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Abstract

This study presents a thorough thermogravimetric analysis (TGA) to comprehend the
thermal decompaction of the antibiotic drug levofloxacin, as a model pharmaceutical
pollutant. The reaction was analyzed under N2 gas flow using a TGA analyzer at different
heating rates. The isoconversional methods of Kissinger—Akahira-Sunose (KAS) and
Friedman were applied to obtain the effective activation energy (E.) of the decomposition
as a function of the extent of conversion (a). The E, of levofloxacin’s decomposition
reaction was found to be between 23.3 — 68.5 kJ/mol for the KAS method, and between

48.3 — 117.5 kJ/mol for the Friedman method, positively correlating to a.

Additionally, Differential scanning calorimetry (DSC) was used to assess the
thermodynamic physical and chemical changes that occur as a function of temperature.
And Density functional theory (DFT) calculations were used to calculate the bond

dissociation energies (BDES) of the levofloxacin possible degradation routes.

The DFT analysis along with DSC and Friedman method’s results suggest that the most
probable dissociation route is aromatic-Me bond to give off «CHz radicals.

Keywords, Pharmaceutical. Thermogravimetric analysis. Differential Scanning

Calorimetry. Isoconversional. Computational chemistry. Adsorption.
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Chapter One

Introduction and Theoretical Background

The bonds hold a molecule of a chemical compound together are a result of an attraction
between the nuclei of atoms and the electrons of other atoms by the electromagnetic force.
These interactions dictate physical properties for chemical compounds; hence their study
is called physical chemistry. These properties include thermodynamic and kinetic effects,
of which each require certain experimentation to evaluate, and each serve the
understanding of a different parameter about a substance’s behavior in conditions that the

experiment applies to (1-3).

A combination of these properties provides an understanding of how a certain molecule’s
bonds behave in interactions with more complex media, such as in a chemical reaction,
or a physical interaction. By partitioning these interactions into their most basic formulas
it becomes possible to effectively understand the main ways that a molecule interacts with
these media, by studying each part of these smaller segments and building a model for
the said interaction to take place.

Researchers in the field of thermochemical and kinetic analysis have studied several
compounds to determine their mechanism of action in human bodies, decomposition
mechanism in the environment or packaging media, reactivity to other drugs, or reactivity
to the environment and its individual components. The methods of quantitative and
qualitative analysis used widely vary, while their simplicity and accuracy are generally
inversely correlated. Therefore, the method used must give the most accurate result while

not being too cumbersome as to drain resources in an unnecessary manner. (3, 4)

The excessive use of antibiotics and pharmaceuticals has exacerbated the presence of
pollutants in water, posing significant threats to human health. This issue remains a top
priority for researchers and environmentalists. Implementing effective removal methods
is crucial for fostering a healthier environment, supporting agriculture, and ensuring

ecological sustainability (5-7).

Over the last decade, water samples from different sources around the world have been
shown to contain contaminants from pharmaceutical and personal care products (PPCPs)

(5, 8-10).The sources of this contamination are human excretion, manufacturing waste,
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and also the conventional methods of wastewater treatment used in wastewater treatment
plants (WWTPs) (6, 9). Literature has hinted at the fact that WWTPs are, therefore,
neither well-equipped, nor well-designed, enough to remove PPCPs from wastewater (6,
9).

For this work kinetic analysis experiments will be run on a drug by the name levofloxacin,
which is an antibiotic. This drug was chosen for being common in pharmaceutical
production, and possesses nitrogen atoms at which the decomposition may lead to the

release of molecules that may be then turned into fuel.

This study, is an analysis using isoconversional kinetics and computational chemical
calculations, of which the main objective is to explore the thermal decomposition of

levofloxacin and define the main pathways of its decomposition.

1.1 Levofloxacin

Levofloxacin, Figures 1 and 2, is a chiral fluoroquinolone antibiotic, that is used to treat
a wide range of bacterial infections (11). It is a yellowish-white crystal, and is the pure
(-)-(S)-enantiomer of the racemic mixture found in the drug ofloxacin. The systematic
name of the drug is “(-)-(S)-9-fluoro-2,3-dihydro-3-methyl-10-(4-methyl1-piperazinyl)-
7-0xo-7H-pyrido[1,2,3-de]-1,4-benzoxazine-6-carboxylic acid hemihydrate” (12). The
drug is a hemihydrate in the oral form of the medicine, however the crystal is subject to
polymorphism when ground, heated and/or treated with different solvents, and produces

three different crystal structures (13, 14).

In general quinolones, and specifically fluoroquinolones, work by inhibiting two enzymes
involved in the replication of bacterial deoxyribonucleic acid (DNA). These enzymes
work to separate and insert DNA strands and rebind them after the replication process
ends. Both of these enzymes are topoisomerases that are not found in human cells. Which
in turn makes the antibiotic drugs targeted towards bacterial infections and not harmful
to a patient’s cells. Increasing the effectiveness and reducing the side-effects of such drugs
(15).

It was estimated that in 2015 the defined daily dose (DDD) of antibiotics consumed
globally were about 42 billion, and at the time the trends showed an increase in

consumption projections for low and middle-income countries’ consumption rates (16).
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The wide consumption of antibiotics, and their tendency to persist in the environment,
specifically through wastewater present the need for understanding the drug’s waste, and
the development of ways for treatment of this waste. Since allergic reactions may be
caused to people who are exposed to such waste, along with the risk of endocrine
disruption, cancer, and reproductive dysfunctions (4, 17). In addition, the waste from anti-
biotics generally causes some species of microorganisms to gain immunity to the drug

(16, 17), and therefore aid in the creation of what have been referred to as “Superbugs”
(18).

Figure 1

Levofloxacin molecule chemical structure (2 Dimensional), where the labels for the atoms were
produced by the Avogadro software’s internal algorithm




Figure 2

Levofloxacin molecule chemical structure (3 dimensional), where the labels for the atoms were
produced by the Avogadro software’s internal algorithm

The effects of levofloxacin on the environment have been analyzed by Zhou et al. (19) to
be linked to inevitable water pollution, which affects aquatic microorganisms in a
significant manner, especially cyanobacteria, with an even greater effect to the
cyanobacteria than oxytetracycline that was studied alongside it. While their work also
hints at the significance of the possible spread of antibiotic resistance genes in the aquatic

environment, which is linked to many environmental risks.

Levofloxacin was mentioned in several studies, some of which studied its chemical
properties, such as stereochemistry, in the work of Pereira et al. (13) who found the drug
to be susceptible to polymorphism. With three possible crystal structures. Their work
suggests that the flow of energy might cause denaturing of the bonds, causing a complex
mechanism to emerge of the several outcomes for each pathway of the reaction. Others
studied the physical properties, such as Nisar et al. (20) who looked into the effect of
thermochemical changes on the drug’s properties in light of levofloxacin-excipient
interaction, through (TGA) and (DSC) using one of the isoconversional methods, and
found that the Ea of levofloxacin was 118 kJ/mol. However, that work did not provide a
computational model to compare it to. Whereas, this work, looks into the chemical and
physical changes that occur during the decomposition of levofloxacin through different

estimations of the effective activation energy using isoconversional kinetics and



computational calculation models. This work builds on the efforts by Badran et al. (4, 17,
21, 9) to find a mechanism to treat pharmaceutical waste.

1.2 Thermochemical analysis

A thermal analysis consists of experimental evaluations that aim to understand the
chemical and physical properties of a certain substance. This is done by changing the
thermal conditions around the substance, while measuring any physical, or chemical
property that the experimentation apparatus is sensitive towards. Therefore, evaluating

the effect and the scale of change on the substance provided by that change.

The thermal analysis of this anti-biotic drug gives an idea of the reaction pathdays, to
prevent unwanted harm to the environment caused when it is introduced to the

environment as waste, and through the manufacturing process (4).

The main focus of this analysis will be on the thermal stability and the drug’s chemical
behavior at high temperatures. Through the use of thermo-gravimetric analysis (TGA),
and differential scanning calorimetry (DSC). These techniques provide a clear
demonstration of the behavior of the molecule relative to a change in temperature, which
in turn enables the calculation of the energy within the system and how the molecule

changes based on the changes in energy input (2, 4, 17, 21, 9).

TGA is conducted using a machine bearing the same name that consists of three
compartments, a sample cell, a sensitive balance, and a furnace chamber. A sample is
placed in the given cell, that sits atop the scaling balance, the furnace is then lowered into
place and the process of heating the sample while at the same time calculating its mass is
measured by a computer unit attached to the device. The results are then graphed based

on the readings. Figure 3 shows a schematic diagram of the TGA device (22).



Figure 3
Schematic interpretation of a TGA device
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A typical TGA device can hold several milligrams of substance, heat them for a set
temperature, up to 1600 °C or more, at a steady or variable rate, and keep the sample
chamber (furnace) under a confined atmosphere of either air or an influx of a given gas
(23).

The use of TGA in this work aims to identify the thermal decomposition of levofloxacin
as a function of the temperature gradient, until its complete pyrolysis. This serves to later
6



quantify the kinetic parameters needed for this work, to understand the drug’s
decomposition and its associated energy values.

However, TGA on its own does not possess the capability to detect or evaluate phase
transitions, polymorphic transformations, and/or reactions that possess variable mass
changes. Therefore, to get a more comprehensive result, a complementary experiment
must be conducted using DSC to account for this incapability, by providing the means to

account for the physical changes that TGA does not account for (23).

DSC, as a device and technique, uses heat flow as the analysis method. The device
consists of a heating chamber with two sample cells, one of which is for a reference
material, and one for the analyte, with a thermometer to evaluate the temperature at each
point of the heating process. This information is also relayed to a computer unit to tabulate

and graph the results. Figure 4 shows a schematic diagram of the DSC device’s cell (22).

