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Abstract 

Combustion-related solid particles are known to potentially cause adverse effects on 

human health. In the scope of developing further the understanding on how 

combustion-related particles trigger biological responses in human, collecting them 

efficiently is key prior their characterization. To collect and characterize them from an 

aerosol, a methodology using a Dekati thermo-denuder operated at 300°C was 

established. The current work addresses the performance of the method by 

assessing its removal efficiency based on determined aerosol penetration for model 

solid particles and liquid droplets. The solid particle penetration was measured to be 

79.4 ± 7.3% linked to the aerosol wall losses. To evaluate the ability of the thermo-

denuder to remove liquid droplets, aqueous solutions of propylene glycol and 

glycerine were nebulized. From the measurements, the largest penetration value was 

measured to be 2.7 ± 1.0%. As a result, the methodology limit of detection [1] was 

found to be 3.7% and the lower limit of quantification (LLOQ) 11.1%. Moreover, 

further experiments were conducted to ensure that liquid-coated solid particles could 

be distinguished from non-evaporated droplets to avoid data misinterpretation. To 

this end, 70 nm-NaCl particles were coated with glycerin reaching a size diameter 

on the order of the micron. The experiments showed that the layer of glycerin-coated 

NaCl was removed entirely when passing through the thermo-denuder for the 

submicron size range. As an application of the methodology, the 3R4F reference 

cigarette smoke and Tobacco Heating System2.2 (THS 2.2) mainstream aerosol 

were tested in the thermo-denuder. The data demonstrated that for 3R4F mainstream 

smoke, solid particles or high boiling point droplets were quantified far above the 

LLOQ (7.5 x 109 particles for LLOQ, 1012 particles quantified for 3R4F mainstream). 

On the opposite, for THS 2.2 mainstream aerosol, the penetration was overlapping 



with the LLOQ within the experimental uncertainty. According to the current work and 

former published data, during the use of THS2.2, no combustion-related particles 

were observed. To conclude, the thermo-denuder technology is appropriate to 

detect/quantify solid particles or/and high boiling point droplets when combustion 

processes take place or for condensable aerosols. 
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Introduction 

During recent decades, owing to the development of industrial activities and growth 

of goods and people transportation, the emission of combustion-related particles in 

the environment was of key concern because of their substantial impact on outdoor 

and indoor air quality [2, 3]. Based on physico-chemical considerations, it is generally 

recognized [4] that organic materials generate ultrafine organic particles when 

incomplete combustion takes place [5] whereas their production is unlikely to occur 

when organic materials are heated without any combustion [6]. In particular, 

anthropogenic outdoor sources of combustion-related particles are from e.g. diesel 

engine exhaust and biomass burning e.g. coal/wood [7]. On the other hand, indoor 

sources are from e.g. lit candles or incense emissions [8] and cooking activities [9, 

10]. The indoor and outdoor emissions produce fine suspended particulate matter 

PM2.5 and ultrafine particle fractions PM1.0 [11]. Among others, the rise in 

combustion-related particles have the consequence to change the Earth radiative 

forcing resulting in climate change [12], reduce visibility owing to light 

absorptions/scattering [13] and affect human Health [14, 15]. Because of their small 



size, ultra-fine particles are defined as nanoparticles [16] that can penetrate deep in 

lungs, reach the alveolar region and deposits at the mucus interface owing to thermal 

diffusion. When deposited, the high specific surface area of the ultra-fine particulate 

matter releases adsorbed materials from the surface into the blood circulation [17]. 

Additionally, the deposited combustion-related ultra-fine particles can change lung 

functions by slowing down macrophages activities, promoting cell oxidative stress 

[18, 19] and triggering cardiovascular [20-22] disease via their translocation in the 

blood stream [15]. 

 

Generally, the smoke generated from bio-mass burning contains a mixture of 

combustion-related particle, liquid droplets, volatile gases suspended in a carrier gas 

[4, 11]. The separation of the different phases is not trivial. One method generally 

used to remove volatile gases while keeping the combustion-related particles in the 

aerosol stream is to operate a gas stripper or a so called thermo-denuder. The 

general limitation of this approach is that potential low volatile droplets might not be 

evaporated completely. Currently, the removal efficiency of gas strippers is not well 

known for low volatile droplets and the potential influence of the aerosol composition 

on gas stripper efficiency was not yet studied to the best of our knowledge. This 

question needs to be answered to evaluate to what extent the separation of 

combustion-related particles from droplets in an aerosol stream is possible. 

