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A cooling sensation is primarily elicited by cooling agents through activation of cold-sensitive receptors such as TRPM8 and TRPA1. Coolants are widely used as functional additives in various industries including food, personal care, pharmaceuticals, and tobacco. In this study, a gas chromatography–mass spectrometry (GC-MS) method was developed to quantify three representative cooling agents—menthol, WS-3(N-ethyl-2-(isopropyl)-5-methylcyclohexanecarboxamide), and WS-23 (2-Isopropyl-N,2,3-trimethylbutyramide)—in aerosol samples. The test aerosols were generated from laboratory-formulated e-liquids under optimized conditions. Aerosols were obtained from an electronic vaping device manufactured by RELX (China). The results demonstrated that: (1) the analytical method exhibited good linearity (R2 ≥ 0.9994), with limits of detection (LOD, from 0.137 ng/mL to 0.114 μg/mL), limits of quantification (LOQ, from 0.456 ng/mL to 0.380 μg/mL), relative standard deviations (RSDs, 1.40%–4.15%), and spiked recovery rates (from 91.32% to 113.25%) all meeting the requirements of analytical validation; (2) the cooling agents were detected in both gas and particle phases of the aerosol, with the concentrations in gas-phase being significantly lower than those in the particle phase due to aerosols condensation. Specifically, the gas-phase proportions of menthol, WS-23 and WS-3 ranged from 1.94% to 5.72%, 0.03%–0.08%, and 0.10%–0.18%, respectively. Therefore, the developed GC-MS method satisfies methodological validation criteria and is suitable for application to commercial aerosol samples. It provides a reliable analytical foundation for studying sensory perception of cooling agents under aerosol exposure and offers more precise guidance for their use.
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1 INTRODUCTION
Cooling agents are important additives used to modulate the sensory perception of a wide range of consumer products. Over the past several decades, numerous cooling agents have been developed and extensively applied in the food, pharmaceutical, personal care, cosmetic, and tobacco products (Shen et al., 2009). Among them, menthol, WS-23 (2-Isopropyl-N,2,3-trimethylbutyramide), and WS-3(N-ethyl-2-(isopropyl)-5-methylcyclohexanecarboxamide) are the three most commonly used representatives. In the food sector, the minty cooling sensation is widely utilized in chewing gums, candies, and beverages. This cooling effect invigoration and refreshment, significantly enhancing the consumer experience. In the personal care industry, cooling agents are incorporated into various products such as toothpastes, mouthwashes, shampoos, and mosquito repellents. Notably, combining menthyl lactate with TK -10 markedly improves the perception of skin cooling in cosmetic formulations (Erman, 2004). Furthermore, adding cooling agents in cosmetics also facilitates the dissolution of highly hydrophobic fragrance compounds in aqueous solutions (Larcinese-Hafner and Tchakalova, 2018). In the pharmaceutical field, cooling agents are also incorporated into formulations for anti-pruritic and antiseptic purposes. They mitigate drug-induced irritation and serve as local anesthetics to relieve pain (Liu et al., 2005; Patel et al., 2002). Moreover, combining WS-3 with other synthetic coolants (e.g., Frescolat MGA, TK-10)enhances user experience in cough relief products (Erman, 2004). In the tobacco industry, cooling agents are employed to reduce the harshness of smoke and smooth the inhalation experience. They mask the physiological irritation caused by smoke, which helps alleviate smokers’ psychological discomfort and improve the attractiveness of electronic cigarettes (Anderson, 2011; Tackett et al., 2025). Cigarettes containing cooling agents have thus gained considerable popularity in global markets. For example, mentholated capsule cigarettes achieved an approximate 15% increase in market share in countries such as South Korea, Chile, Peru, and Guatemala. In the U.S., the market share of mint-flavored e-cigarettes doubled between 2017 and 2021 (Ali et al., 2024; Emond et al., 2018; Kim et al., 2018). Moreover, several studies have shown that cooling agents can increase respiratory depth via respiratory inhibition. They also stimulate cold receptors in the nasal cavity to increase alertness. In addition, activation of oropharyngeal cold receptors helps reduce sensations of thirst (Eccles, 2000; Orani et al., 1991; Plevkova et al., 2013; Sekizawa et al., 1996).
Currently, the application of cooling agents in aerosolized form is predominantly associated with tobacco products. In the past 10 years, a variety of analytical techniques have been employed to detect these compounds, including headspace gas chromatography (HS-GC), gas chromatography with flame ionization detection (GC-FID), high-performance liquid chromatography (HPLC), comprehensive two-dimensional gas chromatography coupled with time-of-flight mass spectrometry (GC × GC-TOFMS), and gas chromatography–mass spectrometry (GC-MS) etc. Among these, GC-MS has gained widespread use due to its excellent selectivity, high sensitivity, and short analysis time (Sun et al., 2017; Wang et al., 2020). In 2013, Meruva et al. (2013) employed GC-MS to quantitatively determine the menthol content in mainstream smoke from individual cigarettes. In 2016, Krüsemann and colleagues (Krüsemann et al., 2016) applied headspace GC-MS to detect menthol, menthone, and menthyl acetate in cigarette smoke, and further quantified menthol odor recognition by correlating chemical concentrations with sensory threshold values. In 2017, Sun Haifeng et al. (Sun et al., 2017) developed a method using absolute ethanol extraction to analyze cooling agents in both tobacco smoke and tobacco material. More recently, in 2022, Jabba et al. (2022) perfomed qualitative and quantitative analyses of aerosols from U.S. flavored e-cigarette products using GC-MS and GC-FID. They found that most flavored e-cigarettes added menthol, WS-23, or WS-3 as cooling agents. They also showed that the transfer efficiency from e-liquid to the aerosol was nearly 100%. Furthermore, the study used a Margin of Exposure (MOE) model to assess the inhalation safety of WS cooling agents. The results indicated that under low, medium, and high usage scenarios, exposure levels in most products approached or exceeded regulatory concern thresholds. Recently, headspace sampling and solid-phase microextraction (SPME) are most widely used technique in the literature for the aerosol analysis of e-cigarettes, meanwhile liquid chromatography has gained significant relevance in e-liquid studies (Toledo et al., 2025).
While the increasingly popular cool flavored e-cigarettes among young people, the inhalation toxicology and exposure risks of aerosol coolants are still unclear and worth establishing relevant detection method to promote research (Leventhal et al., 2023). Therefore, besides quantifying cooling agents overall in cigarette smoke, it’s also analytically valuable to study how these compounds are distributed among smoke phases. As early as 1986, W. Holländer and W. Stöber characterized cigarette smoke as a ‘multiphase steady state’ comprising vaporized smoke and a particulate phase. They proposed that the vapor phase and particulate phase exhibit distinct deposition patterns and behaviors within the respiratory tract (Holländer and Stöber, 1986). In 1990, G. Scherer and colleagues demonstrated compositional differences between the particulate and vapor phases of inhaled cigarette smoke (Scherer et al., 1990). Studies in the early 21st century showed that phase composition of smoke aerosols can influence deposition patterns in the respiratory system. These differences affect puffing perception and also the precision in inhalation exposure assessments (Su and Wu, 2004). For example, a higher proportion of free-base nicotine has been shown to increase the perceived smoking harshness or “throat hit” (Chen et al., 2000). Similarly, J. F. Pankow described the gas/particle partitioning coefficient Kpas the equilibrium ratio of a compound between the gas and particle phase, which is governed primarily by its volatility. Kp thus links vapor pressure to the compound’s tendency to remain in the gas phase versus condense onto particles, and has been associated with throat irritation from smoke inhalation (Pankow, 2001). The research conducted by Plevkova et al. indicates that the vapor form of menthol seems to be more effective in relieving coughing. (Plevkova et al., 2013). In 2015, Tatjana I. Kichko et al. conducted animal experiments and found that the sensory effects of vaporized nicotine are mediated by the complete activation of TRPA1 receptors. This pure effect was shown to be as strong, if not stronger, than the multiple stimuli effects of TPM(Kichko et al., 2015). In 2022, Zeng Shitong et al. demonstrated a correlation among volatility, deposition amount, and sensory irritation of carbonyl compounds in cigarette smoke under oral exposure (Zeng et al., 2022). Wu et al. have shown that gas/particle partitioning significantly affects exposure profiles for nicotine (Wu et al., 2022). Recently, Chandra et al. found that menthol flavored e-liquid produce significantly more micro- and sub-micron particles compared to non-menthol counterparts and is associated with worse lung function indices in cigarette smokers (Chandra et al., 2023). Additionally, regulatory opinions also point out the lack of data for inhalation exposure from specific forms of coolant. However, none of these studies have yet combined quantitative phase-specific measurement of cooling agents with sensory outcomes. This gap motivates the present study (BfR, 2025).
Therefore, current methods that quantify only the total content of cooling agents in aerosolized samples are insufficient. They can not evaluate the cooling sensation more accurately. More comprehensive analytical methods capable of detecting both particle phase and gas phase compositions of cooling agents in aerosols are necessary. This approach bridges the gap in current aerosol-based detection techniques by enabling differentiation of coolants in gas/particle phase. It is not only crucial for cooling sensation evaluation and the application of cooling agents, but also fundamental for risk assessment and product regulations. Different phase distributions lead to different deposition patterns in vivo, which in turn can result in varying exposure risks. Consequently, we have developed a method to determine the concentrations of menthol, WS-3, and WS-23 in aerosols. This method simultaneously measures both gas and particle phase content. Therefore, it is suitable for analyzing cooling agent components in electronic aerosol-generating products.
2 MATERIALS AND METHODS
2.1 Sample collection
The electronic cigarette devices were prepared in the laboratory, and e-liquids containing three cooling agents were formulated. Aerosols were captured using a linear smoking machine (Model SM450, Cerulean Ltd., United Kingdom) according to the ISO standard smoking protocol for electronic cigarettes. The puffing mode was set to square-wave with a puff volume of 55 mL, a puff duration of 3 s, and a 30-s interval between puffs. Aerosols from 40 puffs of the e-cigarette device were collected, with the collection process separated into the gas phase and particle phase. The setup is shown in Figure 1.
[image: Diagram showing a Cambridge Filter Pad labeled as 1, connected to an ORBO™615 Adsorption Tube labeled as 2. Air flow is indicated by an arrow pointing from left to right.]FIGURE 1 | Aerosol collection device.After collection, the 44 mm Cambridge filter (Körber GmbH, Germany) was removed and placed into a 40 mL amber storage vial, followed by the addition of 30 mL methanol and 750 μL internal standard solution (concentration: 4 mg/mL). The adsorbent from the ORBO™615 tube (Supelco, United States) was transferred to a 12 mL amber storage vial, and 5 mL methanol, 125 μL 1,3-butanediol internal standard solution (4 mg/mL), and 62.5 μL phenylethanone-d8 internal standard solution (40 μg/mL) were added. The mixture was subjected to ultrasonic extraction at 40W for 30 min. The extract from both the gas and particle phases was filtered through a 0.45 μm organic phase membrane (nylon fiber, ANPEL Laboratory Technologies Inc., Shanghai, China) and 1 mL of the filtrate was transferred to a chromatography vial for analysis.
2.2 GC-MS analysis
The aerosol cooling agents captured were detected and quantified using a gas chromatography-mass spectrometry system (Model Agilent 7890B/5977A, Agilent Technologies, United States). The chromatographic column used was DB-ALC1 (30 m × 320 μm × 1.8 μm). The injection port temperature was set at 250 °C. The temperature program started at an initial temperature of 100 °C, held for 5 min, then increased at 10 °C/min to 130 °C, held for 5 min, followed by a 5 °C/min increase to 200 °C, held for 0 min, and finally increased at 3 °C/min to 220 °C, held for 3 min. A 1 μL sample was injected with a split ratio of 10:1. The carrier gas was helium (purity ≥99.999%) at a constant flow mode, with a flow rate of 1.5 mL/min.
Mass spectrometry conditions: Solvent delay of 4.3 min, electron ionization (EI) with an ionization energy of 70 eV. The transfer line temperature was 250 °C, and the ion source temperature was 230 °C. The scan mode was set to Selected Ion Monitoring (SIM), and the retention time, quantitative ions, and qualitative ions for the target compounds and internal standards are shown in the Table 1.
TABLE 1 | Retention times, quantitative ions, and qualitative ions of target compounds and internal standards.	Compounds	Retention Time/min	Quantifier (m/z)	Qualifier (m/z)
	Menthol	13.27	138	95,123
	WS-23	19.28	114	128,129
	WS-3	28.24	100	168
	1,3-Butanediol (Internal standard)	4.67	43	72,75
	Acetophenone-d8 (Internal standard)	10.42	110	82,128


