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Volatile organic chemicals (VOCs) released from e-cigarettes are a special source of air pollutants. In this work, we investigated the VOCs released from six nicotine salts (namely, nicotine benzoate, nicotine tartrate, nicotine citrate, nicotine malate, nicotine lactate, and nicotine levulinate) that are commonly used in e-cigarettes. The pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) and thermogravimetric methods were used to analyze the thermogravimetric characteristics and product release behavior of different nicotine salts. Moreover, the kinetic models and thermodynamic parameters of nicotine salts during the thermal decomposition process were obtained. Thermogravimetric characteristic parameters of six nicotine salts showed significant differences. By the use of Py-GC/MS, our data showed that the pyrolysis products of nicotine salts were mainly from nicotine, acid anhydrides, carboxylic acids, and N-heterocycles, while more than 90% of the nicotine of citrate, tartrate, and malate was transferred to smoke. The result revealed that activation energies of the nicotine salts range from 21.26 to 74.10 kJ mol-1, indicating that the pyrolysis of the nicotine salts is a non-spontaneous heat absorption process, and the organic acid was the key factor affecting the release of nicotine into the ambient air.
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1 INTRODUCTION
Environmental tobacco smoke is one of the special air pollutants released by the incomplete combustion of tobacco products (Kavouras et al., 1998; Brauer et al., 2000; Zhu et al., 2022). The volatile organic chemicals (VOCs) from e-cigarettes and other tobacco products is one of the air pollutants that contain many harmful chemicals to human health (Mueller et al., 2011; Schober et al., 2014; Chen et al., 2018; Schober et al., 2019). It is reported that thousands of chemicals can be found in tobacco smoke, many of which are known to be harmful; breathing even small amounts of tobacco smoke can be harmful for humans (Kitamura and Kasai, 2007; Rogers, 2008; Fagerström, 2011). It is well known that tobacco smoking could cause many diseases, including cancer, heart disease, stroke, diabetes, and other chronic diseases (Eyre et al., 2004; Halpin et al., 2010; Stanton et al., 2016). Researchers should face up to the fact that although the law tightens anti-smoking restrictions in many countries, smoking is still allowed in some special smoking areas (Louka et al., 2006). Gaining insights into tobacco smoke would be useful for understanding the properties of smoking behavior. Chemical analysis is one of the powerful analytical strategies for understanding tobacco smoke at the molecular level (Borgerding and Klus, 2005; Orr, 2014; Jiang, 2020). The existence mode and thermal stability of nicotine have a direct impact on its transfer efficiency into smoke. For example, it is reported that nicotine carboxylic acid salts can be transferred to the gas phase via three mechanisms: deprotonation, carboxylic acid anion decomposition, and disproportionation in the lower temperature (Elias and Ling, 2018). Additionally, nicotine salts are more stable, more soluble in water, and less volatile than regular nicotine. As a result, the creation of nicotine salts and their thermal stability have become hot topics in tobacco research (Riggs and Perfetti, 2001; Jasiewicz et al., 2014; Yang et al., 2019). Different types of nicotine salts are usually added into e-cigarettes to change the smoke, resulting in different pyrolysis reactions in the heating process of the e-cigarette. Moreover, pyrolysis kinetic parameters will affect the reactant selection and the reaction process operating conditions (Çepelioğullar et al., 2016). Therefore, kinetic analysis and thermodynamic properties would help understand the pyrolysis products of nicotine salts from e-cigarettes (Cardoso et al., 2011), many of which are mainly volatile organic compounds (VOCs).
Mass spectrometry is a powerful tool in various application fields and has been successfully used for investigating the pollution in chemistry, environmental science, and human health (Daughton, 2001). To date, various mass spectrometry methods have advanced many applications in environmental analysis (Richardson, 2001). Many environmental applications of various MS approaches have focused on air studies. These include investigations and measurements of aerosols, particulates, and VOCs (Richardson, 2001; Cai et al., 2021; Chen et al., 2022; Hu, 2022). Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) is one of the powerful MS methods for chemical analysis in which the sample is heated to decomposition to produce smaller molecules. Py-GC/MS has brought significant advances in the field of environmental analysis. By the use of Py-GC/MS, the decomposition products are separated using the GC system and detected using the MS approach. Py-GC/MS has been successfully used for the investigation of semi-volatile and volatile air pollutants (Gregoris et al., 2023).
In this work, we investigated the volatile pyrolysis products released from six typical nicotine salts (namely, nicotine benzoate, nicotine tartrate, nicotine citrate, nicotine malate, nicotine lactate, and nicotine levulinate) that are commonly used in e-cigarettes by using Py-GC/MS and thermogravimetric methods. The thermogravimetric characteristics and product release behavior of different nicotine salts were analyzed. Moreover, the kinetic models and thermodynamic parameters were also obtained. Overall, our results showed that thermal properties and kinetic analysis would help understand the pyrolysis products of nicotine salts from e-cigarettes, highlighting the potential impact of e-cigarettes on the air environment.