Moreover, an important parameter to consider is the wall losses of the particulate 

matter in gas strippers under specific experimental conditions, to make sure the 

amount of combustion-related solid particles can be corrected for this effect and 

subsequently quantified. The aim of the methodology is to define the limit of detection 

and quantification which may enable the identification of combustion-related particles 



in test aerosols by removing liquid droplets and using a particle counter. In the 

current work, we decided to perform this validation using a commercial Dekati 

thermo-denuder and model aerosols composed of low volatile species such as 

propylene glycol and glycerin to measure to what extent liquid droplets could be 

removed for different formulations. Based on the quantified validation parameters, 

two aerosol matrices were chosen to test the methodology. The first was a smoke 

generated from the 3R4F reference cigarette and the second produced from the 

Tobacco Heating System THS2.21 [23]. In a recent publication[24], it was 

demonstrated that combustion-related particles were not observed when using a 

Scanning Electron Microscope (SEM) in contrast to 3R4F reference cigarette. This is 

corroborated by the fact that THS2.2 heats tobacco and produces an aerosol 

containing liquid droplets whereas the cigarette burns to generate a smoke, 

containing combustion-related particles and droplets. To verify the method 

performance, the thermo-denuder treated 3R4F smoke and THS 2.2 aerosol were 

compared to the established limit of detection/quantification of the methodology. 

 

Methodology 

General description 

A Dekati thermo-denuder was chosen as the instrument of choice to remove liquid 

droplets from mainstream aerosol and smoke because of its particular construction 

and the possibility to operate it at a temperature up to 300°C. In fact, this high 

temperature was needed to enable the evaporation of glycerin, used as a model 

aerosol during the method development. Three distinct experimental phases were 

conducted to improve the current methodology based on concentration 

                                                            
1 THS 2.2 is commercialized under IQOS brand name 



measurements of surrogate aerosols. From the measurements, the penetration, 

which is the probability that an aerosol passes through a porous media without being 

removed, was measured [11]. In a first step, a thermo-resistant aerosol composed of 

solid particles (NaCl and SiO2) was used to estimate thermo-denuder wall losses. 

Subsequently, the thermo-denuder efficiency to remove model liquid droplets from 

the aerosol stream was quantified using various formulation mixtures composed of 

water, propylene glycol and glycerin. Finally, the thermo-denuder capacity of 

removing liquid coatings covering solid particle seeds was tested using NaCl crystals 

coated with glycerin. The different tests were repeated over different testing days. 

This was to estimate the variability and limits of detection/quantification for the 

methodology to detect any solid particles present in aerosols composed of water, 

propylene glycol and glycerin.  

Aerosol penetration 

Aqueous stock solutions containing solid particles and mixtures of glycerin/propylene 

glycol formulations were nebulized from a Trust Science Innovation (TSI) Constant 

Output Atomizer 3076 described below in this publication. The model aerosol was 

conveyed to the thermo-denuder in two separate experiments when the thermo-

denuder was operated at 30 and 300°C. The aerosol concentration was measured by 

a TSI Condensation Particle Counter (CPC) 3775 and an Aerodynamic Particle Sizer 

(APS) 3321 described below. To calculate the penetration, the aerosol number 

concentration measured at 300°C was divided by the result obtained when operated 

at 30°C. In the current work, the wall diffusion was found negligible at 30°C (data not 

shown) justifying to approximate aerosol penetration at 30°C close to unity. 

Liquid coating removal efficiency 



For the determination of the thermo-denuder capacity to remove the liquid coating 

potentially covering solid particle seeds, a TSI Condensation Mono-disperse Aerosol 

Generator (CMAG) 3475 containing glycerin was operated in two different phases. 

