0.009  0.006 0.005 0.048 0.0046
Concentration (ppm) 1.018  0.679 0.566 0.543 0.515
Amount removed 10.982 0.339 0.113 0.023 0.028
(ppm)

Percentage removal  91.5 33.3 16.6 4.1 5.2

The results from Table 4.21 shows that untreated zeolite x could be reused several times
before it gets saturated. However, the percentage removal reduces. The removal capacity
was finally calculated using the original concentration and the final concentration. The
initial concentration of the solution was 12ppm and the final concentration was 0.515
ppm. From this the removal percentage was calculated as 95.71%. This best performance
of untreated zeolite is attributed to presence of terrestrial water which contributes the
oxygen atoms. From the simulated results it was clear that the higher the number of
oxygen atoms the better the adsorption capability of zeolites for organic pollutants (see
Table 4.13). Comparing these results with other works that have focused on removal of
organic pollutants from water by sorption, the present values are better than the

previously reported. This means that the adsorbents used in the present study could offer
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a better solution. For instance, Eman Hashim Khader and co-workers’®® used
clinoptilolite natural zeolite to eliminate organic pollutants from produced water. They
found out that zeolites could remove chemical oxygen demand (COD), oil and turbidity
up to 84.8%, 63.8% and 85.06%. This indicates that untreated zeolite X could be applied

for better removal of organic pollutants with up 95.71% removal.
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATION
5.1 Summary
In this study, the objective was to investigate the thermodynamics and mechanisms of
adsorption of organochlorine pollutants on zeolites. The first objective was successfully
achieved, with cloverite zeolite identified as the most effective adsorbent for

.15 who also

organochlorines. This finding is consistent with the work of Wanyoyi et a
found cloverite to be the best adsorbent for pharmaceutical pollutants, demonstrating a
maximum adsorption energy of 84 kcal/mol due to strong electrostatic interactions
between the pollutants and the zeolites. The favorable mechanism of electrostatic
attraction was predicted in this study. To accomplish the first objective, molecular
dynamic simulations were employed as the primary tool, with the universal force field

yielding the best results for loading pollutants onto zeolites.

This force field has previously been utilized in pharmaceutical adsorption studies®®.
Additionally, it was observed that the adsorption of organic pollutants on zeolites
increases with an increase in the number of oxygen atoms in the zeolite structure. This
finding is not limited to the organic pollutants investigated in this study, as previous
research has reported the adsorption of various organic pollutants on zeolites facilitated
by oxygen-containing functional groups'®. Modifying the structural compositions of
zeolites through aluminum doping was found to enhance their adsorption abilities.
Charge transfer between the zeolites and the adsorbate was observed during the
adsorption process. The simulations also indicated that adsorption followed a pseudo-
second-order Kinetics at lower concentrations, exhibited physiosorption characteristics,
optimized at respective activation energies of the pollutants, and conformed to a
Langmuir isotherm model. The second objective of this study, which involved applying
the predicted zeolites for adsorption in the laboratory, was successfully achieved. Natural
and synthetic zeolites were obtained and activated for use in adsorption columns. The
choice of adsorption columns was based on their successful application in the removal of
heavy metals from water and waste materials*®’. High silica ratio zeolites were crucial for

effective column packing. The addition of silica gel to the zeolite in a 5:3 ratio was
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determined to be the most favorable condition. Through sorption experiments, it was
found that untreated synthetic zeolite exhibited the highest removal percentage, achieving
up to 95% removal. These findings were compared to previous literature to evaluate their
significance. In comparison to the experimental work by Eman Hashim Khader and
colleagues, who reported a removal ability of up to 85.06% for the selected zeolites, the

present research demonstrated a higher removal percentage of up to 95%.

5.2 Conclusion

In conclusion, this research provides a comprehensive investigation into the
thermodynamics and mechanisms of organochlorine adsorption on zeolites. The findings
align with previous studies, particularly in terms of cloverite zeolite's superior adsorption
capacity for both organochlorine and pharmaceutical pollutants. The use of molecular
dynamics simulations with the universal force field proved successful, although
alternative force fields have also yielded reliable outcomes in related studies. The
importance of oxygen atoms in zeolite structures for adsorbing organic pollutants was
confirmed, and the enhancement of adsorption abilities through aluminum doping was
highlighted. The experimental application of predicted zeolites in adsorption columns
achieved exceptional removal capabilities. Overall, this research demonstrates a higher
removal percentage and contributes valuable insights into the field of zeolite-based

adsorption.

5.3 Recommendations
We recommend the use of untreated zeolite for adsorption of chlorinated compounds.
However, other treatment methods other than the one employed in the current study

should be investigated.
For computation studies, we recommend the use of high performing computer in order to

simulate massive compounds for studies. We further recommend the use of universal

force field for organic compounds.

83



5.4 Recommendation for Further Studies

We recommend further studies to investigate how clinoptilolite zeolite can be used for
adsorption in columns without clogging. Hydrophilic nature of various zeolites should be
studied.

Other groups of compounds should be simulated in order to classify them with their

associated adsorbents.

Further studies should also focus on how other zeolite treatment methods could affect the
adsorption of chlorinated compounds.
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APPENDICES

Appendix 1: Loading of organic pollutants on zeolites

Tables Ap4.1; Loading of hexachlorobenzene on zeolites, activation energies
(Ea) and isosteric heats at a temperature of 298K and a pressure range of
between 101.325KPa and 1013KPa

Mass
[g/mol]

17728
2884
11792
7755
1442
3124
11536

8652
2163
23072
5768
3365
2764
1923
961.4
7931
2043
7691
7931
4566

2403
3845
5528
5528
2884
2884
2884
4566
3245

3365
3365
3365
1682
5408
9133
5768
5768
3845
3845
3845
3845
1923
1923
1923
8171
4302
4326
2163
3333
3365
10575

3605

D [kg/m?]

1129
854.6
1075
1221
1414
1173
1328

1368
1444
1319
1369
1460
1280
1724
1409
1486
1464
1370
1486
1270

1587
1517
1291
1528
1541
1442
1458
1556
1642

1561
1415
1659
1459
1779
1499
1494
1226
1708
1576
1501
1551
1509
1652
1513
1476
1483
1817
1668
1426
1654
1620

1627

HVF

0.55
0.66
0.55
0.53
0.47
0.57
0.49

0.47
0.4
0.49
0.47
0.44
0.52
0.32
0.48
0.43
0.43
0.46
0.43
0.47

0.39
0.43
0.46
0.41
0.37
0.45
0.39
0.41
0.32

0.41
0.48
0.35
0.44
0.26
0.41
0.41
0.52
0.29
0.37
0.43
0.41
0.42
0.32
0.41
0.43
0.42
0.24
0.29
0.29
0.36
0.37

0.36

APV
[cm®g]

0.49
0.77
0.51
0.44
0.33
0.48
0.37

0.34
0.28
0.37
0.34
0.3
0.41
0.19
0.34
0.29
0.29
0.34
0.29
0.37

0.25
0.29
0.36
0.27
0.24
0.31
0.27
0.26
0.19

0.26
0.34
0.21
0.3
0.15
0.27
0.28
0.42
0.17
0.24
0.28
0.26
0.28
0.19
0.27
0.29
0.28
0.13
0.18
0.21
0.22
0.23

0.22

VSA

[m%cm?

