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Abstract 
Heat-not-burn (HnB) devices are a recent innovation used to heat tobacco and other herbal material to 
temperatures up to 350°C, which are significantly below those typical of cigarettes.  Similarly, wood smoke 
for food smoking is made at temperatures between 280-350°C in friction smokers, to far higher in 
smouldering combustion systems where local temperatures are similar to cigarettes.  The drive towards 
lower temperature smoke generation is to allay concerns about harmful compounds that are produced at 
higher temperatures. The most well-known of these are polycyclic aromatic hydrocarbons (PAHs).  Most 
research in tobacco smoking has naturally focussed on smouldering combustion up to 950°C.  This 
research reported here is aimed at low temperatures, 180⁰C to 390⁰C, and in anoxic conditions.  It 
compares two types of tobacco - loose leaf tobacco for roll-your-own cigarettes and HEETS which are a 
Phillip Morris cigarette used in the Philip Morris iQOS device - and kānuka wood, to understand the 
similarities and differences in energetics and compound formation.   

The analytical techniques used were thermogravimetric analysis (TGA), simultaneous thermal analysis 
using thermogravimetry and differential scanning calorimetry (STA-TG/DSC), evolved gas analysis mass 
spectrometry (EGA/MS), pyrolysis gas chromatography mass spectrometry (Py-GC/MS) and scanning 
electron microscopy (SEM). 

HEETS and tobacco have a weight loss event prior to pyrolysis, related to the evaporation of low molecular 
mass compounds, the most prominent being nicotine, but also the additive glycol. The degradation of 
hemicellulose, cellulose and lignin can be seen in the thermogravimetric data. Kānuka degradation occurs 
at higher temperatures than the tobaccos, likely due to greater cellulose crystallinity. The heat of pyrolysis 
trends from endothermic for very small samples to more exothermic for larger sample masses, due to the 
greater tortuous path distance that the escaping volatiles must travel leading to more secondary 
reactions. Tobacco and HEETS become exothermic with increasing sample size more quickly than kānuka. 
They have ten times the ash, which will catalyse reactions. The EGA/MS and Py-GC/MS identified the 
expected degradation compounds like acetic acid, furfural, mequinol, syringol, levoglucosan and 
isoeugenol.  As a function of temperature, few degradation compounds were present at 180⁰C, but more 
appeared with temperature. PAHs were identified.  Small molecule PAHs appear at 180°C and increase 
with temperature.  The largest PAHs generally did not appear at 390°C.  Specific nitrogen compounds are 
seen in the tobacco vapours, arising from nicotine (C10H14N2) and tobacco specific nitrosamines.  

This research has shown that compounds, like highly carcinogenic benzo(a)pyrene, are less prominent at 
temperatures below 350⁰C. Tobacco and kānuka are both plant biomass and have similar components, 
although the high ash content of tobacco and the large cellulose crystalline structure of kānuka lead to 
compounds being released from kānuka at higher temperatures. If heat-not-burn technology was applied 
to wood smoke a higher set point temperature would be required. Overall, this research has shown the 
dynamics of low temperature heating although more research has been done to quantify health risks. 
Knowing how composition is affected by temperature is important for improving operational safety and 
minimizing chemical hazard risk of low temperature devices.   
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1. Introduction 
The pyrolysis of tobacco, with respect to cigarettes, and the pyrolysis of wood has been extensively 
studied at high temperatures. Heat-not-burn devices produce vapour by heating tobacco at a much lower 
temperature than cigarettes. Cigarettes can reach up to 950°C (Mallock et al., 2018). Heat-not-burn 
devices are becoming increasingly popular as they are marketed as a way to “deliver nicotine but limit 
emissions of tar and carbon monoxide” (Simonavicius et al., 2018), so are perceived as less harmful than 
cigarettes. There are many versions of these heat-not-burn devices available, but for the purpose of this 
discussion, two will be described. Dry herb vaporisers (Figure 1) and the Philip Morris iQOS system (Figure 
2) are both heat-not-burn devices, although they have different designs and operating procedures.  

Figure 1 shows the design of the SMOKA Kush Vaporiser, similar heating methods are common with dry 
herb vaporisers (Shosha, 2020). Dry herb vaporisers heat loose leaf herbal material which is packed into 
a chamber with a mesh bottom.  Below this is a coil which is heated to around 230⁰C. This heats the herbal 
material by radiation, conduction, and internal convection (Smoka Vape, 2019). When the material 
reaches a set-point temperature, the user draws on the mouthpiece and air flows through holes in the 
bottom of the device, passing the heated coil and up through the herbal material. 

  

Figure 1: Partial cross-sectional view of the SMOKA Kush Vaporiser. Arrows represent air flow and 
temperature (Smoka Vape, 2019).   

 
The other heat-not-burn device is the iQOS system by Philip Morris that heats specially designed tobacco 
sticks called HEETS to around 350°C (Figure 2). Philip Morris International (2020) claim that the iQOS 
system releases “95% less harmful chemicals compared to cigarettes”. The iQOS system uses a heating 
blade to pierce the centre of the tobacco stick. Once turned on, the heating blade is heated to 350°C for 
6 minutes (Philip Morris International, 2020). The user inhales the tobacco vapour through a filter at the 
end of the tobacco stick, reminiscent of a cigarette. The HEETS consist of four sections, the first being a 
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tobacco section that the heating blade pierces when the HEETS stick is mounted into the iQOS device 
(Patent No. WO 2020/035586 A1). The second is a short hollow cellulose acetate tube which acts as a 
spacer, the third a polylactic acid (PLA) filter, and the fourth a cellulose acetate filter (Patent No. CN 
104203015 A). The last of these, cellulose acetate, is the commonly used filter with cigarettes (Li et al., 
2020). The polylactic acid filter is described as a cooling zone (Patent No. CN 104203015 A).  

  

Figure 2: (Left) IQOS 3 DUO device (Philip Morris International, 2020). (Middle) IQOS 3 DUO internals. 
Outer cosmetic shell has been removed to show the heating blade, circuit board and battery (TechInsights, 
2017). (Right) Cross section of Philp Morris tobacco stick branded as “HEETS” (Philip Morris International, 
2020)  

 

From an engineering perspective, the key difference between dry herb vaporisers and the iQOS system is 
the direction of heat transfer. The iQOS system has a central heating blade that will heat the tobacco from 
the inside of the cylinder. Dry herb vaporisers generally transfer heat from the outside, through the 
crucible walls into the material. The shape of the sample is also different, with a higher aspect ratio for 
the HEETS, i.e., they are long and thin whereas the herbal vaporisers are more squat. In both, air is drawn 
through the material by the user when they inhale. 

This research project does not conduct a performance assessment of these devices.  The above discussion 
highlights how they work, which is that they conduct the heating phase essentially without oxygen and 
therefore can maintain low temperature set-points, because the exothermic smouldering reactions have 
been excluded.  Once the temperature set-point is reached, the user is notified that they can inhale, upon 
which the volatiles are removed as a fresh plug of air flows into the reaction zone.  This air will cause some 
smouldering, but this is minimal compared to open-air smouldering that occurs with cigarettes.   

In terms of low temperature tobacco heating, many papers observe a weight loss below 150°C, which is 
commonly regarded as water loss (Ahamad & Alshehri, 2012; Calabuig et al., 2019; Gomez-Siurana et al., 
2013; Li et al., 2008; Liu et al., 2013; Oja et al., 2006; Polat et al., 2016; and Wang et al. 2019). Forster et 
al. (2015) conducted more in-depth research into this, by studying the compounds produced while heating 
tobacco from 100-200°C, at intervals of 20°C. At 100°C the majority of compounds were below the level 
of detection. By 180°C a significant number of compounds were able to be identified. The pyrolysis of 
tobacco from around 300 to 900°C, typical in cigarettes, has been studied by many authors with a heavy 
focus on the higher temperatures where many harmful compounds are formed (examples are Gao et al., 
2013; Liao et al., 2017; Sonobe & Worasuwannarak, 2008; Torikai et al., 2004; Wang et al., 2014; and Yang 
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et al., 2007). These papers do not reveal any significant production of breakdown products at a 
temperature of 350°C, which is the operating temperature of the iQOS, although it must be noted that 
these papers were written before the popularisation of the device. Philip Morris Products S.A. (2017) have 
published the emissions level of 59 compounds from the iQOS system. Li et al. (2019), Mallock et al. 
(2018), and Auer et al. (2017) conducted similar experiments to validate the results. All these experiments 
have been done using a smoking machine, where the HEET was heated to around 350°C and air was drawn 
through the tobacco stick, past the multiple filters and into the analytical equipment. The tobacco in 
HEETS contains flavouring agents, depending on the product variant, as well as humectants like glycol, 
propylene glycol and guar gum (Ministry of Health, 2019). The effect of these additives on the emissions 
from tobacco has not been investigated.      

While low temperature heating is gaining traction with respect to tobacco, it has not been considered in 
the food industry, where there are a number of ways to produce wood smoke for food smoking. Some of 
these do operate at low temperatures while others, which involve more combustion than pyrolysis, 
operate at high temperatures. Smoking food products, like meat and fish, is a commonly used to increase 
shelf life (Wenzl & Zelinkova, 2019), and give a unique flavour (Arvanitoyannis & Kotsanopoulos, 2012).  
However, in work comparing the polycyclic aromatic hydrocarbon levels in sausages smoked using 
different smoking methods found that lower PAH levels were obtained from friction smoking device 
(Pohlmann et al., 2013). These devices have been shown to avoid smouldering and to operate at 
temperatures in a similar range to the heat-not-burn devices (Seraj et al., 2021). Common smokers have 
wood chips that are ignited and kept at smouldering conditions in the presence of oxygen. Smouldering 
wood is usually around 500°C to 700°C (Rebaque et al., 2020). In industrial food smoking systems, the 
smoke generator is separate from smokehouse (Jones et al., 2017), and the length of smoking is 
dependent on food type, whether it is hot or cold smoking (i.e., the temperature of the food while being 
exposed to smoke) and desired outcome (Moody, 2003). 

Pyrolysis describes the degradation reactions that occur on thermal lysis of carbonaceous materials.  It is 
generally acknowledged to consist of primary pyrolysis, which is the fragmentation of the hemicellulose, 
cellulose and lignin in plant material, and secondary pyrolysis, which are the subsequent reactions (Jones 
et al., 2020). These secondary reactions are many and varied, including dehydration, cracking, 
polymerisation, oxidation, gasification, reforming, and water-gas shift reactions depending on the 
temperature and conditions and the presence of catalysts (Neves et al., 2011).   

A challenge with smoke generation is the production of polycyclic aromatic hydrocarbons (PAHs). 
Benzo[a]pyrene is a carcinogen and has been found in some smoked fish at concerning concentrations 
(Tongo et al., 2016). European Commission Regulation No 835/2011 documents the limits of PAHs on food 
products (European Union, 2011). Up to 16 PAHs may be measured, although generally four is sufficient 
to monitor their presence. Compliance with these regulations will give New Zealand smoked food 
products a competitive edge in the international market.  

A unique characteristic of New Zealand smoked food products is the wood used during smoking. Kānuka 
(Kunzea ericoides) is the most common New Zealand wood used in food smoking and so will be 
investigated in this research.  Because it is uniquely NZ wood, there is limited research surrounding kānuka 
wood and the aerosol compounds produced from it. The purpose of this research is to fill this gap in 
knowledge and literature.  

This thesis focuses on the low temperature heating, from 180°C to 390°C, of tobacco and kānuka wood 
chips in anoxic conditions.  Comparison of the pyrolysis kinetics and compounds produced underlines the 
similarities more than the differences because, with the advent of heat-not-burn devices for tobacco, the 
pyrolysis conditions within HnBs and food smoke generators are now similar.  They also share the desired 
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outcomes, to reduce the amount of harmful compounds in tobacco HnBs compared to cigarettes, and 
similarly for food smoke, to avoid the generation of such harmful compounds.  In both cases, there will 
be a desire to preserve the production of compounds that contribute to desirable aromas.  For food, these 
ultimately contribute to the culinary sensory experience. The selected temperature range encompasses 
230°C, which is the operating temperature of dry herb vaporisers, and 350°C, which is the operating 
temperature of the Philip Morris iQOS. Furthermore, this thesis focuses on heating in the absence of air 
(i.e., anoxic conditions), which is called pyrolysis and represents the first stage of thermal breakdown 
inside heated particles. When oxygen gas or air is present, combustion can occur on the outer surfaces or 
as the pyrolysis gases mix with the air. A small amount of air will cause smouldering or localised 
combustion, which is exothermic and often sufficient to provide the necessary heat to sustain pyrolysis. 
Pyrolysis releases a great range of compounds, among these carbonyls can be released, as carbohydrates 
are present. Carbonyls “have been linked to respiratory disease, cardiovascular disease and 
carcinogenesis” (Farsalinos et al., 2018).  