The first phase was set to generate only NaCl particles, to represent thermo-resistant 

nano-scale particle seeds. The aerosol was passed through the thermo-denuder and 

a TSI Scanning Mobility Particle Sizer (SMPS) model 3080 was used to measure the 

size distribution. In a second phase the CMAG was set to generate nearly mono-

disperse glycerin-coated NaCl particles. The size diameter was measured using the 

SMPS at the outlet of the thermo-denuder for which the temperature was maintained 

at 30°C. In the same experiment, the temperature of the thermo-denuder was raised 

to 300°C and the resulting aerosol was measured by the SMPS. In these 

experiments, the APS was used to verify whether any droplets larger than one micron 

would still be present after the aerosol passage in the thermo-denuder at 300°C. 

 

 

 

 

Thermo-denuder principle, aerosol generation and measurements 

The Dekati thermo-denuder was selected to enable the removal of liquid droplets 

from test aerosols. The current work addresses the experimental steps which led to 

the improvement of the methodology by optimizing the experimental setup and 

providing a precise evaluation of the associated limit of detection [1] and lower limit of 

quantification (LLOD). The evaluation of the limit of detection and quantification was 

performed using model liquid droplets and solid particles. To conduct the 

measurements, two detectors were used. A butanol TSI Condensation Particle 

Counter (CPC) 3775 was operated at a volumetric flow rate of 1.5 l min-1 to count 



particles/droplets below 3000 nm and a TSI Aerodynamic Particle Sizer (APS) 3321 

was used at a volumetric flow rate of 5 l min-1 to count particles/droplets above 500 

nm. The instruments were positioned at the outlet of the thermo-denuder as 

illustrated in the schematic of the experimental setup shown in Figure 1. According to 

the manufacturer of the Dekati thermo-denuder, the instrument should be operated at 

a total volumetric flow rate of 10 l min-1. The total volumetric flow rate of the 

combined CPC and APS reached 6.5 l min-1 and an additional air flow of 3.5 l min-1 

was needed and achieved using a primary pump. 

 

Prior to starting an experiment, the thermo-denuder temperature was set at 30°C 

while compressed air circulated at 70 ± 3 l min-1 in the instrument casing to make 

sure the thermo-denuder gas stripper efficiency stayed constant over the course of 

an experiment. A TSI Output Atomizer 3076 was used to produce the liquid droplets 

and model solid particles. To generate the aerosol from aqueous stock solutions, a 

pressure of 2 bars was applied at the inlet of the COA. As a result, the liquid from the 

stock solution was nebulized and transported further using a TSI conductive tube. For 

the CMAG operation used for the glycerin-coated NaCl experiments, a total 

volumetric flow rate of 8 l min-1 was supplied at the inlet of the aerosol generator. 

 

The thermo-denuder validation was carried out over five distinct days for each 

selected model aerosol. The APS and the CPC sampled continuously during the 

aerosol generation and data recording was performed every 10 seconds for the APS 

and 1 second for the CPC. For each testing day, the tested model aerosols are listed 

in Table 1 for solid particles and in Table 2 for liquid droplets. When the aerosol 

nebulization started, the COA was stabilized for 5 minutes followed by 5 minutes 



sampling. This generated 30 replicates with the APS and 300 replicates using the 

CPC in this time period. This procedure was applied when the thermo-denuder was 

stable in temperature, typically 45 minutes after the temperature setting was applied. 

From all replicates, averages and standard deviations were calculated. 

Application to cigarette smoke and Tobacco Heating System (THS 2.2) aerosol 

3R4F cigarette mainstream smoke and THS 2.2 aerosol were generated in separate 

experiments using a Programmable Dual Syringe Pump (PDSP) using the Heath 

Canada regimen (55ml per 2 seconds puff, inter-puff 30 seconds, 12 puffs for 3R4F 

and 10 puffs for THS 2.2). A TSI dilution unit used upstream from the thermo-

denuder was positioned to avoid its saturation, allowing liquid droplets to be removed 

efficiently. The LOD and LLOQ obtained in the current work were used to determine if 

any combustion-related solid particles or high boiling point droplets were 

detected/quantified for 3R4F smoke and THS 2.2 aerosol. 