2.3 Thermal Gravimetric analyzer instrument
To optimize the adsorption tube model and validate the reliability of the adsorption tubes used for gas phase collection, a thermogravimetric analyzer (Model TGA 550, Waters Technologies Co., Ltd., Shanghai) was employed to select the optimal adsorption tube from three models: ORBO™615, ORBO™32, and ORBO™90. Different temperature programs were set based on the boiling points and vapor pressures of each cooling agent (Table 2), and mass loss was recorded following the execution of the program.
TABLE 2 | Temperature program of the thermal gravimetric analyzer.	Compounds	Temperature program	Air flow rate/(mL·min-1)
	Menthol	40 °C/min to 50 °C, maintain 10min	500
	WS-23	40 °C/min to 70 °C, maintain 10min	500
	WS-3	40 °C/min to 80 °C, maintain 10min	500


The adsorbent material from the collected tubes was then transferred into 40 mL amber storage vials, followed by the addition of 20 mL methanol, 500 μL 1,3-butanediol internal standard solution (4000 ppm), and 250 μL phenylethanone-d8 internal standard solution (40 ppm). The mixture was subjected to ultrasonic extraction for 30 min, and the extract was filtered through a 0.45 μm organic phase membrane. A 1 mL aliquot of the filtrate was transferred to a chromatography vial for analysis.
2.4 Reagents
All reagents used in this experiment were of analytical grade. Methanol, ethanol, and isopropanol were purchased from Supelco (United States). The three cooling agents were L-menthol (99%, Merck, Germany), WS-23 (>98%, Aladdin Biochemical Technology Co., Ltd., Shanghai), and WS-3 (99%, Merck, Germany). The internal standards used were 1,3-butanediol (99%, McLin Biochemical Technology Co., Ltd., Shanghai) and phenylethanone-d8 (98% atom %D, Beijing Bailingwei Technology Co., Ltd.).
2.5 Preparation of standard solutions
Internal standard solutions: 200 mg of 1,3-butanediol and phenylethanone-d8 were each placed in a 50 mL volumetric flask and dissolved in methanol to prepare a 4 mg/mL internal standard solution for particle phase samples. For gas phase samples, 2 mg of 1,3-butanediol and 2 mg of phenylethanone-d8 were dissolved in a 50 mL volumetric flask with methanol to yield a 4 mg/mL internal standard solution.
Mixed standard stock solution: 1 g of menthol, WS-3, and WS-23 were each weighed and placed in a 10 mL volumetric flask and diluted to volume with methanol to prepare individual stock solutions. Then, 1 mL of each individual standard solution was accurately transferred into a 100 mL volumetric flask and diluted with methanol to prepare a 1,000 ppm mixed standard stock solution. For further dilution, 200 mg of menthol, WS-3, and WS-23 were each weighed and placed in a 100 mL volumetric flask and diluted with methanol to prepare individual stock solutions. 100 μL of each individual stock solution was then transferred to a 100 mL volumetric flask and diluted with methanol to obtain a 2 ppm mixed standard stock solution.
Series of working standard solutions: 10, 20, 50, 100, 200, 500, 1,000, 2000, and 5,000 μL aliquots of the 1,000 ppm mixed standard stock solution were transferred to 10 mL volumetric flasks. To each flask, 250 μL of the 4 mg/mL internal standard solution was added, and the volume was adjusted with methanol to prepare particle phase working standard solutions. For gas phase working solutions, 50, 100, 250, 500, 1,000, 2,500, and 5,000 μL aliquots of the 2 ppm mixed standard stock solution were transferred to 10 mL volumetric flasks, and 125 μL of the 40 mg/mL internal standard solution was added before dilution with methanol. The solutions were mixed thoroughly to obtain the working standard solutions for gas phase samples.
2.6 Pretreatment conditions optimization
To minimize sample loss, reduce processing time, and simplify the operation steps, the conditions involved in sample preparation were optimized. Among the three solvents—methanol, ethanol, and isopropanol—the solvent with the best extraction efficiency was selected. The effects of solvent extraction volumes of 20–40 mL and 3–5 mL were evaluated for both gas and particle phases. Additionally, the ultrasound extraction power and duration were compared and optimized.
2.7 Instrumental analysis methods optimization
Optimization was also carried out for the split ratio and temperature program. To achieve optimal peak shapes, the influence of different split ratios (splitless, 10:1, 20:1, 30:1) on peak shapes, including tailing or flat-top peaks, was assessed. Furthermore, to shorten the analysis time while ensuring good separation of all components, the heating rate and retention times of the temperature program were optimized and adjusted accordingly.
2.8 Validation
The methodology was validated by assessing linearity, limits of detection (LOD), limits of quantification (LOQ), precision, and recovery. A total of 6-7 concentration points were selected, and calibration curves for both the gas phase and particle phase were constructed by plotting the ratio of the peak area of each target compound to its internal standard (as the y-axis) against the ratio of the target compound concentration to the internal standard concentration (as the x-axis). A standard deviation-based method is used to calculate LOD and LOQ. The lowest concentration of the standard working solution was diluted 10-fold, and parallel measurements were performed 10 times. The detection limit (LOD) of the method was determined as three times the standard deviation (SD) of the results, and the quantification limit (LOQ) was defined as ten times the SD.
To evaluate precision and accuracy, six sets of parallel samples were taken within a single day, and continuous injections were performed to calculate the relative standard deviation (RSD) between parallel groups to confirm within-day repeatability. Additionally, five consecutive days of experimental injections were carried out to assess day-to-day repeatability. The concentrations of the three cooling agents in samples at three levels (low, medium, and high) were measured before and after spiking, and recovery rates were calculated to verify the accuracy of the method.
2.9 Applicability test
To evaluate the practical applicability of the proposed method, four flavors of electronic vapor products (Fresh Menthol, Ice Lemon Menthol, Ice Mint, and Cool Mint) from RELX (China) were analyzed. The objective was to assess the presence of cooling agents in popular market flavors and to determine the total aerosol content of the three cooling agents, as well as the distribution between the gas and particle phases, to verify the method’s practicality.
3 RESULTS AND DISCUSSION
3.1 Pretreatment conditions optimization
To balance the operation volume, time, and sample loss during the sample preparation process, the optimized processing conditions were compared and the best options were selected. This approach aimed to ensure complete extraction of the samples from the filter and adsorbent tubes, achieving the highest recovery rate. Based on the relative extraction efficiencies (Figure 2), methanol, which showed the best extraction performance, was chosen as the extraction solvent.