The aim of this research is to first characterise the three selected biomasses, with proximate and ultimate 
analysis, and by studying the thermal energetics, then determine how heating temperature affects the 
release of aromatic compounds and the evolution of degradation products in anoxic environments. This 
will be done with mass spectrometry on the vapour produced from the biomass. The thermal energetics 
and mass spectrometry will reveal different decomposition reactions that may be undesirable. Standards 
of particular compounds have been chosen to aid in identification, some because they are potentially 
harmful, others are of interest are due to aroma and flavour characteristics. A suite of PAHs has also been 
included.  The goal of this research is to compare a food smoke wood and tobacco under similar conditions 
of smoke generation. These conditions are at the low end, under 350⁰C, which are delivered in recently 
developed heat-not-burn devices. Traditional smoldering combustion for food smoke and cigarette smoke 
generation occur at much higher temperatures, in excess of 700⁰C. The work focuses on these lower 
temperatures, whereas published research focuses on the compounds produced at higher temperatures. 
Ultimately, this will contribute to improving the control and operational safety of the devices that 
generate smoke and to minimise the chemical hazard risk that they pose. 

It must be noted that this introduction is not followed by a stand-alone literature review.  This is because 
many, many compounds are produced.  For this reason, it was decided that it would be easier to introduce 
the relevant literature alongside the analysis in the results and discussion chapter.    

 

2. Materials and Methods 
2.1 Materials 
Easy RYO Fine Cut tobacco, manufactured by Joh. Wilh. Von Eicken GmbH, was purchased from Discount 
T (Kolotex Limited). HEETS Amber Label was purchased from Shosha. Philip Morris produces four non 
menthol HEETS flavours, marketed as bronze, sienna, amber and yellow, as well as three menthol HEETS 
flavours, marketed as purple, green and blue. Homogenized tobacco is used in HEETS (Patent No. 
WO2019206919A1). The tobacco returns from Ministry of Health (2019) can be found in Appendices A, 
highlighting the added ingredients. Big Smoke Fishermans Blend manuka wood chips were purchased 
from Bunnings Warehouse. Although they are referred to as manuka wood chips, the wood is actually 
kānuka. Until 1983 they were assumed to have the same genus, but it is now recognised they are from 
different genuses (de Lange, 2014). From now on the biomasses will be referred to as tobacco, HEETS and 
kānuka respectively. The size of the tobacco and HEETS were reduced with scissors and was sieved to be 
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between 250 and 600 microns. Kānuka wood chips were milled in a hammer mill and sieved by hand to 
be between 250 and 600 microns in size.  

 

Figure 3: (Left to Right) RYO tobacco, HEETS and kānuka sample at 250-600 microns. 

 

2.1.1 Structural characteristics 
The structural analysis of HEETS, tobacco and kānuka has not been completed for this research so 
assumptions will have to be made from available literature. There is a lot of variation with the tobacco 
literature as there are different plant species, maturity and sections used. Mendu et al. (2011) studied 
Nicotiana benthamiana stems and found that it had 31.1% cellulose, and 13.6% lignin. Although, Canam 
et al. (2006) studied another tobacco species, Nicotiana tabacum stems, and found that hemicellulose 
ranged from 14.0% to 17.1%, cellulose ranged from 26.0% to 30.9%, and lignin ranged from 18.6% to 
21.0%. Both species are referred to as tobacco but have different structural composition. The HEETS and 
tobacco sample could use multiple species of tobacco, but it is unclear what species each sample uses. 
Wang et al. (2019) and Polat et al. (2016) studied tobacco stems. Yuan et al. (2019) and Kulic and Radojicic 
(2011) compared tobacco stems and leaves. It is not clear what species or sections of the plant have been 
used for the HEETS and tobacco sample. The structural analysis of the HEETS and tobacco sample can be 
estimated, but with so many unknowns the estimations won’t be precise. It can be assumed the 
hemicellulose content ranges from 14% to 25% (Canam et al., 2006; Wang et al., 2019; Polat et al., 2016; 
and Yuan et al., 2019). The upper limit of the range was based on Yuan et al. (2019) finding tobacco stalks 
had 25.4% matrix polysaccharides. Matrix polysaccharides include hemicellulose, as well as free sugar, 
starch, and pectin. The cellulose content can be assumed to range from 7% to 31% (Mendu et al., 2011; 
Canam et al., 2006; Polat et al., 2006; Yuan et al., 2019; and Kulic & Radojicic, 2011). The cellulose has 
such a wide range because the tobacco and HEETS sample probably utilise both tobacco leaves and stems. 
Kulic and Radojicic (2011) stated that the cellulose content can be up to 30% in tobacco stems, between 
10% to 15% for midrib, and between 7% to 14% for leaves. The 60% cellulose content in tobacco stems 
found by Wang et al. (2019) does not seem reasonable and there is more literature supporting a lower 
range. It can be assumed the lignin content ranges from 14% to 21% (Mendu et al., 2011; Canam et al., 
2006; Wang et al., 2019; Polat et al., 2016; and Yuan et al., 2019). In Polat et al. (2016) analysis on tobacco 
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stems they also noted 14.4% extractives. Extractives are compounds, like nicotine, that are naturally 
present, not bound to the holocellulose, easily volatilised, and will account for a small portion of the 
tobacco composition.  

The structural analysis of kānuka could not be found in literature so it will be assumed from the structural 
analysis of other woods. Chen et al. (2021) found 36% lignin and 58.4% carbohydrates in kānuka but did 
not distinguish between hemicellulose and cellulose. The age the kānuka wood was harvested at is 
unknown, although it can be assumed that the tree was mature. Funda et al. (2019) studied juvenile and 
mature pine and found aging didn’t affect hemicellulose or lignin but cellulose increased from 32.6% to 
41.5% and extractives decreased from 7.4% to 1.9%. Luostarinen and Hakkarainen, (2019) studied Betula 
pubescens wood. Garcia-Iruela et al., (2019) studied poplar wood. Snehesh et al. (2017) studied casuarina 
wood. Azeez et al. (2010) studied beech, spruce, and iroko. From these different sources it can be assumed 
that hemicellulose ranges from 22% to 24%, cellulose ranges from 33% to 43%, lignin ranges from 22% to 
36%, and extractives range from 0% to 8%. The table below summarises the findings of these paragraphs. 

Table 1: Structural characteristics of tobacco and kānuka based on literature. 

Assumed structural characteristics HEETS and Tobacco sample Kānuka sample 

Hemicellulose 14% - 25% 22% - 24% 

Cellulose 7% - 31% 33% - 43% 

Lignin 7% - 14% 22% - 36% 

Extractives ~14%* 0% - 8% 

*Only one reference source 

Table 1 will be a more accurate representation of the tobacco sample than the HEETS, as the tobacco 
sample is 95.5% tobacco and the HEETS sample is about 76% tobacco (Ministry of Health, 2019). The 
hemicellulose ranges overlap so it is difficult to make conclusions on the different biomasses. Although 
the kānuka has a higher range for both cellulose and lignin.  

 

2.2 Standards 
Standards were purchased from Sigma Aldrich. The standards purchased and reason for purchase is 
highlighted in Table 2 below.   

 

Table 2: The standards that were purchased for potential health and environmental concerns as well as 
for flavour and odour properties. The m/z ratio is mass over charge number used in mass spectrometry. 
As is typically with GC/MS, m/z represents molecular number. 

m/z Compound Formula Reason 

53 Acrylonitrile C3H3N *Potential health effect; 
cancer, respiratory irritation 

78 Benzene C6H6 Potential health effect; 
cancer, 
reproductive/developmental 

92 Glycerol C3H8O3 **Philip Morris tobacco 
ingredient 

94 Phenol C6H6O Other 
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108 M + p + o cresol C7H8O Potential health effect; 
cardiovascular 

110 Hydroquinone C6H6O2 Other 

112 3-Methylcyclopentane-
1,2-dione 

C6H8O2 Other 

124 Mequinol C7H8O2 Flavour/odour; caramel, 
phenol 

128 Naphthalene (NAP) C10H8 ***PAH 

136 p-Anisaldehyde C8H8O2 Flavour/odour; sweet, floral, 
aniseed. Philip Morris 
tobacco ingredient 

136 Phenylacetic acid C8H8O2 Other 

138 4-Hydroxybenzoic acid C7H6O3 Other 

152 Acenaphthylene (ACY) C12H8 PAH 

152 Isovanillin C8H8O3 Flavour/odour; phenolic 

152 Vanillin C8H8O3 Flavour/odour; vanilla, 
caramel. Philip Morris 
tobacco ingredient 

154 Acenaphthene (ACE) C12H10 PAH 

154 Syringol C8H10O3 Flavour/odour; smoky, 
phenolic, tarry 

162 Levoglucosan C6H10O5 Other 

164 Eugenol C10H12O2 Flavour/odour; spicy, floral 

164 Isoeugenol C10H12O2 Flavour/odour; spicy, clove 

166 Apocynin C9H10O3 Other 

166 Fluorene (FLU) C13H10 PAH 

178 Phenanthrene (PHEN) C14H10 PAH 

178 Anthracene (ANTH) C14H10 PAH 

202 Fluoranthene (FLTH) C16H10 PAH 

202 Pyrene (PYR) C16H10 PAH 

228 Benzo(a)anthracene 
(B[a]A) 

C18H12 PAH 

228 Chrysene (CHRY) C18H12 PAH 

252 Benzo(b)fluoranthene 
(B[b]F) 

C20H12 PAH 

252 Benzo(k)fluoranthene 
(B[k]F) 

C20H12 PAH 

252 Benzo(a)pyrene 
(B[a]P)* 

C20H12 PAH. Potential health effect; 
cancer 

264 Cinnamyl cinnamate C18H16O2 Flavour/odour; mild, floral, 
balsamic 

276 Benzo[g,h,i]perylene 
(B[ghi]P) 

C22H12 PAH 

276 Indeno[1,2,3-
cd]pyrene (IND) 

C22H12 PAH 

278 Dibenz[a,h]anthracene 
(D[ah]A) 

C22H14 PAH 
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* Potential health effects as stated by Fowles and Bates (2000).  

** Added ingredient listed by Philip Morris International (2018). Flavourings added to HEETS Amber Label 
is unknown. 

*** Polycyclic aromatic hydrocarbons (PAHs) identified as high priority pollutants by the Environmental 
Protection Agency (Hussar et al., 2012). 

 

2.3 Proximate analysis 
Thermogravimetric analysis (TGA) was used to determine the moisture, volatiles, ash, and fixed carbon 
content of the RYO tobacco, HEETS tobacco and kānuka wood chips. Biomass samples were heated at 10 
K/min in triplicate, and the change in mass as a function of temperature was analysed. Each sample had 
an initial weight of approximately 6 mg. They were placed in the STA 449 F1 Jupiter TG/DSC analyser from 
NETZSCH (Germany), at room temperature with nitrogen as the purge gas with a flow rate of 50 ml/min 
and as the protective gas with a flow rate of 20 ml/min. The sample was heated from room temperature 
to 105°C at 10 K/min. The sample was kept at 105°C for 1 hour, and the mass loss during this time was 
considered the moisture content of the biomasses. The sample was then heated from 105°C to 900°C at 
10 K/min. The sample was kept at 900°C for 10 minutes, and the mass loss during the heating and after 
the 10 minutes was considered the volatile matter of the biomasses. At 900°C the nitrogen was changed 
to air and kept at 900°C for 30 minutes. After this the sample was weighed to determine the ash content, 
and the fixed carbon was calculated from the difference. The result from this experiment is shown in Table 
5. 