2 MATERIALS AND METHODS
2.1 Chemicals and materials
Ethanol was purchased from Sichuan Xilong Chemical Co., Ltd. (Sichuan, China). The nicotine salts were purchased from Nanjing Jingge Chemical Technology Co., Ltd., whose purity was greater than 99%, and the basic physical properties are shown in Supplementary Table S1.
2.2 Thermogravimetric analysis
Thermogravimetric analysis was carried out using a TGA/DSC 1 LF (Mettler Toledo, Germany) instrument. Samples (10.0 ± 0.2 mg) were placed in alumina crucibles. An empty alumina crucible was used as the reference. Nicotine salts were heated from an ambient temperature to 350°C in a 20 mL/min flow of air at heating rates of 10°C/min. Continuous recordings of sample temperature, sample weight, and heat flow were made.
2.3 Pyrolysis-GC/MS
Each of the nicotine salts was formulated into a solution with a concentration of about 10 mg/mL using chromatographic grade absolute ethanol as a solvent; then, 1.0 μL of the solution was added to the quartz tube, and pyrolysis was performed using a Pyroprobe 6200 (CDS Analytical, United States) pyrolyzer. The sample was heated from room temperature to 350°C at a rate of 30°C s-1 under an air atmosphere, while the temperature of the GC oven was raised from 40°C to 240°C at a rate of 10°C min-1 and then to 280°C at a rate of 20°C/min, and the shunt ratio was 100: 1. The Agilent DB-5 MS capillary column with a column length of 30 m, column ID of 0.25 mm, and thickness of 0.25 m was used. The MS was set to the following parameters: 230°C ion source temperature, 280°C transmission line temperature, 29–450 amu mass scanning range, and 2.5 min solvent delay. The chromatograms obtained from the analysis were analyzed using Agilent (NIST 17.0) software after they had been run.
2.4 Kinetic analysis
The kinetics of most reactions under non-isothermal heterogeneous conditions can be summarized by Eq. 1:
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where T is the temperature, K(T) is the temperature relationship for reaction rate constants, and f(α) is the reaction mechanism function. The heating rate β was defined as follows:
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The Arrhenius equation is
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where T is the temperature, A is the pre-exponential factor, E is the activation energy, and R is the universal gas constant (8.314 J (mol·K)−1). Equations 1, 2 were combined into f (α) and the following equation was derived:
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An integral function was defined as follows:
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Equations 4, 5 were combined togive the following equation:
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The most probable degradation mechanism can be determined by the Coats–Redfern approximation (Coats and Redfern, 1964), and applying Eq. 6, the following equation was derived:
[image: image]
Since 2RT/E << 1 in Eq. 7, Eq. 4 can be simplified as
[image: image]
Here, f(α) corresponds to different expressions according to different control mechanisms, as shown in Supplementary Table S1, and different reaction mechanism functions were brought into formula (8); ln [G(α)/T2] and (1/T) showed a linear relationship, and E and A can be calculated by fitting the linear curve. Furthermore, the relevant thermodynamic parameters (ΔH, ΔG, and ΔS) during the thermal decomposition of samples can be calculated (Huang et al., 2013) from Eqs 9–11.
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where T is the peak temperature, ΔH is enthalpy, ΔG is Gibbs free energy, and ΔS is the entropy change. KB is the Boltzmann constant (1.3806 × 10–23 J K−1), and h is Planck’s constant (6.6261 × 10–34 J·s).
3 RESULTS AND DISCUSSION
3.1 Pyrolysis analysis
Figure 1 shows the results of qualitative and semi-quantitative analyses of the volatile components of six nicotine salts under low-temperature heating conditions. In general, the thermal decomposition products of nicotine salts did not undergo more complex reactions at low temperatures, such as polymerization and condensation, so the cracking product components were relatively simple. However, there were differences between the cracking products of different nicotine salts; the released substances were primarily nicotine, anhydrides, carboxylic acids, N-heterocycles, and other compounds. Organic acids were detected in nicotine lactate, nicotine benzoate, and nicotine levulinate, which are thermal decomposition products as listed in Supplementary Table S2, while the organic acids in the remaining nicotine salts were cleaved into small molecules.
[image: Figure 1]FIGURE 1 | Characteristic chromatographic peaks of six nicotine salts.
