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Abstract 1 

Understanding the adsorption of the smoke stream (SR) on cellulose acetate stick as 2 

cigarette filter with different temperatures is beneficial for controlling chemical 3 

emissions and reducing the toxic effect of smoking on human health. However the 4 

investigation of corresponding adsorption properties was missing because the 5 

adsorption of smoke stream (SR) on cellulose acetate stick is sensitive with the three-6 

dimensional temperature gradient. In this work, the adsorption of typical smoke stream 7 

substances, such as CO, propylene glycol, formaldehyde, and acetone, on cellulose 8 

acetate stick were studied by in-situ diffuse reflectance Fourier transform infrared 9 

spectroscopy with different temperatures assisted by the infrared thermal imaging 10 

method. The adsorption capacities of cellulose acetate stick to these typical smoke 11 

stream substances is dependent on the adsorption time and temperature. The adsorption 12 

properties all fitted well with the Freundlich model. By a spectroscopic and 13 

mathematical explanation, quantifying contours of adsorption was performed. The 3D 14 

model of the normalized CO adsorption of cellulose acetate stick versus the spatial 15 

coordinates and time was established. This study gives unparalleled insight into 16 

smoking release characteristics of tobacco filtered by cellulose acetate and regulating 17 

cellulose acetate stick for reducing the negative effect of smoke on human health. 18 

Keywords: Cellulose Acetate Stick∙ in-situ DRIFTS ∙ CO ∙ Smoke Stream ∙ Temperature 19 

Distribution ∙ 3D Adsorption Model. 20 

21 
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Introduction 22 

Cigarette smoke is a complex mixture produced by tobacco combustion, cracking 23 

and distillation (Boue et al., 2020). CO and low-carbon aldehydes and ketones are toxic 24 

components of cigarette smoke stream, seriously affecting human health (Pasupathi et 25 

al., 2009; Starek and Podolak, 2009). Over the years, a number of studies have 26 

investigated the harmful effect of tobacco and smoke on human health (Adam et al., 27 

2006; Ma, 2021). The release of CO and low-carbon aldehydes and ketones is an 28 

important index for measuring the combustion and pyrolysis characteristics and smoke 29 

toxicity of tobacco, as well as for reflecting the comprehensive quality of cigarettes 30 

(Feng et al., 2013). The release of CO and low-carbon aldehydes and ketones is greatly 31 

affected by the combustion and pyrolysis environment (Pauwels et al., 2018). Therefore, 32 

the investigation of their adsorption and retention characteristics at different 33 

temperatures is beneficial for guiding the design and development of filtrational 34 

materials for cigarettes, and the optimization of cigarette filter, comprehensively 35 

improving the sensory quality and safety of cigarette smoke. 36 

At present, the main cigarette filtrational materials include cellulose acetate, 37 

polypropylene, and polyethylene terephthalate, etc.(Chau et al., 2020; Dong et al., 2021; 38 

Zhang et al., 2020). Among them, cellulose acetate stick as the cigarette filter can 39 

balance the smoke substances by trapping the excessive concentration of harmful 40 

cigarette smoke (Dwyer and Abel, 2015). At the same time, it exerts a filtering role, 41 

intercepting smoke powder particles and adjusting suction resistance (Du et al., 2015). 42 

Previous studies investigated the overall transfer of CO, 1, 2-propanediol, glycerol, 43 
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nicotine and some flavor components in different heated cigarette materials, aerosols 44 

and filters, and the change of the smoking cycle (puffing-smoldering-puffing) release 45 

of main components of smoke substances (Li et al., 2018; Li et al., 2015). Some 46 

research groups have also studied the smoke substances release law of cigarette filter 47 

material and length on the main components of smoke substances under different heat 48 

sources, smoke core sections and suction conditions (Fei et al., 2014).  49 

However, the change law of the adsorption structure and adsorption capacity of 50 

cigarette smoke component chemistry on the surface of cellulose acetate stick with 51 

temperature/ coordinate axes is challenging, because the adsorption of CO and low-52 

carbon aldehydes and ketones on the filter material is sensitive to the three-dimensional 53 

temperature gradient which is difficult to obtain on the cigarette filter stick.  54 

In-situ infrared spectroscopy is useful non-invasive and real-time device for 55 

evaluating changes in a chemical structure and monitoring the changes of characteristic 56 

functional groups with temperature (Meunier, 2016; Proaño et al., 2019; Shi et al., 2020; 57 