 

2.4 Heat of pyrolysis investigation 
STA TG/DSC stands for simultaneous thermal analysis using thermogravimetry and differential scanning 
calorimetry. It is also performed by the STA 449 F1 Jupiter from NETZSCH (Germany). The STA TG/DSC was 
used to determine the mass loss over temperature, as well as the heat of pyrolysis for the biomass. The 
experiments started with room temperature biomass samples of 3, 6, 12, and 18 mg nitrogen as the purge 
gas with a flow rate of 50 ml/min and as the protective gas with a flow rate of 20 ml/min. The experimental 
method was as follows: 

1. The sample was heated from room temperature to 105⁰C at 20K/min.  
2. Held at 105°C for 45 minutes to remove free water.  
3. Heated from 105°C to 580°C at a rate of 5 K/min.  
4. Cooled from 580⁰C to 105⁰C at a rate of 5 K/min. 
5. Held at 105⁰C for 30 minutes.  
6. Heated again from 105⁰C to 580⁰C at 5 K/min.  
7. Cooled again from 580⁰C to 105⁰C at 5K/min. 
8. Held at 105⁰C for 30 minutes.  
9. Heated from 105⁰C to 580⁰C at 5K/min.  

The results from this experiment are shown from Figure 4 to Figure 12 but not including Figure 7.  
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2.5 Ultimate analysis 
Ultimate analysis determines the composition of nitrogen, carbon, hydrogen, and sulphur. The 
composition of oxygen in tobacco is calculated from the difference. Biomass samples were analysed by 
the vario MACRO cube elemental analyser from Elementar (Germany) in triplicate. Each sample was 
approximately 20 mg of biomass mixed with a catalyst, tungsten trioxide, and wrapped in tinfoil. The 
samples were combusted to 1000⁰C in oxidising conditions. Then the flue gas was treated and passed 
through a thermal conductivity detector to determine the composition. The ultimate analysis was 
conducted on a dry and ash free basis. The results are shown in Table 6. 

 

2.6 Evolved gas analysis 
Evolved gas analysis mass spectrometry (EGA/MS) determined the evolution of compounds present in the 
vapour during the thermal decomposition process of biomass samples. The analysis was performed using 
the Shimadzu (Japan) GCMS-QP2010 Ultra coupled with the Frontier Laboratories (Japan) EGA/PY – 3030D 
Multi-Shot Pyrolyser. Data was analysed using GCMS Postrun Analysis from Shimadzu GCMSsolution 
Software. Samples of 0.5mg biomass were heated from 85°C to 580°C at 10K/min in the pyrolyser. The 
EGA/MS was operated with a split ratio of 1:300 and an ionisation energy of 20 eV to minimise 
fragmentation. The interface temperature was 250⁰C, and the injection temperature was 300⁰C. The 
column flow was 1.00 mL/min at 40⁰C. The EGA column was a deactivated metal capillary EGA tube 
UADTM-2.5N (no stationary phase, ID 0.15 mm, length 2.5 m). Specific m/z ratios, corresponding to 
molecular weights of m/z 17, 27, 28, 30, 44, 53, 54, 60, 74, 76, 78, 92, 108, 110, 162, 166, 177, and 207 
were programmed to be detected. The other molecular weights highlighted in tables 2 and 3 were 
extracted from the total ion chromatogram (TIC). The m/z ratios that were not programmed to be 
detected and were extracted from the TIC have slightly more noise in the results (Figure 16 and 
Appendices H). The EGA/MS experiments were repeated 3 times for HEETS and kānuka and 6 times for 
tobacco for reasons discussed in Figure 7. The results from the EGA/MS are shown in Figure 6, Figure 7, 
and Figure 16. 

 

Table 3: Compounds of interest being investigated due to flavour and aroma properties. Linoleic acid is 
not a flavouring but is being investigated as an example of a lipid. There are limits in knowledge of flavours 
and concentrations added to specific tobacco products.  

m/z Compound Formula Flavour/Aroma Philip Morris 
Tobacco 
ingredient* 

96 Furfural C5H4O2 Almond-like  

104 Styrene C8H8 Sweet  

106 Benzaldehyde C7H6O Almond-like Yes 

132 Cinnamaldehyde C9H8O Cinnamon Yes 

280 Linoleic acid C18H32O2 -  

*Philip Morris International (2018) 

 

2.7 Pyrolysis gas chromatography mass spectrometry analysis 
Pyrolysis gas chromatography mass spectrometry (Py-GC/MS) was also completed to analyse the 
compounds present in the volatile pyrolysate released from thermally decomposed biomass at different 
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temperatures. The data was analysed with the GCMS Postrun Analysis from Shimadzu GCMSsolution 
Software with NIST11 library. The difference between EGA/MS and Py-GC/MS being the EGA/MS detects 
molecular weights present over a range of temperatures using a constant heating rate, while the Py-
GC/MS records mass spectrometry at one temperature to identify individual compounds. Samples of 2 
mg biomass were dropped in the pyrolysis furnace (EGA/PY – 3030D Multi-Shot Pyrolyser from Frontier 
Laboratories, Japan) which was maintained at a set point temperature. There were 10 setpoint 
temperatures analysed that varied from 180°C to 390°C in 30°C intervals, including two temperatures 
used in HnB devices. An additional run was done at 230°C, as that is a common temperature utilised by 
personal use vaporising devices, and 350°C, as that temperature is used with the Philip Morris iQOS 
system. Vapour released from the sample passed into the GC/MS analyser (GCMS-QP2010 Ultra from 
Shimadzu, Japan). The GC analysis was performed in a linear velocity control mode with a velocity of 36.1 
cm/s and a split ratio of 1:75. The gas chromatography column used was a Shimadzu SH-Rxi-5ms capillary 
column (stationary phase: 5% diphenyl 95% dimethylpolysiloxane, ID 0.25mm; film thickness 0.25 µm and 
length 60 m). The column was first kept at 40⁰C for 4 minutes, then heated in the oven at a rate of 5 
⁰C/min up to 300⁰C and kept at 300⁰C for 15 minutes. The MS interface temperature was set at 250⁰C and 
the ion source temperature was 230⁰C. The electron energy was set at 70 eV with MS scan range (m/z) 
from 45 to 550. All the kānuka runs, the tobacco runs from 180⁰C to 300⁰C, and the HEETS run from 180⁰C 
to 270⁰C had a split ratio of 1:75. The tobacco runs from 330⁰C to 390⁰C, and the HEETS run from 300⁰C 
to 390⁰C had a split ratio of 1:150 to avoid oversaturating the Py-GC/MS. The Py-GC/MS were repeated 
twice, and the results are shown in Figure 17, Table 9, and Table 10. 

To help identify compounds, standards were also run through the Py-GC/MS. Pure compounds were 
purchased from Sigma Aldrich (Table 2). The retention indexes and shape of the peaks were compared to 
the biomass vapour to determine the compounds present.  

For identification of the polycyclic aromatic hydrocarbons (PAHs) a similar method was used, but instead 
of a split ratio the Py-GC/MS was operated with a splitless method. The tobacco and HEETS were analysed 
at 180⁰C, 230⁰C, 350⁰C and 500⁰C. The kānuka was analysed at 230⁰C, 280⁰C, 350⁰C and 500⁰C due to 
minimal compounds being identified at the lower temperature range (Table 10). Standards were used to 
find the retention indexes and relative intensity of fragmentation ions. To identify PAHs in the pyrograms 
the m/z of the PAH and four fragmentation ions were extracted and compared, shown in Table 4. The 
results are shown in Table 11. 

Table 4: The m/z base peak and fragment ions used to identify polycyclic aromatic hydrocarbons (PAHs) 
in pyrograms of biomass vapour at various temperatures. 

Compound Number of Carbon 
Rings 

Toxic Equivalency 
Factor* 

m/z Analysed 

Naphthalene (NAP) 2 0.001 128, 129, 127, 126, 102 

Acenaphthylene (ACY) 2 0.001 152, 153, 151, 150, 76 

Acenaphthene (ACE) 2 0.001 154, 153, 152, 151, 76 

Fluorene (FLU) 2 0.001 166, 165, 163, 164, 167 

Anthracene (ANTH) 3 0.01 178, 179, 176, 152, 89 

Phenanthrene (PHEN) 3 0.001 178, 179, 176, 152, 89 

Fluoranthene (FLTH) 3 0.001 202, 203, 201, 200,101 

Pyrene (PYR) 4 0.001 202, 203, 201, 200, 101 

Benzo[a]anthracene 
(B[a]A) 

4 0.1 228, 229, 226, 113, 114 

Chrysene (CHRY) 4 0.01 228, 229, 226, 113, 114 
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Benzo[b]fluoranthene 
(B[b]F) 

4 0.1 252, 253, 250, 126, 125 

Benzo[k]fluoranthene 
(B[k]F) 

4 0.1 252, 253, 250, 126, 125 

Benzo[a]pyrene (B[a]P) 5 1 252, 253, 250, 126, 125 

Indeno[1,2,3-cd]pyrene 
(IND) 

5 0.1 276, 277, 274, 138, 137  

Dibenz[a,h]anthracene 
(D[ah]A) 

5 5 278, 279, 276, 139, 138 

Benzo[g,h,i]perylene 
(B[ghi]P) 

6 0.01 276, 277, 274, 138, 137 

Bold numbers are the m/z of the base peak. 

*From Nisbet and LaGoy (1992), larger numbers indicate a higher toxicity relative to benzo[a]pyrene. 

 

2.8 Scanning electron microscopy 
Scanning electron microscopy (SEM) images were taken at the Manawatu Microscopy and Imaging Centre. 
The samples were gold coated and analysed with the FEI Quanta 200 Environmental Scanning Electron 
Microscope with EDAX module. The tobacco, HEETS and kānuka samples, as previously described, were 
analysed and pine sawdust was also included in the SEM experiment. Monterey Pine sawdust was 
purchased from Pacific Pine Industries Ltd, New Zealand, and sieved to a particle size less than 1mm was 
used. The results are shown in Figure 13 and Figure 14. 

 

3. Results 
3.1 Proximate analysis 
The proximate analysis of biomass was conducted to determine the composition of the samples, shown 
in Table 5. 

Table 5: Proximate analysis of biomass (average ± std dev, wt.%). Raw data in Appendices B. The errors 
are the standard deviation of three replicates. Volatiles refers to all the compounds released between 
105⁰C to 900⁰C. 

 RYO Tobacco HEETS Kānuka 

Moisture 16.85 ± 0.59 13.75 ± 2.93 7.58 ± 0.51 

Volatiles 60.81 ± 0.25 67.34 ± 1.29 74.71 ± 0.08 

Ash 6.30 ± 0.31 7.52 ± 1.39 0.71 ± 0.35 

Fixed Carbon* 16.04 ± 0.39 11.39 ± 0.45 17.01 ± 0.25 

*Fixed carbon was calculated from the difference. 

 
Tobacco. The moisture content of the tobacco sample used here is higher than that recorded by Senneca 
et al. (2007) and Wang et al. (2019), where tobacco stems, homogenised tobacco and Kentucky tobacco 
were found to have moisture contents around 4 to 5 wt.% (Senneca et al., 2007, and Wang et al., 2019). 
However, flue cured tobacco had a moisture content around 15 to 16 wt.% similar to that recorded here 
(Wang et al., 2016). The volatile matter of the tobacco sample is similar to tobacco stems (Wang et al., 
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2019) and homogenised tobacco (Senneca et al., 2007). The ash content is lower than expected, as reports 
range from 10 wt.% to 20 wt.% (Senneca et al., 2007; Polat et al., 2016; and Wang et al., 2019). However, 
tobacco leaf and stem can vary in ash content. According to Wang et al. (2016) tobacco leaves harvested 
from the top and middle of the plant have an ash content of 7.2 wt.%, whereas tobacco leaves harvested 
from the bottom of the plant have an ash content of 10.3 wt.%. Here, the proximate analysis was 
performed on the ‘as received’ tobacco purchased from the supplier. Tobacco can also receive chemical 
treatment during processing which is unknown. Another variable is the additives. Here, the tobacco 
sample contains roughly 4% propylene glycol, and around 0.5% flavourings and additives (Ministry of 
Health, 2019). 

