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Abstract: Levofloxacin is a widely used fluoroquinolone antibiotic. This study 

examined the drug using thermogravimetric analysis (TGA) and differential scanning 

calorimetry (DSC). The study sought to understand the mechanism of the drug's thermal 

decompaction and its thermal stability and behavior at elevated temperatures for 

environmental applications. The TGA was done using various heating rates under N2 

gas flow. The isoconversional methods of Kissinger-Akahira-Sunose (KAS) and 

Friedman were used to determine the decomposition's effective activation energy (Eα) 

based on the extent of conversion (α). The Eα values of levofloxacin's decomposition 

ranged from 50-120 and 20-70 kJ/mol for KAS and Friedman, respectively. The bond 

dissociation energies (BDE) of the various levofloxacin degradation routes were 

calculated using density functional theory (DFT). The experimental results obtained 

using TGA, DSC, and DFT were used to develop a model for the thermal degradation 

of the drug, which included a series of heterogeneous reactions. 
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1. Introduction 

The fate and occurrence of pharmaceutical drugs are critical research areas due to their profound 

impact on human life and the environment. Amid various aspects, investigating the thermal 

degradation of these compounds is essential, not only to optimize their product stability and 

manufacturing processes but also to analyze their degradation products and their impact on human 

health and ecological systems (Guida, Lanaya, Rbihi, & Hannioui, 2019; Kibuye et al., 2019). 

https://doi.org/10.48317/IMIST.PRSM/morjchem-v13i1.50230
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The excessive use of some pharmaceuticals, such as antibiotics, antihistamines, and personal-care 

products, has exacerbated the presence of pollutants in soil and water, posing serious health risks. This 

requires the implementation of effective removal methods to separate and eliminate their presence in 

drinking and irrigation water (Badran, et al., 2020; Couto et al., 2019; Jodeh et al., 2016, Kibuye et 

al., 2019). In fact, contaminants from pharmaceutical and personal care products (PPCP) have been 

detected in water samples across the globe (Ebele, Abou-Elwafa Abdallah, & Harrad, 2017; Kibuye et 

al., 2019; Riyaz & Badran, 2022; Wang & Wang, 2016). The sources of this contamination include 

human excretion, manufacturing waste, and food wastes. The situation is aggravated by the inability 

of conventional wastewater treatment plants to effectively remove these contaminants (Couto et al., 

2019; Salem et al., 2015). Literature has hinted at the fact that WWTPs are, therefore, neither well-

equipped, nor well-designed, enough to remove PPCPs from wastewater (Couto et al., 2019; Riyaz & 

Badran, 2022). The persistence of PPCPs in water poses a direct threat to organisms relying on the 

water to live, while some of these products, mainly antibiotic-active pharmaceutical ingredients, also 

cause the risk of producing antibiotic-resistant bacteria known as “Superbugs” (Honigsbaum, 2018; 

Riyaz & Badran, 2022). 

Levofloxacin (Fig. 1) is a chiral fluoroquinolone antibiotic used to treat a wide range of bacterial 

infections (Blondeau, 2004). The drug is a hemihydrate in the oral form of the medicine; however, the 

crystal is subject to polymorphism when grinded, heated and/or treated with different solvents, and 

produces three different crystal structures (Wei et al., 2019). Levofloxacin was chosen for this study 

because it is a model molecule of fluoroquinolones, a widely used and multipurpose antibiotics. 

Previous studies have proven its adverse effects and potential harm to the environment (Thakur et al., 

2023; Zhou et al., 2020). Thus, removing this drug from wastewater would significantly and 

beneficially impact the health and environmental risks caused by its presence in the environment 

(Blondeau, 2004; Klein et al., 2018; Zhou et al., 2020). 

 

Fig. 1: 2D molecular structure of levofloxacin. 

One of the most effective methods used in wastewater treatment is adsorption (Badran & Al-Ejli, 

2022; Badran, Al-Ejli, & Nassar, 2023; Manasrah, Montoya, Hassan, & Nassar, 2021; Marzougui et 

al., 2021; Worch, 2012). This consists of adding an adsorbent to a system of contaminated water, then 

thermochemically or electrically attaching the waste materials to the adsorbent. While adsorption is 

considered a highly effective 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 ( Badran et al., 2020). 