Zhong et al., 2020). Among the available characterization modes of infrared 58 

spectroscopy, diffuse reflectance Fourier transform infrared spectroscopy (DRIFTS) 59 

mode is the most suitable for in-situ characterization for gas-solid interface reaction, as 60 

it can collect and analyze the surface and interface information carried by the 61 

electromagnetic radiation reflected from the surface (Dzara et al., 2019; Li et al., 2020; 62 

Tofan-Lazar et al., 2013). Yet, for the measurement of the three-dimensional 63 

temperature gradient of the cigarette filter stick, the surface contact between the 64 

measuring instrument and the measured object can disturb the original temperature field 65 
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of the object, affecting the transmission of the temperature sensing element, and leading 66 

to the inaccurate output signal (Li et al., 2014; Li et al., 2016). Fortunately, the infrared 67 

thermal imaging technology does not interfere with the temperature of the measured 68 

object without inertial effect in the transmission of optical information, which can 69 

smoothly change the path and ensure the integrity of data (Jia et al., 2017; Pham Xuan 70 

et al., 2021; Roehl et al., 2009).  71 

In this study, we used infrared thermal imaging technology to detect the three-72 

dimensional temperature distribution information of cellulose acetate stick of burning 73 

cigarette. Based on this, we used in-situ DRIFTS to characterize the adsorption of CO, 74 

propylene glycol, and typical low-carbon aldehydes and ketones, including 75 

formaldehyde and acetone, on the surface of cellulose acetate sticks at the above 76 

temperature range of the cellulose acetate stick. The corresponding adsorption kinetic 77 

model were established. This work may provide a new perspective for guiding the 78 

design and development of filter stick materials for cigarettes and improving the suction 79 

safety of filters. 80 

Experimental 81 

Materials and Reagents 82 

The chemicals used in the experiments, including formaldehyde solution, acetone, 83 

and propylene glycol were purchased from Sinopharm Chemical Reagent Co., Ltd. 84 

Deionized water (resistivity of 18.2 MΩ) was purified by using a Millipore system. 85 

Gases used in the study were Argon (Ar, 99.99+ %) and the compressed air (20 vol.% 86 
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O2/N2). 87 

The cellulose acetate sticks used in this study were obtained from Eastman 88 

Shuangwei Fibers Company Limited. The degree of acetyl substitution of cellulose 89 

acetate is between 2.0 and 2.7. Its molecular formula is [C6H7O2 (OCH3)x(OH)3-x], n = 90 

200-400). It is widely used as cigarette filter tow (cigarette cellulose acetate tow) in 91 

commercial with a radius of 4 mm, and a length of 20 mm. 92 

Characterization of samples 93 

The morphology of the samples were investigated by a scanning electron microscope 94 

(Sirion 200). CO-TPD was performed on AutoChem II 2920. Approximately 80 mg of 95 

the sample was loaded into a U-type quartz tube, which was mounted on the instrument. 96 

Then the sample was pretreated in Ar at 100 ℃ for 0.5 h (heating rate 10 ℃/min). After 97 

cooling to room temperature, 5% CO in Ar was passed through the sample for 1 h, with 98 

subsequent flushing with helium at 100 ℃ for 1 h. The TPD analysis was carried out 99 

in flowing Ar from 50 ℃ to 300 ℃ at a heating rate of 10 ℃/min. 100 

Infrared thermal imaging test 101 

The three-dimensional temperature gradient of the filter stick during cigarette 102 

burning was observed and recorded by the Forward Looking Infrared (FLIR) thermal 103 

imaging system with a THERMACAM 25 camera and the THERMACAM Reporter 104 

2000 software. The distance between the camera and the object was fixed from 10 cm 105 

to 50 cm.  106 

in-situ DRIFTS measurements 107 
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To elucidate adsorption on the surface of the CO and typical low-carbon aldehydes 108 

and ketones, in-situ DRIFTS measurements were performed on a Bruker IFS 66v/s 109 

FTIR spectrometer equipped with a self-built setup and a DRIFTS cell. As shown in 110 