Figure 4

Schematic interpretation of DSC device s cell. “Cross section of a Du Pont (now TA Instruments)
910, 2910, and 2920 DSC heat flux cell (Blaine, Du Pont Instruments bulletin; courtesy of TA
Instruments).” (22)
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DSC can identify characteristic temperatures, the heat of fusion, the melting and
crystallization temperatures, and the heat capacity, more importantly for the interest of

this work, DSC can determine the various thermal parameters of chemical reactions (22).



Both devices study the behavior of the material at critical points, like melting, oxidation,
and eventually pyrolysis. Which in conjunction with each other and with literature asserts
a picture of the thermal behavior of the material. Both devices’ heating chambers are
equipped with a gas inlet to allow for flushing the chamber with an appropriate gas for

the experiment’s conditions (22).

From Nisar et al. (20) where they analyzed the thermal behavior, that work emphasized
the importance of thermal analysis using TGA and DSC for understanding the reaction
mechanism of the drug. That is the reason for this work employing the use of
computational calculations as a method to further validate and scrutinize such results and

build on previous data from literature.

1.3 Isoconversional methods

The concept of isoconversional kinetics stems from the isoconversional principle, which
enables the exclusion of the reaction model from kinetic calculations. This principle
posits that, “the process rate at constant extent of conversion is only a function of
temperature” (2). This means that any and all reactions where the ratio of reactant
depletion is constant, can have their rate be studied through the measurement of the
temperature as a function over the reaction period (2). And by going back to the previous
point about how the thermochemical and Kinetic properties are caused by the
electromagnetic interactions within a molecule or intermolecularly, this confirms that the
interaction between a material and its surroundings have a direct effect on the

intermolecular and intramolecular interactions (2, 4, 17, 21, 9).

Experimentally, the isoconversional analysis requires a determination of the extent of the
reactant conversion (o), this is a parameter that determines the rate at which any indicative
physical or chemical property of the molecules change between the point of measurement
and the reaction termination or equilibrium point, requiring this change to be indicative

of reactant depletion or product formation (2).

For purpose of this work, o can be easily calculated by measuring any physical property
that varies with the reaction’s progression (2). For this work, the reaction progress will
be tracked through the change in mass using TGA, which indicated the reactant depletion
inside the TGA chamber. o will be determined by dividing the incident mass change (Am)

by the total mass change (Amot) that has occurred during the entire process (2).
8



=0T = A [1]

mo—mg Ameot

From this it can be assumed that homogenous reactions can be described using the

“Reaction -Order model” which suggests:

fla) = (1 —a)™ .o, [2]

By leveraging the temperature dependence of the isoconversional rate, it becomes
possible to estimate the effective activation energy values (E,) without having to identify

or make assumptions about the reaction model (2).

This is to determine the parameters of the main two equations that will tie into the method,
and these are [3] and [4] below:

28 = (TR [3]

where, tis the time in seconds, T is the temperature in Kelvin, and k(T) is the rate constant.
And:

k(T) = Aexp (%T“) ........................ [4]

of that, A is the preexponential factor, and R is the gas constant.

The Isoconversional method employs a unique rate equation for every degree of
conversion and a limited temperature range, AT, linked to that specific conversion. By
utilizing distinct heating rates, 1 and B2, the approach enables the determination of

different rates at the same conversion, according to the following equation:

Z—? 3 (j—j) ........................ [5]

Therefore, if the aim is to calculate the effective activation energy, then plug equation [4]
into equation [5] where the temperature dependence would replace the time dependence.

This produces the following equation [6]:

3_; = (A?“) exp (—%Ta) f(O() ....................... [6]



After obtaining the temperature dependence of the isoconversional rate via a sequence of
temperature programs, and applying the previous equations to the data, it can be

parameterized by the differential isoconversional equation from Friedman ]7] (2):

In (Z_‘:)a = In[A.f ()] — R’;"o;i ................... [7]

where (i) is the identity number of the temperature program setting for each of the

solutions of the equation.

Another common equation that is used for the determination of E, is the Kissinger—
Akahira—Sunose (KAS) equation (2):

This will be useful in determining the E, by plotting the of In(2 Z—‘:) for all heating rates

against 1/T ) for the Friedman method, and, ln(f—z) against 1/T ) for the KAS method

and finding the slope of the best fit line as will be further explained in Chapter 2 along
equation [13].

In reactions where the mechanism is unknown, these methods have proven to be an
accurate technique for the determination of the reaction mechanism (24). Within these
methods this work takes two counterparts, those are the linear (e.g. KAS) and nonlinear
(e.g. Friedman) estimation to the derivative and the integral calculus from Arrhenius
equation. And as a byproduct of the result assess the accuracy of both, confirming what
other researchers mention about the accuracy of nonlinear methods being greater than that
of the linear methods. Since the nonlinear methods use integrals while the linear methods
suppose that the kinetics model and activation energy remain the same within the reaction
(24).

In their work on metformin, Badran et al. (17) explained the difference between the two
methods (KAS and Friedman), they explain that as Friedman equation which is a
differential method, and KAS is an integral method. Moreover, they continue to add that
Friedman is advantageous over KAS since the first uses no approximation, and may be

applied to any temperature program by taking the logarithm of both sides of equation [6]
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under different heating rates. This is in alliance with the work of sbirrazzuoli et al. (25)
where Friedman was confirmed to give good results, based on their work on DSC.

In the work of Nisar et al. (20) they used Ozawa Flynn Wall (OFW) method of calculating
the kinetics and it is a linear approximation of the derivative. And from this, have derived
a single activation energy for each of the molecules tested in that work. This study aims
to add a theoretical quantum calculation to analyze the results with respect to the
experimental analysis. The comparison of the results from both studies should prove the

reliability and consistency of the methods used within the scope of this analysis.

A repercussion of this study is the emphasis on the tests of the Friedman method by
Badran et al. (17) and Sbirrazzouli et al. (25), by comparison with the KAS results as well
as contrasting it with the results of the experimentation by Nisar et al. (20) where the
latter used OFW method. Along with the results of computational Kinetics, this study
should provide more evidence that the Friedman method leads to more accurate and
precise results (17).

It has been generally assumed that the activation energy of any gaseous reaction should
remain the same over any number of molecules that are present in a sample. However, for
a condensed phase, with an unknown reaction mechanism, and while the activation
energies of some mechanisms are very close to the activation energy of different, but
possible, mechanisms, the determination of a single activation energy for a complex
mechanism becomes inaccurate. And this is prevalent in the literature on degradation and
pyrolysis of molecules that contain bonds that are close in bond-energies to one another
(17, 4, 21, 26, 20).

Therefore, this work hypothesizes there will be multiple activation energy outcomes at
different a, which is the result of the work at hand not being a unilateral gaseous medium,

that can be expressed in a single step of bonds breaking.

The stages that are indicated by the change in a are: melting, decomposition, overlapping,
and oxidation (4). These changes are the points of interest that will be examined for the
identification of the physical and chemical changes that occur to the molecule in the

conditions of changing the physical environment at hand.
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1.4 Wastewater treatment

One of the most widely used methods of wastewater treatment is adsorptive removal,
which works by adding an adsorbent to a container of wastewater, and working to
thermochemically or electrically attach the waste materials to said adsorbent. However,
although adsorption is a beneficial method for treating pollutants, it results in a secondary
environmental issue, because, by definition, the process produces solid waste

concentrated on the surface of the adsorbent (17).

Nassar et al. (17, 27) solved this secondary waste problem by using what they coined as
“nanosorbcats” to adsorb, but then also assist the decomposition or conversion, of

pharmaceutical and personal care waste from the wastewater (17, 27).

This work, and the analysis it provides meet the world-wide ambition to create ways to
make manufacturing PPCPs move towards better disposal methods. Furthermore, this
moves the approach from the cumbersome waste-recycling techniques that don’t work
for various chemicals, to a more effective upgrading, that may see an engineering take to

make it financially viable.

1.5 Waste-to-fuel upgrading

Waste-to-fuel upgrading, or as it sometimes is referred to waste-to-energy (WTE)
upgrading, is a process that involves converting various types of waste materials into
usable fuel sources (28). This can include both organic and inorganic waste, such as
agricultural waste, food waste, plastic waste, and municipal solid waste. The process
typically involves several steps, including sorting and processing the waste materials,
breaking them down into their component parts, and then using various chemical or
biological processes to transform those components into fuel sources such as ethanol,

biodiesel, or methane.

Waste-to-fuel upgrading has become an increasingly popular approach in recent years as
a way to reduce waste and greenhouse gas emissions, while also generating renewable
energy sources (29). Organic waste upgrading can be done through oxidation (air), partial
oxidation (steam), photo degradation (photolysis), or thermal decomposition (heat) (17).
This work uses thermal decomposition by heating the product under inert gas (Nitrogen),

in @ TGA machine, to determine the change in composition that takes place as the

12



molecules gain energy (17). From this the results are to be compared and contrasted with
computational analysis of the bond energies at several bonds to determine the molecule’s
most likely site/s for decomposition. Therefore, determining what useful molecules might

be produced.

Waste-to-fuel upgrading technology is significant for addressing waste disposal and
transitioning to a sustainable economy, by reducing reliance on fossil fuels, mitigating
climate change, and generating employment in renewable energy and waste management
sectors (28, 29). Additionally, the method used in this study avoids the unwanted
byproducts of conventional adsorption technology by eliminating the need to relocate the
solid substances produced during the treatment process (17). This work will not focus on
the conversion rates of waste-to-energy from this drug, while instead, it focuses on the

thermodynamics that make such a technology possible in the first place.