[image: Bar charts comparing relative content of Menthol, WS23, and WS3 in particle and gas forms. In both particle and gas forms, Menthol, WS23, and WS3 content are shown with slight variations under different solvents.]FIGURE 2 | Relative contents of particle/gas-phase coolants under different solvents.Insufficient extraction volumes may cause saturation, leading to incomplete sample extraction, while an excessive volume could increase the complexity of the procedure. After comparing three extraction volumes (Figure 3), 30 mL and 5 mL were selected for the particle phase and gas phase extraction volumes, respectively. At these volumes, the extraction yields reached near maximum levels, while also considering the convenience of handling gas phase samples (5 mL is easier to sample).
[image: Two line graphs compare the amounts of menthol, WS-23, and WS-3 over time. The left graph shows particle-phase amounts and the right graph shows gas-phase amounts. Both graphs plot measurements at 10-minute intervals over a 40-minute period.]FIGURE 3 | Particle/gas-phase coolants under different extraction times.During the optimization of ultrasonic conditions, different powers (40 W and 80 W) were tested, but no significant difference in extraction efficiency was observed. However, the extraction time did influence the extraction amount. As shown in Figure 4, the extraction reached its maximum after 30 min. It should be noted that during the extraction of gaseous menthol, the result after 20 min of extraction seemed to have decreased. Therefore, we calculated the deviation to be less than 5%, and considered that this slight fluctuation was caused by certain reasons. This fluctuation was within the acceptable range and did not affect the actual result. As a result, ultrasonic extraction conditions of 40W power and 30 min were chosen for extracting the aerosol cooling agents.
[image: Two line graphs compare the amounts of menthol, WS-23, and WS-3 in particle and gas phases based on volume. The left graph shows WS amounts in micrograms for volumes of twenty to forty milliliters, while the right graph shows menthol and WS amounts in nanograms for three to five milliliters. Menthol, WS-23, and WS-3 are represented by black squares, red circles, and blue triangles, respectively, with trends relatively consistent across volumes.]FIGURE 4 | Particle/gas-phase coolants under different extraction solvent volumes.Thus, for the sample preparation of aerosol samples, 30 mL methanol was used for the particle phase and 5 mL methanol for the gas phase, with ultrasonic extraction at 40 W for 30 min, ensuring both high extraction efficiency and a reasonable operational timeframe.
3.2 Instrumental analysis methods optimization
To optimize the chromatographic peak shapes, the influence of different split ratios (splitless, 10:1, 20:1, 30:1) was evaluated. When the sample was analyzed without splitting, severe tailing and flat-top peaks were observed in the particle phase samples. As the split ratio increased, the tailing phenomenon was reduced; however, due to the lower concentration of the gas phase sample, signal intensity significantly decreased at higher split ratios. Considering both signal strength and peak shape quality, a split ratio of 10:1 was selected.
Further optimization was performed on the temperature program’s heating rate and retention time. After balancing the separation of components and the required analysis time, the final temperature program was determined. Under the optimized chromatographic conditions, both internal standards and three cooling agents were well separated on the ALC-1 column, meeting the analytical requirements. The chromatogram of the smoke sample under optimized conditions is shown in Figure 5.
[image: Graph (a) shows a chromatogram with five labeled peaks at different retention times, indicating varying intensities. Graph (b) displays a corresponding chromatogram with insets magnifying peaks two, four, and five, showcasing more detailed peak shapes.]FIGURE 5 | Chromatogram of particle/gas-phase aerosol samples under optimized GC–MS conditions; chromatogram of gas-phase aerosol samples under optimized GC–MS conditions. (a) particle, (b) gas.3.3 Adsorption tubes selection
Considering that different types of adsorbent tubes may have varying adsorption capacities for gas-phase cooling agents, this study selected three models of adsorbent tubes: ORBO™615, ORBO™32, and ORBO™90, for comparative evaluation. Due to the low concentration of target compounds in the aerosolized samples, it is challenging to effectively assess the adsorption and desorption efficiency of the adsorbent tubes. Therefore, thermogravimetric analysis was used to select the optimal adsorbent tube and evaluate its performance for capturing gas-phase cooling agents.
The results, shown in Figure 6, led to the following conclusions: (1) The response for menthol in the ORBO™32 tube was significantly lower than in the other two models (Figure 6a). This is likely due to the weaker adsorption and desorption capacity of the coconut shell activated carbon filling in the ORBO™32 tube for both the 1,3-butanediol internal standard and menthol. (2) For WS-23 and WS-3, both of which are amide compounds, phenylethanone-d8 was used as the internal standard. The chromatographic responses (Figures 6b,c) showed that the XAD-7 resin filling in the ORBO™615 tube exhibited excellent adsorption capacity for these compounds, with high desorption efficiency in methanol solution. The chromatographic response signals were clearly superior to those from the other two adsorbent tubes. In contrast, the signals for phenylethanone-d8 and the target compounds in the ORBO™90 and ORBO™32 tubes showed significant attenuation, indicating poor adsorption and desorption efficiency for both the cooling agents and the internal standard.
[image: Three chromatograms display different chemical analyses with labeled peaks. (a) Shows peaks for 1,3-Butanediol and Menthol, marked as 1 and 2. (b) Depicts peaks for Acetophenone and WS-23, labeled 1 and 2. (c) Illustrates peaks for Acetophenone and WS-3, labeled 1 and 2. Each chromatogram compares results across ORBO types 615, 32, and 90.]FIGURE 6 | Comparative chromatograms of adsorbent tubes. (a) menthol; (b) ws-23; (c) ws-3.In summary, based on the adsorption and desorption efficiency for the three cooling agents, the ORBO™615 adsorbent tube was selected as the optimal device for capturing gas-phase components in electronic cigarette aerosols.
To further verify the reliability of the ORBO™615 adsorbent tube in capturing gas-phase cooling agents, a tandem adsorption experiment was conducted. Two ORBO™615 tubes (Adsorbent 1&2 in Table 3) were connected in series to collect aerosol samples, and the target compound contents in the front and rear tubes were measured separately to determine whether any breakthrough occurred. In addition, to evaluate the completeness of ultrasonic extraction, samples were analyzed after 30 min of ultrasonic extraction, and then again after extending the extraction time to 40 and 50 min. The results were compared to theoretical spiked amounts to calculate recovery rates, which ranged from 89.4% to 98.56%.
TABLE 3 | Gas-phase cooling agent distribution ratios and recovery efficiencies in adsorbent tubes.	Compounds	Adsorption Quantity (μg)	Amount (μg)	Recovery
	Adsorbent 1	Adsorbent 2
	Menthol	20.698	N.D.	21	98.56%
	WS-23	16.685	N.D.	18	92.69%
	WS-3	11.594	N.D.	13	89.48%