HEETS. The HEETS results are similar to the tobacco sample, as they both are largely tobacco. The moisture 
content of HEETS is lower than the tobacco sample. The Ministry of Health tobacco returns (2019) report 
RYO tobacco as having a maximum water content in tobacco of 19.5%, and in HEETS of 12.9%. The 
difference in tobacco and HEETS water content could be due to different processing methods, and on 
different varieties of tobacco, both of which are unknown. Added ingredients could also affect moisture 
content. The tobacco additives are mentioned above. HEETS contain around 16.9% glycerol, 3.8% 
cellulose, 2.2% guar gum, and 1.0% propylene glycol, and 0.05% flavourings (Ministry of Health, 2019). 
Furthermore, tobacco and HEETS have obvious visual differences, where loose tobacco is comparable in 
appearance to string, while HEETS are thin folded sheets of tobacco. The volatile content of HEETS is more 
than the tobacco but is similar to homogenised tobacco and Kentucky tobacco (Senneca et al., 2007). 
Processing affects the volatile content. Wang et al. (2019) found that raw tobacco stems had a volatile 
content of 61.65 wt.%, but when treated with NaOH can increase to 67.15% and when treated with water 
or HCl can increase to around 70 wt.%. The ash content corresponds with the flue cured tobacco 
investigated by Wang et al. (2016). 

Kānuka. There is limited research on kānuka smoke. Azeez et al. (2010) found for spruce, ikoro and beech 
the moisture content ranged from 8.4 to 9.7 wt.%, which are slightly higher than the experimental result 
here, but all are typical of ‘as received’ dry wood. When oven dried moisture contents are much lower. 
Chen et al. (2021) found that kānuka had a moisture content of 2.35 wt.%, although this was after drying 
at 105°C for 24 hours. The volatiles content is lower compared to many different wood species that range 
from 80 wt.% to 90 wt.% (Chen et al., 2021; Lasode et al., 2014; Snehesh et al., 2017; and Azeez et al., 
2010). Ikoro has a low volatile content of 70.4 wt.% (Azeez et al., 2010). Chen et al. (2021) found kānuka 
had 80.01 wt.% volatiles, while kānuka bark had 73.88 wt.%. They also found that kānuka had an ash 
content of 0.39 wt.%, while kānuka bark had an ash content of 3.27%. The ash content corresponds with 
literature. The ash content in New Zealand sapling woods varies from 0.19 to 1.09 wt.% (Chen et al., 2021). 
Other international smoking woods have ash contents ranging from 0.21 to 1.68 wt.% (Lasode et al., 2014; 
Luostarinen & Hakkarainen, 2019; Snehesh et al., 2017; and Azeez et al., 2010). 

The difference in moisture content between the tobacco and kānuka could be due to either the influence 
of the propylene glycol on the water activity (Ministry of Health, 2019) or most likely to the structural and 
functional differences between leaves and wood. The proximate analysis was based on weight loss at 
specific times and temperatures. The moisture content may not strictly be water but could also include 
the loss of low molar mass species. Kānuka appears to have a significantly higher volatile content while 
tobacco has a significantly higher ash content. 
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3.2 Ultimate analysis 
The ultimate analysis of biomass was also conducted to determine the composition of the samples, shown 
in Table 6. 

 
Table 6: Ultimate analysis of biomass (daf* average ± std dev, wt.%). Raw data in Appendices C. The errors 
are the standard deviation of four replicates. 

  RYO Tobacco HEETS Kānuka 

N 2.04 ± 0.04 1.91 ± 0.06 0.19 ± 0.02 

C 37.83 ± 0.26 39.29 ± 1.28 46.73 ± 0.37 

H 5.56 ± 0.15 7.24 ± 0.25 6.73 ± 0.40 

S 0.20 ± 0.03 0.12 ± 0.02 0.02 ± 0.04 

O** 54.36 ± 0.41 51.44 ± 1.58 46.34 ± 0.45 

*Dry and ash free basis 

**Oxygen was calculated from the difference. 

 
Tobacco and HEETS. The tobacco and HEETS samples have similar ultimate analyses. The nitrogen content 
of the tobacco and HEETS samples correspond with the nitrogen content recorded by Akalin and Karagoz 
(2011), Polat et al. (2016) and Senneca et al. (2007), ranging from 1.9 to 2.6 wt.%.  The carbon content of 
the tobacco sample is within the range reported by Senneca et al. (2007), from 35.8 to 42.5 wt.%, and 
similarly by Akalin and Karagoz (2011), and Polat et al. (2016). The hydrogen content of the tobacco 
sample is also within the range reported of 5.4 to 6.5% by Akalin & Karagoz (2011), Bassilakis et al. (2001), 
Polat et al. (2016), and Senneca et al. (2007). HEETS have the highest hydrogen content for the three 
biomasses in Table 6 due to the added cellulose being slightly more hydrogenated than the background 
biomass (Ministry of Health, 2019). The sulphur content is slightly lower than the range reported in 
literature of 0.4 to 0.8 wt.% (Akalin & Karagoz, 2011; Bassilakis et al., 2001; & Polat et al., 2016). Majewska 
et al. (2018) found that tobacco leaves have a sulphur content of around 0.5 wt.% and tobacco stems have 
a sulphur content of 0.4 wt.%.  

Kānuka. The nitrogen content of kānuka corresponds with that reported elsewhere. Chen et al. (2021) 
studied 6 different New Zealand wood species and found that kānuka, silver beech and rewarewa had a 
nitrogen content of 0.20 wt.%, with close results for the other species. Fir wood had a nitrogen content 
of 0.23 wt.% (Lin et al., 2019), and pine had a nitrogen content of 0.2 wt. % (Speight, 2011). The carbon 
content is lower than found by Chen et al. (2021) of 48.94 wt.%. Carbon content in wood ranges from 
around 42.8 to 53.7 wt.% (Chen et al., 2020; Lasode et al., 2014; Lin et al., 2019; Snehesh et al., 2017; 
Speight, 2011; and Azeez et al., 2010); poplar has a carbon content of 46.61 wt.% (Lin et al., 2019), and 
beech has a carbon content of 46.9 wt.% (Azeez et al., 2010). Carbon content will also vary between 
samples of any one wood depending on whether it is sapwood, heartwood, or bark, and so it can be 
concluded that the kānuka carbon content is typical of other woods. The hydrogen content is slightly lower 
than the 7.69 wt.% reported by Chen et al. (2021) for kānuka.  However, it is higher than the average 
hydrogen content for several other wood species, which is around 6.3 wt.% (Lasode et al., 2014; Lin et al., 
2019; Speight, 2011; and Azzez et al., 2010). The sulphur content is low, as expected. Many papers do not 
report the sulphur content in wood, although Speight (2011) found that oak and pine had 0.1 wt.% sulphur 
content, but also stated that average hardwoods and softwoods have no sulphur. From Appendices C, 
three out of the four trials had no sulphur content with one trial reporting a sulphur content of 0.07 wt.%, 
which increased the average result. 
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 Tobacco and HEETS have a higher nitrogen and sulphur content than kānuka. One of the major 
components in tobacco is nicotine, which has a formula of C10H14N2. Tobacco specific nitrosamines could 
have also contributed to the higher nitrogen content in the tobacco and HEETS sample. Kānuka has a 
higher carbon content than tobacco and HEETS.  

 

3.3 Gravimetric curves – general trends 
Understanding the stages of pyrolysis will provide knowledge of the expected broad groups of reactions 
occurring with the biomass.  

 

 

Figure 4: Graph of thermogravimetry (TG) and derivative thermogravimetry (DTG) versus temperature for 
12 mg HEETS, kānuka and tobacco samples heated at 5 K/min after being held at 105⁰C for 45 minutes to 
remove moisture. The TG curves are relative to the initial air-dry sample mass. 

 
Figure 4 shows the weight loss and differential weight loss curves. These record weight loss as 
temperature is ramped from 105⁰C to 550⁰C. The biomass was heated to 105⁰C for 45 minutes prior to 
the temperature ramp to remove free water. Tobacco and HEETS have similar curves with significant 
weight loss between 150⁰C to 200⁰C and again between 250⁰C to 330⁰C. Kānuka does not have any weight 
loss at the lower temperatures, has a similar weight loss to tobacco and HEETS in the middle, and also has 
a significant weight loss between 320⁰C and 370⁰C. For visual simplicity one result for each biomass was 
displayed in Figure 4. This experiment was completed twice in replicate and with different initial mass. 
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Figure 4 shows the DTG peaking around 180⁰C for tobacco and HEETS, indicating the first weight loss 
event. This is referred to as a distillation phase as it’s caused by the release of water and other low 
molecular mass species (Senneca et al., 2007). The HEETS have a more significant DTG peak at 180⁰C 
compared to tobacco, even though tobacco has a higher moisture content shown in Table 5. HEETS 
contains 17 wt.% added glycerol, while the tobacco sample did not (Ministry of Health, 2019). Gomez-
Siurana et al. (2013) and Marcilla et al. (2015) observed a mass loss in a tobacco glycerol mixture from 
140⁰C to 215⁰C, and concluded it was due to the release of glycerol and other volatiles. The mass loss 
event from 105⁰C to 220⁰C for tobacco and HEETS, shown in Figure 4, is due to a combination of moisture 
loss, volatile release, and glycerol evaporation.  

The thermal decomposition of kānuka is expected to be similar to other woods, although variations will 
occur due to different holocellulose and lignin compositions. Adeleke et al. (2019) studied the thermal 
decomposition of melina wood. Islamova and Khamatgalimov (2016) studied the thermal decomposition 
of coniferous wood. Ondro et al. (2018) studied the thermal decomposition of spruce wood. Sharma and 
Diwan (2017) studied the thermal decomposition of eucalyptus wood. They all observed a mass loss below 
100°C and attributed it to the loss of free water. This was followed by a plateau in the weight loss from 
around 100°C to 200°C, which was referred to as a “reactive drying phase” (Adeleke et al., 2019). These 
observations correspond with the results shown in Figure 4. 

In Figure 4, the DTG results show all the biomass experience 2 weight loss events close to each other. 
Tobacco has one peak at 260⁰C and another at 310⁰C. HEETS has similar peaks, although the peak at 310⁰C 
is more emphasized. Kānuka has significantly larger peaks, but at 290⁰C and 350⁰C. The decomposition of 
cellulose, hemicellulose and lignin can occur at the same time, and due to the dynamics of heating the 
release of extractives can overlap with the production of degradation products (Shotorban et al., 2018). 
For tobacco stems, Polat et al. (2016) observed weight loss between 150°C to 275°C and attributed it to 
the decomposition of cellulose and hemicellulose. They also observed another weight loss from 275°C to 
350°C and claimed it was the release of heavier extractives and more complex compounds. Gao et al. 
(2013) found tobacco had a weight loss peaking at 260°C and determined it was due to the decomposition 
of hemicellulose, rather than cellulose which they attributed another weight loss at 310°C. Yang et al. 
(2007), Gomez-Siurana et al. (2013), and Sonobe and Worasuwannarak (2008) had similar findings. In 
summary, the decomposition of tobacco and HEETS is likely dominated by hemicellulose and for kānuka 
it is likely dominated by cellulose.  

Chen et al. (2021) studied the thermal decomposition of New Zealand wood including kānuka, NZ silver 
beech, pohutukawa, oak, tawa, and rewarewa, with fairly similar results. Figure 4 results for kānuka 
correspond very closely to Chen et al. (2021), where hemicellulose dominates the mass loss around 250⁰C 
to 300⁰C, and cellulose dominated the mass loss around 350⁰C. The kānuka DTG curve also corresponds 
with Ondro et al. (2018), who studied the thermal decomposition of eucalyptus. There will be minor 
differences due to the different wood species and environment the tree was grown in.   