3.2 Thermogravimetric analysis
Figure 2 epicts the TG and DTG curves of six nicotine salts at a heating rate of 10°C min-1. The temperature corresponding to the maximum weight loss rate of nicotine levulinate and nicotine lactate was 169.34°C and 181.27°C, respectively. For the remaining nicotine salts, two pyrolysis stages were observed. The temperature corresponding to the maximum weight loss rate was 234.39°C for nicotine benzoate, 206.02°C for nicotine tartrate, 178.55°C for nicotine citrate, and 199.07°C for nicotine malate. The temperature needed to achieve the maximum weight loss rate was the lowest for nicotine levulinate and the highest for nicotine benzoate; the temperature needed to begin pyrolysis was the lowest for nicotine benzoate at 66.72°C and the highest for nicotine lactate at 142.10°C; and the temperature needed to complete pyrolysis was the lowest for nicotine levulinate at 181.93°C and the highest for nicotine benzoate at 256.65°C.
[image: Figure 2]FIGURE 2 | TG–DTG curves of six nicotine salts: (A) nicotine benzoate, (B) nicotine tartrate, (C) nicotine citrate, (D) nicotine malate, (E) nicotine levulinate, and (F) nicotine lactate.
The combination of the aforementioned analysis shows that the nicotinic salts of levulinate and benzoate require higher temperatures for initiation and complete decomposition, have a wider range of release temperatures and relatively slower release rates, and exhibit better thermal stability. The main thermal decomposition temperature of nicotine ranges from 80°C to 180°C; in this study, the nicotine salts released nicotine at a temperature between 150°C and 260°C, where the greater temperature range indicates that the thermal stability of nicotine salt is stronger than that of nicotine itself. It can be introduced that the aforementioned nicotine salt is transferred to the e-cigarette aerosol in the proton state of nicotine in the environment of e-cigarette smoked temperature below 150 °C. As a result, adding nicotine salts to e-cigarettes produces a softer and smoother smoking experience rather than directly adding nicotine, with a weaker sense of throat hit.
3.3 Kinetic analysis of different nicotine salts
From Figure 3, it can be seen that all kinetic models showed a regression coefficient (R2) greater than 0.9, and these can be considered best fitted models. In region Ⅰ, the reaction model for nicotine lactate was a one-dimensional diffusion-controlled model (D1), and the reaction model for the rest of the nicotine salts was a 1.5-order chemical reaction-controlled model (F1.5); in region Ⅱ, the reaction model for nicotine salts was a two-order chemical reaction-controlled model (F2). The different kinetic models of nicotine salts at each region indicate the complexity of the thermal decomposition process, whereas lower average activation energy values represent that the lower the energy barrier that must be overcome for the reaction to occur, the easier it is for the nicotine salt to begin decomposing when heated. It follows that nicotine benzoate was the first to undergo thermal decomposition, and conversely, nicotine lactate was the latest to begin thermal decomposition. A larger index front factor indicates a faster reaction rate of the sample at the same temperature; therefore, nicotine benzoate and nicotine citrate required the lowest temperature to reach the maximum weight loss rate in the first and second stages, respectively, and the aforementioned kinetic analysis was consistent with the thermogravimetric conclusion.
[image: Figure 3]FIGURE 3 | Comparison of thermokinetic parameters of different nicotine salts in the main thermal decomposition stages.
Further calculation and comparison of the thermodynamic parameters of each nicotine salt sample at the main decomposition stages show that the enthalpy changes (ΔH) of the nicotine salts were all positive and increased with the increase in the system temperature, indicating that the nicotine salt pyrolysis is a heat-absorbing reaction. Nicotine salts’ enthalpy changes varied between 18.21 and 63.14 kJ mol-1 in region Ⅰand 45.16 and 69.82 kJ mol-1 in region Ⅱ. The difference between the enthalpy change and activation energy of nicotine citrate was the smallest, indicating that it was more conducive to the formation of activation complexes. The enthalpy change was proportional to the activation energy E), and the difference was less than 5 kJ mol-1. The Gibbs free energy (ΔG) is a measure of the increase in total energy of the reaction system that occurs during the formation of the activation complex (Sriram and Swaminathan, 2018). The higher the entropy change (ΔS), the faster the formation of an activation complex and the further away the reaction system is from thermodynamic equilibrium. According to Supplementary Table S4, nicotine lactate has the best thermal stability and the highest ΔG of 85.65 kJ mol-1, suggesting that it requires the most energy to pyrolyze. In conclusion, it can be demonstrated that the thermal degradation of nicotine salts is not a spontaneous reaction of heat absorption.
4 CONCLUSION
In this work, our results showed that main pyrolysis products of nicotine salts are nicotine, acid anhydrides, carboxylic acids, N-heterocycles, and other compounds, and more than 90% of the nicotine of citrate, tartrate, and malate was transferred to smoke. These pyrolysis products of nicotine salts could be the source of air pollutants that were released into the ambient air environment. These transferred and converted products of nicotine under the heating condition could provide new indicators for monitoring the air pollutants in e-cigarettes. Moreover, the kinetic models and thermodynamic parameters of nicotine salts showed that there were significant differences in the thermogravimetric characteristic parameters. Our data also indicated that the pyrolysis of the nicotine salts is a non-spontaneous heat absorption process.
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