Figure 1, the setup consists of a detection system, a reaction system, and a coupling 111 

reaction gas-dosing system. In the gas-dosing system, mass flow controllers were used 112 

to control the 20 vol. % O2/N2 compressed air which carried SR vapor from the saturator 113 

containing typical low-carbon aldehydes and ketones (LCA) or propylene glycol (PG), 114 

such as formaldehyde solution, acetone, and propylene glycol. The water vapor was 115 

supplied and regulated to the cell via a by-pass line. The relative humidity in the cell 116 

was determined using an electronic hygrometer fixed in the by-pass line. The reaction 117 

system consists of a praying mantis DRIFTS accessory (Harrick Scientific) and a 118 

reaction cell (HVC, Harrick Scientific). The reaction cell is equipped with a sample cup 119 

with retaining plates in it and covered by a dome fitted with three windows (Figure S1). 120 

Cooling water was circulated through a coil surrounding the base of the dome to 121 

facilitate the reaction at room temperature. 122 

 123 

Figure 1. Schematic diagram of the experimental setup for in-situ DRIFTS measurements 124 
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Results and Discussion 125 

 126 

Figure 2. A schematic of cellulose acetate stick and its axial definition. X is the axial 127 

direction: 0 mm corresponding to the lighting end of the cigarette. Different colors in 128 

the radial direction of the 2D cross section represent the temperature contours with 129 

different temperatures.  130 

Understanding the change of temperature field inside a burning cigarette is an 131 

important step in controlling the interception of smoke substances. The geometric 132 

model of cellulose acetate stick and its axial definition used in this study is shown in 133 

Figure 2.  A cellulose acetate stick has a radius of 4 mm, and a length of 20 mm, and 134 

uniform agglomeration properties of three-dimensional space structure and tow-135 

bonding structure (Figure 3).  136 

 137 

Figure 3. Cellulose acetate stick with the cross-section of axial-flow direction (a) and r 138 

direction (b) as indicated in Figure 2 analyzed using a scanning electron microscopy 139 
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(axial-flow direction)

r

r 

0 



 

 9 

 

 

(SEM). 140 

The temperature field in the cellulose acetate stick was detected by infrared thermal 141 

imaging. The FLIR camera based on the thermal imaging method was used to analyze 142 

the temperature distribution of cellulose acetate stick with cigarette burning. FLIR 143 

camera can detect minimum changes in temperature (0.1 degrees). The coordinate of 144 

the corresponding points in the 3D space can be obtained during temperature 145 

information acquisition according to the constructed 3D temperature model. Regarding 146 

temperature field simulation, the following condition for cellulose acetate stick were 147 

declared: 1) the porous medium is even and isotropic; 2) the porosity, specific heat 148 

capacity, density, and heat transfer coefficient are constant; 3) natural convection and 149 

radiation are ignored (Jiang et al., 2018). 150 

 151 

Figure 4. The infrared thermal images for a burning cigarette using cellulose acetate 152 

stick as a filter. The 2D cross-section temperature distribution at x=0 mm , the dotted 153 

circle represents the cross section of cellulose acetate stick (a); the temperature 154 

distribution of a cigarette along x axis, the dotted cylinder represents the cellulose 155 

acetate stick (b); which were recorded when the burning spot is almost close the 156 
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cellulose acetate stick.  157 

As shown in Figures 4a, the temperature field distribution of the 2D cross-section 158 

was axially symmetrical. When the burning spot was almost close to the cellulose 159 

acetate stick (Figure 4b), the highest temperature of the position in the cellulose acetate 160 

stick was 930 °C which is observed closest to the burning tobacco. The temperature 161 

gradually decreased from the core temperature of 930 ℃ to the edge temperature of 162 

260 ℃ along the r-axis. The heat diffused along the r-axis and x-axis, and the 163 

temperatures distributions along the two axes were different. The core temperature from 164 

930 ℃ at x=0 gradually decreased to 25 ℃ at x=16 mm approximately, and then 165 

remained stable.  166 

 167 

Figure 5. The radial temperature distribution of the cellulose acetate stick along with r-168 

axis (a) with the fitting curve of radial temperature versus r (b) at the cross-section of 169 
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x= 10 mm; The 2D cross-section average temperature distribution of the cellulose 170 

acetate stick along the x-axis (c) with the fitting curve of temperature versus x (d); the 171 

insets are the fitted polynomial equations. 172 

From the infrared thermal images results, we obtained 3D temperature distribution 173 

information with the fitting curves in the r-axis and x-axis (Figures 5a and 5b). The 174 