While most studies on isoconversional kinetics concentrate on polymers and ionic solids
or liquids (17), This research will focus on exploring a pharmaceutical compound,
levofloxacin (18).This work is in conformation with efforts by Badran et. al. (17) to
develop a model technique that may be used to upgrade pharmaceutical waste to fuel,
such as ammonia, and/or other products for use as commodities. This work draws
significance from the aforementioned contrast to conventional methods, that are only
ways to remove chemicals from one part of the environment to another. For this, and even
if the economic viability is unclear, this method remains the more permanent solution to

the issue of waste disposal or removal.

1.6 Theoretical quantum calculations

Computational chemistry, including the use of programs such as ORCA chemistry
software (30-41), can be a powerful tool for studying kinetic chemistry. ORCA is a
software package that allows researchers to perform quantum chemical calculations on
molecules and materials, which can provide insights into the rates and mechanisms of

chemical reactions.

One way to use ORCA for Kinetic chemistry is to perform transition state calculations,
which involve calculating the energy and geometry of the transition state for a chemical
reaction. This information can be used to predict the rate of the reaction, as well as the

effects of changes to the reaction conditions or reactant molecules (30).
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The computational side of this work focused on the bond-energy analysis of the
intramolecular interactions of levofloxacin. This is for the determination of the initial
degradation mechanism through the analysis of the lowest bond energy in the molecule,
as it would be the easiest to thermally degrade. Along with that, the bond energy of an
additional pyrolysis at different sites will be calculated and compared to TGA data. From
the latter the researcher determined the site at which pyrolysis of the molecule takes place
to cause degradation. The main results expected from the computational analysis are AH
activation, AG activation, and Eo.. These results are determinants of the reaction possibility,

energy, and conditions required (4).

The main theory utilized in this work will be the Density Functional Theory (DFT). This
is a computational approach used in chemistry to study the electronic structure of

molecules and materials through computational analysis (42).

In DFT, the electrons in a molecule or material are treated as a probability density
function, rather than as individual particles (3). The theory aims to calculate the total
energy of a system based on the electron density, which is derived from the wave
functions of the electrons. The electron density is then used to calculate various properties
of the system, such as the molecular orbitals, the electron density distribution, and the
reactivity of the molecule (42—-45). This is all in contrast to the more conventional method
of Hartree-Fock, which is based on calculating the wave function of the aforementioned
particles, and hence, comes with the limitations to complexity that come with dealing

with each particle’s wave function.

DFT is a widely used method in computational chemistry, as it provides a practical and
efficient way to predict the properties of molecules and materials and visualize these
molecules and interactions. It has been used to investigate a wide range of chemical

phenomena, including chemical reactions, catalysis, and materials science (42-44).

In their work in 1989, Parr, R.G, and Yang (42) posed the shortcomings of DFT having
the need for better approximations of the energy functionals than the ones available at the
time. With basis sets having a wider range of accuracies and computational power
requirements. This has led a wealth of scientists to venture into forming better basis sets

that result in better approximations of the energy functionals.
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Therefore, an integral part of the computational process to consider is the basis set that
should be used. Basis sets are mathematical functions used to approximate the wave
function of a molecule or material, representing the behavior of the electrons in the
system. Basis sets are constructed as a linear combination of simpler functions. The
choice of basis set has a significant impact on the accuracy and reliability of calculations,
with larger basis sets (and more complex ones) providing more accurate results but
requiring more computational resources, while smaller basis sets are faster but may
provide less accurate results. The selection of a specific basis set often depends on the

specific problem being studied and the required level of accuracy (46).

In their work Weigend and Ahlrichs et al. found that it is sufficient to use fewer
polarization functions, “especially for DFT treatments” (46). The def2-TZVP is a triple-
zeta valance base, that includes only (1p) orbital set for Hydrogen, (1f) orbital set for d
elements and partly reduced sets for s elements. Thus, this is sufficient as the researcher
of this work was not interested in the excited states of the molecules, so as to conserve

computational power without negating the accuracy.

For this work the intended result is to find the most probable bond to break initially, this
in scientific terms means the bond that has the lowest energy at the lowest temperature,
and that continues to have lowest energy results at higher temperatures, along with a
negative Gibbs free energy (AG) value indicating its breaking spontaneously at the
corresponding temperature. An increase in entropy (AS) is expected, as the reaction at

hand in all cases produces more molecules and less order.

The resulting files show the calculations run by the program along with their outcomes.
The outcomes of interest to this work are:

1. Electronic energy:

This indicates the Single Point Energy (SPE) in Hartrees.

2. Zero point energy:

This indicates the Zero Point Energy (ZPE) in Hartrees.

3. Total thermal correction:

This indicates the thermal correction of enthalpy (Hcor,).
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4. Final entropy term:

This indicates the entropy correction (Scor.).

The thermodynamics are calculated based on a set of equations, starting from four
aforementioned results of the quantum calculations of the ORCA program (2, 3, 9, 4, 21,
45, 47, 48), and assuming levofloxacin to be the reactant and the fragments at each
experiment are the products, these equations become:

AHog = (X SPEyroa. + ZPEproa.) — (SPEreact. + ZPEReact) «vvveeeeneeee. [9]

AHTK = (Z SPEprod. + ZPEProd. + Hcorr. TK) - (SPEreact. + ZPEReaCt. + Hcorr. TK)

where T is the temperature in Kelvin degrees. And each term is used with its
corresponding temperature as fit.

From the resulting values an understanding of the molecule’s thermochemical behaviour

at the given circumstance may be built:

e AH,k indicates the reaction change in enthalpy at OK, and its sign determines the
expected heat flow in the system, whether indo-thermic or exo-thermic, which answers
this work’s question of whether external energy might be needed to sustain the
decomposition of levofloxacin.

e AHqgk indicates the reaction change in enthalpy at a given temperature, for that it
determines the heat flow in the system. This is used to analyse the changes that occur
to the molecule, if any, when it is not at the extreme circumstance of absolute
conditions for practical applications.

e AGrg indicates the Gibbs free energy at the given temperature, and magnitude
determine the possibility and spontaneity of a bond interaction as of the one being

analysed.
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e Finally, AS determines the change in entropy, which helps determine the reaction’s
direction of equilibrium, and whether more reactants are likely to stay as initiated or

products produced.

Together, these results may be compared and contrasted to the isoconversional results, to
determine the validity of the latter. But also indicate whether the reaction at hand is

chemically viable or not.

Based on the author’s knowledge, and to the best of their knowledge, computational
chemical analysis is used for the first time on levofloxacin in this study.

1.7 Fragment selection and molar mass

The selection of possible bonds to break for testing is made through analysis of the larger
molecule and similar molecules’ behavior. This rules out the possibility of ring-opening,
as rings are typically some of the most stable parts of a molecule. This also rules out all
of the double bonds within the drug’s molecule. This also is supported stereochemical by
the outermost bonds being the most exposed to the environment, with inner electrons
being shielded by the fields of the outer ones, and the fact that a bond’s thermal stability
correlates to the space an electron has to move. Therefore, the most likely bonds with the

outermost configuration have been selected as seen per [Appendix A].

The selected bonds for dissociation will be assumed to produce two radicals since the
severed bond will be considered to be split through homolytic cleavage. Where radicals,
or more precisely ‘free radicals’ are molecules, ions or atoms that possess unpaired
valance electrons, or an open electron shell. Homolytic cleavage, is the bond being
severed with each of the atoms of the bond taking one of the bonding electrons in the case
of single bonds (49). Since this helps detect the strength of each of the bonds through its
dissociation energy. And through the work of Ding et al. (49) on homolytic cleavage of
C(SP?)-0O bonds in ethers and phenols, DFT has been proven to produce good results

when it comes to homolytic cleavage.

Within the fragmentations that are produced by the presumed bond dissociations, each of
them has been given the name of the atom it possesses out of the bond’s atoms, based on
the labels given to the levofloxacin molecule by the Avogadro software. The molar mass

of each of the produced radicals, are analyzed per one. These molar masses will then be
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calculated as a percentage of the full levofloxacin molecule’s molar mass. After which
the percentages will be compared to the percentage of mass lost during the TGA analysis
to prove whether or not a certain fragment left the molecule. And to conclude which of

these dissociations are the ones to actually occur during the heating process.

In their report, Prohaska et al. provided the standard ‘atomic weights’ of the elements
(50), which is for this application, equal in value, but not identical, to the molar mass of
each element in grams per mole (g/mol). As this is, to the best of the researcher’s
knowledge, the most recent standardization at the International Union of Pure and
Applied Chemistry (IUPAC), their work has been used to determine the molar mass of

the molecules and fragments examined in this work.
The molar mass of each of the elements present in levofloxacin is shown in Table:

Tablel

Standard atomic weight of elements

Abridged standard atomic

Element Symbol weight (Dalton) Uncertainty value +
Hydrogen H 1.0080 0.0002
Carbon C 12.011 0.002
Nitrogen N 14.007 0.001
Oxygen 0] 15.999 0.001
Fluorine F 18.998 0.001

The molar masses are then calculated based on the atomic weights as seen per Table in
the following chapter, as the summation of the atomic weight multiplied by the number

of atoms per molecule or radical.

1.8 General commentary on theoretical background

According to previous studies, levofloxacin was analyzed in accordance to its chemical
properties through the work of researchers such as Pereira et al. (13) who found the drug
to be susceptible to polymorphism. Others studied the physical properties, such as Nisar
et al. (20) who looked into the effect of thermochemical changes on the drug’s properties,

through one of the isoconversional methods. This work, looks into the chemical and
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physical changes that occur during the decomposition of levofloxacin through different
estimations using isoconversional kinetics and computational calculation models. This
work builds on the efforts by Badran et al. (4, 17, 21, 9) to find a mechanism to treat

pharmaceutical waste.