To address this issue, a new technology, known as nanosorbcat, was recently developed which uses 

the adsorbent as a catalyst for further upgrading of solid waste (Alnajjar et al., 2019; El-Qanni, et al., 
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2017; El-Qanni, et al., 2016). Under certain conditions, including thermal treatment, the nanoadsorbent 

can catalyze the conversion of solid wastes into useful chemicals or fuel. In this study, we investigated 

the thermal degradation of levofloxacin to further explore the potentials of nanosorbcat technology. 

The study also provides insights into levofloxacin degradation pathways and information on its thermal 

stability and chemical behavior at high temperatures. To achieve these goals, the drug, in its pure form, 

was analyzed using thermo-gravimetric analysis (TGA) (Al-Zaqri et al., 2020; Titi et al., 2023; 

Vyazovkin, 2015; Warad, 2021). and differential scanning calorimetry (DSC) (Menczel & Prime, 

2009; Vyazovkin, 2015). These techniques can provide detailed kinetic and thermodynamic 

parameters that allows constructing a reaction mechanism for organic compounds thermal (under inert 

atmosphere) or oxidative (under O2) degradation (Badran, Hassan, Manasrah, & Nassar, 2019; Badran 

et al., 2020; Riyaz & Badran, 2022; Zamani-Babgohari, Irannejad, Khayati, & Kalantari, 2023). 

In contrast to the traditional notion of having a single activation energy that correlates to one step, 

isoconversional kinetics describes the reaction rate (dα/dt) as a function of temperature and a reaction 

model (f(α)), which depends on the extent of reaction (α); (Vyazovkin, 2015) 

𝑑𝛼

𝑑𝑡
= 𝑘(𝑇)𝑓(𝛼)        (1) 

By using isoconversional kinetic techniques, complex reactions, especially heterogeneous ones, can 

be described using multi-step kinetic equations. Each equation is associated with a single extent (α) 

and a narrow temperature range at that extent. This allows for determining different values of the 

effective activation energy (Eα). Consequently, vital kinetic parameters, such as the entropy (ΔS‡) and 

enthalpy (ΔH‡) of activations, can be determined (Badran, Hassan, et al., 2019; Badran et al., 2020; 

Vyazovkin, 2015; Vyazovkin et al., 2011). In this work, the isoconversional methods of Kissinger–

Akahira–Sunose (KAS) and Friedman were implemented (Vyazovkin, 2015; Vyazovkin et al., 2011; 

Yuan, He, Cao, & Yuan, 2017).  

The reaction mechanism for the thermal degradation of levofloxacin was constructed in the light of 

Density Functional Theory (DFT) calculations and further supported by experimental results (Al-Ejli, 

Eribi, Alahzm, & Salih, 2023; Alaoui et al., 2021; Badran, Hashlamoun, & Nassar, 2023; Badran, 

Hassan, et al., 2019; Bouayad et al., 2024; El Azzouzi et al., 2022; Herradi et al., 2024; Kaddouri et 

al., 2017; Engel, 2011; Manasrah et al., 2017; Parr & Weitao, 1995; Salih, 2021; Vyazovkin, 2015; 

Warad et al., 2017; Weigend & Ahlrichs, 2005; Er-rajy et al., 2023). This work's outcomes align with 

previous works to construct a model for upgrading materials from waste to potentially beneficial 

products such as fuels and/or commodity products. (Badran et al., 2020; Riyaz & Badran, 2022; 

Vyazovkin, 2015). 
 

2. Materials and Methods  

2.1. Experimental thermochemical analysis 

In this research experiment, the temperature dependence of the isoconversional rates of levofloxacin 

was determined using thermogravimetry using a TGA analyzer (SANAF Co, Turkey). In a typical 

procedure, approximately 20.0 mg of levofloxacin hemihydrate powder (CAS: 138199-71-0, Sigma 

Aldrich, MO United States) were heated at different heating rates ranging from 15 - 30 °C/min under 

N2. The flow rate was fixed between 65-85 mL/min. The samples heated at a fixed heating rate from 
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ambient temperature to 800 °C, holding at 110 °C for 10 minutes to allow water evaporation from the 

sample. The device was set to produce a mass reading every second for the heating period, 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 that point, the indicated mass of any single run was the mass of the levofloxacin 

sample. The device was then flushed with N2 gas to remove any residual particulate matter or residual 

air from previous runs, and the drug was added in the crucible on the TGA machine’s balance 

compartment. 

DSC was performed using the same levofloxacin’s sample. The DSC examination was carried using 

5.422 mg of levofloxacin hemihydrate. The ‘atmosphere’ remark denotes the gaseous medium under 

which the experiment was conducted, N2 gas at a flow rate between 50.0 ml/min and 60.0ml/min. 