temperature distribution of the 2D cross-section under different x coordinates was 175 

different. The highest temperature was always in the central region. The temperature 176 

gradually decreased along the radial direction. Take the 2D cross-section at x=10 mm 177 

for example (Figure 5a), the curve of temperature versus r coordinate (Figure 5b) can 178 

be fitted to a polynomial equation as follows. 179 

3 2 15.21  77.80  88.11   647.9T r r r      (Equation.1) 180 

The fitted equations of temperature distribution for all the 2D cross-sections under 181 

different x coordinates could be established in the same way as that at x=10 mm. Based 182 

on this, the average temperatures of all the cross-sections of the cellulose acetate stick 183 

could be easily acquired by the temperature integration of the 2D cross-section. The 184 

highest average temperature was observed at x=0, which is closest to the burning 185 

tobacco in the course of smoking; then the heat of 2D cross-section at x=0 diffuses 186 

along the x axial-flow direction, and the temperature of 2D cross-section decreased to 187 

room temperature at x≈16 mm. The curve of the average temperature of 2D cross-188 

section along the x-axis could also be calculated using a polynomial equation：  189 

3 2 0.0588  0.1603  48.18   613.55T x x x     (Equation.2) 190 

Which was shown in Figure 5d. The R-squares of the two equations were close to 191 
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1.0, indicating the good predictability of the two fitted models. Additionally, the 192 

temperature gradients in the cellulose acetate stick were reduced both along the x axial 193 

and radial directions. Through the acquisition and mathematical model analysis of the 194 

typical temperature data of cellulose acetate stick, the 3D temperature distribution 195 

model could be obtained. According to the 3D temperature distribution model, the 196 

temperature field of the whole cellulose acetate stick could be observed. On the other 197 

hand, we could easily get the temperature information at any point in the cellulose 198 

acetate stick from the obtained 3D temperature distribution model. 199 

 200 

Figure 6. (a) In-situ DRIFTS spectra of dynamic adsorption of CO on cellulose acetate 201 

stick as a function of time in CO stream. (b) Differential spectra from (a). The condition 202 

temperature is 25 ℃. 203 

In-situ DRIFTS study of the surface-adsorbed species is powerful for investigating 204 

the adsorption kinetics. After determining the 3D temperature distribution of the 205 

cellulose acetate stick mentioned above, in-situ DRIFTS technique was used to test the 206 

adsorption characteristic of typical smoke substances, such as CO, formaldehyde, 207 
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acetone and propylene glycol, in the temperature range of 25-930 ℃. Firstly, as one of 208 

the main harmful substances in the smoke stream, CO was used as a probe molecule to 209 

test the adsorption characteristic of cellulose acetate stick at different adsorption 210 

temperatures for 12 min. Figures 6 displays the variation of DRIFTS spectra of CO 211 

adsorption and the DRIFTS differential spectra of CO on cellulose acetate stick at room 212 

temperature. The band at 2130 cm-1 assigned to CO stretching (vCO) indicated CO 213 

adsorption on cellulose acetate stick after exposure to CO (Wang et al., 2017). The 214 

intensity of the band became stronger with the adsorption time until it reached CO 215 

adsorption equilibrium at around 8 min. The normalized CO adsorption amount 216 

remained unchanged after 8 min. 217 
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 218 

Figure 7. The in-situ DRIFTS spectra of CO versus adsorption temperature on cellulose 219 

acetate stick after CO adsorption equilibrium. 220 

The in-situ DRIFTS spectra of CO adsorbed on the cellulose acetate stick surface 221 

for reaching CO adsorption equilibrium in the temperature range from 25 to 300 ℃ 222 
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were further organized, as shown in Figure 7. It can be seen that the CO saturated 223 

adsorption capacity decreased with the increase of adsorption temperature. When the 224 

adsorption temperature reached 300 ℃, the amount of adsorbed CO could be neglected. 225 

Combined with the infrared thermal imaging results, we concluded that the CO 226 

adsorption occurred only in the partial region of cellulose acetate stick where the 227 

temperature was between 25 and 300 ℃, while, there was no CO adsorption in the 228 

region of cellulose acetate stick where the temperature was beyond 300 ℃. 229 
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 230 