2070
2040
2110
1703
1675
1626
1616

1585
1154
1473
1586
1720
1573
1144
2103
1626
1681
1514
1626
1992

1666
1568
2018
1503
1350
1711
1726
1457
1191

1610
1736
1407
1688
1002
1455
1639
2271
955.6
1411
1637
1611
1634
1168
1601
1624
1814
863.3
1002
1203
1509
1485

1480

]

94

GSA [m%g]

1834
2387
1963
1395
1184
1386
1217

1159
799
1117
1158
1178
1229
663.4
1492
1094
1148
1105
1094
1568

1050
1034
1563
983.5
876.4
1186
1184
936.8
725.4

1032
1227
847.7
1157
563.2
971.1
1097
1853
550.4
895.5
1091
1039
1083
706.9
1058
1100
1223
4751
600.6
843.6
912.4
017

909.9

DPS

W WWRPRRPRPWOWONRPWOWOWWWERPRWWNOWRNWW NNWWWNWNRN WWWRPRWWRFRWWWWERE W WWwwww ww

Di

10.06
14
8.54
10.46
10.24
13.92
10.69

10.41
11.41
15.87
10.97
9.11
12.77
7.42
7.42
10.89
7.66
12.09
10.89
8.86

6.32
9.69
8.31
8.62
9.61
10.03
8.28
8.7
7.26
6.9
8.21
7.05
9.11
0
8.14
10.16
7.43
8.18
7.22
6.37
6.71
6.24
7.47
7.49
7.63
7.35
7.76
9.61
7.66
6.44
6.58

8.38

Loading W1t%

120
12
21
13
13
5
16

12

P WFRFPPNNNNBERRPRPRPEPNNMNNNDMNOWOAWERENDRNODND NDNONDNDNNDAEDODN b\l\lNOOl—‘Nw-b\lgw

65.84
54.23
33.65
3241
32.31
3131
28.32

28.32
28.32
25.69
25.69
25.29
23.61
22.85
22.85
22.32
21.8
20.59
20.09
19.97

19.16
18.18
17.09
17.09
16.49
16.49
16.49
15.76
14.93

14.48
14.48
14.48
14.48
13.64
13.49
12.9
12.9
12.9
12.9
12.9
12.9
12.9
12.9
12.9
12.24
11.69
11.63
11.63
7.87
7.8
7.48

7.32

Total energy

-641.824
-98.812
-130.917
-178.525
-229.821
-33.648
-207.802

-179.148
-34.18
-315.237
-99.867
-67.409
-20.902
-44.203
-7.673
-93.706
-31.131
-80.248
-97.62
-47.672

-40.21
-58.354
-55.057
-74.834

-25.33
-29.573
-40.465
-42.929
-35.974

-28.11
-23.41
-17.382
-5.321
-79.525
-87.511
-38.293
-39.938
-25.173
-38.663
-30.318
-29.807
-14.602
-21.485
-19.407
-46.362
-15.682
-26.738
-12.648
-18.34
-15.113
-52.432

-11.62

Isosteric
heats

37.892
42.392
36.192
51.092
46.392
36.292
46.592

48.092
36.592
42.892
44.392
44,792
31.392
41.992
27.292
40.792
38.792
40.292
45.392
33.692

39.692
47.592
35.292
40.692
38.992
35.892
40.292
44.792
40.292

33.892
31592
37.192
24.692
47.192
41.592
45.692
34.492
33.392
40.092
35.892
34.992
34.092
41.192
39.002
32.002
29.392
33.392
32.892
37.992
34.696
37.992

31.192



Zeolite

MWW
IRY
TUN
LTN
MOz
IwWw

MSE
PAU

MWF
SFV
IFT
SYT
CTH
YFI
SOV
PWN
PCS
SOR
SvVY
ABW
ACO
AEI
AEL
AEN
AFG
AFI
AFN
AFO
AFR
AFT
ARV
AFX
AHT
ANA
APC
APD
AST
ASV
ATN
ATO
ATS
ATT
ATV

Mass
[g/mol]

4326
4598
11536
46145
6489
6729

6729
40377

86521
47106

480
961.4
2884
2403
2884
2884
1442
1923
2403
1923
4326
1803
2884
1442
2884
1922
1923
2403
1202
961.3
2163.
1442
721
1442

D [kg/m?]

1590
1115
1757
1695
1693
1659

1633
1586

1604
1755

1755
1643
1502
1914
2008
1689
1685
1736
1916
1513
1503
1570
1502
1917
1918
1765
1795
1578
1905
1778
1874
1603
1704
1887

HVF

0.39
0.6
0.32
0.31
0.3
0.35

0.36
0.36

0.35
0.3

0.21
0.32
0.4
0.19
0.17
0.29
0.29
0.25
0.2
0.4
0.4
0.38
0.4
0.11
0.1
0.19
0.21
0.39
0.23
0.23
0.19
0.33
0.3
0.16

APV
[em®g]

0.25
0.54
0.18
0.18
0.18
0.21

0.22
0.23

0.22
0.17

0.12
0.19
0.27
0.1
0.08
0.17
0.17
0.14
0.11
0.26
0.26
0.24
0.27
0.06
0.05
0.11
0.12
0.25
0.12
0.13
0.1
0.21
0.18
0.08

VSA

[m%cm?

1542
1702
1275
1182
1122
1394

1420
1639

1594
1248

1086
1727
1735
840.1
847.8
1156
1020
1178
854.2
1600
1724
1638
1733
546.6
426
875.6
1015
1438
1036
1051
795.9
1300
1512
712.4

]

95

GSA [m%g]

970.1
1526
725.5
697.1
662.8
840.6

869.7
1034

993.8
711.2

618.8
1052
1156
438.9
422.2
684.2
605.4
678.9
445.7
1058
1147
1043
1154
285.1
2221
496
565.4
911.4
543.055
591.2
424.8
811.1
887.3
377.5

DPS

P N R R R R O Rk P O O WN WN R R R ON P ®W W e

Di

9.29
10.69
8.04
0
9.63
6.55

6.5
10.08

10.06
7.07

3.61
3.92
6.9
5.23
3.91

7.57
4.75
5.03
7.82
7.14
6.45
7.12

3.83
4.22

4.95
551
5.34
6.58
4.9
3.92

Loading Wt%

1
0

[

2
8
1
1
1
2
2
1

11

O O O O O O O O O O O O O O O O O O O O O O O O Fr P kP N W &> b ©

6.18
5.81
4.78
4.71
4.2
4.06

4.06
1.39

0.65
0.6

Total energy

-12.797
-99.887
-37.297
-141.598
-13.803
-14.876

-19.536
-28.809

-32.297
-19.829
-96.826
-58.067
-70.882
-70.314
-40.506
-30.668
-20.621
-19.156
-14.524

O O O O O O O O O O O O O O O o o o o o o o o o

Isosteric
heats

32.792
43.692
38.392
38.092
34.092
34.692

39.092
35.492

36.592
39.192
42.792
41.292
37.792
38.792
34.992
36.592
40.092
38.792
34.392



S/INO

96.
97.
98.
99.

100.
101.
102.
103.
104
105.
106.
107.
108.
109.
110.
111
112.
113.
114.
115.
116.
117.
118.
119.
120.
121.
122.
123.
124.
125.
126.
127.
128.
129.
130.
131
132.
133.
134.
135.
136.

Zeolite

AVL
AWO
AWW

BCT

BEA

BIK

BOF

BOG

BRE

BSV

CAN

CAS

CFlI

CGF

CGS

CHA

CHI

CON

Czp

DAC

DDR

DFT

DOH

EAB

EDI
EEI
EON
EPI
ERI
ESV
ETL
EUO
EZT
FER
FRA
GIS

GME

GON

GOO

HEU

IFR

Mass
[g/mol]

2524
2884
1442
480.7
3845
721
1442
5768
961.4
5768
721
1442
2163
1923
2163
1923
1051
1746
1442
1442
7210
480.7
2043
2163
300.4
12017
3605
1442
2163
2884
4326
6729
2884
2163
3605
961.4
1442
1923
1923
2163
1923

D [kg/m?]

1579
1819
1689
1895
1528
1862
1823
1602
1827
1865
1686
1871
1801
1673
1896
1685
591.2
2056
2126
1741
1783
1767
1692
1592
1622
1789
1680
1764
1604
1771
1801
1708
1716
1751
1561
1636
1502
1887
1892
2163
1712

HVF

0.37
0.2
0.31
0.06
0.42
0.16
0.26
0.38
0.23
0.23
0.29
0.15
0.25
0.29
0.21
0.29
0.24
0.1
0.17
0.3
0.3
0.26
0.34
0.37
0.3
0.25
0.31
0.29
0.36
0.28
0.23
0.29
0.3
0.29
0.34
0.31
0.4
0.2
0.19
0.29
0.35

APV
[em®g]

0.23
0.11
0.18
0.03
0.27
0.09
0.14
0.24
0.13
0.12
0.17
0.08
0.14
0.18
0.11
0.17
0.13
0.05
0.08
0.17
0.17
0.15
0.2
0.23
0.18
0.14
0.18
0.16
0.22
0.16
0.13
0.17
0.18
0.17
0.22
0.19
0.26
0.11
0.1
0.17
0.21

VSA

[m%cm?