The size of the cellulose crystal affects the breakdown temperature and weight loss, which varies between 
leaves and wood (Cheng et al., 2011). In Figure 4, the cellulose dominated peak varies in peak size and 
temperature for all the biomass due to variations in cellulose crystalline structure. Kānuka shows a very 
different peak size and temperature to tobacco and HEETS. Wood naturally has larger cellulose crystals 
than leaves, which increases “Young’s modulus, tensile strength, density, and hardness” (Rongpipi et al., 
2019). Tobacco and HEETS peak at similar temperatures, but the HEETS peak is larger than tobacco. HEETS 
is comprised of homogenised tobacco (Patent No. WO2019206919A1), while the tobacco is comprised of 
fine cut tobacco. The additional processing of the HEETS reduces the cellulose crystalline structure, 
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making it easier to break down during heating (Cheng et al., 2011). Another reason for the different results 
is HEETS have 3.8 wt.% added cellulose, while the tobacco sample does not (Ministry of Health, 2019).  

Beyond 380⁰C Figure 4 shows all the DTG curves correspond with each other, while the DTG curves for 
tobacco and HEETS are very similar from 320⁰C. This similarity is due to lignin which dominates the mass 
loss in tobacco and HEETS after 360⁰C, which is commensurate with the range of 366⁰C to 541⁰C attributed 
by Polat et al. (2016) to lignin decomposition in tobacco stems. The slow mass change after 380⁰C for 
kānuka is attributed to lignin degradation (Chen et al., 2020; Adeleke et al., 2019; Ondro et al., 2018; and 
Sharma & Diwan, 2017). However, lignin decomposes over a wide range of temperatures, from 160°C and 
continues up to 900°C, although its significance is not generally observed until the hemicellulose and 
cellulose have decomposed (Gomez-Siurana et al., 2013). 

 

3.4 Thermogravimetry with variable sample mass 
Figure 5 highlights some interesting features about mass loss for biomass of varying mass. The TG results 

have been normalised by dividing by the mass after the sample has been held at 105⁰C for 45 minutes. 

Some of the DTG curves show unreasonable results at 105⁰C, which are artefacts of the analysis 

software and not an accurate representation of the change in mass. Full scale graphs, with all data 

points, can be found in Appendices D. There were some issues with the 3 mg and 6 mg results, most 

likely due to the small sample mass, known as the scale of scrutiny variability, first described by 

Danckwerts (1958). For example, the 3 mg_3 result shows less mass loss compared to every other 

sample. Therefore, 6 replicates were completed for 3 mg and 5 replicates were completed for 6 mg, 

while the other masses only had 3 replicates. 



25 
 

 

-2.5

-2

-1.5

-1

-0.5

0

0.5

0

20

40

60

80

100

120

100 150 200 250 300 350 400 450 500 550

D
TG

(%
/m

in
)

M
as

s 
(%

)

Temperature ('C)

HEETS

TG 3mg_1 TG 3mg_2 TG 3mg_3 TG 3mg_4 TG 3mg_5
TG 3mg_6 TG 6mg_1 TG 6mg_2 TG 6mg_3 TG 6mg_4
TG 6mg_5 TG 12mg_1 TG 12mg_2 TG 12mg_3 TG 18mg_1
TG 18mg_2 TG 18mg_3 DTG 3mg_1 DTG 3mg_2 DTG 3mg_3
DTG 3mg_4 DTG 3mg_5 DTG 3mg_6 DTG 6mg_1 DTG 6mg_2
DTG 6mg_3 DTG 6mg_4 DTG 6mg_5 DTG 12mg_1 DTG 12mg_2
DTG 12mg_3 DTG 18mg_1 DTG 18mg_2 DTG 18mg_3

-2.5

-2

-1.5

-1

-0.5

0

0.5

0

20

40

60

80

100

120

100 150 200 250 300 350 400 450 500 550

D
TG

(%
/m

in
)

M
as

s 
(%

)

Temperature ('C)

Tobacco

TG 3mg_1 TG 3mg_2 TG 3mg_3 TG 3mg_4 TG 3mg_5
TG 3mg_6 TG 6mg_1 TG 6mg_2 TG 6mg_3 TG 6mg_4
TG 6mg_5 TG 12mg_1 TG 12mg_2 TG 12mg_3 TG 18mg_1
TG 18mg_2 TG 18mg_3 DTG 3mg_1 DTG 3mg_2 DTG 3mg_3
DTG 3mg_4 DTG 3mg_5 DTG 3mg_6 DTG 6mg_1 DTG 6mg_2
DTG 6mg_3 DTG 6mg_4 DTG 6mg_5 DTG 12mg_1 DTG 12mg_2
DTG 12mg_3 DTG 18mg_1 DTG 18mg_2 DTG 18mg_3



26 
 

 

Figure 5: Graphs of normalised thermogravimetry (TG) and derivative thermogravimetry (DTG) versus 
temperature for HEETS, kānuka and tobacco samples heated at 5K/min after being held at 105⁰C for 45 
minutes to remove moisture. The numbers following the mass represent the replicates, for example 
3mg_1 stands for one experiment using a 3mg biomass sample and 3mg_2 is a replicate of that 
experiment.  

 

The first peak from 150⁰C to 200⁰C is significantly affected by initial mass. Previously this peak was 
attributed to the loss of bound moisture, volatiles, and glycerol. Gomez-Siurana et al. (2011) found there 
is a linear relationship between the amount of glycerol added to tobacco and the mass loss from 109⁰C to 
220⁰C. They observed samples with higher ratios of glycerol to tobacco had more mass loss between 
109⁰C to 220⁰C and the mass peak occurred at higher temperatures. Gomez-Siurana et al. (2011) obtained 
similar results to the HEETS recorded in Figure 5, with the significant experimental difference that they 
kept the initial mass constant, with the proportions of tobacco and glycerol changing. In contrast, in this 
research the proportions of tobacco and glycerol stayed constant, with the initial mass changing. The 
effect of the increasing amount of glycerol appears the same, that is, the thermal lag between heating 
ramp and glycerol volatilisation creates a temperature shift. Glycerol is known to volatilise between 150⁰C 
to 220⁰C (Gomez-Siurana et al., 2011). 

Masses that had a larger weight loss between 105⁰C and 230⁰C, also had a larger final weight loss. The 
DTG curves for each mass appear uniform after 230⁰C. At 550⁰C the amount of weight loss shown in the 
TG curve corresponds with the DTG curves. Figure 5 shows 12 mg_2 and 12 mg_3 have the largest weight 
loss event between 105⁰C and 230⁰C, and also have the lowest yield at 550⁰C. This trend of increasing 
mass loss with increasing sample size becomes less significant as size increases; for example, the 12 mg_1 
and 18 mg results are close, indicating that the first weight loss event has a maximum that 18 mg appears 
to approach.   

Kānuka exhibits an intriguing behaviour during drying at 105⁰C, details of which are in Appendices D, 
where weight loss increased with initial sample mass. The samples were heated in the same sized crucible, 
with the only difference that as mass increases the height of the sample increases. The driving pressure 
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for release of water vapour will be slightly more and the tortuous path distance of effusing molecules will 
be slightly longer. If desorption – adsorption cycling occurs, then larger samples will have more of this. 
However, why this trend occurs is not known. After heating to 550⁰C, Figure 5 shows there is no clear 
trends in mass loss for the different initial mass. The majority of samples have a 70% mass loss by 550⁰C, 
varying between the 3 mg_2 sample with a mass loss of 67.7%, and the 3 mg_5 sample with a mass loss 
of 76.7%. The kānuka DTG curves are similar with only a slight difference from 3 mg_5 and 3 mg_6. For 
the peak at 350⁰C, 3 mg_5 and 3 mg_6 experience a 5.5 %/min mass change, whereas the other samples 
only experience a 5.0 %/min mass change.  

Figure 5 also shows consistent mass loss for tobacco, with no obvious correspondence between initial 
mass of the sample and weight loss during heating to 550⁰C. The 3 mg_3 sample has less weight loss than 
the other samples, which is reflected in the TG and DTG results, and the 3 mg_5 and 3 mg_6 have more 
weight loss than the other samples. Both results reflecting the before mentioned scale of scrutiny issue 
with small samples of heterogeneous material (Danckwerts, 1958). The effect of detection noise from the 
3mg DTG curves appears more significant in tobacco compared to kānuka because the kānuka DTG 
graphical scale is about 3 times larger.  

 

3.5 Comparison of thermogravimetry with evolved gas analysis 
The total ion count (TIC) from evolved gas analysis is often compared to the differential mass loss. Figure 
6 shows one result for each different experiment. As shown in Figure 5, the samples had good 
repeatability, so the most representative were displayed in Figure 6. The purpose of the comparison is to 
observe the ability of the EGA/MS to reproduce the pyrolysis behaviour shown by the DTG curves. The 
DTG curves were obtained by measuring the mass of the sample as it was heated from 105⁰C to 550⁰C. 
The EGA/MS spectrum was obtained from the intensity of a range of evolved gas ions from 45 m/z to 550 
m/z, which is the typical detection range of the instrument. 
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Figure 6: Comparison of derivate thermogravimetry (DTG) curves with an evolved gas analysis mass 
spectrometry (EGA/MS) spectrum for the biomass. EGA/MS trials used 0.5 mg samples heated at 10 
K/min. The thermogravimetry samples were heated at 5 K/min. The scale of the EGA/MS absolute 
intensity is adjusted to give the curves a comparable height. Full size graphs can be found in Appendices 
E.  

 

Figure 6 shows that the DTG and EGA/MS results for kānuka are similar, although the EGA/MS results are 
shifted to a higher temperature. This is because the DTG experiment used a heating rate of 5K/min, while 
the EGA/MS experiment used a heating rate of 10K/min. The increase in heating rate caused thermal lag 
so the peaks appear at a higher temperature (Sharma & Diwan, 2017). The DTG and EGA/MS results are 
also similar for HEETS which again shows evidence of thermal lag in the EGA/MS curve at a higher 
temperature. There are, however, some slight differences for the HEETS; on the upside of the second peak 
the shoulder in the DTG curve around 265⁰C is not as apparent in the EGA/MS curve and on the down side 
of the second peak, the DTG does not have such an obvious shoulder in the 300⁰C to 340⁰C range, where 
the EGA/MS indicates that many ions are still present. These differences are due to the measurement 
methods. DTG measures change in sample mass during heating. In contrast, the EGA/MS spectrum is 
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based on the amount of volatile ions produced during heating and so does not discern whether these ions 
are from primary or secondary reactions. Clearly, the EGA/MS spectrum is relatively higher than the mass 
loss rate at high temperatures.  Two explanations are possible.  One explanation arises by first considering 
the converse that, in order for the mass loss rate and EGA/MS curves to match each other, the mean 
molecular weight of degradation species would have to be the same across the whole heating range.  This 
is highly unlikely. Temperature drives the energetics and so smaller degradation products are expected at 
higher temperatures and, if so, the EGA/MS ion chromatogram will be relatively higher than the mass loss 
rate curve at higher temperatures, as observed. The other explanation is that primary degradation 
products undergo secondary reactions to produce more, albeit smaller product molecules.  As there will 
be many more of them, the same result will be observed. Therefore, it is not immediately apparent 
whether one or both are responsible for the difference at high temperature between the DTG and the 
EGA/MS results after 370⁰C.   

Tobacco exhibits the most difference between the DTG and EGA/MS curves. The same thermal lag 
phenomenon is also present as was observed earlier, but here there is an additional third peak at 450⁰C 
in the EGA/MS which is not apparent in the DTG results. In the same way as argued above, this indicated 
extensive generation of species above 390⁰C. Because tobacco has a clear peak, it also suggests that the 
mechanism for producing more vapour phase molecules is stronger in tobacco compared to HEETS and 
kānuka. The reason is unknown, although it is worth speculating that if secondary reactions are 
responsible, whether these might be homogeneous or heterogeneous. Homogeneous reactions are 
known to be limited at the temperature range employed in this work and are usually discounted (Jones 
et al., 2020) and so are unlikely despite the relatively long flight time for the generated volatiles into the 
EGA column and to the MS (see section 2.5). Heterogeneous reactions are also going to be limited as the 
sample mass in the EGA/MS trials is only 0.5mg. However, tobacco has the largest particle size, as the leaf 
tobacco was cut rather than ground, and so as the volatiles are generated, they still need to travel through 
the leaf before they escape. This greater internal tortuous path distance therefore means tobacco 
volatiles have more opportunity for secondary reactions; if so, this would explain why the tobacco 
EGA/MS curve has a third peak. Therefore, it can be concluded that secondary reactions are definitely 
important above 390°C for tobacco.  Further conclusions are able to be drawn later in this thesis. 
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Figure 7: Evolved gas analysis mass spectrometry (EGA/MS) spectrum for a ~0.5mg sample of tobacco 
heated from 85⁰C to 630⁰C at 10 K/min. Appendices F shows the EGA/MS spectrums for HEETS and 
kānuka. Tobacco 1-6 represent 6 samples of the same tobacco.  