N.D., not detected.
The results showed that, in the tandem adsorption experiment, the ORBO™615 tube demonstrated high adsorption efficiency for all three cooling agents, with no breakthrough observed. The recoveries of the three cooling agents ranged from 89.48% to 98.56% (Table 3), and extending the extraction time did not significantly improve recovery (Figure 7). Notably, WS-23 and WS-3 exhibited slightly lower recoveries (approximately 90%). This is likely due to their low vapor pressures (Table 4) and the dead volume in the thermogravimetric analyzer chamber (Figure 8). Specifically, during heating, the vaporized analytes were transported by the purge gas to the adsorbent tube; however, upon leaving the vertical heating chamber, the gas temperature dropped rapidly, causing a small fraction of gas-phase cooling agents to condense into the solid phase and remain in the connecting tubing.
[image: Line graph showing recovery percentages over time for Menthol, WS-23, and WS-3. Menthol maintains a consistent recovery near 100%, WS-23 near 95%, and WS-3 around 90% from 30 to 50 minutes.]FIGURE 7 | Verification of extraction time for ORBO™615 adsorbent tubes.TABLE 4 | Vapor pressures and boiling points of cooling agents.	Compounds	Vapor pressure (Pa)	Boiling point (°C)
	Menthol	106.6 (20 °C)	216
	WS-23	0.3 (25 °C)	255
	WS-3	0.007 (25 °C)	351