1597
872.3
1265
69.97
1631
816.4
1208
1486
1026
1204
1184
661.1
1129
1065
882.7
1412
1051
549.5
872
1428
1174
1126
1243
1570
1373
921.4
1245
1351
1498
1162
994.6
1170
1241
1289
1381
1686
1734
805
828.2
1336
1331

]

96

GSA [m%g]

1011
479.6
748.9
36.92
1068
438.4
662.8
927.7
561.5
645.4
702.3
353.3
626.5
636.7
465.7
837.6
591.2
267.2
410.2
819.9
658.7
637
734.5
986.4
846.6
515
741.3
766
933.7
656
552.3
684.6
723.3
736.1
884.5
1031
1155
426.6
437.7
764
777.8

DPS

Di

6.58
4.5
6.89

6.12
3.76
5.16
7.49
4.88
4.77
5.76
4.44
4.99
7.07
5.04
5.32
5.51
3.51
3.76
4.79
7.07
4.19

6.62
4.88

7.27
493
6.31
5.67
5.77
6.26

5.9
5.42

4.57
7.12
5.67
3.94
5.22
6.57

Loading Wt%

O O O O O O O O O O O O O O O O O 0O O 0O O O O O 0O 0O O 0O O O O O O oo o o o o o o o
'

Total energy

O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O o o o o o o o o o

Isosteric
heats



S/INO

137.
138.
139.
140.
141.
142.
143.
144,
145.
146.
147.
148.
149.
150.
151
152.
153.
154.
155.
156.
157.
158.
159.
160.
161.
162.
163.
164.
165.
166.
167.
168.
169.
170.
171.
172.
173.
174.
175.
176.
177.

Zeolite

IFY
IHW
IMF
ITE
ITH
ITR
IT™W
JBW
INT
JOz
JRY
JSN
JST
JSW

LEV
LIO
LOS
LOV
LTF
LTJ
MAZ
MEL
MEP
MER
MFI
MFS
MON
MTF
MTN
MTT
MTW
MVY
NAT
NES
NON
NSI
OFF
Osl
0sO
OWE

Mass
[g/mol]

2884
6729
17304
3845
3365
6729
1442
360.5
1923
1202
1442
961.4
2884
2884
1442
3245
2163
1442
1082
1442
6489
961.4
5768
2764
1923
5768
2163
961.3
2644
8171
2565
1682
721
1202
8171
5287
721
1082
1923
540.8
961.4

D [kg/m?]

1761
1843
1744
1568
1739
1731
1768
1874
2048
1633
1843
1783
1428
1838
1796
1589
1759
1682
1677
1414
1685
1850
1732
1783
1634
1838
1740
1761
2069
1713
3231
1819
2093
1620
1641
1760
1874
1606
1770
1329
1709

HVF

03
0.26
03
0.37
03
03
0.27
0.17
0.13
0.24
0.23
0.27
0.38
0.22
0.27
37
0.27
0.31
0.27
047
0.29
0.15
031
03
0.32
0.27
0.28
0.23
0.2
0.34
0.09
0.24
0.06
03
0.34
0.25
0.14
0.36
0.23
0.44
0.32

APV
[em®g]

0.17
0.14
0.17
0.24
0.17
0.17
0.15
0.09
0.06
0.15
0.12
0.15
0.27
0.12
0.15
0.24
0.15
0.18
0.16
0.33
0.18
0.08
0.18
0.17
0.2
0.14
0.16
0.13
0.1
0.2
0.03
0.13
0.03
0.19
0.21
0.14
0.08
0.22
0.13
0.33
0.18

VSA

[m%cm?

1366
1074
1261
1449
1336
1341
1316
847.5
586.3
1165
1119
1206
2354
970
1187
1562
1110
1221
1443
1675
1211
607.8
1282
1130
1477
1217
1211
1265
799.9
1223
534.5
985.6
163.9
1495
1357
900.9
728.1
1504
893.9
1985
1464

]

97

GSA [m%g]

775.9
582.6
723.2
923.7
768.3
774.6
7445
4523
286.3
713.3
607.3
676.2
1649
527.9
660.8
983.2
631
7255
860.7
1184
7185
3285
740.4
633.7
904.4
662.1
695.6
718.7
386.6
713.7
165.4
541.8
78.28
922.4
827.3
511.8
388.6
936.4
505.1
1493
856.3

DPS

N W P W kPO N W R P PO P WN WWwW O WwWw R, WwWwWw o O NP O W R, P WO PR, WwWWwWwEREr N DNDDN

Di

6.39
6.08
6.7
7.78
6.3
5.96
4.16
3.86

4.42
41

4.53

4.95

5.47
6.39

4.25
10.24
7.76
3.63
6.87

6.25
5.94
6.22
3.76
5.59

3.23
531

3.95
6.17

3.46
6.51
6.26
5.67
5.22

Loading Wt%

O O O O O O O O O O O O O O O O O 0O O 0O O O O O 0O 0O O 0O O O O O O oo o o o o o o o
'

Total energy

O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O o o o o o o o o o

Isosteric
heats



S/INO

178.
179.
180.
181.
182.
183.
184.
185.
186.
187.
188.
189.
190.
191.
192.
193.
194.
195.
196.
197.
198.
199.
200.
201.
202.
203.
204.
205.
206.
207.
208.
209.
210.
211.
212.
213.
214.
215.
216.
217.
218.

Zeolite

PAR
PHI
PSI

PUN

RON

RRO

RSN

RTE

RTH

RUT

RWR
SAF
SAS

SAT

SEW
SFE
SFF
SFG

SFW

SGT
SIV

SOD
SOF
SOS
SSY
STF
STI

STO
STT

STW

SVR

SwVv
SZR

TER

THO

TON
UEI

uos

uoz

VET
VNI

Mass
[g/mol]

1987
1923
8652
2163
3237
1082
2163
1442
541.8
2163
1923
3845
1923
4326
3966
745.2
1923
4446
6489
3845
3845
721
2403
1442
1682
1923
4326
6729
3845
3605
5656
3365
2163
4807
600.8
1442
2884
1442
2403
1021
3605

D [kg/m?]

1878
1634
2052
1493
1829
1782
1677
1712
1605
1809
1916
1896
1491
1638
1698
1496
1781
1760
1505
1742
1633
1662
1638
1693
1684
1684
1666
1866
1692
3605
1756
1799
1759
1700
1571
1810
1742
1758
1950
2013
1753

HVF

0.13
0.32
0.11
0.38
0.23
0.24
0.25
0.31
0.37
0.26
0.18
0.22
0.4
0.32
0.34
0.26
0.32
0.26
0.4
0.31
0.32
0.33
0.35
0.27
0.28
0.35
0.35
0.23
0.33
0.37
0.28
0.27
0.26
0.32
0.31
0.22
0.22
0.26
0.21
0.18
0.19

APV
[em®g]

0.07
0.2
0.06
0.26
0.13
0.13
0.15
0.18
0.23
0.14
0.09
0.11
0.27
0.2
0.2
0.18
0.18
0.15
0.26
0.18
0.19
0.2
0.22
0.16
0.17
0.21
0.21
0.12
0.2
0.22
0.16
0.15
0.15
0.19
0.2
0.12
0.13
0.15
0.11
0.09
0.11

VSA

[m%cm?