 

2.2. Isoconversional methods 

The extent of conversion (α) can be calculated by measuring a given physical property that varies 

with the reaction’s progression (Vyazovkin, 2015; Vyazovkin et al., 2011). For this work, the reaction 

progress was tracked by following the change in levofloxacin’s mass using TGA. Therefore, the 

reaction extent, α, was determined by dividing the incident mass change (∆m) by the total mass change 

(∆mtot) that has occurred during the entire process (Vyazovkin, 2015; Vyazovkin et al., 2011). 

𝛼 =
𝑚0 − 𝑚

𝑚0 − 𝑚𝑓
=

∆𝑚

∆𝑚𝑡𝑜𝑡
       (2) 

By leveraging the temperature dependence of the isoconversional rate, it becomes possible to 

estimate the isoconversional activation energy values (Eα) without having to identify or make 

assumptions about the reaction model (Vyazovkin, 2015; Vyazovkin et al., 2011).  

The temperature-dependent rate constant, k(T), is related to the rate and the reaction model by eq. 

(1). The activation energy as a function of α (Eα) is related to k(T) by the Arrhenius equation: (Atkins, 

De Paula, & Keeler, 2023; Vyazovkin, 2015): 

𝑘(𝑇) = 𝐴𝑒𝐸𝛼/𝑅𝑇                          (3) 

where A is the preexponential factor, and R is the universal gas constant. The Isoconversional method 

employs a unique rate equation for every degree of conversion and a limited temperature range, ∆T, 

linked to that specific conversion. By utilizing distinct heating rates, (β1) and (β2), the approach enables 

the determination of different rates at the exact conversion, according to the equation (Vyazovkin, 

2015; Vyazovkin et al., 2011): 

dα

𝑑𝑡
=  ß (

dα

𝑑𝑇
)                            (4) 

Therefore, if the aim is to calculate the activation energy, then we plug equation (3) into equation 

(4) where the temperature dependence would replace the time dependence.:  

dα

𝑑𝑇
= (

𝐴𝛼

ß
) exp (

−Eα

𝑅𝑇
) 𝑓(𝛼)      (5) 
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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 given by Friedman: (Friedman, 1969) 

ln (
𝑑𝛼

𝑑𝑡
)

𝛼,𝑖
=  ln[𝐴𝛼𝑓(𝛼)] −

𝐸𝛼

𝑅𝑇𝛼,𝑖
                                (6) 

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

equation. The derivative dα/dt is defined as:  

𝑑𝛼

𝑑𝑇
 =  

−𝑑𝑚/𝑑𝑡

𝑚0 − 𝑚𝑓
                                                                    (7) 

Another popular method that is used for the determination of Eα is the Kissinger–Akahira–Sunose 

(KAS) given by: (Akahira & Sunose, 1971; Kissinger, 1957): 

𝑙𝑛 (
𝛽𝑖

𝑇𝛼,𝑖
2 ) = ln (−

𝐴𝛼𝑅

𝐸𝛼
) − ln 𝑔(𝛼) − (

𝐸𝛼

𝑅𝑇𝛼,𝑖
)               (8) 

where 𝑔(𝛼) is the integral form of the reaction model (𝑓(𝛼)). Hence, the effective activation energies 

can be estimated from the plot of the left side of eq. (8) against 1 𝑇𝛼,𝑖⁄  at a given α. 

Therefore, the activation energy may be calculated from the slope of the best fit line of the plot of  

ln (ß
𝑑𝛼

𝑑𝑡
) or 𝑙𝑛 (

𝛽𝑖

𝑇𝛼,𝑖
2 ) against 1/T(K) at any given α, according to the relation: 

𝐸𝛼 =
(−𝑠𝑙𝑜𝑝𝑒 × 𝑅)

1000
                                                          (9) 

The coefficient of regression (R2) of the plot is then used to assess the goodness of fit for each 

dataset using Origin Pro. (OriginLab, 2024). 

  

2.3. Theoretical quantum computation 

The degradation mechanism of levofloxacin was studied by exploring possible decomposition 

pathways using DFT methods. First, the structural geometries of the parent levofloxacin and the 

degradation fragments were optimized using the M06L (Zhao & Truhlar, 2008) functional and the 

def2-TZVP basis set (Weigend & Ahlrichs, 2005). the optimization was followed by frequency 

calculation using the same level of theory to characterize the structures’ minima. All, the geometry 

optimizations and frequency calculations, were performed using ORCA 5.0 software (Melo et al., 

2018; Neese, 2022; Neese, Wennmohs, Becker, & Riplinger, 2020; Sen et al., 2018; Stoychev, Auer, 

Izsák, & Neese, 2018; Stoychev, Auer, & Neese, 2018). and viewed using Avogadro (Hanwell et al., 

2012). 