Figure 8. Breakthrough curves of CO adsorption versus adsorption temperature on 231 

cellulose acetate stick 232 

The integrated areas of the characteristic bands of νC–O as a function of irradiation 233 

time under different temperatures are shown in Figure 8. At each temperature point, the 234 

change of intensities of asymmetric and symmetric of νC–O reached a steady level after 235 

8 min approximately. As the temperature is increasing from 25 to 300 ℃, the CO 236 

saturated adsorption amount gradually deceases, because the high temperature is not 237 
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conducive to the adsorption of gas (Yang et al., 2021). 238 

 239 

Figure 9. Breakthrough curves of formaldehyde (a), acetone (b) and propylene glycol 240 

adsorption (c) versus adsorption temperature on the cellulose acetate stick 241 
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Besides CO, formaldehyde, acetone, and propylene glycol as the typical smoke 242 

substances are also harmful to human health, and their adsorption ability on the surface 243 

of the cellulose acetate stick are also greatly affected by the adsorption temperature 244 

(Alalwan et al., 2020). The adsorption characteristic of such smoke stream substances 245 

on the surface of cellulose acetate stick were observed by in-situ DRIFTS using the 246 

same approach as CO adsorption. The breakthrough curves of the formaldehyde 247 

adsorption, acetone adsorption and propylene glycol adsorption versus adsorption time 248 

at different adsorption temperatures on cellulose acetate stick are shown in Figures 9a, 249 

9b, and 9c, respectively. The result revealed that the formaldehyde, acetone, and 250 

propylene glycol adsorption characteristics followed the same trend as CO adsorption. 251 

Therefore, it can be concluded that the adsorption capacities of cellulose acetate stick 252 

for all the typical smoke stream substances are all dependent on the adsorption time and 253 

temperature. At the same adsorption temperature, the adsorption capacities of smoke 254 

substances increased with the adsorption time until the surface adsorption of cellulose 255 

acetate stick was saturated. The relatively higher speed of adsorption in the beginning 256 

of the adsorption process can be connected with the high amount of free active sites 257 

which can be filled with smoke substances. Meanwhile, the adsorption characteristics 258 

of all these typical smoke stream substances fit well with the Freundlich model (Oh et 259 

al., 2020). It is worth noting that the adsorption capacity of the cellulose acetate stick 260 

for different type of typical smoke substances is different because of the differences in 261 

chemical properties and molecular size of smoke substances (Xiao et al., 2021). In 262 

particular, the propylene glycol adsorption affinity of cellulose acetate stick is greatest 263 
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among the smoke substances with the lowest adsorption equilibrium time point due to 264 

the closest polarity to cellulose acetate (Davydov and Posrednik, 2020). Based on the 265 

obtained data, it could be concluded that the absorption abilities of smoke substances 266 

decrease with the adsorption temperature at the same adsorption time, as the high 267 

temperature is not conductive to the absorption of smoke substances on the surface of 268 

cellulose acetate stick.  269 
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 270 

Figure 10. The fitting curve for CO adsorption ability versus adsorption temperature 271 

after CO adsorption saturation, insertion is the fitted polynomial equation. 272 

In order to observe the adsorption capacity of cellulose acetate stick for typical 273 

smoke stream substances changes with the temperature/space coordinate intuitively, the 274 

transformation of the data of the breakthrough curves is required. Take the CO 275 

adsorption as an example, the experimental results of CO adsorption presented in this 276 

work allowed for a mathematical model to be established [Equation.3], describing the 277 

normalized CO adsorption amount versus the different temperatures. The 278 
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corresponding mathematical model was obtained by fitting the data in Figure 10 with 279 

the equation as follows: 280 

9 3 6 2

adsorptionCO 2.63 5.62 0.00363 0.668E T E T T
          (Equation.3) 281 

The reason for acquiring and mathematically modeling the data presented in Figure 10 282 

is that it can be used to predict and calibrate the CO adsorption ability at any 283 

temperature in the range of 25-930 ℃. Therefore, this mathematical model is significant 284 

to predict CO dynamic variations in the whole cellulose acetate stick. Specifically, 285 

combined the above mathematical model [Equation.3] with the temperature gradient 286 

model equation [such as Equation.1], we can easily get the CO adsorption 287 

characteristics along the radial direction in the 2D cross-sections; take the 2D cross-288 

section at x=10 mm for example. The fitting curves of normalized CO adsorption for 289 

the 2D section at x=10 mm acquired by the mathematical treatment with Figures 5b and 290 