740
1601
467.8
2020
1078
1293
1336
1287
1441
1097
801.1
801.4
1448
1296
1433
1186
1281
1058
1689
1107
1640
1298
1793
1659
1173
1363
1477
861.4
1386
3605
1259
1116
1166
1407
1503
951.6
998
1246
976.4
T777.4
899.1

]

98

GSA [m%g]

394
979.8

228
1353
589.4
725.4
796.5
751.5
897.7
606.5
418.1
422.8
971.3
791.4
844.1
792.9
719.2
601.1
1122
635.5
1004
781.1
1094
979.7
696.9
809.4
886.4
461.7
819.1
1052
717.3
620.7
662.8
827.2
956.7
525.7
572.9
708.9
500.8
386.1

513

DPS

N PO N N P W N WO WwWWw P, PN R, P, P, WO WO WN P, P, N W, P, P, O R, P WN FP,W R W

Di

3.69
5
5.35
4.99
511
3.87
4.26
6.42
7.64

3.92
6.24
8.55
6.18
6.24
6.24
7.09
6.36
7.14

4.98

474
4.39
6.94
7.22
5.82
6.4
6.57
491
5.34

5.59
6.18
4.48
5.04
5.12
5.32

5.98
4.4

Loading Wt%

O O O O O O O O O O O O O O O O O 0O O 0O O O O O 0O 0O O 0O O O O O O oo o o o o o o o
'

Total energy

O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O o o o o o o o o o

Isosteric
heats



S/INO

219.
220.
221.
222.
223.
224
225.
226.
227.
228.
229.
230.
231.
232.
233.
234.
235.
236.
237.
238.
239.
240.
241.
242.
243.
244.
245,

Zeolite

VSV
WEI
WEN
YUG
ZON
AVE
ETV
EWO
EWS
FAR
GIU
ITN
LIT
MAR
MOR
MRE
MRT
NPO
POR
PTO
PTT
PTY
PWW
SBN
SWY
TOL
UOE

Mass

[g/mol]

2163
1202
1186
961.4
1923

5047
5768

1506
4326
2884
2884

360.5

600.8

4326

D [kg/m?]

1676
1647
1630
1791
1801

1705
1709

2004
1773
1694
1961

1867

1611

1782

HVF

0.24
0.28
0.32
0.22
0.26

0.29
0.29

0.01,
0.27
0.31
0.17

0.12

0.29

0.26

APV
[em®g]

0.14
0.17
0.2

0.12
0.14

0.17
0.17

0.01
0.15
0.18
0.09

0.06

0.18

0.15

VSA

[m%cm?

1243
1636
1445
1044
1150

1148
1118

1066
1266
698.9

607

1564

1040

]
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GSA [m%g]

741.7
993.6
886.7
583.1
638.8

673.5
653.9

601.2
747.3
356.4

325.2

971.1

583.4

DPS

PN W W w

Di

3.75
3.79
497
4.02
521

6.2
5.74

3.34

Loading Wt%

O O O O O O O O O O O 0O O 0O O O O O O O o o o o o o o
'

Total energy

O O O O O O O O O O O O O O O O O O O o o o o o o o o

Isosteric
heats



Appendix 2: Adsorption thermodynamics for organic pollutants

(i (ii)
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Figure Ap 4.la Adsorption isotherms for organochlorine pesticides (OCPs); (i)
hexachlorobenzene, (ii) hexachlorocyclohexane and (iii) Dichlorodiphenyltrichloroethane
respectively
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Figure Ap 4.1b Adsorption thermodynamics of short chain chlorinated paraffins
(SCCPS), (l) C10H16C|6, (ll) C10H15C|7, (lll) C11H16C|6
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(i) (ii)
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Figure 4.1c Adsorption thermodynamics of polycyclic aromatic hydrocarbons (PAHS);

Q) Phenanthrene, (ii) Fluoranthene, (iii) Acenaphthylene
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(MCCPS), (I) C14H24C|5, (II) C14H23C|7, (II) C14H22C|8.
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Appendix 3 Thermodynamic parameters

Table Ap 4.13 Organochlorine pesticides standard thermodynamic quantities computed
from 25.00to 1000.00 in steps of 25.00

Temperature Entropy Heat capacity Enthalpy H Free energy G
T (K) S (cal/mol.K) C,(cal/mol.K) (kcal/mol)  (kcal/mol)

25 57.118 10.1 25.696 24.269
50 65.226 13.711 25.994 22.733
75 71.564 17.928 26.388 21.021
100 77.315 22.205 26.891 19.159
125 82.69 26.028 27.495 17.158
150 87.737 29.359 28.188 15.027
175 92.486 32.28 28.959 12.774
200 96.969 34.875 29.799 10.405
225 101.214 37.207 30.701 7.928
250 105.245 39.324 31.658 5.346
275 109.086 41.261 32.665 2.667
298.15 112.487 42.916 33.64 0.102
300 112.753 43.043 33.72 -0.106
325 116.264 44.688 34.816 -2.969
350 119.632 46.209 35.953 -5.918
375 122.869 47.617 37.126 -8.95
400 125.984 48.919 38.333 -12.061
425 128.987 50.124 39.571 -15.248
450 131.884 51.238 40.838 -18.509
475 134.682 52.268 42.132 -21.842
500 137.387 53.219 43.451 -25.243
525 140.006 54.099 44.793 -28.71
550 142.541 54.911 46.155 -32.242
575 144.999 55.662 47.538 -35.837
600 147.383 56.356 48.938 -39.492
625 149.697 56.998 50.355 -43.205
650 151.944 57.593 51.788 -46.976
675 154.128 58.144 53.234 -50.802
700 156.252 58.654 54.694 -54.682
725 158.318 59.128 56.167 -58.614
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Temperature Entropy Heat capacity Enthalpy H Free energy G
T (K) S (cal/mol.K) C,(cal/mol.K) (kcal/mol)  (kcal/mol)

750 160.33 59.568 57.651 -62.597
775 162.29 59.977 59.145 -66.63

800 164.201 60.358 60.649 -70.711
825 166.063 60.713 62.163 -74.84

850 167.881 61.044 63.685 -79.014
875 169.655 61.353 65.215 -83.233
900 171.387 61.641 66.752 -87.497
925 173.08 61.912 68.297 -91.802
950 174.734 62.165 69.847 -96.15

975 176.352 62.402 71.405 -100.539
1000 177.935 62.625 72.967 -104.968

Table Ap 4.14 Medium chain chlorinated paraffins standard thermodynamic quantities
computed from  25.00 to 1000.00 in steps of 25.00

Temperature Entropy  Heat capacity C, Enthalpy H Free energy
T (K) S (cal/mol.K)  (cal/mol.K) (kcal/mol) G (kcal/mol)

25 81.575 25.057 126.75 124.71
50 105.76 47.399 127.654 122.366
75 129.084 68.726 129.11 119.429
100 151.487 87.443 131.068 115.92
125 172.762 103.402 133.459 111.864
150 192.853 117.078 136.219 107.292
175 211.817 129.026 139.299 102.231
200 229.753 139.657 142.66 96.709
225 246.765 149.238 146.273 90.751
250 262.946 157.93 150.114 84.378
275 278.375 165.837 154.163 77.61
298.15 292.049 172.525 158.081 71.006
300 293.118 173.034 158.4 70.465
325 307.231 179.583 162.809 62.959
350 320.761 185.536 167.374 55.108
375 333.749 190.945 172.082 46.926
400 346.232 195.859 176.918 38.425
425 358.242 200.325 181.871 29.618
450 369.809 204.384 186.93 20.516
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Temperature Entropy  Heat capacity C, Enthalpy H Free energy
T (K) S (cal/mol.K)  (cal/mol.K) (kcal/mol) G (kcal/mol)

475 380.96 208.079 192.087 11.131
500 391.72 211.448 197.332 1.472
525 402.112 214.523 202.657 -8.452
550 412.158 217.338 208.056 -18.631
575 421.876 219.919 213.522 -29.057
600 431.287 222.292 219.05 -39.722
625 440.406 224.48 224.635 -50.619
650 449.25 226.502 230.272 -61.74
675 457.834 228.377 235.959 -73.079
700 466.172 230.119 241.69 -84.63
725 474.275 231.744 247.464 -96.386
750 482.158 233.262 253.277 -108.342
775 489.83 234.684 259.126 -120.492
800 497.302 236.02 265.01 -132.832
825 504.584 237.278 270.926 -145.356
850 511.685 238.465 276.873 -158.059
875 518.614 239.587 282.849 -170.938
900 525.379 240.651 288.852 -183.989
925 531.986 241.66 294.881 -197.206
950 538.444 242.62 300.935 -210.587
975 544.758 243.534 307.012 -224.127
1000 550.935 244.406 313.111 -237.824