[image: (a) A laboratory setup showing a black cylindrical device with connectors and tubes, mounted on a metal surface. (b) A schematic diagram illustrating airflow through a system with labeled components: 1. Sample Crucible, 2. Weighing Hook, 3. Adsorbent Tube, with arrows indicating airflow direction.]FIGURE 8 | Thermal Gravimetric analyzer. (a) Chamber section, (b) schematic diagram of chamber section.In conclusion, the ORBO™615 adsorbent tube demonstrates excellent adsorption capacity and recovery performance for gas-phase menthol, WS-3, and WS-23 in electronic cigarette aerosols, making it suitable for subsequent analytical applications.
3.4 Method validation
3.4.1 Calibration curves, limits of Detection (LOD), and limits of Quantitation (LOQ)
The linear ranges, regression equations, correlation coefficients, limits of detection (LOD), and limits of quantification (LOQ) are summarized in Tables 5, 6. All calibration curves exhibited correlation coefficients (R2) ≥ 0.9994, indicating excellent linearity. The LODs and LOQs of the method were 0.051–0.255 μg/mL and 0.169–0.849 μg/mL, respectively.
TABLE 5 | Linear range, regression equation, correlation coefficient, LOD, and LOQ of particle-phase targets.	Compounds	Range (μg/mL)	Calibration equations	R2	LOD (μg/mL)	LOQ (μg/mL)
	Menthol	10–500	Y = 1.447752X+0.031370	0.9996	0.051	0.169
	WS23	10–500	Y = 0.750296X+0.029708	0.9994	0.114	0.380
	WS3	10–500	Y = 0.740571X-0.073878	0.9998	0.082	0.273


TABLE 6 | Linear range, regression equation, correlation coefficient, LOD, and LOQ of gas-phase targets.	Compounds	Range (ng/mL)	Calibration equations	R2	LOD (ng/mL)	LOQ (ng/mL)
	Menthol	10–1,000	Y = 5.586838X+0.038901	0.9997	0.255	0.849
	WS23	10–1,000	Y = 0.447089X-0.002682	0.9999	0.137	0.456
	WS3	10–1,000	Y = 0.180606X-0.0007033	0.9997	0.175	0.585


To evaluate the precision and accuracy of the established method, intra-day precision, inter-day precision, and spiked recovery experiments were conducted. For intra-day precision, six parallel samples were analyzed consecutively, and the relative standard deviations (RSDs) of the target compounds among the replicates were calculated. For inter-day precision, the same experiment was repeated over five consecutive days. Spiked recovery was determined by adding a mixed standard solution of cooling agents at low, medium, and high concentration levels to gas-phase and particle-phase samples of known content, followed by measurement of the cooling agent concentrations before and after spiking.
As shown in Tables 7, 8, the intra-day RSDs for the three cooling agents were ≤3.32%, and the inter-day RSDs were ≤4.15%, demonstrating good repeatability and stability of the method. The recoveries at low, medium, and high levels were 92.93%–113.25%, 94.08%–109.78%, and 91.32%–109.36%, respectively, all within the acceptable range. It should be noted that we calculated recoveries using a calibration curve prepared in pure solvent (neat standard). Thus, the measured recoveries can be taken as approximate matrix factor (MF) values between ∼91% and ∼113%, which is modest but is not a formal matrix effect study. Overall, the developed method exhibited excellent precision and reproducibility, and is suitable for accurate quantification of both gas-phase and particle-phase menthol, WS-3, and WS-23 in electronic cigarette aerosols.
TABLE 7 | Precision and recovery of particle-phase targets in aerosols.	Compounds	Intra-day (RSD%)	Inter-day (RSD%)	Accuracy (%)
	Low level	Medium level	High level
	Menthol	1.40%	3.65%	106.26%	109.15%	107.89%
	WS23	2.87%	2.27%	113.25%	109.53%	99.19%
	WS3	2.94%	3.90%	112.95%	109.78%	99.83%


TABLE 8 | Precision and recovery of gas-phase targets in aerosols.	Compounds	Intra-day (RSD%)	Inter-day (RSD%)	Accuracy (%)
	Low level	Medium level	High level
	Menthol	1.54%	4.15%	105.29%	107.27%	109.36%
	WS23	3.21%	3.16%	104.80%	106.14%	108.61%
	WS3	3.32%	4.06%	92.93%	94.08%	91.32%


3.4.2 Applicability test
To verify the practical applicability of the developed method, four commercially available electronic cigarette products with different flavors were analyzed to determine the concentrations of three cooling agents in their aerosols, as shown in Tables 9, 10. Quantitative results indicated that the total contents of the cooling agents varied considerably among products due to differences in e-liquid formulations. However, the gas/particle-phase distribution ratios for each cooling agent showed no significant variation, suggesting that the distribution was primarily governed by the inherent volatility of the compounds. As illustrated in Figure 9, all three cooling agents were detected in the aerosols, and their proportions were largely determined by the levels added to the e-liquid. In all four products, WS-23 was present at the highest concentration, whereas WS-3 was the lowest. This pattern is consistent with previous sensory studies (Behrendt et al., 2004; Johnson et al., 2018), which reported a cooling intensity ranking of WS-3 > menthol > WS-23. Consequently, the amount added in the formulations appears to be inversely correlated with the intrinsic cooling strength of each agent.
TABLE 9 | Contents of three cooling agents in aerosols of different E-cigarette samples.	Samples	Menthol	WS-23	WS-3
	Particle (μg·puff−1)	Gas (μg·puff−1)	Particle (μg·puff−1)	Gas (μg·puff−1)	Particle (μg·puff−1)	Gas (μg·puff−1)
	Menthol	141.812	7.284	162.411	0.082	7.655	0.014
	Ice Lemon Menthol	71.222	4.318	253.286	0.196	15.224	0.024
	Ice Mint	37.381	0.741	548.413	0.212	14.397	0.014
	Cool Mint	176.822	4.472	367.581	0.106	7.685	0.012