In this work, several bonds' Bond dissociation energies (BDE) were determined by comparing the 

potential energy of the anhydrous levofloxacin molecule to the potential energy of the fragments 

produced by the bond dissociation. Allowing for the determination of the BDE for some of the given 

bonds, and estimating the most-easily broken bond of the molecule (Atkins et al., 2023; Luo, 2007). 

The resulting electronic energies were considered single-point energies (SPE), and along with the 

zero-point energy (ZPE) were used to calculate the enthalpy, entropy and Gibbs free energy at 298K, 
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400K, and 700K with the temperature command within ORCA 5.0. Herein, the BDE are defined in 

terms of enthalpy changes as following:  

ΔH0K = (∑ 𝑆𝑃𝐸𝑝𝑟𝑜𝑑. + 𝑍𝑃𝐸𝑃𝑟𝑜𝑑.) − (𝑆𝑃𝐸𝑟𝑒𝑎𝑐𝑡. + 𝑍𝑃𝐸𝑅𝑒𝑎𝑐𝑡.)                                                (10) 

ΔHTK = (∑ 𝑆𝑃𝐸𝑝𝑟𝑜𝑑. + 𝑍𝑃𝐸𝑃𝑟𝑜𝑑. + 𝐻𝑐𝑜𝑟𝑟. 𝑇𝐾
) − (𝑆𝑃𝐸𝑟𝑒𝑎𝑐𝑡. + 𝑍𝑃𝐸𝑅𝑒𝑎𝑐𝑡. + 𝐻𝑐𝑜𝑟𝑟. 𝑇𝐾)     (11) 

ΔSTK = (∑ 𝑆𝑃𝐸𝑝𝑟𝑜𝑑. + 𝑍𝑃𝐸𝑃𝑟𝑜𝑑. + 𝑆𝑐𝑜𝑟𝑟. 𝑇𝐾
) − (𝑆𝑃𝐸𝑟𝑒𝑎𝑐𝑡. + 𝑍𝑃𝐸𝑅𝑒𝑎𝑐𝑡. + 𝑆𝑐𝑜𝑟𝑟. 𝑇𝐾)      (12) 

ΔGTK = 𝛥𝐻𝑇𝐾 − (
𝑇 + 𝛥𝑆𝑇𝐾

1000
)                                                                                                              (13) 

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

temperature. 

The resulting BDE was compared to the energy from the KAS and Friedman methods mentioned 

previously, to determine the isoconversional method that best correlates to the computational results, 

and therefore, is the more accurate estimation of the energy value. More details on the theoretical 

calculations involved in this work is published elsewhere (Badran, Hashlamoun, et al., 2023; Badran, 

Hassan, et al., 2019; Badran et al., 2020; Badran et al., 2022; Er-rajy, El fadili, Faris, Zarougui, & 

Elhallaoui, 2024).  

 

3. Results and Discussion 

3.1. Isoconversional methods using TGA 

The thermogram of levofloxacin as obtained by TGA is shown in Fig. 2. The figure depicts the 

mass loss of the drug upon heating under N2 gas flow. The drug loses 74.5% of its mass between 220 

and 400 °C. This is followed by another loss of 24.5% between 400 – 500 °C. The two mass losses are 

separated by an overlap region centered at 400 °C, implying a change in the decomposition mechanism. 

As mentioned in the introduction, the decomposition of organic compounds is a complex solid-state 

heterogeneous process that may involve multiple bonds breaking and forming simultaneously, with 

each corresponding to different activation energy. A strong DTG (derivative thermogravimetry) peak 

has appeared and centered at 320 °C as seen in Fig. 2. The broad nature of the peak supports the 

complexity of the decomposition. Such behavior is consistent with previous studies on similar 

molecules (Badran, Hassan, et al., 2019; Badran et al., 2020; Matos et al., 2016; Neglur, Grooff, 

Hosten, Aucamp, & Liebenberg, 2016; Riyaz & Badran, 2022). The following section will look at the 

drug's decomposition mechanism and use DFT calculations to explain these mass losses.    