Table Ap 4.15 Short chain chlorinated paraffins standard thermodynamic quantities
computed from  25.00to 1000.00 in steps of 25.00

Temperature  Entropy Heat capacity Enthalpy H Free energy G
T (K) S (cal/mol.K C,(cal/mol.K) (kcal/mol) (kcal/mol)

25 64.083 1151 98.306 96.704
50 76.164 26.034 98.762 94.954
75 89.818 42.171 99.618 92.882
100 103.93 56.203 100.853 90.46
125 117.773 67.969 102.409 87.688
150 131.071 77.955 104.236 84.576
175 143.754 86.637 106.296 81.139
200 155.836 94.349 108.56 77.393
225 167.356 101.295 111.007 73.352
250 178.36 107.595 113.62 69.029
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Temperature  Entropy Heat capacity Enthalpy H Free energy G
T (K) S (cal/mol.K C,(cal/mol.K) (kcal/mol) (kcal/mol)

275 188.888 113.32 116.382 64.438
298.15 198.243 118.15 119.062 59.956
300 198.975 118.518 119.281 59.589
325 208.65 123.23 122.304 54.493
350 217.941 127.494 125.439 49.159
375 226.871 131.348 128.675 43.599
400 235.461 134.828 132.003 37.819
425 243.731 137.971 135.414 31.828
450 251.699 140.811 138.899 25.635
475 259.382 143.381 142.452 19.246
500 266.797 145.71 146.066 12.668
525 273.958 147.826 149.736 5.908
550 280.88 149.754 153.456 -1.028
575 287.576 151.515 157.222 -8.134
600 294.06 153.131 161.031 -15.405
625 300.341 154.617 164.878 -22.836
650 306.432 155.99 168.76 -30.421
675 312.344 157.262 172.676 -38.156
700 318.085 158.446 176.623 -46.036
725 323.664 159.551 180.598 -54.059
750 329.091 160.586 184.6 -62.218
775 334.372 161.559 188.627 -70.512
800 339.516 162.476 192.677 -78.936
825 344.529 163.344 196.75 -87.487
850 349.418 164.167 200.844 -96.161
875 354.188 164.949 204.958 -104.957
900 358.845 165.694 209.091 -113.87
925 363.395 166.405 213.242 -122.898
950 367.842 167.085 217.411 -132.039
975 372.19 167.737 221.597 -141.289
1000 376.445 168.363 225.798 -150.647
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Appendix 4: Adsorption sites
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Figure: Ap 4.4: Adsorption locator for MWF (a) and IWW (b), respectively.
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Figure Ap 4.5: Adsorption sites for DDT on CLO (a) and TSC (b) respectively
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Figure Ap 4.6: Adsorption sites for HCH on TSC (a) and CLO (b) zeolite, respectively.
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c) Adsorption of octachlorodecane on CLO
Figure Ap 4.7: Adsorption sites for MCCPs
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c) Adsorption of Fluoranthrene on CLO

d) Adsorption of acenaphthylene on CLO

Figure Ap 4.8: Adsorption sites for PAHSs.
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c) Adsorption of octachloroundecaneon ITV

Figure Ap 4.9: Adsorption sites for SCCPs.
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i) Heptachlorotetradecane ii) Hexachlorotetradecane

Figure Ap 4.10a: Studied medium chain chlorinated parraffins

i) Hexachlorodecane ii) Heptachlorodecane

Figure Ap 4.10b Studied short chain chlorinated parraffins
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iii) Phenanthrene

i) Acenaphthylene ii) Fluoranthene

Figure Ap 4.10c: Studied Polycyclic aromatic hydrocarbons

i) HCB i) HCH i) DOT

N

Figure Ap 4.10d Studied organochlorine pesticides
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Abstract

Grand Canonical Monte Carlo (GCMC) simulations have been used to evaluate the hydrogen
storage performance on 233 zeolites. LTA had the highest capacity with a hydrogen capacity of
4.8 %wt. The second ranked zeolite is JBW with a hydrogen uptake capacity of 3.25 % wt, while RTH
was the third with 2.89 % wt. A machine learning algorithm was used to rank the importance of
various structural features such as mass (M), density (D), helium void fraction (HVF), accessible
pore volume (APV), gravimetric surface area (GSA), and largest overall cavity diameter (Di) and
how they affect the capacity of the zeolites. The results show that Di, D and M have a negative
effect on the percentage weight capacity, while GSA and VSA have the highest positive
contribution to the percentage weight. From this, the best material could be achieved by reducing
the mass and density while increasing both gravimetric and volumetric surface area. Further
quantum chemical calculations were also performed to calculate the adsorption energy, global
reactivity electronic descriptors, and natural bond orbital analysis in order to provide insights

into the interaction of the zeolites with hydrogen.
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1.0 Introduction

Zeolites are nanoporous materials that are manmade or naturally occurring and have cavities
that are well defined'?. Based on their peculiar adsorption properties, they are interesting
candidates for various applications*, including hydrogen storage®. As a fuel, despite having low
density, every unit mass of hydrogen has a very high energy of combustion. There are several
storage modes that have been developed over years, for example high pressure gas storage, liquid
hydrogen, glass microspheres and activated carbon’. The traditionally used materials for the
storage of hydrogen are metals and alloys that are based on transition metals. The storage of
hydrogen in zeolites has recently won the attention of many scientists. For example, the use of
zeolites as hydrogen storage media has been experimentally investigated using several zeolites of
different pore architecture and composition at temperatures from 293 to 573K and pressures
from 2.5 to 10.0 MPa® whereby zeolites with sodalite cages are preferred®. Elsewhere, the
hydrogen-storage of Na-LEV, H-OFF, Na-MAZ and Li-ABW have been studied at 77 K7, with
Na-LEV having the highest hydrogen storage capacity followed by H-OFF. It was revealed that a
suitable diameter near to the kinetic diameter of a hydrogen molecule is the main factor that

enhances the hydrogen-storage capacity’.

On the other hand, molecular simulations have also been applied in evaluating the storage
capacity of hydrogen on zeolites. For example, a study to investigate the performance of several
zeolite templated carbons (ZTC) in the storage of hydrogen has been done®. RHO had the highest
H; loading®. Among the studies that have been done up to date, there has been no research that

has shown attempts to study all zeolites classifying them according to their loading capacity.
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There are around 240 zeolites in the zeolite database of which a number of them could be of
great importance in storage of hydrogen rather than a few selected. In this study, the adsorption
of hydrogen inside the pores of zeolites was studied using molecular simulations and machine
learning. Molecular simulations do provide a theoretical framework which is based on statistical
mechanics. For example, with molecular simulations we can compute the number of particles
that are absorbed into a surface pore at a given pressure. This properties of a much smaller
system”!'?. Thus, for the 242 zeolite structures, data showing loading capacity was generated by
Monte Carlo simulations. A machine learning algorithm was employed to rank the importance of
how and to what extent each of the descriptors influences the loading capacity of hydrogen on
the zeolite framework.enables us to carry out investigation on a compound with a larger number

of molecules by examining the statistical

2.0 Methods

The IZA structure database ''. was the source of the zeolite structures used in this study.
They were optimized using material studio'? Forcite module'®. Openly available data repository,
PubChem'* was the source for the molecular structure of hydrogen. Geometry optimization and

15,16

frontier molecular orbital analysis of hydrogen was done using DMol® module’>'®, prior to

Monte Carlo simulations. The Monte Carlo simulations were performed using material studio
2017 software!2. Various forcefields are embedded in material studio, including universal,'’
dreiding'®, compass'® and the consistent-valence forcefield (cvff)!?. In this study, we first

compared the results of various forcefields as seen in Figure 1 a) and b). We found that the

universal forcefield is relatively suitable for the systems used in this study.
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Figure 1: Loading results for representative zeolites using various forcefields; a) MWF zeolite,
b) LTA zeolite.