10 are shown in the Figure 11a , the corresponding equations of the curves that fitted 291 

are as followed: 292 

CO adsorption=0 (0 ≤ r ≤1.6)                            (Equation.4) 293 

CO adsorption= -0.0874r3 + 0.716r2 - 1.572r+1.005 (1.6 < r ≤ 4)  (Equation.5) 294 

After the CO adsorption characteristics of all the 2D cross-sections were identified, 295 

we could calculate the average CO adsorption ability at different 2D cross-sections by 296 

the integral method. Then, the information on the average CO adsorption along the 297 

different x-axis was acquired (Figure 11b) and fitted in the same way as the Equation. 298 

2: 299 
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CO adsorption = 0 (0 ≤ x ≤ 4)                              (Equation.6) 300 

CO adsorption = -0.001x3 + 0.032x2 – 0.234x+0.5045 (4 < x< 16)  (Equation.7) 301 

CO adsorption = 0.589   (16 ≤ x ≤ 20)                      (Equation.8) 302 

 303 

Figure 11. The fitting curve for CO adsorption ability, the insertions are the fitted 304 

polynomial equations: (a) along r-axis at x=10 mm; (b) along x-axis 305 

As shown in Figure 11b, the total CO adsorption capacity of the cellulose acetate 306 

stick could be roughly calculated by the integration, yet, it was not possible to 307 

intuitively analyze the dynamic alteration of CO adsorption In order to solve this 308 

problem, Figure 12 shows the 3D model of the normalized CO adsorption of cellulose 309 

acetate stick versus the spatial coordinates. The normalized CO adsorption can be 310 

observed at any point in the cellulose acetate stick. Almost no CO adsorption is 311 

observed in the area near the tobacco burning side due to their higher temperature 312 

(>300 ℃). Then the CO adsorption ability gradually increased both along the x-axis 313 

and r-axis until it was saturated as the temperature gradually reduced. Compared with 314 

Figure 11b, we could exactly calculate the total amount of adsorbed CO in whole 315 



 

 20 

 

 

cellulose acetate stick with the 3D adsorption model (Figure 12) by the integral method 316 

at any time point. Based on this, the dynamic distributions of the typical smoke stream 317 

substances could also be modeled with the normalized adsorption amount of versus the 318 

time. With it, the amount of typical smoke stream substances released by cigarettes after 319 

the interception of cellulose acetate stick could be controlled. The CO-TPD 320 

experiments also detailed the adsorption and retention characteristics (Figure S2). 321 

Before desorption measurement, CO adsorption was conducted at 50 ℃. An evident 322 

pear appeared in the pattern, which could be assigned to the characteristic peak of 323 

physical adsorption of CO. To some extent, the effective desorption indicated that the 324 

stick was effective in retaining CO at low temperatures. 325 

 326 

Figure 12. 3D model of the Normalized CO adsorption amount of cellulose acetate stick 327 

versus different x axis and r axis 328 
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Conclusions 329 

A combined in-situ DRIFTS and the infrared thermal imaging method were 330 

established and applied to investigate the adsorption of CO and typical low-carbon 331 

aldehydes, formaldehyde, propylene glycol, and acetone, on cellulose acetate stick. The 332 

3D temperature distribution with the fitting curves of temperature versus x-axis and r-333 

axis was obtained by the mathematic fitting with the infrared thermal images results for 334 

confirming the adsorption temperature range, which was used to perform in-situ 335 

DRIFTS experiment in accurate temperature conditions. The adsorption capacities of 336 

cellulose acetate stick to these typical smoke stream substances were correlated with 337 

the adsorption time and temperature, and the corresponding models equations in 338 

cellulose acetate stick were established. The adsorption ability of the cellulose acetate 339 

stick for the adsorption of different smoke substances was different because of 340 

differences in chemical properties and molecular size of smoke substances. The 341 

propylene glycol adsorption was strongest among smoke stream substances. By 342 

combining the 3D temperature distribution model with the adsorption model equations, 343 

the 3D model of adsorption capacity versus the spatial coordinates was established for 344 

intuitively illustrating the dynamic distributions of the typical smoke stream. The 345 

information obtained in this work is useful for guiding analytical pyrolysis studies 346 

aimed at assessing precursor-smoke toxicant relationships and the fate of tobacco 347 

ingredients added to cigarettes. 348 

 349 
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