TABLE 10 | Gas–particle partition ratios of three cooling agents in aerosols of different E-cigarette samples.	Samples	Menthol	WS-23	WS-3
	Particle	Gas	Particle	Gas	Particle	Gas
	Menthol	95.11%	4.89%	99.95%	0.05%	99.82%	0.18%
	Ice Lemon Menthol	94.28%	5.72%	99.92%	0.08%	99.84%	0.16%
	Ice Mint	98.06%	1.94%	99.96%	0.04%	99.90%	0.10%
	Cool Mint	97.53%	2.47%	99.97%	0.03%	99.85%	0.15%


[image: Bar chart showing the relative content of Menthol, WS23, and WS3 in four flavors: Mint, IceLemon Mint, Ice Mint, and CoolMint. Menthol is red, WS23 is light blue, and WS3 is green. These four flavors have varied proportions of all three, while the content of WS23 is the highest.]FIGURE 9 | Relative contents of cooling agents in aerosols from different samples.The phase distribution of cooling agents in aerosols reflects a dynamic equilibrium between gas-phase and particle-phase, which is directly related to compound volatility (Pankow, 2001). The results showed that all three cooling agents predominantly existed in the particle phase, with the gas-phase fraction being relatively small and following the trend: menthol > WS-3 > WS-23. Menthol, being the most volatile, exhibited the highest gas-phase proportion. Although WS-23 and WS-3 are both amide-type cooling agents and WS-23 has a higher vapor pressure and lower boiling point, its gas-phase proportion was slightly lower than that of WS-3. This phenomenon may be attributed to the higher WS-23 concentration in e-liquids, leading to a greater fraction condensing into the particle phase during aerosol cooling, thereby reducing its relative gas-phase proportion. To verify this hypothesis, an additional e-liquid was prepared with equal concentrations of WS-23 and WS-3. When the generated aerosol masses of the two were comparable, the gas-phase fraction of WS-23 exceeded that of WS-3, consistent with their boiling point and vapor pressure characteristics.
In summary, analysis of the four market-available flavors demonstrated that the developed method is effective for determining cooling agents in electronic cigarette aerosols. Moreover, the observed phase distributions appear to follow predictable physicochemical property trends, providing a basis for future investigations into the sensory effects, sensory thresholds, and exposure risks associated with different phase distributions.
4 CONCLUSION
In this study, a high-efficiency analytical method was developed to determine three representative cooling agents—menthol, WS-23, and WS-3—in aerosols by GC–MS via systematic optimization of sample pretreatment parameters including extraction solvent type, extraction time, and solvent volume. The method features a simple pretreatment procedure, high detection sensitivity, and a short analysis time. Experimental results indicated that the concentrations of cooling agents in the aerosol gas phase were substantially lower than those in the particle phase, with gas-phase proportions of 1.94%–5.72% for menthol, 0.03%–0.08% for WS-23, and 0.10%–0.18% for WS-3. All three cooling agents predominantly existed in the particle phase, and their gas-phase distribution was jointly influenced by physicochemical properties such as boiling point and vapor pressure. The phase differentiation values obtained by this method have important implications for improving the accuracy of inhalation exposure assessment, as previous biomimetic and numerical simulation studies have demonstrated that aerosol particle size is directly associated with deposition sites and deposition efficiency in the respiratory tract (Ciloglu and Karaman, 2022; Koullapis et al., 2016; Kumar and Singh, 2023; Li et al., 2021). Consequently, this method provides a reliable analytical tool for investigating gas–particle partitioning behavior of typical cooling agents in electronic cigarettes, and provides experimental evidence and data to support further studies on their deposition characteristics in the human respiratory system and the resulting sensory effects.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
TC: Validation, Formal Analysis, Investigation, Writing – review and editing, Writing – original draft. CH: Formal Analysis, Investigation, Writing – review and editing. CM: Writing – review and editing, Validation. BP: Investigation, Writing – review and editing. PS: Writing – review and editing, Investigation. GZ: Writing – review and editing, Investigation. QY: Investigation, Methodology, Writing – review and editing. FX: Project administration, Writing – review and editing, Conceptualization.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This research was funded by the Project from China National Tobacco Corporation, grand number is No.110202102015.
ACKNOWLEDGMENTS
AcknowledgementsWe thank Sudeep Agarwal (www.scribendi.com) for editing a draft of this manuscript.
CONFLICT OF INTEREST
TC, CH, CM, BP, PS, GZ, QY, and FX were employed by the Zhengzhou Tobacco Research Institute of China National Tobacco Corporation (CNTC).
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
REFERENCES
	Ali, F. R. M., Seaman, E. L., Diaz, M. C., Ajose, J., and King, B. A. (2024). Trends in unit sales of cooling flavoured e-cigarettes, USA, 2017-2021. Tob. Control 33, 147–153. doi:10.1136/tc-2022-057395

	Anderson, S. J. (2011). Menthol cigarettes and smoking cessation behaviour: a review of tobacco industry documents. Tob. Control 20, ii49–ii56. doi:10.1136/tc.2010.041947

	Behrendt, H. J., Germann, T., Gillen, C., Hatt, H., and Jostock, R. (2004). Characterization of the mouse cold-menthol receptor TRPM8 and vanilloid receptor type-1 VR1 using a fluorometric imaging plate reader (FLIPR) assay. Br. J. Pharmacol. 141, 737–745. doi:10.1038/sj.bjp.0705652

	Bfr (2025). Coolants in e-cigarettes are poorly researched: health impairments possible. BfR-Stellungnahmen 2025, 010. doi:10.17590/20250407-150049-0

	Chandra, D., Bogdanoff, R. F., Bowler, R. P., and Benam, K. H. (2023). Electronic cigarette menthol flavoring is associated with increased inhaled micro and sub-micron particles and worse lung function in combustion cigarette smokers. Respir. Res. 24, 108. doi:10.1186/s12931-023-02410-9

	Chen, J., Li, S., Wang, M., He, H., and Chen, Y. (2000). The relationship between the pH value of the particulate matter in cigarette smoke, the content of free nicotine, and the strength of cigarettes. Tob. Sci. & Technol. , 20–21.