The devices used for the experimental analysis are TGA and DSC, both of which are
indicators of the critical points of interest at which changes occur to the chemical or
physical properties of the drug. These critical points will be a result of the graphing of the

data produced by each device and the curves that result from this graphing.

In correlation with the work of previous researchers (4, 17, 21, 9) the results calculated
from the devices in the experimental analysis will provide the activation energy, as a result

of the chosen equations (KAS and Friedman).

Since the drug has been stated in O’Neil’s work in the Merck index (51) to be combustible
when mentioning its melting point, this hints that the molecule may oxidize in a manner
that causes gaseous compounds to be released. This may in turn cause the experimentation
results of the TGA under ambient air to have undesired outcomes, and the assessment of
the results of this part will rely on this information so as to sustain an accurate depiction,
without allowing for relative systematic error, and or phantom points of data that
combustion within the small chamber of a TGA device may cause.

The computational analysis of this molecule would possibly provide the most likely
mechanism of action of this drug’s molecules. This is through the assembly and
application of the well-known calculations of quantum analysis, i.e. finding the density
functions of electrons within each atom, and by extension finding the overall potential

energy within the molecule.

The selection of the method and basis set will be determined based on the aforementioned
criteria, which is having the most accurate results possible while not causing the

computational power to be out of hand for the time and devices of this experiment.

The dissociation of several bonds will be examined in the computational analysis. These
dissociations will create fragments consisting of two radicals each, one at each side of the
bond. These fragments will be named after the atoms at each end of the bond based on
the labels given to said atoms from the Avogadro software as shown in Appendix A.

19



The computational results will be compared and contrasted with the results from the
experimental work to provide a measure of accuracy and reliability. While also giving the
final verdict on the most probable bond dissociation to occur through the thermal
processing of the drug. This is in accordance with analysis used by Badran et al. (4, 17,

21, 9) on other chemicals from the pharmaceutical and personal care sector.

These conclusions may allow for work in the environmental sector to build on them for
better and more effective methods of wastewater treatment and/or waste-to-fuel
upgrading. Although this may be difficult to assess, from a feasibility view for the
commercial and engineering sectors without further quantification and more data on other
contaminants’ behavior, this work aims to be a step towards achieving a model that can
be used for other chemicals in the industry to better understand them and their possibility
for the application of the “nanosorbcats” technology mentioned by researchers in the field
(17) to solve the issue of adsorptive removal of waste producing secondary waste that has
to be re-processed.
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Chapter Two

Methods

In this work, the decomposition of levofloxacin was examined as a function of its thermal
and kinetic behavior using the isoconversional methods and theoretical analysis of the
molecule’s bond energies. As a way to determine the changes that take part when it is
subjected to heat, and the products of its pyrolysis and possibility that fuel may be
produced from this reaction.

2.1 Experimental thermochemical analysis, using isoconversional methods

For this research experiment, the temperature dependence of the isoconversional rate was
obtained experimentally by performing a TGA series of runs at different temperature

programs.

The TGA device used for this work was a SANAF TGA (52). Available at the physical
chemistry laboratory at An-Najah University (Nablus-PS).

In each procedure, approximately 20-22mg of levofloxacin hemihydrate powder,
obtained from Sigma Aldrich (CAS: 138199-71-0), were subjected to varying heating
rates ranging from 15 - 30 °C/min under a continuous N2 gas-flow-rate of between 65-85
mL/min, while heating the sample from ambient temperature to 800 °C, holding at 110
°C for 10 minutes each time to account for water impurities evaporation from the sample.
The device was set to produce a mass reading every second for the period of the heating,

correlated to a temperature reading at every point.

Another set of procedures was conducted with the same approximate mass and subjected
to heating rates ranging from 10 to 20 °C/min under air, holding at 110 °C for 10 minutes
to allow for water impurities’ evaporation from the sample. The device was set to produce
a mass reading every second for the period of the heating, correlated to a temperature

reading at every point.

The TGA device was calibrated beforehand by adjusting for the weight of the appropriate
disposable crucible. At which point the indicated mass of any single run was the mass of
levofloxacin sample. The device was then flushed with N2 gas to remove any residual
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particulate matter or residual air from previous use, and the drug put in the crucible on

the TGA machine’s balance compartment.

The analysis of the outcome data was conducted using Microsoft Excel and Origin 2023

software programs (53).

The results of the TGA analysis were then tabulated. Regions of interest to this work were
taken from the overall data to make for better comprehension and graphing of the figures.

To confirm the TGA results a sample from the same drug was sent to the University of
Jordan for DSC analysis, the result confirmed the hypothesis at hand and confirmed the
accuracy of these results. The device used was a NETZSCH DSC 204 F1.

The TGA experiments were conducted at a flow rate of 65-85mL/min, while the DSC

experiment was conducted under a flow-rate of 20-60mL/min.

These runs produced a correlation plot of mass and temperature, which were then
converted into the o and temperature plot by measuring o as (Am/Am) [eq (1)], this
means it is an indication of what the conversion rate of mass was between any point and

the total change that occurs over the whole run.

The results of all heating rates were then graphed using Origin software and ranges of
constant a between the different heating rates were then removed to focus on the points
of well separated a for each of the heating rates.

In their work, Badran et al. (4, 9, 17, 21, 47). considered certain parts of the a graph to be
the region of interest to the experimentation, these regions were selected based on their o
changing in a consistent manner, this consistency provides a more accurate estimation
when solving for the isoconversional equations. Moreover, these regions allow for the
curvature of the a graph to show more obvious critical points of change within the graphs,
for identification of the points at which the properties change. This is due to the
production of an overlap in the regression of R? within a certain range of o, which hinders
the application of the isoconversional method if the steps are not well-separated (4, 9, 17,
21, 47).
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These regions were temperature ranges as follows:

1. For experiments done under N2 medium the temperature range was selected to be 120-
550 °C.

2. For experiments done under air medium the temperature range was selected to be 115-
500 °C.

The resulting data was a new range of mass, which prompted the adjustment of o based

on the new initial and final masses. Therefore, the new o was measured for each point.

From there, do/dt was calculated using Microsoft Excel’s internal calculator, for each

step, as it means the difference in o divided by the difference in time for each given step.

From there the data was summarized, for better comprehension, as the thousands of
readings from the TGA device had some repetition over the smaller intervals. Therefore,
a smaller table of the calculations was made, where the taken o points were in intervals

of 0.05 starting from a.= 0.10 up to a.= 1.00.

The logarithm ln(fé‘;—‘:) was measured for each step also using the internal algorithm

within Microsoft Excel. Followed by 1/T in Kelvin (converted assuming T)=273+Tc)).
The terms A, and f(o)) remain unchanged for any given o for the isoconversional methods.

Therefore, for the Friedman method, the activation energy may be calculated from the
slope of the best fit line of the plot of In(f3 Z—i‘) for all heating rates against 1/T «, for all

heating rates at any given a.

The resulting equation is:

__ (—slopexR)
Eo =" [13]

And the square coefficient of determination (R?) of the plot of In R against 1/T(K)
dt

product is then calculated using the internal algorithm within Microsoft Excel for each of

the heating rates.
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As for the KAS method, ln(%) was calculated through Microsoft Excel and plotted

against 1/T(K), the slopes of the best fit lines were then found with the same program,
and then E, was calculated using [eq 13] with the same program.

In the KAS method R? was calculated for the plot of ln(%) against 1/T(K) with the same

algorithm as before within Microsoft Excel.

The effectiveness of this method has been demonstrated in generating crucial information
that were utilized in analyzing the kinetics and mechanism of a reaction, particularly
through the isoconversional methods of KAS and Friedman methods (17). The error
margins for which were calculated using the relative standard deviation (RSD), which is
a ratio of the dispersion off of the mean, through the algorithm within Microsoft Excel

software.

2.2 Theoretical quantum calculations

For this application, the bond dissociation energies (BDE) of several bonds were
determined by comparing the potential energy of the anhydrous levofloxacin molecule to
the potential energy of the fragments produced by the bond dissociation. From there this
led to the determination of the bond dissociation energy for some of the given bonds, and
concluded the most-easily broken bond of the molecule.

The anhydrous form was studied in place of the hydrated versions due to its relative
simplicity which would reduce the computational power needed for this work, along with

being enough to answer to the main goal of this experiment.

The levofloxacin molecule was split into fragments along its outermost single bonds,
since these bonds would be the easiest to break while also causing the molecule to lose
mass for the purposes of this work. The fragments were given the labels as shown by
figure 5 (2D) and Appendix A (3D).
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Figure 5

Expected bond dissociations of levofloxacin for analysis in the quantum calculations’
section of this work
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ORCA5.0.4 program was used to determine the kinetics of the molecules. Which consist
of BDE, and thermochemical data (30). The basis set used was def2-TZVP.

The quantum computation for each of the fragments was held at different temperatures of
(OK,400K, and 700K) to determine the spontaneity of decomposition under different

thermal conditions.

The input files were programmed by drawing the molecule in Avogadro software (54)
and retaining the input file from the relevant menu under ‘ORCA input’ option, the results

were as shown per the example Figure 6.