It is noteworthy to mention that in their work on the crystallography of levofloxacin, Wei et al. (Wei 

et al., 2019). and Pereira et al. (Pereira et al., 2015). discussed the polymorphism of levofloxacin and 

how it affects its degradation. This means that multiple crystal structures could be present or transform 

differently when exposed to heat. The isoconversional method was used to determine the activation 

energies of levofloxacin decomposition as detailed in the experimental section. For that purpose, one 

can consider certain region of the α graph to be the region of interest. The regions should be selected 

with well-separated thermograms of at least three heating rates (Badran, Hassan, et al., 2019; Badran 

et al., 2020; Badran, Manasrah, & Nassar, 2019; Riyaz & Badran, 2022). This work performed the 

TGA experiments under N2 (Fig. 2) and air (not shown). The region of interest was considered within 
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120-550 °C for experiments under N2, and 115-500 °C for experiments under air. Using these regions, 

the isoconversional kinetics of the thermal decomposition of levofloxacin was done by applying eq.’s 

2-9. The isoconversional curves, represented by the extent of conversion (α) vs/ temperature, are shown 

for N2 and air in Fig. 3 and 5, respectively.  

 

Fig. 2: TGA/DTG thermogram of levofloxacin at different heating rates under N2 gas, corrected for temperature 

range between 120-550 °C. (for clarification of the color code of this graph, the reader is referred to the 

online version of this article). 

 
Fig. 3: The extent of conversion (α) as a function of temperature obtained from TGA of levofloxacin 

hemihydrate at different heating rates under N2 gas flow of 65-85 mL/min, α graphing corrected for 

each ß to unify temperature range between 120-550 °C. (for clarification of the color code of this graph, 

the reader is referred to the online version of this article). 
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As Fig. 4 shows, the results of experiments under air showed some residual mass at high 

temperatures. However, in these experiments, no leftover substance was found in the crucible, and the 

device showed no mass reading after its heating chamber was opened. This phantom mass 

measurement observed at the higher end of the temperature scaling and the aforementioned 

discrepancies in the experiments conducted in air 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 gases likely to be produced during thermal decomposition under N2 should be •CH3 radical, 

or •NH2. radical because of the low concentrations of Oxygen available. However, when Oxygen is 

present in the reaction environment from the air these gases react to form CO2 in higher quantities 

increasing the both the temperature and pressure in the process. For this reason, the results under N2 

condition were selected for further Isoconversional analysis. 

 

Fig. 4: The extent of conversion (α) as a function of temperature obtained from TGA of levofloxacin at different 

heating rates under ambient air. α graphing corrected for each ß to unify temperature range between 115-500 °C. 

(for clarification of the color code of this graph, the reader is referred to the online version of this article). 

 

As shown in Fig. 3, the extend of conversion increases with temperature, and the thermograms at 

heating rates of 10, 15, and 20 °C/min are well separated in the range of 0.1 – 0.55. Therefore, the 

methods of Friedman and KAS were implemented in this region and the resulting Arrhenius plots are 

shown in Fig. 5 and 7. Respectively. The linear fittings based on the Arrhenius equations, eq. 6 and 8, 

were all acceptable, with regression coefficients (R2) values above 0.90. The final Eα values of this 

isoconversional analysis are tabulated in Table 1.  

The calculated Eα values were between 28.3 – 114.0 KJ/mol for the Friedman method, and between 

9.0 – 61.7 KJ/mol for the KAS method. The Eα values obtained by the Friedman method at α = 0.65 

are similar to the results approximated by Nisar et al., (Nisar et al., 2020) where they determined the 

effective activation energy to be 118.05 KJ/mol based on their calculation using Ozawa-Flynn-Wall 

method (OFW). The effective Eα values obtained from the Friedman and KAS methods are shown in 
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Fig. 7. The Friedman method produces Eα values ranging between 48 to 117.5 kJ/mol. In contrast, the 

KAS method produces values between 23 to 69 kJ/mol. Clearly, the values obtained from the KAS 

method are significantly lower as shown in Fig. 7, which may suggest they are less realistic. In previous 

studies, the Friedman method was shown to provide Eα values that are more realistic and closer to 

theoretical values than that of KAS (Badran, Hassan, et al., 2019; Badran et al., 2020; Badran, 

Manasrah, et al., 2019; Riyaz & Badran, 2022). 

 

Fig. 5: Linear fittings of the Arrhenius plots for the thermal decomposition of levofloxacin hemihydrate using 

Friedman method. 