 

 

Results 

Solid particle penetration and wall losses 

Selectivity is the ability of the methodology to remove liquid droplets while minimizing 

solid particle wall losses. To investigate this, the penetration was measured for 

selected reference aerosols. In practice, the aerosol average number concentration 

was measured at the outlet of the thermo-denuder set at 300°C, compared to the 

value when the temperature was set at 30°C. The penetration should be the highest 

possible for solid particles (minimizing wall losses) and the lowest possible for liquid 

aerosols (maximizing liquid removal). Selectivity was also investigated using solid 

particles coated with glycerin to ensure the methodology allowed to distinguish 



between solid particles covered by liquid layers and pure droplets. To perform these 

tests, a CPC and an APS were used concurrently. A TSI Particle Size Selector was 

fitted at the inlet of the CPC to ensure counted particles/droplets were framed in a 

size range from 30 to 3000 nm. In this situation, the APS was operated to verify 

whether particles/droplets counted in the CPC were smaller or larger than 500 nm.  

 

To evaluate wall losses in the thermo-denuder for a poly-disperse aerosol, thermo-

resistant NaCl and SiO2 particles were assumed to be representative for nano-scale 

solid particulate matter generally found in combustion processes such as cigarette 

smoke [26]. Figure 2 shows an experiment where the NaCl aerosol number 

concentration was monitored using a CPC positioned at the outlet of the thermo-

denuder operated sequentially at 30 and 300°C. 

 

 

From Figure 3, it is observed that the highest CPC data variability was associated 

with the lowest aerosol concentration obtained by nebulizing the less concentrated 

SiO2 stock solution. This behavior is explained because the penetration is a statistical 

parameter for which the statistical error depends on the inverse square root of 

counted events [11]. Additionally, according to the error bars from CPC data, no 

significant difference in penetration values was observed for the different tested SiO2 

particles in comparison to NaCl. When the APS penetration data are considered in 

Figure 3, low values are observed for low aerosol number concentration and small 

sizes. This is because tested sizes were falling out of the APS working range. This 



statement is supported by the fact that the CPC and APS penetration values agreed 

when 500 nm SiO2 particles were chosen for the largest aerosol concentration.  

 

In summary, the penetration for nano-scale poly-disperse particles was found to be 

79.4% ± 7.3 (see discussion section for more details), meaning that wall losses 

corresponded to an average value of 20%. Stated differently, the average 

penetration for any test aerosol cannot be larger than 86.7% under our experimental 

conditions owing to wall losses. A test aerosol measured with a penetration of 80% 

would mean that only solid particles/high boiling point droplets are present in the 

stream. 

 

Liquid droplet penetration and thermo-denuder removal efficiency 

From preliminary investigations [24], submicron glycerin droplets containing water 

were used to determine the thermo-denuder liquid removal efficiency. From these 

experiments, the liquid removal yield was found to be approximately 86%. However, 

for the application of the methodology to smoke generated from tobacco bio-mass 

combustion or aerosols from gas vapor phase condensation (e.g. THS 2.2 or e-

cigarettes), the chosen model aerosol could contain water, propylene glycol and 

glycerin. From that perspective, formulations containing these compounds in different 

proportions were chosen to test the thermo-denuder removal efficiency (see Table 2 

for the nebulized formulations). The resulting aerosol penetrations were measured 

using both the CPC and APS at the outlet of the thermo-denuder set at 30 and 

300°C, in separate experiments. The resulting penetration values for the CPC are 

reported in measurements. 

 and were found smaller than 4% when considering the experimental error. The 

largest penetration value is attributed to the highest propylene glycol amount. The 

APS data were not considered in this case because measurements were overlapping 

with the background noise showing that no solid particles or droplets were quantified 

above 500 nm. The current data will be discussed further in the next section linked to 

the limit of detection and quantification. 



Coating removal experiments 

The thermo-denuder efficiency in removing liquid layers around solid particle seeds 

was tested for glycerin-coated NaCl particles according to Table 3. This was key to 

make sure the instrument was capable of removing not only liquid droplets but also 

liquid coatings covering potentially solid particle seeds. To test this, a CMAG was 

used to generate an aerosol containing NaCl seeds that may or may not be 

conveyed into a chamber saturated in glycerin vapors. When NaCl seeds by-passed 

saturated glycerin vapors, an SMPS measured a size distribution peeking around 75 

nm after the aerosol was transported in the thermo-denuder at 30°C (see Figure , 

black lognormal-fitted curve). In a second experiment, NaCl seeds were mixed with 

glycerin vapor saturated at 140°C. In this case, glycerin vapors condensed in a 

controlled manner on NaCl seeds resulting in a quasi-mono-disperse distribution 

measured by the SMPS/APS (see Figure , dashed lognormal-fitted curve). The 

resulting size distributions peeked around 1000 nm because of glycerin layers 

covering NaCl seeds. 