Figure 6

Example: content of input file for ORCA program, with matrix of the atom positions for
levofloxacin molecule. (Adjusted for page length constraint, due to atomic position matrix being
produced as a list lengthwise)

# Levox_Temp298&400&700_opt_freq_01

! Opt Freq RKS MO06 def2-TZVP AutoAux

%freq Temp 298, 400,700

end

%PAL NPROCS 24 END

*xyz01

C 0.65943 0.21659 -0.22196 H 1.71194 -3.02310 -0.00647
C 0.57320 -1.18314 -0.09307 C 3.11616 0.06797 -0.37313
C -0.69151 -1.78307 0.05996 F 4.08906 -2.14306 -0.20669
C -1.85215-0.98126 0.09461 N 4.40747 0.69597 -0.51768
C -1.70752 0.41021 -0.02406 C 5.50313 0.07848 -1.25379
N -0.47987 0.98686 -0.18503 C 4.72648 1.97849 0.09691
0 -0.77941 -2.99611 0.16876 H 3.90062 2.37658 0.71894
C-3.21743 -1.56029 0.26171 H 4.97380 2.71698 -0.69678
0 -4.29803 -0.74951 0.29232 C 5.93993 1.78973 1.01695
H -5.19303 -1.10195 0.39912 H 5.22364 -0.88253 -1.72630
0 -3.37644 -2.76740 0.37160 C 6.69950 -0.09506 -0.31655
H -2.58737 1.04242 0.01372 H 5.79832 0.75454 -2.08628
C -0.38826 2.46038 -0.26173 H 6.43723 -0.81851 0.48907
C 0.86634 2.85702 -1.04871 N 7.07111 1.21455 0.25912
C -0.37104 3.04905 1.15324 H 7.54842 -0.51125 -0.90250
H -1.26308 2.88142 -0.80744 H 5.65751 1.11598 1.85889
H 0.49854 2.66472 1.72789 H 6.22137 2.77958 1.43933
H -1.30288 2.77285 1.69060 C 8.24937 1.07401 1.12645
H -0.31074 4.15726 1.10630 H 9.10873 0.67938 0.54269
0 1.96277 2.17865 -0.55918 H 8.04442 0.38716 1.97783
H 1.04111 3.95376 -1.03828 H 8.55043 2.06609 1.52636
H 0.71879 2.54527 -2.10682

C 1.92362 0.83602 -0.37273

C 1.75050 -1.94542 -0.11177 *

C 2.99918 -1.33712 -0.24651

26



From the computation results the most probable products of the decomposition/ pyrolysis
were predicted, and therefore, the temperature of the production of each of them. Those
were paralleled with the experimental isoconversional data to determine the most-

probable reaction mechanism.

The results of the computational data mentioned previously in chapter one, were the
energy and entropy values, these were calculated according to equations [9-12] and
tabulated to find the difference and compare them. While this provides the lowest energy
bond, which means the easiest one to break. Moreover, the energy of the bond is compared
to the energy from the KAS and Friedman methods mentioned previously to decide which
one correlates to the computational results, and therefore is the more accurate estimation

to the actual energy value.

2.3 Mass loss analysis

The molecular formula was analyzed to obtain the molecular weight, as listed per
Appendix A, the considered molar mass of each molecule and fragment is the sum of the
standard atomic weight of each of the elements multiplied by the number of atoms of said
element in the molecular formula of said molecule or radical. An electron’s mass is
infinitesimally small. Or as Atkins and Paula put it in their book on physical chemistry,
on page 755, “virtually 0” (3). So, itis usually disregarded in molecular mass calculations.
For this work the mass of electrons in the case of radicals was disregarded relative to a
molecule with filled electronic shells, and the atom within a radical is considered

indiscriminately of it having one less electron than it would with a filled shell.

These molar masses are useful for the identification of the fragments that are omitted
during the mass loss steps of the experimental analysis (TGA). With knowledge of the
percentage that each of these fragments represent of the whole molecule, match that with
the percentage lost during the heating within the TGA, and deduct if it matches any step
within the molecule, therefore if it is possible for that fragment to have been dissociated
from the larger molecule, meaning the bond it belongs to has been dissociated.

The molar mass of the molecules at hand follows aforementioned calculation of summing
up the multiplication of the atomic weight by the amount of said atom within a given
molecule. As seen in Table 2 according to the molecules shown in figure 5 and Appendix

A.
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Table 2

Molar mass of levofloxacin and its dissociated fragments. Where the radicals produced
in each fragment were named after the atom that remained within them as a result of the
dissociation based on the labels given by Avogadro software to the atoms

Number of atoms

Calculated molar

Molecule H C N 0 Mass
1.0080 12.011 14.007 15.999 18.997

Levofloxacin 20 18 3 4 1 361.372
C13 9 13 1 4 1 262.215

Fragment 1
N2 11 5 2 0 0 99.157
C18 3 1 0 0 0 15.035

Fragment 2
N3 17 17 3 4 1 346.337
C4 19 17 3 2 1 316.355

Fragment 3
C6 1 1 0 2 0 45.017
C12 20 18 3 4 0 342.375

Fragment 4
F 0 0 0 0 1 18.997
Cc7 17 17 3 4 1 346.337

Fragment 5
C9 3 1 0 0 0 15.035
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Chapter Three

Results
3.1 Experimental thermochemical analysis, using isoconversional methods

The experimental part of this study produced thermochemical and kinetic data, of which
each parameter was graphed and tabulated according to their relevance to each other and

their respective role in the calculation of the isoconversional methods applied from
equations [1-8, 13].

Figure 7

TGA mass loss and DTG results of Levofloxacin at different heating rates under N2 gas,
Corrected for temperature range between 120-550 °C
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Figure 7 shows two distinct mass losses. The first is at the interval between 235-312 °C,
which can be analyzed through isoconversional methods. However, the second at ~350

°C shows overlapping. Therefore, the second mass loss cannot be studied using
isoconversional methods (17).

The raw outcomes of the experimental part were as shown in the data pulled from the

TGA device. The device constructs a table of Time, temperature, and mass percentage for
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each interval given, which was one reading per second. And from the mass percentage a
plot of o was calculated based on eq. [1].

From there, do/dt was calculated as the change in a at each step divided by the change in
time for the corresponding step. Which in this case was equal to the change in a, since

the time interval was one second between each reading for the device.

The results of the TGA were thousands of readings, for each experiment at the different
heating rates, corresponding to each second of the program while it was run during each
experiment. The data was then summarized, in intervals of o = 0.05 starting from a = 0.10
up to o = 1.00, for better comprehension, producing a table of o, temperature, dm/dt, and
do/dt. The tabulation and calculation formulas were done using Microsoft Excel’s built

in calculation tools.
The resulting Table 3 represents the Microsoft Excel page.

Table 3

Summarized TGA data between a = 0.10-1.00 in intervals of 0.05, with dm/dt and da/dt,
created through Microsoft Excel, for experimentation runs under N2 ga

15°C/min 20°C/min 25°C/min 30°C/min
T(°C)

o dm/dt da/dt | T(°C) dm/dt da/dt | T(°C) dm/dt da/dt | T(°C) dm/dt da/dt
(15) (15) (20) (20) (25) (25) (30) (30)

0.10 240.6 -0.4900 0.007 266 -0.510 0.008( 279.8 -0.47 0.008 291 -0.5500 0.010
0.15 259.4 -0.4900 0.007| 281.4 -0.510 0.008( 290.7 -0.47 0.008| 298.5 -0.5500 0.010
0.20 273.3 -0.4800 0.007| 289.8 -0.520 0.008( 300.7 -0.46 0.008] 310.1 -0.5500 0.010
0.25 283.9 -0.4900 0.007| 297.8 -0.510 0.008| 308.4 -0.47 0.008| 317.1 -0.5500 0.010
0.30 293 -0.4900 0.007| 303.9 -0.510 0.008( 315.8 -0.47 0.008] 324.9 -0.5500 0.010
0.35 301.7 -0.4800 0.007| 312.6 -0.510 0.008( 324.8 -0.46 0.008| 332.8 -0.5500 0.010
0.40 308.7 -0.4900 0.007 318 -0.520 0.008( 332.1 -0.47 0.008] 338.9 -0.5500 0.010
0.45 316.1 -0.4900 0.007| 326.5 -0.510 0.008| 339.7 -0.47 0.008| 347.1 -0.5500 0.010
0.50 326.3 -0.4900 0.007| 331.5 -0.510 0.008( 347.4 -0.46 0.008 355 -0.5500 0.010
0.55 336.3 -0.4900 0.007| 340.6 -0.510 0.008( 353.4 -0.47 0.008] 361.5 -0.5500 0.010
0.60 348 -0.4800 0.007( 348.2 -0.520 0.008( 360.9 -0.23 0.004| 370.5 -0.5500 0.010
0.65 364.4 -0.4900 0.007| 357.5 -0.510 0.008( 369.6 -0.47 0.008] 378.2 -0.5500 0.010
0.70 381.1 -0.4900 0.007| 367.8 -0.510 0.008| 378.9 -0.47 0.008 385 -0.5500 0.010
0.75 415.1 -0.4900 0.007| 384.9 -0.510 0.008( 391.3 -0.46 0.008] 399.2 -0.5500 0.010
0.80 467.6 -0.4900 0.007| 402.9 -0.520 0.008( 410.1 -0.47 0.008| 413.2 -0.5500 0.010
0.85 501.1 -0.4900 0.007| 433.1 -0.510 0.008( 439.2 -0.47 0.008] 442.8 -0.5500 0.010
0.90 522.3 -0.4900 0.007| 483.4 -0.510 0.008| 486.6 -0.47 0.008| 484.1 -0.5500 0.010
0.95 539.1 -0.4900 0.007| 528.4 -0.510 0.008( 522.3 -0.46 0.008] 524.1 -0.5500 0.010
1.00 550.1 -0.4900 0.007| 548.7 -0.520 0.008| 546.8 -0.47 0.008] 549.1 -0.5500 0.010

From these results the table was reduced to another ranging from a = 0.10 to 0=0.55 with

intervals of 0.1 and these were the points considered for the Arrhenius plots. This
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selection was based on the overlap in the regression of R? as mentioned previously, since
the selected steps were the ones with observable separation within the range of a.

The region of interest was considered 120-550 °C for experiments under N2, and 115-500
°C for experiments under air. These results were graphed in Figure8 and Figure9, the
difference between the two results is one was for results of experiments conducted under
N2 gas corrected for a correlated to temperatures ranging between 120-550 °C Figure8,
and the other was for experiments conducted under ambient air corrected for a correlated
to temperatures between 115-500 °C Figure9. These plots were graphed using Origin

software.