	Ciloglu, D., and Karaman, A. (2022). A numerical simulation of the airflow and aerosol particle deposition in a realistic airway model of a healthy adult. J. Pharm. Sci. 111, 3130–3140. doi:10.1016/j.xphs.2022.08.005

	Eccles, R. (2000). Role of cold receptors and menthol in thirst, the drive to breathe and arousal. Appetite 34, 29–35. doi:10.1006/appe.1999.0291

	Emond, J. A., Soneji, S., Brunette, M. F., and Sargent, J. D. (2018). Flavour capsule cigarette use among US adult cigarette smokers. Tob. Control 27, 650–655. tobaccocontrol-2017-054198. doi:10.1136/tobaccocontrol-2017-054198

	Erman, M. (2004). Progress in physiological cooling agents. Oak Park, ILL: Allured Publishing Corporation.

	Holländer, W., and Stöber, W. (1986). Aerosols of smoke, respiratory physiology and deposition. Archives Toxicol. Suppl. = Archiv für Toxikologie. Suppl. 9, 74–87. doi:10.1007/978-3-642-71248-7_9

	Jabba, S. V., Erythropel, H. C., Torres, D. G., Delgado, L. A., Woodrow, J. G., Anastas, P. T., et al. (2022). Synthetic cooling agents in US-marketed E-cigarette refill liquids and popular disposable E-cigarettes: chemical analysis and risk assessment. Nicotine & Tob. Res. 24, 1037–1046. doi:10.1093/ntr/ntac046

	Johnson, S., Tian, M., Sheldon, G., and Dowd, E. (2018). Trigeminal receptor study of high-intensity cooling agents. J. Agric. Food Chem. 66, 2319–2323. doi:10.1021/acs.jafc.6b04838

	Kichko, T. I., Kobal, G., and Reeh, P. W. (2015). Cigarette smoke has sensory effects through nicotinic and TRPA1 but not TRPV1 receptors on the isolated mouse trachea and larynx. Am. J. Physiology-Lung Cell. Mol. Physiology 309, L812–L820. doi:10.1152/ajplung.00164.2015

	Kim, H. S., Pack, E. C., Koo, Y. J., Lee, Y. J., Choi, D. W., Lee, S. H., et al. (2018). Quantitative analysis of menthol and identification of other flavoring ingredients in capsule cigarettes marketed in Korea. Regul. Toxicol. & Pharmacol. 92, 420–428. doi:10.1016/j.yrtph.2018.01.002

	Koullapis, P. G., Kassinos, S. C., Bivolarova, M. P., and Melikov, A. K. (2016). Particle deposition in a realistic geometry of the human conducting airways: effects of inlet velocity profile, inhalation flowrate and electrostatic charge. J. Biomech. 49, 2201–2212. doi:10.1016/j.jbiomech.2015.11.029

	Krüsemann, E. J. Z., Cremers, J. W. J. M., Visser, W. F., Punter, P. H., and Talhout, R. (2016). The sensory difference threshold of menthol odor in flavored tobacco determined by combining sensory and chemical analysis. Chem. Senses 42, 233–238. doi:10.1093/chemse/bjw123

	Kumar, B., and Singh, D. (2023). Study on airflow and particle transport in in silico human respiratory tract. J. Braz. Soc. Mech. Sci. Eng. 45, 574. doi:10.1007/s40430-023-04358-9

	Larcinese-Hafner, V., and Tchakalova, V. (2018). Co-surfactant, co-solvent, and hydrotropic properties of some common cooling agents. Flavour & Fragr. J . 33 (4), 303–312. doi:10.1002/ffj.3449

	Leventhal, A. M., Tackett, A. P., Whitted, L., Jordt, S. E., and Jabba, S. V. (2023). Ice flavours and non-menthol synthetic cooling agents in e-cigarette products: a review. Tob. Control 32, 769–777. doi:10.1136/tobaccocontrol-2021-057073

	Li, Y. W., Cui, H. P., Chen, L., Fan, M. J., Cai, J. L., Guo, J. W., et al. (2021). Modeled respiratory tract deposition of smoke aerosol from conventional cigarettes, electronic cigarettes and heat-not-burn products. Aerosol Air Qual. Res. 21, 200241. doi:10.4209/aaqr.200241

	Liu, Y., Ye, X., Feng, X., Zhou, G., Rong, Z., Fang, C., et al. (2005). Menthol facilitates the skin analgesic effect of tetracaine gel. Int. J. Pharm. 305, 31–36. doi:10.1016/j.ijpharm.2005.08.005

	Meruva, N. K., Smith, M. T., and Plunkett, S. E. (2013). Quantitative determination of menthol in a single puff of mainstream cigarette smoke. Beitraege Zur Tab. Int. 25, 528–534. doi:10.2478/cttr-2013-0928

	Orani, G. P., Anderson, J. W., Sant'ambrogio, G., and Sant'ambrogio, F. B. (1991). Upper airway cooling and l-menthol reduce ventilation in the Guinea pig. J. Appl. Physiology 70, 2080–2086. doi:10.1152/jappl.1991.70.5.2080

	Pankow, J. F. (2001). A consideration of the role of gas/particle partitioning in the deposition of nicotine and other tobacco smoke compounds in the respiratory tract. Chem. Res. Toxicol. 14, 1465–1481. doi:10.1021/tx0100901

	Patel, T., Ishiuji, Y., Yosipovitch, G., Bartolini, A., and Ghelardini, C. (2002). Menthol: a natural analgesic compound. Neurosci. Lett. 322, 145–148. doi:10.1016/s0304-3940(01)02527-7

	Plevkova, J., Kollarik, M., Poliacek, I., Brozmanova, M., Surdenikova, L., Tatar, M., et al. (2013). The role of trigeminal nasal TRPM8-expressing afferent neurons in the antitussive effects of menthol. J. Appl. Physiology 115, 268–274. doi:10.1152/japplphysiol.01144.2012

	Scherer, G., Conze, C., Meyerinck, L. V., Sorsa, M., and Adlkofer, F. (1990). Importance of exposure to gaseous and particulate phase components of tobacco smoke in active and passive smokers. Int. Archives Occup. Environ. Health 62, 459–466. doi:10.1007/bf00379064

	Sekizawa, S.-I., Tsubone, H., Kuwahara, M., and Sugano, S. (1996). Nasal receptors responding to cold and l-menthol airflow in the guinea pig. Respir. Physiol. 103, 211–219. doi:10.1016/0034-5687(95)00091-7

	Shen, E. R., Wang, W., and Zhu, C. Y. (2009). Synthesis and application of several new coolants. Toothpaste Ind. 19, 53–54.

	Su, M.-L., and Wu, M. (2004). Advance on the forms of nicotine in tobacco and smoke. Zhengzhou, China: The Editorial Department of Tobacco Science & Technology.