 

Finally, the thermo-denuder temperature was set at 300°C to test to which extent the 

glycerin coating could be removed from NaCl seeds. The result of this experiment 

can be seen in Figure , indicated by the dotted lognormal-fitted curve showing the 

size distribution peeking around 65 nm. From this, it can be concluded that glycerin 

coating was removed entirely from an aerosol containing solid particle seeds passing 

through the thermo-denuder at 300°C. However, during the first testing day (see 

Table 3), NaCl seeds covered by glycerin layers resulted in droplet size of 

approximately 2 micrometers. In this specific case, it was not possible to remove 

efficiently the glycerin coating when passing through the thermo-denuder set at 



300°C. This finding indicated that submicron droplets only should be used in the 

thermo-denuder. Otherwise, diffusion driven mechanisms start being rate limiting in 

the thermo-denuder under our experimental conditions [26, 27].  

Discussion 

Repeatability and between day variability  

Earlier in this publication, particles penetration was claimed to be 79.4 ± 7.3% for 

NaCl, calculated based on the estimated intra-day and between-day variability. The 

evaluation of these parameters was essential to make sure the methodology 

provided repeatable measurements on a given day and over different days. The 

equations used to perform the statistical analyses are displayed in Table 4 [28]. The 

penetration values, the intra-day and the between-day standard deviation are 

reported in Table 5 for solid particles used to characterize the thermo-denuder wall 

losses. The Table shows that for all tested solid particles, daily penetration variability 

was smaller than 3.5% from which the intra-day variability was rated as good. 

Furthermore, on a between-day variability standpoint, the between-day average 

penetration was varying from 72.2 to 92.3% with the largest between-day standard 

deviation being 7.3% for NaCl. Provided that the NaCl average penetration was 

falling in the middle of the measured range, it was chosen as the best model for poly-

disperse aerosol to evaluate the thermo-denuder wall losses under our experimental 

conditions. 

 

The glycerin-based aerosol liquid droplets used to characterize the removal efficiency 

of the thermo-denuder were evaluated in a similar manner than for solid particles. 

The calculated parameters are summarized in Table 6. On one hand, the highest 

measured individual penetration was found to be 4.4 % while the intra-day variability 



was smaller than 0.1%. This led to the conclusion that all measurements were 

precise. On the other hand, the between-day averages were varying from 1.1 to 2.7% 

with the associated between-day standard deviation from 0.5 to 1.0%. This 

represents a relative standard deviation in the range 35-45%. This relatively large 

between-day variability was expected because it corresponds to the limit of detection 

of the method. Based on these findings, the minimum detectable penetration for the 

methodology was determined to be 3.7%. 

 

We have demonstrated that when pure liquid droplets composed of water, propylene 

glycol and glycerin passed through the thermo-denuder at 300°C, the methodology 

allowed the determination that more than 96% in number were removed. In the case 

an aerosol is heterogeneous, solid particles may act as a seed for liquid coating to be 

formed while the removal is likely to be different in comparison to pure liquid droplets. 

To perform this investigation, removal efficiency experiments for glycerin-coated 

NaCl were carried out. In a first step, an SMPS was used to measure the size 

distribution of glycerin-free NaCl particles and the count median diameter was 

calculated from measured size distributions as reported in Table 7. The between-day 

average sizes were measured to be from 57 to 65 nm with an intra-day and a 

between-day standard deviation  5 nm. This is a remarkable result because the 

maximum relative standard deviation was calculated to be 5%, inferring that the 

aerosol generation was stable. Over the same respective day, the aerosol generation 

was switched to glycerin-coated NaCl particles and passed through the thermo-

denuder at 30°C. During day 1 the CMAG produced droplets with a size diameter of 

2602 ± 13 nm in contrast to day 2 and day 3 for which the sizes were 1290 ± 46 nm 

and 1272 ± 13 nm, respectively. This discrepancy led to an artificially large between-



day standard deviation as reported in Table 7. When the thermo-denuder 

temperature was set to 300°C, the size diameter for day 2 and day 3 were reduced to 

59 ± 1and 58 ± 1, respectively, very similar to glycerin-free NaCl particles. In 

contrast, for the day 1 when the size diameter of glycerin-coated NaCl was 

approximately 2 micrometers, the thermo-denuder was unable to completely remove 

the liquid layer. This is because the gas vapor phase diffusion is rate limiting for 

particulate matter larger than one micron and led to an artificially large between-day 

standard deviation.  