To carry out sorption calculations of zeolites, the symmetry of the zeolites was changed to P1
since sorption calculations require structures without any symmetry?**!. There was a need to set
the upper and lower fugacity at which calculations would be performed and the number of
intervals between them, thus the lower fugacity of 1 atm and an upper fugacity of 10 atm were
used. Sorption program in material studio software provides five different simulation tasks that
model the adsorption of molecules into porous 3D frameworks'2. First, the fixed pressure task is
used to model the adsorption of sorbate molecules in a sorbent lattice using a grand canonical
ensemble. Secondly, the fixed loading task is used to model the adsorption of sorbate molecules
in a sorbent lattice using a canonical ensemble. Thirdly, the Henry constant task is used to
calculate the Henry constant for a sorbate molecule in a sorbent lattice. Lastly, the adsorption
isotherm task is used to derive a plot of average cell loading against pressure for sorbate
molecules in a sorbent lattice and the locate task is used to find the global minimum energy sites
for sorbate molecules in a sorbate lattice. During the course of the simulation, sorbate molecules
within the framework are randomly rotated and translated, and, in addition, sorbates are

randomly created in and deleted from the framework. The framework network of adsorbents
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differentiates them and gives them a special application. For instance, LTA zeolite shown in
figure 2 (a) below has different channels which are interconnected. The connected channels are

all of same length, 4.1A. This gives it a different energy requirement for adsorption.

Quantum chemical calculations to study the interaction between the zeolites, with
hydrogen were also performed. All ground state computational calculations of the studied zeolite
systems were performed within the framework of density functional theory with Gaussian 09%,
Pre-geometry optimization of the metal-surfactant complexes were conducted with the help of
molecular mechanic geometry optimization computer module embedded in the HyperChem
program™. The output files were further utilized for geometry optimization by assigning 6-
31+G(d) and LanL.2DZ basis set for lighter (H and O-atoms) and heavy metal (Si) respectively.
Natural bond orbital (NBO) calculation for the investigation of the stabilization energy and
charge transfer was conducted with the help of the NBO 3.1 module entrenched in Gaussian™.
Wave function analyses were done by the Multiwfn 3.7 dev?. Machine learning analysis was

performed using Scikit-learn®’,

an open-source library. Data set is divided into training and
testing set with 90:10% ratios, respectively. Various machine learning models are used. The best

model is further tuned by optimizing the hyper parameters.
3.0 Results and Discussion

The International Zeolite Association structure database provides structural information
on all of the zeolite framework types that have been approved by the Structure Commission of
the International Zeolite Association''. This includes crystallographic data (highest possible
space group, cell constants of the idealized framework), coordination sequences, vertex symbols

and composite building units. Taken together, the coordination sequences and the vertex symbols
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define the framework type. Data for the type material (i.e. the real material on which the
idealized framework type is based) is also given. The porous domains of zeolites are also
characterized by several structural features such as mass (M), density (D), helium void fraction
(HVF), accessible pore volume (APV), gravimetric surface area (GSA), and dimensionality of
the pore system (Di). A GPU-accelerated visualization software iRASPA has been used to
calculate Mass, Density, HVF, APV, GSA and Di as shown in table 1 and S1. The capability of
hydrogen adsorption as determined from grand canonical Monte Carlo (GCMC) simulations is
also shown in Table 1 (for the 20 best performing zeolites) and in table S1 (for the entire 233
zeolites). Loading (L) corresponds to the number of molecules per cell loaded in the pores of the
zeolite. Percentage weight (%owt.) capacity is expressed as stored gas molecules per mass of
zeolite. Among the 233 zeolites studied (Table S1, supporting information), it is noted that MWF
has the largest M (86521 g/mol) with relatively higher D (1604 kg/m?). It also has a Di of 10.06,
APV of 0.22 and GSA of 993.8. It exhibits the highest loading of 225 hydrogen molecules per
cell. However, in terms of percentage weight, LTA has the highest capacity of all studied
materials with a hydrogen capacity of 4.8%wt. This capacity corresponds to the 36 molecules per
cell loaded in the pores of this solid. This is quite surprising since it could be expected that the
material with higher number of molecules per cell gives the higher percentage mass of the
adsorbed molecules. LTA gains the lead as the best zeolite for hydrogen uptake due to its
relatively low mass of 1442g/mol. This best performance of zeolite LTA could also be attributed
to the fact that it has different types of rings in its structure as shown in figure 2(a). LTA

possesses 8, 10 and 16 rings which are connected by different channels both of 4.1A.
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Table 1: The structural characteristics and loading capacity of the best performing zeolites at
fixed temperature of 298K and lower fugacity of latm; upper fugacity 10atm

S/N [ Code | M/g/mol | Djkg/ | HVF | APV | VSA/m>/ | GSA[ | DP | Di[A] | Poresize | L | %wt
0. ] m’] [em/ | em’] m/g] | S Category

1 LTA 1442 1414 0.47 %{33 1675 1184 3 10.24 | Extra large 36 4.8
2 IBW 360.5 1874 0.17 0.09 847.5 4523 1 3.86 Small 6 3.25
3 RTH 541.8 1605 0.37 0.23 1441 897.7 1 7.64 | Extra large 8 2.89
4 THO 600.8 1571 0.31 0.2 1503 956.7 3 4.48 Medium 8 2.61
5 CLO 11728 1129 0.55 0.49 2070 1834 3 1533 | Extralarge | 143 | 24
6 NPO 360.5 1867 0.12 0.06 607 325.2 1 3.34 Small 4 2.19
7 NAB 600.8 1605 0.26 0.16 1585 987.5 3 3.78 Small 6 1.97
8 0so 540.8 1329 0.44 0.33 1985 1493 3 5.67 Medium 5 1.83
9 SBN 600.8 1611 0.29 0.18 1564 971.1 2 441 Medium 5 1.65
10 JjozZ 1202 1633 0.24 0.15 1165 713.3 3 4.42 Medium 9 1.49
11 LOV 1082 1677 0.27 0.16 1443 860.7 3 425 Medium 8 1.47
12 | OWE 961.4 1709 0.32 0.18 1464 856.3 2 5.22 Medium 7 1.45
13 SOD 721 1662 0.33 0.2 1298 781.1 0 0 Small 5 1.38
14 | NAT 1202 1620 0.3 0.19 1495 922.4 3 3.95 Small 8 1.32
15 EDI 300.4 1622 0.3 0.18 1373 846.6 3 4.88 Medium 2 1.32
16 OFF 1082 1606 0.36 0.22 1504 936.4 3 6.51 Large 7 1.29
17 RRO 1082 1782 0.24 0.13 1293 725.4 2 3.87 Small 7 1.29
18 | MER 1923 1634 0.32 0.2 1477 904.4 3 6.25 Large 12 | 1.24
19 | AFY 961.4 1409 0.48 0.34 2103 1492 3 742 Large 6 1.24
20 ISN 961.4 1783 0.27 0.15 1206 676.2 1 4.53 Medium 6 1.24

Table key:D= density[kg/m?], M=mass[g/mol]; HVF=hclium void fraction; APV=accessible pore
volume[em*/g]; VSA=volumetric surface area[m?cm’]; GSA=gravimetric surface area[m”/g];
DPS=dimensionality of the pore system; Di=largest overall cavity diameter[A]; L=loading].