 
Reproducibility was also an issue. HEETS and kānuka achieved consistent results, as shown in Figure 6 and 
Appendices F. However, there were issues with tobacco as highlighted in Figure 7. Due to using 20eV, 
small sample sizes were required to obtain accurate results. With a sample mass of 0.5mg and a sample 
particle size ranging from 250 to 600 microns, and these being a biological material which varies naturally, 
it is easy for variation in results to occur, noted earlier as the scale of scrutiny problem where the effects 
of sample heterogeneity and particle distribution are magnified with small sample sizes (Danckwerts, 
1958). Tobacco had more variation compared to HEETS and kānuka, but tobacco also had the least 
uniform starting material. The kānuka wood chips were milled and sieved and so represent a blended 
material from which samples were taken for analysis. Oversized particles were removed during sifting. 
The tobacco used in HEETS was a sheet of processed tobacco and also represents a blended material. 
These sheets were then cut and sieved to get the appropriate sample size. In contrast, the tobacco was a 
collection of thin strands of leaf material of varying length and thickness. These were cut and sieved to 
the appropriate size from which samples were selected.  For this reason, tobacco is expected to have more 
variation. The blend of tobacco cultivars used is unknown, which is another factor causing variation in the 
tobacco sample. Rather than average all the results in Figure 7, tobacco 1 was selected to represent 
tobacco for the comparison given in Figure 5. This is because the first peak of tobacco 1 matches with 4 
other replicates, and the second and third peak match with 3 other replicates. 
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3.6 Simultaneous Thermogravimetry and Differential Scanning Calorimetry 
At the same time as mass loss measurements the heat flows (called the DSC curve) required to maintain 
the heating temperature ramp from 105⁰C to 550⁰C were also recorded. Positive values mean the system 
requires heat to maintain the temperature ramp, and negative values mean heat loss is required to keep 
the temperature ramp at the desired value. The decomposition reactions affect the heat flow. Primary 
reactions from volatiles are endothermic, whereas secondary reactions from char are exothermic (Zobel 
& Anca-Couce, 2015). Exothermic reactions are more difficult to control because it is generally more 
difficult to remove heat than to supply heat. While this is not a problem in laboratory analytical equipment 
where samples are tiny, they are undesirable for larger devices where heat removal is more difficult. By 
comparing the DTG and DSC curves, a better understanding of heat required during different stages of 
mass loss can be established.  
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Figure 8: Comparison of derivative thermogravimetry (DTG) curves with differential scanning calorimetry 
(DSC) curves for the biomass. The number after the mass indicates a replicate trial, for example 3mg_1 is 
an experiment using 3mg of biomass and 3mg_2 is the experiment repeated with the same conditions. 
The DTG axis was cropped from 0%/min to -4.5%/min, as there were some large artefacts shown in 
Appendices D.  Full size graphs can be found in Appendices G. 

 

Figure 8 shows the DTG and DSC curves together. For tobacco up to 225⁰C, which is below the pyrolysis 
range, the rate of weight loss increases and corresponds to an increase in the heat flow and would be 
expected for a volatile compound such as nicotine; however, there is not a clear trend with initial sample 
mass except for the 3 mg samples which require the least heat flow over this early part of the temperature 
ramp. Above 225⁰C the initial sample mass significantly affects the heat energy required to change the 
temperature of the sample. The 3 mg samples require the most heat energy, followed by 6 mg, 12 mg and 
18 mg. Basile et al. (2016) noticed a similar trend, while heating corn stalks, poplar, and switchgrass, that 
smaller sample mass causes the biomass to have a more endothermic behaviour. The reason for this 
relates to the opportunity for secondary reactions.  All the samples were placed in the same sized crucible, 
so greater sample mass means the height of the sample will be higher. Upon degradation, the volatiles 
from larger samples have a longer tortuous path distance to travel through the char, which increases the 
chance of secondary reactions occurring (Basile et al., 2016; Jones et al., 2020). These heterogeneous 
reactions from volatiles interacting with char tend to be exothermic (Zobel & Anca-Couce, 2015), which is 
seen in the results where the 18 mg samples require less heat energy than the 3 mg samples. The 3 mg 
and 6 mg samples have more natural variation as explained earlier, which may be exacerbated by their 
relative size compared to the crucible, where some of the 3 mg and 6 mg samples may not have 
completely spread across the horizontal surface area of the crucible. Nevertheless, the trend is still 
apparent. 

For HEETS, Figure 8 shows the same trend as tobacco below 225°C, but with a better correlation between 
sample size and heat flow.  Above 225⁰C, interestingly for both tobacco and HEETS the heat flow appears 
to have two peaks, noticeable in the smallest samples, which may be the same two peaks seen in the ion 
chromatogram from the EGA/MS (Figure 6). The heat flow peaks are at 300⁰C and 390⁰C, somewhat less 
than the shifted peaks of the EGA/MS. In small samples, they probably represent two different reaction 
mechanisms for the breakdown of holocellulose and lignin. As noted earlier, the highest temperature peak 
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of the EGA/MS results (Figure 6) was attributed to generation of small molecules, which in tobacco could 
also be attributed to secondary reactions.  As secondary reactions are exothermic (Zobel & Anca-Couce, 
2015; Jones et al., 2020), Figure 8 shows that as sample size increases, the heat flow decreases, as would 
be expected if exothermic secondary reactions were occurring. This trend is ubiquitous across all 
biomasses, and so supports the conclusion that secondary reactions are present not just in tobacco, but 
also in HEETS and kānuka. These secondary reactions become more prevalent when sample size increases, 
which is synonymous with increasing tortuous path distance. That this conclusion was able to be reached 
earlier for the very smallest sample size of tobacco, clearly shows the influence of individual particles size 
on this effect.   

Kānuka is typical of most woods in that the DTG results are very similar to the DSC results. The only 
anomaly is that the 3 mg sample requires less heat flow at low temperatures around 110⁰C compared to 
the other mass samples. This effect is likely due to the small sample mass where it was difficult to achieve 
a uniform layer of biomass in the crucible, which affects the radiative heat transfer, due to the biomass 
and crucible having different surface emissivity and absorptivity (Jones et al., 2020). For kānuka the DSC 
curves are typical of other woods where they follow main peaks in the DTG, contributing to the 
degradation of hemicellulose, cellulose, and lignin. The kānuka results appear similar to beech DSC and 
DTG curves obtained by Gomez et al. (2009). The 18 mg samples require less heat energy than the 3 mg 
samples due to the secondary reactions as discussed above. He et al. (2006) studied the pyrolysis of pine, 
peanut shell, cotton stalk, and wheat straw. Their 6 mg biomass samples tend to have a maximum peak 
of 0.4mW/mg, which correspond with the kānuka results in Figure 8 but not with HEETS or tobacco.  

Biomass is dominated by hemicellulose, cellulose, and lignin, which breakdown in a large number of 
reactions. While treating pyrolysis as a three component decomposition is useful (Miller & Bellan, 1997), 
it is, in fact, far more complex, as illustrated by the work of Anca-Couce and co-authors who determine 
heat flow from the differential between the net calorific value of the reactants and products (Anca-Couce, 
2016; Anca-Couce & Scharler, 2017; Anca-Couce et al., 2014; and Zobel & Anca-Couce, 2015). Doing so 
requires a detailed knowledge of the reaction scheme. To date their work provides the correct trends as 
secondary reactions become more extensive but is not yet a predictive tool. When considering the simpler 
three component system of hemicellulose, cellulose and lignin, Chen et al. (2014) stated that cellulose 
degradation is endothermic, but hemicellulose degradation is exothermic. Zobel and Anca-Couce (2015) 
stated that the decomposition of hemicellulose can be endothermic with small samples, containing less 
than 2 mg of hemicellulose. The HEETS DSC curves show two dips at 260⁰C and 310⁰C, which is when the 
hemicellulose and cellulose degradation peaks occur as shown in the DTG curves. The tobacco DSC curves 
have a similar pattern with dips at 255⁰C and 315⁰C, when the DTG curves show hemicellulose and 
cellulose degradation peaks. Again, this shows that at the small size limit, primary reactions are 
endothermic. 

After the cellulose degradation, the main mechanism affecting weight loss is the breakdown of lignin, 
which is regarded as exothermic (Chen et al., 2014). While the decomposition of hemicellulose, cellulose 
and lignin can overlap (Shotorban et al., 2018), the kānuka graph clearly delineates the end of cellulose 
degradation from the underlying lignin decomposition.  Here, the 12 mg and 18 mg samples require far 
less energy after 380⁰C and indeed are slightly exothermic.  While there are a number of factors involved 
in the interpretation of heat flow, as explained in the next section, this transition to requiring far less 
energy, indicates that secondary reactions are occurring. Noticeably, the heat flow above 380°C for 
kānuka is significantly less than that for the sample sizes of 3 mg and 6 mg of HEETS and tobacco. The 
reason for this is not known but may relate to additives and the ash content. Additives will affect the 
extent at secondary reactions, which may explain the marked differences between the heat flows above 
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350⁰C for kānuka and the two tobacco-based samples. It is the ash content, which is significant in 
catalysing secondary reactions, which is ten times higher in tobacco and HEETS than for kānuka (Table 5). 

Another approach to the study of heat flow in pyrolysis is to use the reaction scheme of Shafizadeh and 
Chin (1977) where biomass primary reactions produce gas, tar and char, followed by secondary reactions 
where the tar fraction condenses more char and produces lighter gases. This simple division into 
endothermic primary reactions and exothermic secondary reactions is used by Jones et al. (2020) to 
determine an overall heat of reaction based on the extent of secondary reactions. They found that in the 
small particle size limit, secondary reactions did not occur in pine and in the larger particle size limit, the 
full extent of secondary reactions was able to occur. The same trend is seen here, that is, as sample size 
increases the heat flow becomes less endothermic and more exothermic. 

Figure 8 shows a dip in the DSC curves for all the biomasses at 500⁰C, indicating that reactions are 
exothermic at this temperature. For the HEETS DSC curve, there is a large variation in energy requirements 
between 215⁰C to 550⁰C, although at 500⁰C all samples have a similar energy requirement. In wood, 
hydrogen begins to be generated at this temperature (Wang et al., 2009), which is indicative of tar cracking 
and is an exothermic process (Zobel and Anca-Couce, 2015).  Sensible heat “refers to the energy absorbed 
by the biomass to raise its temperature only” (Daugaard & Brown, 2003). It increases with temperature 
at high temperatures and is made more difficult by the relative radiative issue between absorptivity and 
emissivity between the sample crucible and reference crucible, especially when the sample crucible is 
open, without a lid, as conducted in this work (Jones et al., 2020). 

The major experimental result as discussed above and shown in Figure 8 is that smaller initial mass 
samples require more energy for reactions to occur. This can be further explored by determining the 
overall heat of pyrolysis by integrating the heat flow over the 105-550°C heating range.  

 

3.7 Heat of pyrolysis 
The overall heat of pyrolysis is a way to explore the balance of primary and secondary reactions. Here the 
heat of pyrolysis is plotted, in Figure 9, as a function of the sample mass for tobacco, HEETS and kānuka. 
The dry, ash-free basis removes the effect of ash content. In Figure 10, the heat of pyrolysis is on a dry, 
ash-free, biomass basis. This additionally removes the effect of the additives, which are significant in 
HEETS. The heat of pyrolysis is not easily extractable from the DSC curves of heat flow. Here the method 
from Jones et al. (2020) is used, where the differences between the emissivity, absorptivity and surface 
heat transfer coefficient between the biomass and char need to be removed (Jones et al., 2020). By 
removing these differences, the heat flow becomes the result of the heat of reaction as well as the sensible 
heat is as follows. 