 
Fig. 6: Linear fittings of the Arrhenius plots for the thermal decomposition of levofloxacin using the KAS 

method 
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The relative standard deviation (RSD) of Eα values showed a significant difference between the two 

methods as illustrated in Fig. 7. The Friedman method produces RSD values between 6.47 to 27.97 

kJ/mol. In contrast, the KAS method shows RSD values between 0.03 and 0.17. the figure also 

demonstrates different Eα values for each α, that is because these points each depict a single moment 

within a complex reaction mechanism and the polymorphism of the molecule along the reaction 

mechanism means that there may be several forms of the crystal at each point, with each having a 

distinct Eα and interaction model (Khawam & Flanagan, 2005; Riyaz & Badran, 2022).  

 

Fig. 7: Effective activation energy (Eα) as a function of α for the thermal decomposition of levofloxacin 

hemihydrate under N2 gas, between 120-550 °C, using Friedman and KAS methods. Error bars represent RSD 

values obtained from at least three trials
 

Table 1: Results of the Isoconversional analysis of the thermal decomposition of levofloxacin under N2 gas. 

  Friedman KAS 

α slope Eα (KJ/mol) R2 
RSD 

(Eα) 
slope Eα (KJ/mol) R2 

RSD 

(Eα) 

0.10 -5942.2 48.3 0.98 8.0 -2866.3 23.3 0.97 4.5 

0.15 -7956.3 64.7 0.97 10.5 -4168.9 33.9 0.95 6.7 

0.20 -9139.5 74.3 0.99 6.1 -4877.9 39.7 1.00 2.0 

0.25 -10328.2 84.0 0.99 4.7 -5709.9 46.4 1.00 0.7 

0.30 -10905.0 88.7 0.99 6.8 -6089.6 49.5 0.99 2.5 

0.35 -11517.7 93.7 0.98 9.0 -6415.8 52.2 0.99 2.5 

0.40 -11490.9 93.5 0.95 12.1 -6549.6 53.3 0.98 4.8 

0.45 -11810.1 96.1 0.97 9.2 -6677.3 54.3 0.99 3.5 

0.50 -12008.1 97.7 0.91 17.1 -6909.7 56.2 0.92 9.0 

0.55 -14447.6 117.5 0.92 15.9 -8418.1 68.5 0.92 9.2 

 

The dependence of the Eα on α as shown in Fig. 7 the deviations in Eα 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 (Badran et al., 2020).  
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Additionally, the Eα 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 previous works on metformin (13), where they reference 

further proof from the work of Sbirrazzuoli et al. (Sbirrazzuoli, Girault, & Elégant, 1997) in the 

simulation of kinetic methods in DSC, where the latter prove the good performance of the Friedman 

method. As evident in Fig. 7, the Eα is changing, showing an increase with respect to the change in α. 

This hints at the fact that different experiment steps have different effective activation energies. This 

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 withing the reaction 

apparatus throughout the decomposition steps. This is consistent with the work of previous literature 

on glimepiride and metformin (Badran et al., 2020; Riyaz & Badran, 2022) and shows promise in the 

consistency of the model to be produced from this kind of experimentation. 

 

Fig. 8: DSC curve for levofloxacin under N2 gas flow of 20-60 mL/min,

 

3.2. DSC results 

Fig. 9 shows the DSC curve of levofloxacin under N2 gas flow. There are three distinct peaks 

associated with the curve. each of which indicates a certain physical or chemical change. We remember 

that the area under the curve in DSC corresponds to the heat (q) evolved or absorbed from the reaction. 

Under constant pressure conditions, this heat will equal ΔH° of the process (Atkins et al., 2023). The 

first peak at 106.8 °C is an endothermic peak that indicates the dehydration of the hemihydrate form 

of the molecule. This shows that the molecule lost its water content, which is expected when 

temperatures reach around 100 °C. A small endothermic peak at around 230°C appears next, mostly 

due to the melting of levofloxacin. The reported melting point of levofloxacin is 227 °C (Nisar et al., 

2020; Rao, Doodipala, Palem, & Reddy, 2011). This is also consistent with the small TGA/DTG results 

shown in Fig. 2. The third peak at 238.4 °C is an endothermic peak that corresponds to the dissociation 

of the molecule. This peak is also shouldering, which means it consists of multiple overlapping peaks, 

which will be the subject of the next discussion. The fourth peak, 348.6°C, is an exothermic peak. No 
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oxidation or combustion is expected under pure N2 flow. So, the only explanation for this peak is the 

formation of new bonds, which is an exothermic process.  At temperatures above 300°C, reactions that 

produce stable small products, such as the formation of CO2 CO, NxOy, and H2O, and free-radical 

recombination reactions, begin to dominate. These reactions involve bond formation, which explains 

the DSC's negative heat value. Interestingly, the DTG peak in Fig. 2 at 320 °C and the DSC peak at 

approximately 250 °C coincide. This suggests that, under our circumstances, the formation of stable 

products actually occurs between 320 and 380 °C.  