The pore sizes are classified as being small (<4 angstrom), medium (4.1-5.5 angstrom), large

(5.6-7.5 angstrom) or extra-large (>7.5 angstrom)*®.
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Figure 2. Structures of (a) LTA and (b) JBW (Left) before loading, (right) after loading

The second ranked zeolite is JBW (Figure 2b), with a hydrogen uptake capacity of 3.25%wt.
This zeolite accommodates only six hydrogen molecules per cell, but since it has one
dimensional pore system and relatively low mass, it gets a higher percentage weight. RTH
zeolite, having a mass of 541.8g/mol and a comparable density of 1605kg/m® has a hydrogen
uptake capacity of 2.89%wt. This zeolite possesses extra-large pore sizes with only 8 hydrogen
molecules per cell. This shows that the smaller mass of this material and a comparable density
are very important factors for its hydrogen uptake. THO zeolite with an uptake capacity of
2.61%wt is also considered among the best zeolites. It only has a capacity of 8 molecules per
cell. However, this small number of molecules per cell still makes a larger percentage weight

hence making THO a good material for hydrogen uptake. From the data presented in this work it
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is quite evident that the number of molecules loaded per cell of a zeolite does not qualify the
material to be the best for hydrogen storage. For instance, several zeolites with very high number
of molecules per cells have been overtaken by those with fewer molecules per cell. For example,
CLO with a loading of 143 molecules per cell has a hydrogen uptake capacity of 2.4%wt. This
makes it the fifth in the rank. Zeolite NPO has only a loading of 4 molecules per cell, but
percentage mass of 2.19%wt. Other zeolites with high loading of hydrogen molecules but low
percentage mass among many include, MWF, MAZ, OBW, GIU, KFI, 1FU, IMF, SBT, EEI,
TSC and SFV which have loadings of 225, 12, 19, 20, 20, 20, 31, 22, 24, 50 and 67 molecules
per cell respectively with low percentage masses of (0.52, 1.11, 0.83, 0.69, 0.69, 0.52, 0.36, 0.51,
0.4, 0.29 and 0.43) %wt respectively. This behavior is exhibited by several other zeolites in table
1. This could be attributed to the fact that despite the number of molecules loaded, the mass of
the zeolite is very important to determine the percentage weight of the adsorbate in line with
other framework properties. This means that a good material for adsorption should have a
suitable mass, density, pore volume and surface area. In addition, the current data shows clearly
that pore sizes alone cannot determine the hydrogen storage capacity of any zeolite. This is
shown by several zeolites having small pore sizes but exhibiting a higher uptake capacity. On the
other hand several zeolites with extra-large pore sizes exhibit a very low hydrogen uptake
capacity. One of the reasons may be that the pore size needs to be narrow to confine adsorbed
gas. For instance, JBW zeolite with small pore size has a better capacity 3.25%wt whereas PAU
with extra-large pore size is the least among the 233 zeolites studied with a capacity of 0.03%wt.
This is in contrast to our previous studies of the adsorption of hazardous on heavy metal cations
on the 242 zeolites by employing molecular simulations and machine learning techniques, where

the role of pores, topology, and chemical characteristics in the sorption was examined'. The
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results showed that only the zeolites with high diameter of pores exhibited appreciable loading of
the cations. In our other study of adsorption of CrO4”, AsO4>", NOs™ and PO4* on zeolites®, it
was established that CLO, LTN, MWF, TSC, ITV, PAU, FAU and DFO zeolites are the best
performing in terms of loading while several zeolites like ANA, DFT, BIK, SBN and JNT gave
no loading at all. Largest overall cavity diameter, mass and accessible pore volume appeared to

be the three most important descriptors affecting loading”.

To complement the molecular simulation results, machine learning has been used to gain
more chemical insights into loading capacity of hydrogen onto the zeolites by ranking how
importance of each structural parameter (descriptor). At first, we have ranked the influence of
Di, DPS, GSA, VSA, APV, HVF, D and M on the percentage weight (Figure 3). The results
below clearly show that Di, density D and mass M negatively affects the percentage weight
capacity. Density of the zeolite also affects the storage capacity negatively such that the denser
the material the lower the percentage weight. Apart from the three parameters, the rest have
positive effect on the percentage weight. It is evident that GSA and VSA have the highest
positive impact to the percentage weight. From this, the best material could be achieved by

reducing the mass and density while increasing both gravimetric and volumetric surface area.

In addition, we have also ranked the influence of D1, DPS, GSA, VSA, APV, HVF, D and M on
the number of adsorbed molecules per cell (L) as shown in figure 4. Mass has shown highest
positive correlation with loading (L). Di is the second parameter after mass affecting the number

of adsorbed molecules positively while APV is the third.
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Figure 3. Pearson correlation between features and dependent variable (percentage weight)
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Figure 4. Pearson correlation between features and dependent variable (loading)
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Random forest (RF), k-nearest neighbor (k-NN), gradient boosting model, linear regression (LR)
and support vector machine (SVM) are used for regression analysis. Data is divided in training
and test sets with various ratios, 70:30% training: test ratio has showed better performance for all
models. Performance of random forest (RF) and gradient boosting model is much better than
other models. The scatter plots for correlation between calculated and predicted loading are
given in Figure 5, respectively for random forest model (lcft) and gradient boosting model(right).
In case of random forest model, R? values for training and test sets are 0.87 and 0.79,
respectively. In case of gradient boosting model, R? values for training and test sets are 0.86 and

0.82, respectively. Performance of both the models is sufficiently high.

RandomForestRegressor model GradientBoostingRegressor model

L] $
2000 - training 00,04 . tralnmg
+ testing testing
21500 é" 150.0
o
s £ 100.0
5 oo "
£ &
50.0 50.0 4
0.0 0.0+
T T T T T T
0.0 50.0 100.0 150.0 0.0 50.0 100.0 150.0
Calcul. loading Calcul. loading

Figure 5. (Left)Scatter plot between calculated and predicted loading values through random
forest model. (Right) Scatter plot between calculated and predicted loading values through
gradient boosting model.

Bearing in mind that the use of zeolites as hydrogen storage media has been experimentally
and theoretically investigated using several zeolites of different pore architecture and
composition, it is important to also compare our results with previous studies. The hydrogen
storage capacities of some selected nanoporous materials are shown in table 2. It is clear that

most of the theoretical and experimental results provided in literature closely match with our
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results, with small variations resulting from different conditions i.e., temperature and pressure.

For instance, previous studies had shown that zeolite H-OFF at 77K and a pressure of 1.6MPa

has a capacity of 1.75%wt’. This study was done experimentally and the results are closely

related to the findings in our study at 298K and a pressure of 1013KPa which provides that

zeolite OFF has an uptake capacity of 1.29%wt at a temperature of 298K and a pressure of

1013KPa. However, the slight difference is attributed to the difference in pressure and

temperature. Similarly MAZ zeolite from experimental results has a capacity of 1.64%wt which

compares with the findings of this study of 1.11%wt. Elsewhere, zeolite templated carbon (ZTC)

has been investigated theoretically under 77K and a pressure of 1 bar and found to have a

hydrogen capacity ranging from 0.64 to 3.00 %wt *’. Another study was conducted at 298K and

a pressure of 100 bar and found to have a capacity ranging between 0.07 to 1.31%wt .