	Sun, H., Lv, Q., Chen, J., and Xie, T. (2017). “Determination of various coolant components in cigarettes and additives,” in The 2017 academic annual conference of the China Tobacco association) , 8.

	Tackett, A. P., Han, D. H., Peraza, N., Whaley, R. C., Mason, T., Cahn, R., et al. (2025). Effects of ‘Ice’ flavoured e-cigarettes with synthetic cooling agent WS-23 or menthol on user-reported appeal and sensory attributes. Tob. Control 34, 175–182. doi:10.1136/tc-2023-058125

	Toledo, E. F. V., Simões, I. F., Farias, M. T., Minho, L. a.C., Conceição, J. L., Santos, W., et al. (2025). A comprehensive review of the harmful compounds in electronic cigarettes. Toxics 13, 268. doi:10.3390/toxics13040268

	Wang, Z., Han, J., Yuan, D., Zheng, X., Shang, S., Li, Z., et al. (2020). Determination of eight cooling agents in tobacco materials for heated tobacco products by gas chromatography-mass spectrometry. Tob. Sci. & Technol. 53. doi:10.16135/j.issn1002-0861.2019.0396

	Wu, J., Gao, Y., Li, D., and Gao, N. (2022). Emission and gas/particle partitioning characteristics of nicotine in aerosols for electronic cigarettes. Chem. Res. Toxicol. 35, 890–897. doi:10.1021/acs.chemrestox.2c00076

	Zeng, S., Wang, D., Liu, S., Li, P., Xi, H., Fu, Y., et al. (2022). Simulation of oral deposition of main volatile carbonyls following inhalation of mainstream cigarette smoke. Tob. Sci. & Technol. 55. doi:10.16135/j.issn1002-0861.2021.0604


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Chen, Hua, Ma, Peng, Shang, Zhao, Yan and Xie. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fchem-13-1699107-g005.jpg
( a) 1400000

1300000
1200000 4
1100000
1000000
900000 5
800000
700000
600000 /// 2
500000
400000
300000
200000{[ .~ 1 3

100000

(l)) 200000

1800001| .~ 1
160000
140000

120000

100000

80000

60000

40000

20000

» B

N LN T T
5.00 10. 00 15. 00 20.00 25. 00 30. 00 35.00





OPS/images/fchem-13-1699107-g006.jpg
— ORBO™615 (b) — ORBO™615
260000
— ORBO™32 550000 — ORBO™32
240000 — ORBO™90 — ORBO™S0
1 500000
220000
450000
200000
100000 1
180000 N
— 350000
160000
300000
140000
250000 -
120000 ”
100000 200000
80000 150000
60000 100000
40000 50000
2
20000 o \
: ; : ;
[ 2 5.00 10. 00 15.00 20,00 25.00 3000 35.00
oHo——r T T T Ao T T T
6.00 800 1000  12.00  14.00  16.00  18.00 1. Acetophenone; 2. WS-23
. ;2. .
1. 1,3-Butanediol; 2. Menthol.
— ORBO™615
C ) 550000
— ORBO™322
500000 — ORBO™90
1
-
1450000 i
400000
350000
300000
250000 .
200000
150000 "
100000
50000 5
0l T T T T T T
5.00 10,00 15. 00 20.00 25.00 30.00 35.00

1. Acetophenone; 2. WS-3.





OPS/images/fchem-13-1699107-g003.jpg
14000 4

12000

10000 -

WS Amount (ug)
g

6000

4000

e

10min

PARTICLE
*
o A
A

20min 30min
Time

= Menthol
*  Ws-23
A WS3

40min

3000

2500

2000

1000

Menthol Amount (ug)

500

—

WS Amount (ng

6000

5000

-
S
=3
3

w
=3
3
3

0
S
=3
3

1000

10min

20min

GAS

Time

30min

= Menthol

® Ws-23
A Ws-3

40min

Menthol Amount (ug)





OPS/images/fchem-13-1699107-g004.jpg
WS Amount (pg)

PARTICLE [“@ Menthol GAS #— Menthol
e Ws-23 ° Ws-23
12000 7 A ws3 2500 5000 A WS3
4500 4
— 40004
[*) 1
10000 2000 3 3500] . ° .
P
c D 3000 4
2 £ ]
8000 g &> . . .
<C 3 2000
1500 — 0 ]
o) £ 1500
6000 S < 0 i
< (%)
[}
s < 5004
1000 0
40004
-500
1000
2000 500 -1500

20ml

3001
Volume

40m]

3ml

4ml
Volume

5ml

70

60

10

30

20

Menthol Amount (ug)





OPS/images/fchem-13-1699107-g009.jpg
RelativeContent

1.00  pum B —.\l\l/lvesnztgol
BWS3

0.75

0.50

W gt e
\C





OPS/images/fchem-13-1699107-g007.jpg
Recovery (%)

100

95

90

85

80

75

30

40

Time (min)

50

L Menthol
L WS-23
—A— WS-3






OPS/images/fchem-13-1699107-g008.jpg
1. Sample Crucible; 2. Weighing Hook; 3. Adsorbent Tube.





OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Method for simultaneous determination of three cooling agents in aerosols by GC–MS		1 INTRODUCTION

		2 MATERIALS AND METHODS		2.1 Sample collection

		2.2 GC-MS analysis

		2.3 Thermal Gravimetric analyzer instrument

		2.4 Reagents

		2.5 Preparation of standard solutions

		2.6 Pretreatment conditions optimization

		2.7 Instrumental analysis methods optimization

		2.8 Validation

		2.9 Applicability test





		3 RESULTS AND DISCUSSION		3.1 Pretreatment conditions optimization

		3.2 Instrumental analysis methods optimization

		3.3 Adsorption tubes selection

		3.4 Method validation		3.4.1 Calibration curves, limits of Detection (LOD), and limits of Quantitation (LOQ)

		3.4.2 Applicability test









		4 CONCLUSION

		DATA AVAILABILITY STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		ACKNOWLEDGMENTS

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		REFERENCES









OPS/images/cover.jpg
’ frontiers | Frontiers in Chemistry

Method for simultaneous
determination of three cooling
agents in aerosols by GC-MS





OPS/images/fchem-13-1699107-g001.jpg
2
] /

|

B —
Air flow

1. Cambridge Filter Pad; 2. ORBO™615 Adsorption Tube





OPS/images/fchem-13-1699107-g002.jpg
Relative Content

1.0

0.8

0.6

0.1

0.2

0.0

‘Menthol

PARTICLE

WS23

WS3

Relative Content

GAS

1.2

1.0

0.8

0.6

0.4

0.2

0.0
Menthol WS23 WS3










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Chemistry