Limit of detection, lower limit of quantification, upper limit of quantification 

The limit of detection of the methodology was determined using the liquid droplet 

experiments by assessing the thermo-denuder penetration. For a mixture containing 

water, propylene glycol and glycerin, the penetration was found to be smaller than 

4%. This lead to the conclusion that the thermo-denuder is capable of removing 

96% of the droplets while the remaining 4% are the result of the combination of 

none-removed droplets and/or impurities. In the current work, this 4% corresponds 

to an amount of  3.9 x104 particles cm-3 detected by the CPC. This value was used 

as the background number concentration below which no detection is possible that is 

named the Limit of Detection [1]. From this, the Lower Limit of Quantification (LLOQ) 

is calculated as LLOQ = 3 x LOD, translated to  1.2x105 particles cm-3. The LLOQ is 

the minimum value that can be reported according to the methodology.  

Application to 3R4F mainstream smoke and THS 2.2 aerosol 

To test the methodology, THS 2.2 aerosol and cigarette mainstream smoke were 

generated in separate experiments using a Programmable Dual Syringe Pump 

(under Health Canada regimen: 55ml/2s, inter-puff 30 s, 12 puffs) using the setup 



represented in Figure 1. The PDSP was coupled to a TSI dilution unit to avoid 

thermo-denuder saturation as described previously [24]. Figure 6 displays typical 

CPC experimental results obtained for THS 2.2 aerosol and 3R4F mainstream 

smoke. Each peak on the graph corresponds to a puff. The first series of peaks are 

attributed to the number of particulate matter objects counted for 3R4F smoke (black 

curve) and THS 2.2 aerosol (black-dotted) when the thermo-denuder was set at 

30°C. The second series of peaks correspond to similar experiments performed 

when the thermo-denuder was operated at 300°C. 3R4F clearly shows peaks well 

above the LLOQ meaning that solid particles ( 60% in number) or high boiling point 

droplets were present in the smoke. In the case of THS 2.2, the peaks were 

overlapping with the LLOQ, reflecting the experimental uncertainty. In a former 

scanning electron microscopy study [24], it was shown that combustion particles 

were neither observed nor detected in THS 2.2 mainstream aerosol. A matrix effect 

may explain this phenomena as THS 2.2 aerosol mainstream contains high boiling 

point compounds which could not have been completely removed in the aerosol 

mainstream. In addition, the removal efficiency of the thermo-denuder may depend 

upon other parameters such as the aerosol constitution and/or gas vapor phase 

partitioning. Further investigation of thermo-denuder parameters might be of interest 

to further evaluate its behavior when exposed to different aerosol types. 

Conclusions 

The current work addressed the performance evaluation of a Dekati thermo-denuder 

operated at 300°C performance. The removal efficiency was assessed using model 

solid particles and liquid droplets. The LLOD of the methodology was determined to 

be 3.7% based on model aerosols composed of propylene glycol, glycerine and 

water. To complete the assessment, glycerin-coated NaCl were used to show that, 



for submicron aerosols, the liquid was removed entirely when passing through the 

thermo-denuder. 