 

∆𝐻𝑝𝑦 =
1

𝑚𝑤𝑜𝑜𝑑,0
( ∫ (𝑄𝑏𝑖𝑜𝑚𝑎𝑠𝑠 − 𝑄𝑐ℎ𝑎𝑟)𝑡𝑑𝑡 − ∫ ∆𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒,𝑡𝑑𝑡 − 

𝑡∞

𝑡0

∫ ∆𝑄𝑙𝑜𝑠𝑠,𝑡𝑑𝑡

𝑡∞

𝑡0

𝑡∞

𝑡0

) 

 

(1) 

Abrego et al. (2019) use a similar equation in their research of wood chip pyrolysis. The DSC curves shown 
in Figure 8 were used to calculate (Qbiomass – Qchar). Due to time constraints, experiments to determine the 
exact sensible heat (∆Qsensible,t) and environmental heat loss (∆Qloss,t) specific to tobacco, HEETS and kānuka 
were not carried out. Instead, values were chosen from available literature. Assuming the same biomass 
to char differences here, the environmental heat loss was assumed to be the same as Jones et al. (2020) 
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work and also because the same equipment was used in this experiment. The sensible heating kānuka 
was determined from the specific heat capacity of kānuka (Caco et al., 2018), which as a function of 
temperature is described by:  

 

𝐶𝑃,𝐾𝑎𝑛𝑢𝑘𝑎(𝑑𝑟𝑦) =  −7 × 10−7(𝑇2) + 4.2 × 10−3(𝑇) + 1.0505 (2) 

 

The sensible heating of tobacco and HEETS was determined from the specific heat capacity of tobacco 
(Kuroiwa et al., 2008). Buyel et al. (2016) determined the specific heat capacity of tobacco by non-invasive 
contact-free laser probing, and their results support Kuroiwa et al. (2008). Kuroiwa et al. (2008) defined 
the specific heat capacity of tobacco relative to temperature as: 

𝐶𝑃,𝑇𝑜𝑏𝑎𝑐𝑐𝑜 = (6.31 𝑚𝑤 + 7.35)𝑇 − 34.5 𝑚𝑤 − 434 (3) 

Where mw refers to the moisture content of tobacco. 

 

 

Figure 9: Heat of pyrolysis for biomass of 3 mg, 6 mg, 12 mg, and 18 mg, integrated from 105⁰C to 550⁰C, 
for a heating rate of 5 K/min. Data is plotted on a dry, ash free (daf) basis. 
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Figure 9 highlights how reactions become less endothermic and more exothermic as sample mass 
increases. This is due to the effect of secondary reactions, as discussed previously. It also shows how larger 
samples produce more consistent results, which is related to less variability in the sample. The tobacco 
results are the most exothermic, followed by HEETS and kānuka, however they all overlap at the lower 
masses of 3 mg and 6 mg. Chen et al. (2014) stated that cellulose degradation is endothermic, and lignin 
degradation is exothermic. 

 

Figure 9 shows the tobacco sample is more exothermic than kānuka, potentially because kānuka has a 
higher cellulose content (Table 1). Although the results for HEETS and kānuka overlap so it is difficult to 
conclude that structural analysis is the only factor affecting the heat of pyrolysis. Gomez et al. (2009) 
studied the pyrolysis of thistle and found that more pre-treatment and processing made the thistle less 
exothermic. This corresponds with  

Figure 9, as HEETS have more pre-treatment and processing than the tobacco sample and are less 
exothermic comparatively. 

The HEETS and tobacco samples are largely tobacco but with some additives (Ministry of Health, 2019). 
The kānuka sample has minimal processing and it has been assumed not to contain additives. By 
comparing data on a biomass basis differences between wood and leaves can be investigated. 
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Figure 10: Heat of pyrolysis for biomass of 3 mg, 6 mg, 12 mg, and 18 mg, integrated from 105⁰C to 550⁰C, 
for a heating rate of 5 K/min. Data are plotted on a dry, ash free (daf), biomass basis. Doing this removes 
the mass effect of the non-biomass additives.  

The amount of biomass in the HEETS and tobacco sample was determined from the tobacco returns from 
Ministry of Health (2019). The tobacco sample had 95.50% tobacco and the HEETS sample had 75.95% 
tobacco. By removing the non-biomass additives, the heat of pyrolysis for tobacco and HEETS appear to 
be the same (Figure 9 and Figure 10). Compared to Figure 9, the data points for Figure 10, especially 
around 3 mg and 6 mg, are further spread out. Completing more trials may highlight an obvious trend.  

The heat of pyrolysis may be further analysed by assuming it is the sum of the heat of primary 
decomposition and heat of secondary reaction multiplied by an extent term. The approach has been used 
by Jones et al. (2020). Assuming only heterogeneous secondary reactions the relationship takes the 
following form where the extent is expressed by the bracketed term.  

The curves are fitted to an equation by Jones et al. (2020), assuming no homogenous reactions: 

𝐻𝑝𝑦 =  ∆𝐻𝑝𝑦,1 +  ∆𝐻𝑝𝑦,2,𝐻𝐸𝑇  [1 − 𝑒𝑥𝑝 (−
𝑚𝑏𝑖𝑜𝑚𝑎𝑠𝑠,0

𝑘′
𝐻𝐸𝑇

(
𝑃𝑠𝑦𝑠

𝑃𝑎𝑡𝑚
))] 

 

 
(4) 

Where:            

Hpy = Overall heat of pyrolysis (J/g dry biomass) 
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Hpy,1 = Heat of primary reactions (J/g dry biomass) 

Hpy,2,HET = Heat of heterogeneous secondary reactions (J/g dry biomass) 

mbiomass,0 = Initial sample mass (mg) 

k’HET = Non dimensional proportionality constant for heterogeneous reactions  

Psys = System pressure (Pa) 

Patm = Atmospheric pressure (Pa) 

 

Equation 4 was used to fit curves to the data points, shown in Figure 10 for the dry, ash-free, biomass 
basis, assuming a pressure ratio equal to 1 which is a valid assumption where the particles with the sample 
are small. The pine curve parameters are from Jones et al. (2020). The parameters for the other biomasses 
were found using the least square regression method. A limiting factor of the least square regression 
method is parameters are found for the best fit of the data and does not consider if these are reasonable 
values in context. To try avoid unreasonable values, a condition was set for non-zero values. Two curve 
fits were done. The first does not constrain the primary heat of pyrolysis. The second does constrain it to 
400 J/g, the value obtained by Jones et al. (2020). The best fits are given in Table 7. 

Table 7: The best fit values for the parameters in the heat of pyrolysis model developed by Jones et al. 
(2020). The pine values are on a dry basis and from Jones et al. (2020). The kānuka, tobacco and HEETS 
values are from the dry, ash-free, biomass experimental data and the least square regression method. 

 ∆Hpy,1 ∆Hpy,2,HET k’HET R2 

Pine model 400 1237 13.8 - 

 Without constraint (Figure 11) 

Kānuka  158.5 844 6.22 0.908 

Tobacco 1 791 3.91 0.649 

HEETS 54.7 826 3.51 0.656 

 With constraint (Figure 12) 

Kānuka  400 1016 3.85 0.896 

Tobacco  400 1126 2.15 0.574 

HEETS 400 1111 2.08 0.642 

 

Jones et al. (2020) reported the pine model a dry biomass basis, while the other biomasses use a dry, ash-
free biomass basis. The ash content of pine is around 0.39% so it would not make a significant difference 
(Jones et al., 2020).  

These parameters give an insight on the types of reactions occurring. ∆Hpy,1 is the primary pyrolysis of an 
infinitely small mass without secondary reactions. Primary reactions are more dominant in smaller sample 
masses. Without constraint, the ∆Hpy,1 is drastically different for each biomass. It implies that pine requires 
the most energy for primary reactions, followed by kānuka, then HEETS, then tobacco. ∆Hpy,2,HET is the 
difference between the heat energy of an infinitely large sample and an infinitely small sample. By setting 
a ∆Hpy,1 of 400 J/g, the biomasses have a close ∆Hpy,2,HET to pine of 1237 J/g. At an infinitely large sample, 
pine, a softwood, is the most exothermic followed by tobacco and HEETS, tobacco leaf samples, and then 
kānuka, a hardwood. k’HET is a dimensionless constant but it implies when biomass will reach the overall 
heat of pyrolysis value for an infinitely large sample. HEETS and tobacco have similar k’HET values, and the 



39 
 

lower k’HET values means they approach their maximum exothermicity at lower masses than kānuka and 
pine. Pine has the largest k’HET values meaning it will reach its exothermicity of -873 J/g (dry) at larger 
masses comparably. The accuracy of kānuka without constraint was the best with an R2 of 0.908, whereas 
the tobacco and HEETS had a significantly lower R2 value. This was expected as tobacco and HEETS have 
significant variation, especially around 3 mg and 6 mg.  

The ∆Hpy,1 of 400 J/g from Jones et al. (2020) would be more representative of kānuka than tobacco and 
HEETS. ∆Hpy,1 refers to the heat of primary reactions. Kānuka would have similar primary reactions to pine 
as they both are wood with large cellulose crystalline structure. Tobacco and HEETS will have a smaller 
cellulose crystalline structure so are expected to require less energy for primary reactions. Even by 
comparing ∆Hpy,1 values without constraint it is clear that kānuka should have a higher ∆Hpy,1 than tobacco 
and HEETS.  

 

 

Figure 11: Heat of pyrolysis for kānuka, tobacco and HEETS of 3 mg, 6 mg, 12 mg, and 18 mg, integrated 
from 105⁰C to 550⁰C, for a heating rate of 5 K/min. Data is plotted on a dry, ash free (daf), biomass basis. 
Curves are fitted based on an equation from Jones et al. (2020). Pine data is from Jones et al. (2020). 

 

Figure 11 shows the “without constraint” curves from Table 7. The pine results from Jones et al. (2020) 
appear much more endothermic compared to the other biomass, although Figure 11 is limited to 18mg 
samples. At larger sample masses pine will be the most exothermic, followed by tobacco, HEETS, and then 
kānuka. The similarities of each parameter, highlighted in Table 7, has led to overlapping results between 
tobacco and HEETS. This was expected as on a dry, ash-free, biomass basis both samples are tobacco.    
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In Figure 11 the parameters for the HEETs, kānuka and tobacco curves were chosen based on the best fit, 
not based on pyrolysis data. Whereas the pine curve from Jones et al. (2020) had more investigation into 
each parameter. 

 

Figure 12: Heat of pyrolysis for kānuka, tobacco and HEETS of 3 mg, 6 mg, 12 mg, and 18 mg, integrated 
from 105⁰C to 550⁰C, for a heating rate of 5 K/min. Data is plotted on a dry, ash free (daf), biomass basis. 
Curves are fitted based on an equation from Jones et al. (2020), with ∆Hpy,1 set to 400 J/g. Pine data is 
from Jones et al. (2020). 

 

Figure 12 shows the “with constraint” curves from Table 7. For the kānuka, tobacco and HEETS there is 
significant variation around 3 mg, so it is difficult to determine the ∆Hpy,1 for each of the biomass. Jones 
et al. (2020) conducted in-depth research into the heat of pyrolysis for pine and found a ∆Hpy,1 of 400 J/g. 
The poor R2 values in Table 7 could imply a bad fit, although visually the curve passes through at least one 
data point for each mass. 

To investigate potential reasons for the endothermic and exothermic behaviour of the biomass in Figure 
12 scanning electron microscopy (SEM) images were taken. 
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3.8 Scanning electron microscopy (SEM) 
SEM images were taken to identify differences in the particles of the biomass. The different shapes of the 
particles highlight how vapour is produced during heating.    

 

 

Figure 13: SEM images at 200x magnification of HEETS, kānuka, and tobacco particles sized between 250-
600 microns. The pine particles were sized as less than 1 mm. 