Figure 8

Change in a as a function of the change in temperature during TGA under N2 gas, «
graphing corrected for each B to unify temperature range between 120-550 °C
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Figure 9

Change in « as a function of the change in temperature during TGA under Air. o graphing
corrected for each B to unify temperature range between 115-500 °C
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The region of each graph was selected based on how indicative it is of correlation between

the different temperature programs from Figure8.

The results’ reliability was confirmed by the correlation of each of the lines to the change
in temperature set by the program at each run of the experiment (temperature program),
and for these purposes the experiment’s original data is shown to be more reliable for the
runs conducted under N2 condition than the ones under air. This hints at the possibility of
changes that may have occurred due to the denaturing of the compound by the element of
oxygen being present in air. And, by extension, that the thermo-oxidative decomposition
of the molecule may have resulted in a more profoundly complex manner of action or

reaction mechanism.

For this reason, the data under N2 condition were selected as the primary set of data for
further calculations to be conducted, having proven that thermo-oxidative reactions are

possible, but also have a separate and equitable set of mechanisms that take place.

The graph in Figure8 shows a change in curvature, indicating a critical change at around

120 °C, which is indicative of the area after water evaporation, then at around 225 °C-
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230 °C, which is indicative of the melting and decomposition of the molecule (51), and
complete decomposition after around 350 °C.

In their work on the crystallography of levofloxacin Pereira et al. (13) and Wei et al. (14)
discussed the polymorphism of the levofloxacin molecule and how it affects the kinetics

and degradation.

The crystal in the original sample was susceptible to humidity from the air exposure as
indicated from the dehydration mass loss of more than 5% of the total mass. While the
levofloxacin hemihydrate should not contain more than 5% water by mass, as the molar
mass of levofloxacin is 361.372 g/mol and water is 18.015g/mol. In this case, however,
that is not an issue for the objective of this work, as the dehydration takes place before

any other changes studied for the aim.

For each experiment under N2 gas the aforementioned calculations [eq 1-7], along with
the evaluation of their respective RSD, were conducted using Microsoft Excel software
to reach the data from Table4.

Table 4

Isoconversional results for levofloxacin using TGA under N2 using the Friedman and KAS
methods

Friedman KAS
Ea RSD Ea RSD
o slope amoly B2 Bay P gaimony R? (B

0.10  -5942.17 48.33 098  7.95 -2866.28 23.31 097 452
0.15  -7956.26 64.72 097 10.51 -4168.89 33.91 095 6.67
0.20  -9139.46 74.34 099 6.08 -4877.87 39.68 1.00 1.97
0.25 -10328.16 84.01 099 467 -5709.88 46.44 1.00 0.72
0.30  -10905.00 88.70 099 6.84 -6089.64 49.53 099 251
035 -11517.71 93.69 098 9.01 -6415.79 52.19 099 248
0.40 -11490.94 93.47 095 1209 -6549.57 53.27 098 4381
045 -11810.12 96.06 097 9.20 -6677.27 54.31 099 347
0.50 -12008.07 97.67 091 17.05 -6909.72 56.20 092 9.01

0.55  -14447.56 117.52 092 1594 -8418.06 68.47 0.92 9.16
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The Friedman results at o = 0.55 was 117.52 kJ/mol, that is similar to the results
approximated by the work of Nisar et al. (20) where they estimated the activation energy
to be 118.05 kJ/mol with the OFW method.

The ‘slope’ values are the slopes of the plot of the best fit mentioned in Chapter 2,
equation [13].

The (R?) values of the Friedman method are ranging between 0.91-0.99 for the given a
range between 0.10-0.55, while the KAS method shows R? values ranging between 0.92-

1.00 for the same range of a.

The E, values were obtained through [eq 13]. The values of which were between 48.3 —
117.5 kd/mol for the Friedman method. And between 23.3 — 68.5 kJ/mol for the KAS

method.

The RSD values of E, showed a significant difference between the two methods, with the
Friedman method having E, RSD values between 4.67 and 17.05, and the KAS method
having E, RSD values between 0.72 and 9.16.

The Arrhenius plots of the data were obtained using the Friedman and KAS methods as
shown per Figurel0, and Figure B.1 in Appendix B a good linear fit was obtained for all

points, and are well separated for o between 0.10-0.55.
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Figure 10

Arrhenius plot of the Friedman method results, with linear fitting. The R? value are tabulated in
Table4

Friedman
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The effective activation energies were obtained from the slopes of the linear fitting

according to eq [7] and eq [8], using eq [13] and plotted through Origin software.

A comparison was conducted between the two calculation methods together, along with
their respective error margins based on the RSD of E, in Figure B.2 in Appendix B, this
shows a different E, for each a, that is because these points each depict a single moment
within a complex reaction mechanism and the polymorphism of the molecule throughout
the reaction mechanism means that there may be several forms of the crystal at each point,
with each having a distinct E, and interaction model (9, 26):

The dependence of the E, on a is shown in Figure B.2 In Appendix B the deviations in
E. values estimated using the Friedman and KAS methods can be explained by the fact
that differential isoconversional methods such as Friedman method used in this study are
sensitive to experimental noise, this in turn limits the use of the Friedman method in
condensed phase reactions, as mentioned by Badran et al. (17) within the scope of their

work on metformin.
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Additionally, as mentioned in chapter one the E, values obtained by the Friedman method
are independent of the heating rate. This gives this method an advantage as it reduces the
effects of systematic error in evaluating the activation energy values. This has also been
evident in the work of Badran et al. on metformin (17), where they reference further proof
from the work of Sbirrazzuoli et al. (25) in the simulation of kinetic methods in DSC,
where the latter prove the good performance of the Friedman method.

As evident in Figure B.12, the E, is changing, showing an increase with respect to the
change in a. This hints at the fact that different steps of the experiment have different
effective activation energies. This in turn is a result of each step probably consisting of a
different composition, be it because of stereo chemistry, physical state, or different
chemical compounds breaking down or forming within the reaction apparatus throughout
the decomposition steps. This is consistent with the work of Badran et al. (17) on
metformin, and shows promise in the consistency of the model to be produced from this
kind of experimentation. This point will also be discussed further in light of the

computational data in chapter four.

3.2 DSC analysis

The DSC examination was carried out on a sample of 5.422 mg of the levofloxacin
hemihydrate. And the ‘atmosphere’ remark denotes the gaseous medium under which the
experiment was conducted, which is N2 gas at a flow rate between 20.0ml/min and 60.0

ml/min.

The temperature range is shown to be between ambient temperature and 400 °C, and the
DSC scale is shown in units of milliwatts per milligram (mW/mg).

The scale was upright, meaning the exothermic peaks are towards the positive side of the

Y axis (DSC scale) and the endothermic peaks are towards the negative side of the Y axis.

As Figure B.3 in Appendix B shows, there are three distinct peaks. Each of which

indicates a certain direction of the heat flow in relation to the reference material.

The DSC was conducted under N2 gas, which cannot react with levofloxacin. This rules

out the possibility of external oxygen reacting with the drug.

36



The first peak at 106.8 °C is an endothermic peak that indicates the dehydration of the
sample of the drug. This shows that the molecule lost its water content. Which is expected

when temperatures reach around 100 °C.

The second peak at 238.4 °C is also an endothermic peak that corresponds to the
dissociation of molecular attractions. The second peak is also shouldering, which means
that it consists of multiple overlapping peaks. This is to be expected as mentioned in the
Merck index (51) which sets the melting point of levofloxacin at 225-227 °C. Where right

after the melting it is evident there is decomposition indicated by the large peak.

The molecule appears, in both cases of endothermic peaks, to have consumed energy to
break molecular attractions; intermolecular attractions in the case of dehydration and
melting and intramolecular bonds in the case of decomposition, resulting in these

endothermic peaks.

The third peak at 348.6 °C is an exothermic peak that indicates the formation of new
bonds. This resulted in the release of heat as evident by the detection of the

aforementioned exothermic peak.

Compared to the result of similar analysis by Nisar et al. (20), the peaks in Figure B.3
appear slightly different in the temperature ranges. However, the flow of heat within the
system seems to correspond with the same phenomena; dehydration, melting, and
decomposition, where the results were endothermic peaks in both experiments. On the
other hand, Nisar et al. (20) attributed their exothermic complex peak to the formation of

the drug’s polymorphs out of the anhydrous form (4, 17).

3.3 Theoretical quantum calculations

The quantum calculations were performed on the anhydrous form of a single molecule of
the drug. The resulting quantum calculations were in the form of software, of which the

outcome was taken.

The work of Badran et al. on other compounds revealed that it is possible to analyze the
bond energy by comparing the potential energy of a molecule with the potential energy
of the molecules resulting from breaking any of its bonds (4, 17, 21, 9, 47).
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By using the ORCA program, the results were detailed evaluations of the molecule’s
atomic positions. Converging on the most probable and chemically viable
stereochemistry. The configuration of the atomic structure, and therefore the bonding
within the molecule could be calculated. Which the program also evaluates and produces
the potential energy of each of the molecular orbitals, and evaluates the potential energy
of the molecule itself, along with the zero-point energy, the enthalpy, Gibbs free energy,

and the entropy terms.

These results allowed the calculation of the thermodynamic data of interest, as mentioned
in chapter one, and tabulated it, using Microsoft Excel. After applying the thermodynamic
equations eq [9-12] the following results were obtained Table 5.