Table 2 Comparison of our work with other studies

Adsorbent

LTA zeolite

LTA zeolite
H-OFF zeolite

OFF zeolite
Na-MAZ zeolite
MAZ zeolite

JBW zeolite

RTH zeolite

Random CNT networks

Exfoliated GO

Diamond derived
grapheme

GO frameworks (GOFs)
ZTC
FPGNs
SWCNTs
Random CNT networks
Pillared graphene
porous nanotube networks

Temperature

77K
298K
77K
298K
77K
298K
298K
298K
77
77K
77K

77K
77K
77K
77K
77K
77K
77K

Pressure

1.51MPa
1013KPa
1.6MPa
1013KPa
1.6MPa
1013KPa
1013KPa
1013KPa

I bar

1 bar

1 bar

1 bar
1 bar
100 bar
100 bar
100 bar
100 bar
100 bar
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H; uptake
(Yowt)
1.54
4.8
1.75
1.29
1.64
1.11
3.25
2.89

2.84-3.34

1.2
0.68

0.35-0.92
0.64-3.00
1.69-10.35
2.75-3.60
5.01-8.85
7.2
5.8-23.6

Reference

This study
7
This study
7
This study
This study
This study
29
0
3l

34
27
s
29

Type of study

Experimental
Experimental

Experimental

Experimental
Experimental
Experimental

Experimental
Theoretical
Theoretical

Experimental

Experimental
Theoretical
Theoretical



ZTC 77K 100 bar 0.81-9.23 2 Theoretical

FPGNs 298K 100 bar 0.61-1.86 36 Theoretical
MWCNT 298K 100 bar 0.2 &2 Experimental
Random CNT networks 298K 100 bar 1.47-2.00 L Experimental
MWCNT 298K 100 bar  0.68 & Experimental
Nitrogen- incoporated 298K 100 bar  0.9-2.0 # Experimental
carbon nanotube
ZTC 298K 100 bar 0.07-1.31 2 Theoretical

We further used quantum chemical calculations to investigate the interaction of the zeolites,
with hydrogen. We have focused on the interaction of MWF with hydrogen, considering, among
the 233 zeolites (table S1, supporting information), MWF exhibits the highest loading of 225
hydrogen molecules per cell. The MWF zeolite cluster was modeled according to literature
(Figure 5)*°. Based on the modeled MWF zeolite cluster, three possible adsorption sites (MWF-
O, MWF-Si, and MWF-Si-O sites) were predicted for hydrogen adsorption according to Figure 4
above. The quantum chemical calculations were conducted to calculate the global reactivity
electronic descriptors along with the HOMO-LUMO energy gap of the studied systems*.
According to the well-known Koopmans approximation, the ionization Potential (IP) and the

Electron Affinity (EA) are given by;*!

IP = —Eqomo (1)

EA = —ELumo (2)

= 1/ (E +E )= 3
H 2 (EHomo Lumo) = X (3)

T1=1/2 UP—EA)=W )
.y

0="4 (5)
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1 1 1
S=— =

2n ~ IP-EA Epymo-Emomo

(6)

Where 1, x, 11, w, and S are are the chemical potential, electronegativity, chemical hardness
electrophilicity, and chemical softness respectively*”. The energy gap and the global reactivit
descriptors of the studied compounds are presented in Table 2 while the molecular orbita
distributions of all the possible adsorption modes are presented in Figure 6. From the HOMO
LUMO energy gap results shows a variation in the energy values as the hydrogen is absorbe:
within the MWF zeolite framework™®. The variation in energy gap for the hydrogen absorptio:
on the different active sites within the MWF zeolite is given as 8.26, 8.23, and 7.99 eV for MOF

H»-Si, MOF-H-Si-O, and MOF-H:>-O respectively.

MWF-H,-0 MWF-H,-0-Si

Figure 6. Modeled MWF zeolite cluster and the associated possible adsorption configurations
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Table 2. Global reactivity descriptors of the studied surfactants and complexes

S/no MOF MOF-Hs-8 MOF-H,-O MOF-H»-S-O
HOMO/eV -8.73 -8.92 -8.73 -8.95
LUMO/eV -0.75 -0.66 -0.74 -0.72
Energy gap/eV 7.98 8.26 7.99 8.23
Sofiness 0.13 0.12 0.12 0.12
Hardness 3.99 4.13 3.99 4.11
Electrophilicity 2.81 2.77 2.80 2.83
Electronegativity -4.74 -4.79 -4.73 -4.83

130
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Figure 7. The optimized structures, HOMO orbitals, energies, and LUMO orbitals of the studied
systems
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Adsorption energy has also been calculated to provide more chemical interaction insight®’.
Generally, the adsorption energy of an adsorbate (hydrogen) trapped on the surface of an
adsorbent (cluster) is predicted using equation (7) which is given as:

Eodas = Esystem — (Eadsorptive + Emwr) (7

Where Eyqs, Esystems Eadsorptive» and Eyyp is the adsorption energy, total energy of the
interacting system (hydrogen and cluster), total energy of the hydrogen, and total energy of the
free zeolite cluster respectively®. The calculated adsorption energies for the three different
hydrogen adsorption modes on the surface of the zeolite cluster are presented in Table 3. From
the results, the calculated adsorption energies are -0.054, -0.027, and -1.361 eV on MWF-H;-S,
MWE-H-0O, and MWF-H>-8-O respectively. The MWF-H>-5-O adsorption complex has the
highest relative adsorption energy due to the strong bonding interactions of hydrogen with the S
and O-atoms of the MWF cluster. Furthermore, it is also observed to possess relatively shortest
hydrogen-cluster adsorption distance of 1.504 A. This fact-finding is also supported by previous
39.46

studies

Table 3. Adsorption energies of the different possible adsorption modes of hydrogen on zeolites
calculated using the gen/DFT method

S/no MWEF-H,-S MWF-H,-O MWEF-H,-5-0
Egystem/a-U. -924.839 -924.838 -924.787
Enhydrogen/a-u. -1.175 -1.175 -1.175
Epog/a.u. -923.662 -923.662 -923.662
E.qs/eV -0.054 -0.027 -1.361
Distance/A 4374 2.937 1.504

In order to offer details on the intra/inter molecular hydrogen bonding *’, natural bond orbital

analysis was performed at B3LYP/ 6-31G+(d) level of theory. The corresponding donor-acceptor
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stabilization energy, E®)(i = j) for each donor (i) NBO and acceptor (j) NBO is given by

equation (12).
(F; D*
E@ = g ?_EL! (12)

Where gi is the orbital occupancy, i, j are diagonal elements and F;; is the off-diagonal NBO
Fock matrix element(). The most interacting donor NBO, acceptor NBO, and the stabilization
NBO energies of the MWF-MOF cluster and the cluster-hydrogen interactions (MWEF-H;-S,
MWEF-H;-O, and MWF-H;-5-0) are presented in Table 4. As reported in the table, the observed
significant donor-acceptor NBO interactions was found to occur between O;-Sig — 04-Sis, O1-
Sis = O04-Sig, 01-Sis = 04-Sis, and O;-Sig = 0,-Sis natural bond orbitals having second order
stabilization energies of 507.26 kcal/mol, 841.92 kcal/mol, 510.97 kcal/mol, and 768.11 kcal/mol
respectively. The observed highest and least perturbation energies within the cluster-hydrogen
interaction is observed to occur between 0,-Sis — O;-Sigand O;-Sis = 4-Sis interacting orbitals

with stabilization energies of 841.92 kcal/mol and 510.97 kcal/mol respectively.

Table 4. Most interactive stabilization energies for the hydrogen-cluster complex

Compounds | Donor NBO | Acceptor NBO | E@/(kcal/mol) | E(i)-E(j)/au. | F(ij)a.u.
MWF 01-Sis O4-Sis 507.26 0.04 0.251
MWF-H>-S 0:-Sis 01-Sis 841.92 0.01 0.268
MWF-H;-O | O-Sis O4-Sis 510.97 0.02 0.252
MWF-H>-S-O | 01-Sis O1-Sis 768.11 0.02 0.300
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4.0 Conclusion

According to the molecular simulation results, LTA stands out to be the best zeolite
storage of hydrogen amongst the 233 zeolites studied. It has the highest value for Hs
capacity of 4.8%wt. On the other hand, JBW follows as the second in terms %wt with 3.0
Grand Canonical Monte Carlo (GCMC) simulations have been used to evaluate the hy
storage performance on 233 zeolites. A machine learning algorithm was used to ra
importance of various structural features such as mass (M), density (D), helium void 1
(HVF), accessible pore volume (APV), gravimetric surface area (GSA), and largest
cavity diameter (Di) and how they affect the capacity of the zeolites. These parameters af
number of molecules per cell and the percentage weight differently. The results show tha
and M have a negative effect on the percentage weight capacity, while GSA and VSA hi
highest positive contribution to the percentage weight. From this, the best material c«
achieved by reducing the mass and density while increasing both gravimetric and voli
surface area. Further quantum chemical calculations were also performed to calcul
adsorption energy, global reactivity electronic descriptors, and natural bond orbital ana
order to provide insights into the interaction of the zeolites with hydrogen. These e

indicated that the reaction that took place in the process was exothermic.
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