Compared with the result of Nisar et al. (Nisar et al., 2020), the peaks in Fig. 8 show slight variation 

in the temperature ranges. However, the flow of heat within the system seems to correspond with the 

same phenomena; dehydration, melting, and decomposition which resulted in the endothermic peaks 

in both experiments. On the other hand, Nisar et al. (Nisar et al., 2020) attributed their exothermic 

complex peak to forming the drug’s polymorphs out of the anhydrous form. Since no residues were 

found at the end of our DSC experiments, we believe that the exothermic peak is the result of stable 

gaseous molecules formation. 

3.3. Theoretical quantum calculations 

To better understand levofloxacin thermal degradation, DFT calculations were performed at the 

M06L/def2-TZVP level of theory, as described in the experimental section. Fig. 9 depicts the drug's 

degradation mechanism and possible decomposition pathways. The first possible reaction (route a) 

involves a C-N rupture, resulting in forming two free radical fragments. This route has an estimated 

standard change in Gibbs energy (ΔG°) of 249.2 kJ/mol. This fragmentation accounts for 27.4 % mass 

loss from the parent levofloxacin molecule. The next pathway (b) is another C-N bond rupture that 

yields a methyl radical, accounting for 4.2% mass loss, with an estimated ΔG° of 214.8 k/mol. In 

pathway (c), a C-C bond breaking leads to the formation of a formyloxyl radical (•COOH), with a 

mass loss of 12.5%, and an estimated ΔG° of 291.4 kJ/mol. In routes (d) and (e), a fluorine radical and 

methyl radical form, with mass losses of 5.3% and 4.2%, respectively. The calculated ΔG° for routes 

(d) and (e) were 354.5 and 225.8 kJ/mol, respectively. This suggests that methyl radical formation is 

preferable over that of F radical, in agreement with the relative strength of the C-F bond (Luo, 2007). 

The calculated ΔG° are all positive, indicating non spontaneous (endergonic) reactions at room 

temperature (298 K). This makes sense as they all correspond to bond dissociations. This explains why 

the molecule did not start dissociation below 230 °C as seen from TGA (Fig. 2) and DSC results Fig. 

8. Nevertheless, the TGA experiments done on levofloxacin under N2 flow showed a total mass loss 

of 74.5% (between 220 -400 °C) as shown in Fig. 2. This mass loss is not consistent with those obtained 

using DFT calculations (cf. Fig. 9).  

The cause of the 74.5% mass loss remains unknown. To answer this question, we repeated the 

calculations at higher temperatures (400K and 700K) to get closer to the environmental conditions of 

our experiment. The ΔG° values obtained at 298, 400, and 700 K are tabulated for the five reaction 

routes in Table 2. The values of the changes in enthalpy (ΔH°) and entropy (ΔS°) are also tabulated 

for reference. The values of ΔH° are all positive (endothermic), due to the energy required to break the 

bonds. The ΔS° values are all positive due to the increase in translational entropy associated with the 

formation of two free radical fragments out of one single molecule. This positive values of both ΔH° 
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and ΔS° leads to a decrease in ΔG° as temperature increases, in accordance with the principles of 

thermodynamics (ΔG°= ΔH°- TΔS°). In fact, some ΔG° turns negative at elevated temperatures as 

shown in Table 2.  

 

Fig. 9: Expected bond dissociations of levofloxacin as explored at M06L/def2-TZVP level of theory. Energy 

values represent Gibbs free energies at 298K. 

 

At 700 K (427°C), the ΔG° data differs from those obtained at room temperature, yielding intriguing 

results. The ΔG° values for routes (b) and (e) are exergonic at 700 K with values of -160.9 and 167.2 

kJ/mol. These routes correspond to the formation of methyl radicals. Therefore, we infer that the 

formation of methyl radicals is the most favorable pathway in levofloxacin’s thermal decomposition. 