Table 5

Theoretical quantum calculations’ results for each of the studied fragments of
levofloxacin, at 298K, 400K, 700K

Levofloxacin

Fragment Fragment 1 (C13-N2) Fragment 2 (C18-N3)
AH(0K) 383.3 323.7
Temp. 298K 400K 700K 298K 400K 700K

AH (kJ/mol) 384.8 384.8 382.3 328.9 371.3 549.2
AS(J.K1.mol?) 454.8 454.8 557.2 382.7 512.3 1014.5

AG(kJ/mol) 249.2 249.2 -7.8 214.8 166.4 -160.9
Fragment Fragment 3 (C4-C6) Fragment 4 (C12-F)
AH(0K) 438.9 506.5
Temp. 298K 400K 700K 298K 400K 700K

AH (kJ/mol) 4415 4828 839.5 505.3 5462 7214
AS(J.Ktmolt)  503.7 634.3 1140.3 506.2 612.5  1045.0
AG(kJ/mol) 2914  229.1 41.3 3545  301.2 -10.0

Fragment Fragment 5 (C7-C9)
AH(0K) 337.7
Temp. 298K 400K 700K

AH (kJ/mol) 347.1 3913 573.9
AS(J.Ktmolt)y  406.7 541.2 1058.8
AG(kJ/mol) 225.8 174.8 -167.2
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As these molecules that were built through the model did not contain water, it is obvious
that the molecule behaves differently than the experimental behavior with respect to the
reaction mechanism. This goes to prove the idea that both heterogeneity of the reaction
system, and polymorphism, are key factors in the complexity of the molecule’s

interaction, as mentioned by previous researchers in the field (13, 14).

All results of AH for all the reactions at hand are highly endothermic as seen per Table 5,
this means that there needed to be energy input into the system for these fragments to be
dissociated. This is intuitive as these reactions are bonds breaking, and energy is always

consumed during this type of change. This will be discussed further in Chapter 4.

All results of AG at 298K and 400K are highly endergonic as seen per Table 5, this means
that the reactions are non-spontaneous at these temperatures. However, at 700K it is
revealed that AG drops significantly and the reaction becomes spontaneous in all cases
except F3. With F2 and F5 showing the lowest AG values, meaning these would be the
most-likely bonds to dissociate spontaneously. This explains why the molecule did not
start dissociation below 240 °C as seen from TGA Figure 8 and DSC results Figure B.3
in Appendix B. This will be discussed further in Chapter 4.

Figure B.4 in Appendix B and Table5 show that fragment 2 has the lowest AH and AG
values at 298 K followed closely by fragment 5 and then, after an interval, fragment 1
respectively. Then at 700 K these fragments show negative AG values indicating their

spontaneous dissociation at that temperature.

From this it is plausible to assume the most likely fragments to be separated would be at
Fragment 2 and Fragment 5 nearly simultaneously, for having the lowest energy
requirement as well as having consistent increments of decrease over the different
temperatures. Their closeness in value hints at the possibility of both of these bonds being

broken at the same time.

A close third would be fragment 1 as it shows negative AG value at higher temperature
with lower AH values than the other fragments (at F3 and F4).

All primary results showed promise, precision, and reliability for further analysis,

correlation to experimental analysis. This is discussed further in Chapter 4.
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Chapter Four

Discussions and Conclusions

This study provided an understanding of the changes that occur on levofloxacin drug in
accordance to temperature, and its decomposition products. The usefulness of these
products may align with efforts to develop an effective and efficient technique for treating

this pharmaceutical drug out of wastewater.

4.1 Experimental thermochemical analysis, using isoconversional methods

The experimental data in Figure 7 shows that there are two distinct mass losses that take
place throughout the degradation, corresponding to the step-wise degradation of the drug.
The first of which is a mass loss that appears at temperatures 235-312 °C and is confirmed
by the DSC result Figure B.3 at the second peak shown from 235.5-241.5 °C which
corresponds to the beginning of decomposition, with its small shouldering peak indicating
the melting slightly prior to the decomposition. The second mass loss of the graph was
after 350 °C, this is reaffirmed by the third peak of the DSC at 348.6 °C which shows
some energy release by the molecule unlike the other two DSC Peaks, indicating bond
formation, which leads to the conclusion that, at the end of decomposition, gaseous
molecules such as CO, HF, CHa, or NHz may have been formed. The formation of these
molecules would indicate they are more stable than the fragments they were produced
from which pushed the reaction toward their formation.

Some phantom mass measurements were observed at the higher end of the temperature
scaling. These discrepancies are likely a result of the higher pressure exerted by rapid gas
formation on the very sensitive mass balance (scale) of the TGA device. This is more
evident as the main molecules likely to be produced during thermal decomposition under
N2 should be «CHs radicals, because of the low concentrations of O available. However,
when O is present in the reaction environment from the air these radicals would react
rapidly to form COz in higher quantities increasing the both the temperature and pressure
in the process. That may be the reason for the American National Library of Medicine
assuming the drug to be combustible (11).
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These conditions and the complexity and heterogeneity of the reaction components, have
proven the effectiveness of the isoconversional method for describing such solid/gas

heterogenous interactions.

The effective E, of the experiments under N2 were calculated using the Friedman and
KAS methods and it was obtained in the range 48.33 — 117.52 kJ/mol for the Friedman
method. And between 23.31 — 68.47 kJ/mol for the KAS method, and increase with o.

For these data sets there was no oxygen added for many oxidation reactions to take place,
while the peaks in DSC Figure B.3 show no exothermic peaks below 340 °C, with
affirmation from the results of Nisar et al. (20) of E, at 118.05 kJ/mol, leads to the
conclusion that the Friedman results are more practical and indicative than their KAS

counterparts.

4.2 Mass loss evaluation

To find the bond that dissociates first the mass loss ratio is evaluated at the beginning of
the decomposition, and that is compared with the ratio of a fragment of the whole
compound to the compound as a whole, and from Figure 7 it was noticed that the
decomposition of levofloxacin starts at 235 °C, which as equation [1] indicates is a mass
loss of around 4%. The molar mass of levofloxacin is 361.372 g/mol, and that of a *CH3
radical is 15.035 g/mol. Herein giving way to the assumption that either fragment 2 or 5
from Table 2 are the ones to dissociate first. However, the mass loss does not stagnate at
that mass loss but the molecule continues to rapidly lose mass within the same
temperature interval between 235-312 °C. This indicates the continuous loss of other
molecules within the temperature range of 235-312 °C. And at the peak of the DTG at
312 °C, the mass loss is nearly 35% this leads to the deduction that fragments 1,2, and 5

are the ones to dissociate and in rapid succession.

4.3 Theoretical quantum calculations

The measurements from Table 5 show that the lowest bond dissociation energy amongst
the bonds broken was for the at fragment 2 (C*8-N2) and fragment 5 (C’-C°®) as seen in
Figure 5 and Appendix A, which confirms the experimental results of mass loss. These
results together with the AG activation value being highly endergonic, meaning the

dissociation of this bond is non-spontaneous at 298 K and 400 K. However, at 700 K it is
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evident that fragments F2, F5 and F1 all exhibit negative AG values, meaning their
spontaneous dissociation is possible at high temperatures.

The values of AH in all five cases have been endothermic, meaning the molecules
consumed energy, and that is consistent with the reactions being bond-breaking reactions,
as the separation of bonds requires energy input to separate the bonding. This does not,
however, rule out the possibility of net-zero output of energy whenever the radicals
produced react to form other bonds. And this in turn explains the two endothermic peaks
of the DSC and also explains why the exothermic peak was far to the end of the graph at

higher temperature.

The values of AG were endergonic for all the reactions at 298 K and 400 K, meaning the
threshold of activation for these reactions drops at higher temperatures, and this explains
why the decomposition did not take place before 230 °C in correlation with the

experimental results.

These AH and AG and entropy values, along with the experimental data, suggest the
production of 2 «CHjs radicals and that these molecules with sufficient oxygen presence
are able to react and produce CO> gas and water molecules and give off energy in the
process, and this provides some of the energy required for the bonds breaking as the

decomposition carries on.

In their book on bond dissociation energies, Yu-Ran Luo (55) did not specify this bond
between a methyl group and a piperazine group. However, the book mentioned the bonds

shown in Table 6:

Table 6

Examples of bond dissociation energies from literature. Yu-Ran Luo. Yu-Ran Luo - Comprehensive
Handbook of Chemical Bond Energies-CRC Press (2007) (55).

Bond Energy (kJ/mol)
Trimethylamine: CHz—N(CHs)2 315.9+£10.5
1,1-Dimethylhydrazine: CHs—N(CH3)NH: 377
1-Methylpyrrile: CHs—pyrrol-1-yl 340.2£8.4
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These results are significantly higher than the experimental and computational results
obtained in this work. One reason for this is that the bonds available in the book are not
of exact correspondence to the bond of interest in this work. Another reason is due to the
fact that the energy is not isolated to one bond, but in fact other bonds are being stretched,
broken and formed at the same time, and some of the energy granted from forming other
bonds contributes to the dissociation of the bond/s of interest.

Another reason is the probability of polymorphism within the sample formation. This also
explains the change in activation energy at different stages of the molecule
decomposition. Where the later stages, at higher temperatures, indicate the breaking of
bonds with higher energies.

All of these observations lead to the conclusion that the pyrolysis of this compound does
not halt at a certain molecule but rather continues until gaseous compounds are formed

such as CO» as per the mechanism mentioned before.

4.4 Conclusion

This research examined the thermal decomposition behavior of levofloxacin, an antibiotic
drug, as a representative pharmaceutical pollutant. The investigation involved the
decomposition reaction under N2 gas environment using a TGA at various heating rates.
The results of which underwent the isoconversional methods of KAS and Friedman. From
these isoconversional methods, the Ea of levofloxacin’s decomposition reaction was
found to be between 23.3 — 68.5 kJ/mol for the KAS method, and between 48.3 — 117.5
kJ/mol for the Friedman method, increasing as a function of a.