 

As an application of the methodology, the 3R4F reference cigarette smoke and THS 

2.2 mainstream aerosol were tested. The data demonstrated that for 3R4F 

mainstream smoke, solid particles or high boiling point droplets were quantified far 

above the LLOQ (approximately 100 times larger than the LLOQ). On the contrary, 

for THS 2.2 mainstream aerosol, the penetration was overlapping with the LLOQ 

within the experimental uncertainty. These results demonstrated that no combustion-

related particles were released and transferred in the mainstream of THS2.2. To 

conclude, the thermo-denuder technology a can be used to detect/quantify solid 

particles or/and high boiling point droplets when combustion processes take place or 

for condensable aerosols. 
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Tables 

Table 1: Design of experiment for model solid particles nebulized using a TSI Constant Output 

Atomizer 

Stock aqueous solution concentration and particle types*  Day 1 Day 2 Day 3 Day 4 Day 5 

NaCl 

300 CPC replicates 

30 APS replicates  

SiO2 100 nm (20µl/L) 

SiO2 100 nm (40µl/L) 

SiO2 100 nm (200µl/L) 

SiO2 500 nm (20µl/L) 

SiO2 500 nm (40µl/L) 

SiO2 500 nm (200µl/L) 

*solutions were prepared by mixing the amount mentioned in the table per liter of miliQ water. 

Table 2: Design of experiment for model liquid droplets atomized using a TSI Constant Output 

Atomizer 

Stock aqueous solution concentration and formulation types Day 1 Day 2 Day 3 Day 4 Day 5 

5 % in mass of the mixture Gly/PG (80%/20%) in water 

300 CPC replicates 

30 APS replicates 
5 % in mass of the mixture Gly/PG (50%/50%) in water 

5 % in mass of the mixture Gly/PG (20%/80%) in water 

 



 

 

 

 

 

 

 

 

 

Table 3: Design of experiment for glycerin-coated NaCl particle 

 

 

Table 4: Statistical parameters used to calculate the intra- and between-day variance 

Parameter Definition Equation 

Si Standard deviation for day i √
 

    
∑       ̅ 

 

  

   

 

  ̅̅̅ Arithmetic mean of day i 
 

  
∑   

  

   

 

 ̿ Global arithmetic mean  

∑   
 
   

∑    ̅

  

   

 

Compound Parameters to be measured and calculated Day1  Day2 Day3 

Glycerin-free NaCl  particle 

Count Median diameter (nm) 

Standard deviation (nm) 
5 replicates 

Glycerin-coated  NaCl passing in the thermo-denuder at 30°C 

Glycerin-coated  NaCl passing in the thermo-denuder at 300°C 



Sr
2 Residual variance 

∑         
  

   

∑       
 
   

 

Sd
2 Day to day variance 
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SL
2 Between day variance   

    
 

 ̿
 

 ̿ Average number 
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Table 5: Between-day average data associated to inter- and between-day variability for solid particle 

experiments 

Aerosol 

particles 

Parameters Day 1 Day 2 Day 3 Day 4 Day 5 Between-day 

average 

penetration (%) 

Between-day 

standard deviation for 

penetration (%) 

NaCl Penetration 

(%) 

69.7 76.9 87.7 77.1 85.8 

79.4 7.3 

Stdev (%) 1.8 2.2 1.8 2.3 2.2 

SiO2 100nm 

(20µl/L) 

Penetration 

(%) 

85.1 100 93.6 98 84.8 

92.3 7.1 



 

 

 

 

 

 

 

 

 

 

 

Stdev (%) 1.2 1.5 2.1 3.3 1.5 

SiO2 100nm 

(40µl/L) 

Penetration 

(%) 

86.3 90.6 86.6 75.1 89.1 

85.5 6.1 

Stdev (%) 1.2 1.7 1.3 2.3 1.1 

SiO2 100nm 

(200µl/L) 

Penetration 

(%) 

76.2 80.5 79.2 81.2 81.3 

79.7 2.1 

Stdev (%) 2.5 1.0 0.9 1.8 1.7 

SiO2 500nm 

(20µl/L) 

Penetration 

(%) 

77.1 84.8 80.8 65.2 80.8 

77.7 7.5 

Stdev (%) 2.7 1.4 1.9 1.6 2.9 

SiO2 500nm 

(40µl/L) 

Penetration 

(%) 

67.5 75.5 81 64.2 76.4 

72.9 6.9 

Stdev (%) 1.9 1.7 1.0 2.6 1.8 

SiO2 500nm 

(200µl/L) 

Penetration 

(%) 

70.3 74.2 74.5 71.1 70.7 

72.2 2.0 

Stdev (%) 3.2 1.7 2.1 2.5 1.5 



 

 

 

 

 

 

 

 

Table 6: Between-day average data associated to inter- and between-day variability for liquid droplet 

experiments 

Formulations Parameters Day 1 Day 2 Day 3 Day 4 Day 5 Between-day 

average 

penetration (%) 