Losing a methyl radical causes smaller fragments (routes b and e) to form, which can then be degraded 

further, resulting in more mass losses in a chain degradation mechanism. This can answer the large 

mass loss of 74.5% shown in Fig. 2. This finding suggests that multiple reactions are taking place 

within this temperature range in our experiments, and provides an explanation to the different values 

of activation energies obtained from our isoconversional kinetic analysis (cf. Fig. 7) 
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Table 2: Theoretical quantum computation calculations' results for each fragment of levofloxacin, at 298K, 

400K, 700K. 
Levofloxacin 

 Route a Route b Route c 

Temp. 298K 400K 700K 298K 400K 700K 298K 400K 700K 

ΔH° (KJ/mol) 384.8 384.4 382.2 328.9 371.3 549.2 441.5 482.8 839.5 

ΔS° (J/K.mol) 454.8 480.7 557.2 382.7 512.3 1014.5 503.7 634.3 1140.3 

ΔG° (KJ/mol) 249.2 192.1 -7.8 214.8 166.4 -160.9 291.4 229.1 41.3 

 Route d  Route e    

Temp. 298K 400K 700K 298K 400K 700K    

ΔH° (KJ/mol) 505.3 546.2 721.4 347.1 391.3 573.9    

ΔS° (J/K.mol) 506.2 612.5 1045.0 406.7 541.2 1058.8    

ΔG° (KJ/mol) 354.5 301.2 -10.0 225.8 174.8 -167.2    

 

Now we compare the results obtained from the theoretical calculations to the experimental Eα 

obtained using isoconversional analysis. The values ranged between 20 – 70 kJ/ mol for KAS, and 50 

– 120 kJ/mol for FR (see Fig. 7). However, the theoretical the ΔH° and the ΔG° were much higher 

(Table 2). This difference can be explained by several factors, first, the theoretical ΔG° values were 

calculated at ambient conditions (25°C and 1 bar) in the gas phase, but the thermal degradation of 

levofloxacin takes place at higher temperature and involve complex heterogenies reactions. When the 

ΔG° values were re-calculated at higher temperature, we notice a dramatic decrease in their values due 

to the increase in entropy. Since the activation energy of reaction can be represented as the change in 

the Gibbs free energy of activation (Atkins et al., 2023), we can see that ΔG° values at elevated 

temperatures are closer to the experimental Eα than at room temperature (Badran et al., 2020). 

Conclusion 

The thermodynamics and kinetics of the thermal decompaction of levofloxacin were 

investigated using TGA, DSC, and isoconversional methods. The study revealed that the decompaction 

starts with a rapid melting at 230 °C, followed by a large mass loss of 74.5 % between 220 and 400 °C, 

before the drugs completely decompose at 500 °C.  

The isoconversional methods of KAS and Friedman were used to deduce the effective 

activation energies of the decomposition. The estimated Eα values of the experiments under N2 were 

in the range of 50 – 120 and 20-70 kJ/mol for KAS and Friedman, respectively.  

Although the large mass loss of 74.5 % sees as a single process in the TGA, the results obtained 

from DSC and the isoconversional analysis revealed that the decomposition process involves a 

multistep mechanism which explained the variation of Eα values during the experiment. 

DFT calculations using the M06L functional and the def2-TZVP basis set were used to 

investigate the potential decomposition routes of levofloxacin. We investigated five different 

decomposition routes and calculated bond dissociation energies in terms of ΔH°. Using frequency 

calculations, the corresponding values of ΔS° and ΔG° were also calculated. The calculations were 

done at ambient temperature as well as 400 and 700 K. The room-temperature BDE values obtained 
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using DFT did not match the experimental Eα values. However, those obtained at elevated temperatures 

were closer to the experimental Eα. 

TGA, DSC, and DFT results were used to construct a reaction mechanism. The mechanism 

does not involve oxidation because the reactions were carried out under N2 flow. In the first phase, 

between 220 and 400 °C, the reaction proceeds by losing methyl radicals, which contains the weakest 

bonds, followed by further molecule fragmentation, resulting in a large mass loss of 74.5%. This phase 

is characterized by endothermic peaks in the DSC thermogram. This is followed by a second phase at 

temperatures above 400 °C. The reactions are then dominated by free radical recombination and the 

formation of small stable molecules, as indicated by exothermic peaks in the DSC.  

Finally, it is recommended that these findings be expanded upon for potential engineering and 

environmental solutions. Based on analyses such as the method used in this work, and particularly the 

WTE upgrading potential, such analyses provide the practical data that nanosorbcats technology 

requires to be beneficially applied to reduce environmental risks associated with PPCPs while also 

eliminating the secondary waste issue of conventional WWTPs. 
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