Moreover, DSC was utilized to evaluate the heat transfer occurring as a function of
temperature. The resulting data confirmed that three critical changes occur. The first of
which is the dehydration of the levofloxacin hemihydrate mixture at around 100 °C. Then
at around 235-312 °C the decomposition is evident occurring within a few degrees of the
reported melting point of 227 °C (51). While the last DSC peak seen in the analysis results
indicated bond formation after 350 °C, meaning the creation of stable molecules from the

dissociation reaction products.

Furthermore, DFT calculations were used to determine the BDEs associated with each of

the possible decomposition pathways of levofloxacin. DFT computational results showed
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two dissociations of negative AG values and very close AH values as seen in Table 5, at
the aforementioned sites of F2 and F5 from Figure 5, each dissociation producing a *CHz3
radical. The negative AG values indicate the spontaneity of these dissociations, while
their low AH values indicate that these dissociations are more likely than other candidates

to occur.

The overall result of DFT analysis, DSC findings, and the outcomes from the Friedman
method indicated that the primary dissociation pathway is expected at the aromatic-
methyl bond, yielding *CHz radicals. Where those radicals will then combine with
available atoms to create stable gaseous molecules as a final outcome. Additionally, this
combined analysis demonstrated the superior accuracy of the Friedman method over the
KAS method in estimating the E,.

4.5 Recommendations for future ventures in this field

This work focused on analyzing the thermodynamics of levofloxacin. This work is in
continuation of the efforts by Badran et al. on pharmaceutical waste upgrading.
Continuation into this field should aim to find more materials of similar compatibility,
investigate both chemical and engineering methods to actualize this into systems of
industrial operation, and study the feasibility of commercializing this process (4, 17, 21,
9, 47). Therefore, this work makes it possible to find suitable nanosorbcats that can bind

and then dissociate this molecule.

This work on the kinetics of levofloxacin sheds new light on previously conducted
research into the interactions it may have with other molecules, and it is imperative to
reconsider, review and analyze the drug’s interaction with solvents, drugs and other
compounds in light of the data that this work provides, to better understand its

biochemical activity and mechanism and potential risk within the medial field (20).

This study, mainly under inert circumstances (N2) atmosphere, has noted the changes that
occur via thermal decomposition. However, the study of, specifically, this molecule’s
combustion process may lead to further findings that may or may not assist the upgrading

process’s parameter-setting.
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The DSC results of this work have shown a wide exothermic peak at high temperatures,
for this, characterization of this peak through FT-IR may be a good qualitative tool for

finding the exact composition of the products at that temperature.

This work has focused on the quantum computation with relation to the anhydrous form
of the drug. Further understanding of the molecule’s behavior may include a quantum
computation study of the hemihydrate and monohydrate form, along with the
polymorphed counterparts of the crystalline material as mentioned in previous literature
(13, 14).
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List of Abbreviations

Abbreviation

Meaning

TGA
KAS
Ea

a
DSC
DFT
BDE
PPCP
WWTP
DNA
DDD
Am

AMiot

€q

OFW

Thermo-Gravimetric Analysis
Kissinger—Akahira—Sunose
Effective activation energy

Extent Of the Reactant Conversion
Differential Scanning Calorimetry
Density Functional Theory

Bond Dissociation Energy
Pharmaceutical and Personal Care Product
Wastewater Treatment Plant
Deoxyribonucleic Acid

Defined Daily Dose

Current Mass Change

Total Mass Change

Equation

Time

Temperature

Rate Constant

Preexponential Factor

Normal Gas Constant
Temperature Range

Heating Rate

Identity Of the Temprature Program

Ozawa-Flynn-Wall
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Abbreviation

Meaning

AG
AS
SPE
ZPE
Heorr.
Scorr.
AH
WTE
IUPAC
g/mol
RSD
DTG
°C

K
kJ/mol

RZ

Change in Gibbs free energy

Change in Entropy

Single Point Energy

Zero Point Energy

Thermal Correction to Enthalpy

Correction to Entropy

Change in Enthalpy

Waste-To-Energy

The International Union of Pure and Applied Chemistry
Grams per mole

Relative Standard Deviation

Rate Of Change of Mass with Respect to Temperature
Degrees Celsius/ Degrees Centigrade

Kelvin

Kilo Joules per mole

Square Coefficient of determination
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Appendices

Appendix A

Levofloxacin fragments’ structure as used for the computational side of this

work
Fragment | Bond Composition
Levofloxac —NO ) /A
in (whole - O\/k
molecule)
Molar mass = 361.372 g/mol
CBside N2 side
Fragment 1 | C'*-N2

Molar mass = 262.215g/mol

¢

Molar mass =
99.157g/mol
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N3 side C®side
F 0
W
//\N OH
.N\J /
N [ )
\/Q CHs
18_N\J3 y
Fragment2 | C*°-N "h
Molar mass =
15.035g/mol
Molar mass = 346.337g/mol
C*side CSside
F 0
//\N%.
. \J
N 0
O\/Q <
OH
Fragment 3 | C*-C°®
Molar mass =
45.017g/mol

Molar mass = 316.355g/mol ‘
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C'2side F side
Fe
Fragment 4 | C%2-F ¢
Molar mass =
< 18.997g/mol
[+
Molar mass = 342.375g/mol
C’side C®side
F, 0
O
_N\J N / b
O\J CH3
Fragment5 | C’-C°® Ch
Molar mass =
15.035g/mol

R ERgE

Molar mass = 346.337g/mol ‘




Appendix B

Figures
Figure B.1
Arrhenius plot of the KAS method results, with linear fitting. The R? value are tabulated
in Table4
KAS
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Figure B.2

E. as a function of a for levofloxacin under N2 gas. With error margins obtained through
the RSD for each method at each point. Error bars represent the relative standard

deviation measurement.
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Figure B.3

DSC results for levofloxacin under N2 gas, performed at the University of Jordan. sample

of 5.422 mg of the levofloxacin hemihydrate. And the ‘atmosphere’ remark denotes the

gaseous medium under which the experiment was conducted, which is N2 gas at a flow

rate between 20.0 ml/min and 60.0 ml/min.
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Figure B.4

Theoretical quantum calculations 'results of AH and AG for each of the studied fragments
of levofloxacin, at 298K

o T |
500 = AH
e AG
450
|
~ 400
o [
£
x 350 - . .
L [
300
®
250 ®
@
@
200 T ! T X T T T J T
F1 F2 F3 F4 F5
Fragment

59



Aotk gl el daala
Ll clad al) 405

o) g3 CypalonsS o8 git 61 91 (g ) ad) (g deaslil) Jadl Syl
Ao gaall asl) Lgluaa) gkl g 4y jlEiall S al) (yal i)

das)

AW 3 gaaa daaf "aldd daad

il )
ot deledd 0

Ll 3 piiaalall Aa 3 o Jguan) cllbial Yiain) Al )l oda ciald
Osladd — (il Ayl ol o) drala B cldal cilaad Y A4S

2024



4 i) A jal) (al gAY Adadd 5y CppaubonS 918 5dd ¢ 91 o 5l (g amaslil) Jlat Julas
d gaal) Agasl) dlual) (3 kal) g

a\.\pz
Al 2genae daaf el deaa
il )
Dok deladd 2

uadlal)
Utie o liic) (Sar som shima ela say ¢l sligial Jiad (5 jall Jladl) @l gha 3l o3 il gl
Silaal lea aladiuly Gea g gl Sle cand Jlaill Jeld Jilad Al ol Caled 885 (A gall lf glall Ui g
5 KAS bl Joaill 3, b cllua Gubi & 2 cddlide pdad Yo TGA S50 ) sl
Eo daledll lapitl) 48k dad o il & cdnlual) 3ok o3 A ey (TGA zl e Friedman
S 117.5 = 48.3 (s « KAS 43 hl Jeo/den s1S 68.5 = 23.3 (n GaulS 5la gadll Jlas Jelal

053 5 Lok canls 88 (Friedman ikl J se/dsa

a0 ANy dualal) 5 jall Jlil 0@ DSC laléil) 5 ) jall ol aladial 20 a8 clld ) Ayl
e i & lge IV e Gl EDE asay @l e daill) cllyd @iy ) all
G cdysie da 03127235 sa wie Jlaill jeday o ¢y gie da 50 100 M sa die Sl (sl 5la sa )l
DSC 553 ol Laiys Ay gie 4a 52 227 & (ll5 Jlenail) Al (1o dyghe cila)d gy 2 o asay
Cra B i il Ja (0S8 (m Laa cAgha Aa 3 350 day Jadl 5 0sS J) Jalaill il 8 A el 5 5aY)

It Jelis clia

Oe JSI A BDES Loyl 5 1) cilila o ayaail DFT 2860 2 phail) il aladinl 25 08 @) e 5 e
Wl AG af o el Giilla DFTU 4 sasla) il o el 5 eilainall (Cppualin 518 sl @l o jluse

Jel JS iy Cua 5 JSAN e F5 P2 glsdll die 5 Jgaall 3 e 5o LS Ian & e AHa8s



AH af i pa b ccdlelal o3 39 ) 5uis AG ALl alll ol @l ¢ eCH3 rpia Jlas

Crgonll byt e Ulcial ST clela) o3a 1 ) duadiidl

sl of Friedman 5 KAS i jh il s DSC il g DFT Jalail dalall il < jelil i Jully
s3a 2a%is i oCH3 cliyia 2l U o bae cdlinal—dgle s ) Al ) die adgie syl SSal)

Al AaiiS 3 e 4 le Gl e oY dalidl cl Al by i)

s sbuiiall Jy gl 3 Al <l yaaadl Lol eanall 65 ) all 50 Jalaill ¢alaa alidall cilals)

3 5ieY) ¢ gulall 2L