Between-day 

standard deviation 

for penetration (%) 

5 % in mass of the 

mixture Gly/PG 

(80%/20%) in water 

Penetration 

(%) 

1.0 1.4 1.9 0.5 0.8 

1.1 0.5 

stdev   ≤  0.1 

5 % in mass of the 

mixture Gly/PG 

(50%/50%) in water 

Penetration 

(%) 

1.3 1.6 2.6 0.7 0.9 

1.4 0.7 

stdev (%) ≤ 0.1 

5 % in mass of the 

mixture  Gly/PG 

(20%/80%) in water 

Penetration 

(%) 

2.3 3.0 4.4 1.7 2.2 

2.7 1.0 

stdev (%) ≤ 0.1 

 

 

 

 

 

 

 

 



 

 

 

 

Table 7: Between-day average data and to inter-/between-day variability for NaCl coating experiments 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compound Parameters Day1  Day2 Day3 Between day average 

size (nm) 

Between day standard 

deviation for size (nm) 

Dry NaCl  crystals Count Median 

diameter (nm) 
57 63 65 

61.7 3.1 

Stdev (nm) ≤ 1 

NaCl coated distribution at 

the outlet of the thermo-

denuder operated at 30°C 

Count Median 

diameter (nm) 
2602 1290 1272 

1721.3 762.6 

Stdev (nm) 13 46 13 

NaCl coated distribution at 

the outlet of the thermo-

denuder operated at 300°C 

Count Median 

diameter (nm) 
1436 59 58 

517.7 6160.4 

Stdev (nm) 9 1 0 



 

 

 

Figures 

 

Figure 1: Experimental setup used to assess the thermo-denuder performance. The 

CMAG and the COA stand for Condensation Mono-disperse Aerosol Generator and 

Constant Output Atomizer, respectively. 
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Figure 2: time-dependent aerosol concentrations measured with the CPC for NaCl 

particles. The continuous and dashed curves correspond to related data when the 

thermo-denuder was operated at 30 and 300°C, respectively. 

 

 

Figure 3: Solid particle penetration in percentage. The filled bars were obtained from 

CPC measurements. The dotted filled bars were obtained from APS measurements. 
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Figure 4: Penetration in percentage for tested nebulized liquid formulations when 

passing in the thermo-denuder operated at 300°C.  

 

 

Figure 5: Coating removal experiments. The black lognormal-fitted curve corresponds 

to the measured size distribution of NaCl seeds when the thermo-denuder 

temperature was set at 30°C. The dashed and the dotted lognormal-fitted curves 

represent the size distribution of glycerin-coated NaCl seeds after they passage in 

the thermo-denuder when the temperature was set at 30 and 300°C, respectively. 
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Figure 6: Typical example of measured puff profile for mainstream aerosol number 

concentration. The black curve corresponds to the aerosol number concentration for 

3R4F mainstream smoke over 10 puffs, the grey-dotted curve to the mainstream 

aerosol for THS 2.2 over 12 puffs. The dashed-dotted and dashed horizontal lines 

represent the LOD and the LLOQ, respectively. 
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This manuscript addresses the following points: 

- On a human health perspective, distinguish in an aerosol, combustion-related solid particles 

from liquid droplets. 

- Propose a methodology using a Dekati thermo-denuder operated at 300°C to remove liquid 

droplets from an aerosol containing mainly glycerin, propylene glycol and water. From 

measurements determine the methodology limit of detection/limit of quantification 

- Evaluate the methodology wall losses using thermo-resistant aerosols and CPC/APS as 

detection components 

- Evaluate the methodology removal efficiency of model droplets containing glycerin, propylene 

glycol, water and CPC/APS as detection components 

- Verify the ability of the thermo-denuder to remove completely liquid glycerin coatings from 

model solid particles 

- Assess the methodology inter- and intraday variability to evaluate its robustness 

- Test the methodology on 3R4F cigarette smoke and Tobacco Heating System (THS) aerosol 

- Confront the methodology to SEM imaging (paper published in Human Experimental 

Toxicology in 2017, http://journals.sagepub.com/doi/full/10.1177/0960327116681653) 
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