Figure 13 shows a single particle of each biomass. The HEETS particle is typical of reconstituted tobacco 
showing tobacco shreds bonded together with additives like guar gum (Li et al., 2018, and Ministry of 
Health, 2019). The tobacco particle is typical of a leaf with channels in one direction and exposed pores 
where the leaf was cut. Tobacco does not have obvious stoma on the leaf surface due to dehydration 
shrinkage and curing reducing their size (Yin et al., 2015). On the cut edge of the tobacco, it is expected 
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to see vessels and vascular bundles, although due to the angle of the image it is difficult to distinguish 
these (Kleszyk et al., 2015). The kānuka particle shows layering typical of the growth rings and exposed 
pores between the grain direction. Pine has larger channels than the other biomass as it is less dense than 
kānuka, with a density of 450 kg/m3 (Ripberger, 2016) compared to 785kg/m3 (Chen et al., 2021). Wood 
is comprised of longitudinal cells and radial cells. In softwood the longitudinal cells are referred to as 
tracheids, while in hardwood they are referred to as vessels (Ruffinatto & Crivellaro, 2019). The purpose 
of both of them is to transport sap from the roots to the top of the tree. The radial cells are mostly 
parenchyma cells, which are used for storage purposes. Parenchyma radial cells are more prominent in 
hardwood than softwood, which is why they are seen with kānuka and not pine (Ruffinatto & Crivellaro, 
2019). Pore size is not fixed, and variations can occur within the same species of plant due to differences 
in environmental conditions, plant age, segment analysed and other factors (Yusof et al., 2013, and Yin et 
al., 2015). Another feature of the kānuka particle is the way it was comminuted, which was using a 
hammer mill, which has affected the shape, particularly at the end where the particle appears slightly 
rounded. The pine used for the SEM images is the same as used for Jones et al. (2020), to compare factors 
that could affect the heat of pyrolysis. Jang and Kang (2019) conducted SEM images of yellow poplar, a 
hardwood, and Korean red pine, a softwood which can be compared to kānuka, another hardwood and 
pine, another soft wood. They noticed yellow poplar had a combination of large and small pores facing 
one direction, with small pores in between facing the alternate direction, similar to the pattern shown by 
kānuka. They also noticed that Korean red pine had a series of similar sized pores in uniform rows, similar 
to the pattern shown by pine. These are typical patterns displayed by hardwood and softwood 
respectively (Filpo et al., 2013; Sun et al., 2012; Zhang & Shen, 2019; and Tanaka et al., 2014).  
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Figure 14: SEM images at 500 times magnification of HEETS, kānuka and tobacco sized between 250-600 
micron particle size after being held at 105⁰C for 45 minutes, then heated from 105⁰C to 550⁰C at 5 K/min. 
The pine was sized at less than 1 mm. It had the same heating profile. 

Figure 14 shows the biomasses after pyrolysis to 550⁰C. The higher magnification, 500x, provides a better 
cross-sectional view. The HEETS structure appears little changed after pyrolysis, because it is highly 
processed felted mats of tobacco and additives. Tobacco, in contrast, has a ruptured internal cellular 
structure due to a build-up of internal pressure from unreleased volatiles (J Chen et al., 2018), but the 
epidermal tissue layer on the outside has been preserved. Both effects have also been observed by Zi et 
al. (2019). Kānuka char also preserves its wood structure as is typical of wood charcoal, as does the pine 
char. This kānuka particle appears to have a clean-cut edge, instead of the rounded edges in Figure 13. In 
theory, wood pore size reduces after heating because charring involves shrinkage, which affects how 
easily volatiles can escape the particle (Donaldson et al., 2015). From the SEM images in Figure 13 and 
Figure 14 this shrinkage is difficult to conclude. For kānuka there was no obvious internal structure as the 
edge view is not clear.  
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Relating Figure 13 and Figure 14 to the heat of pyrolysis in Figure 12, pine was shown to be the most 
endothermic at low masses, which is expected due to the highly porous nature of the pine where volatiles 
can escape easily and so have less opportunity to undergo secondary reactions. Small pores result in 
trapped volatiles and a build-up of internal pressure which causes in more secondary reactions to occur 
(Juan & Ke-qiang, 2009), which most likely explains why pine was the more endothermic at small initial 
masses than kānuka. Similarly, in Figure 14 tobacco has an open structure, but becomes exothermic far 
more quickly as sample mass increases (Figure 12). This effect is likely due to the ash content. Pine has an 
ash content of 0.39 wt.%, kānuka contains 0.71 wt.% ash, tobacco contains 6.30 wt.% ash and HEETS 
contain 7.52 wt.% ash (Jones et al., 2020, and Table 5). Tobacco and HEETS have very similar heat of 
pyrolysis relationships with sample mass which are probably due to the catalysing effect of the high ash 
content (Antal et al., 2000). Inorganic species present in ash have multiple effects on the heat of pyrolysis 
for biomass (Khelfa et al., 2013), one of which is that inorganic species catalyse secondary reactions (Valin 
et al., 2015).  

 

3.9 Gravimetric curves – mass loss 
Thermogravimetry was also used to study the effect of sample size on mass loss. The term yield refers to 
the solid residue left after heating to 550⁰C. 

 

 

Figure 15: Graphs of yield at 550⁰C against initial mass for HEETS, kānuka and tobacco samples heated at 
5K/min after being held at 105⁰C for 45 minutes to remove moisture. The biomasses are displayed on a 
dry ash free (daf), biomass basis. 
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Figure 15 is displayed on a dry, ash-free, biomass basis to remove the effect of moisture, ash and additives 
from the biomasses (Table 5 and Ministry of Health, 2019). The HEETS and tobacco appear to have a much 
higher yield than kānuka, because their ash content is significantly higher than kānuka. The inorganic 
species present in ash can catalyse secondary reactions leading to more char and a higher yield (Valin et 
al., 2015, and Khelfa et al., 2013). Another feature of Figure 15 is the yield for all biomasses remains 
unaffected by initial mass. For HEETS and tobacco this will be due to ash catalysing secondary reactions. 
For kānuka this will be due to the minimally porous particles (Figure 14).  

 

3.10 Evolved gas analysis- mass spectrometry (EGA-MS) 
As shown in the results presented above, there are multiple influences on the behaviour of biomass 

during heating. To study this further it is worth investigating the individual components that are 

produced. The EGA/MS is able to report the mass to ion m/z ratio of species or fragments of species 

produced during pyrolysis. The method does not distinguish between compounds with the same molar 

mass, however Figure 16 presents selected m/z intensity curves and  

 

Table 8 lists the compounds that are most likely to correspond to the m/z ratios and whether they were 

identified in each of tobacco, HEETS or kānuka. 

  

Figure 16: Graphs of absolute intensity versus temperature for evolved gas analysis of 0.5 mg biomass 
samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min from 85⁰C to 
580⁰C and an ionisation energy of 20eV. The blue curves are HEETS, the orange curves are tobacco, and 
the grey curves are kānuka. The X axis is the temperature from 50⁰C up to 600⁰C. The Y axis is the 
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absolute intensity, and each molecular weight has a different scale. Full size graphs can be found in 
Appendices H. 

Figure 16. continued 
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Figure 16. Continued 
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Table 8: Summary of compounds identified from evolved gas analysis. H = HEETS, T = Tobacco, K = Kānuka 

m/z  Compounds  Formula  Present in 

17  Ammonia  NH3  H, T, K 

17  Hydroxide ions  OH-  H, T, K 

27 Hydrogen cyanide  HCN H, T 

27 C2H3
+ ions C2H3

+ H, T, K 

28 Carbon monoxide CO H, T, K 

28 Ethylene C2H4 H, T 

30 Formaldehyde CH2O H, T, K 

30 Ethane C2H6 H, T, K 

30 Nitric oxide NO H, T 

44 Carbon dioxide CO2 H, T, K 

44 Acetaldehyde C2H4O H, T, K 

44 Propane C3H8 H, T, K 

44 Ethylene oxide C2H4O  

53 Acrylonitrile C3H3N H, T 

53 C4H5
- ions C4H5

- H, T, K 

54  1,3-Butadiene  C4H6  H, T, K 

54  1,2-Butadiene  C4H6  H, T, K 

54  1-Butyne  C4H6  H, T, K 

54  2-Butyne  C4H6  H, T, K 

60  Acetic acid  C2H4O2  H, T, K 

60  1-Propanol  C3H8O  H, T 

60  Glycolaldehyde  C2H4O2  H, T, K 

60  Carbonyl sulfide  COS   

74  N-Nitrosodimethylamine (NDMA)  C2H6N2O  H, T 

74  Hydroxyacetone  C3H6O2  H, T, K 

74  n-Butanol  C4H10O  H, T, K 

74  Isobutanol  C4H10O  H, T, K 

74  Propionic acid  C3H6O2  H, T, K 

74  Methyl acetate  C3H6O2  H, T, K 

74  Glycidol   C3H6O2  H 

74 2-hydroxypropanal C3H6O2  H, T 

74 3-hydroxypropanal C3H6O2  H, T, K 

76  Propylene glycol  C3H8O2  H, T 

76  Carbon disulfide  CS2  H, T 

76  2-Methoxyethanol  C3H8O2  H, T 

76  1,3-Propanediol  C3H8O2  H 

78  Benzene  C6H6  H, T, K 

78 Fulvene C6H6 H, T 

78 3-Pyridinyl radical C5H4N H, T 

92  Glycerol  C3H8O3  H 

92  Toluene  C7H8  H, T, K 

96 Furfural C5H4O2 H, T, K 
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96 Pyranone C5H4O2 H, T, K 

96 2-Cyclopentene-1,4-dione C5H4O2 H 

96 2,5-Dimethylfuran C6H8O H, T, K 

96 2-Methyl-2-cyclopentenone C6H8O H, T, K 

96 3-Methyl-2-cyclopentenone C6H8O H, T, K 

104  Styrene  C8H8  H, T, K 

104  Methional  C4H8OS  H, T 

104  Cyclooctatetraene  C8H8  H, T 

106  Benzaldehyde  C7H6O  H, T, K 

106  Ethylbenzene  C8H10  H, T, K 

106  m-Xylene  C8H10  H, T, K 

106  o-Xylene  C8H10  H, T, K 

106  p-Xylene  C8H10  H, T, K 

106  Glyceric acid   C3H6O4  H 

108  m-Cresol  C7H8O  H, T, K 

108  o-Cresol  C7H8O  H, T, K 

108  p-Cresol  C7H8O  H, T, K 

108  Benzoquinone  C6H4O2  H, T, K 

108  Anisole  C7H8O  H, T, K 

108  Benzyl alcohol  C7H8O  H, T, K 

108  2,3-Dimethylpyrazine  C6H8N2  T 

108  2,5-Dimethylpyrazine  C6H8N2  H, T 

108  2,6-Dimethylpyrazine  C6H8N2  T 

110  Catechol  C6H6O2  H, T, K 

110  5-methylfurfural  C6H6O2  H, T, K 

110  Hydroquinone  C6H6O2  H, T, K 

110  Resorcinol  C6H6O2  H, T, K 

110  2,4-Heptadienal  C7H10O  H, T 

110  2,3-Dimethyl-2-cyclopenten-1-one  C7H10O  H, T, K 

110 2-Ethyl-5-methylfuran C7H10O H, T, K 

110 2,3,5-Trimethylfuran C7H10O H, T, K 

110 2-Propylfuran C7H10O K 

110  3,4,5-Trimethylpyrazole  C6H10N  H, T 

110 2-Methyl-1,6-heptadiene C8H14 H, T 

110 3-Isopropylcyclopentene C8H14 H, T 

110 2-Acetylfuran C6H6O2 H, T, K 

110 3-Monochloropropane diol (3-MCPD) C3H7ClO2 H, T, K 

124  Guaiacol   C7H8O2  H, T, K 

124 Mequinol C7H8O2  H, T, K 

124 3-Methoxyphenol C7H8O2  H, T, K 

124  6-Methyl-3,5-heptadien-2-one  C8H12O  H, T 

128 Naphthalene (NAP) C10H8 H, T, K 

128 Furaneol C6H8O3 K 

128 Dihydromaltol C6H8O3 K 

132  Cinnamaldehyde  C9H8O  H, T 

132  Diammonium phosphate  H9O4N2P   H, T 
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132  1-Methyl-4-(1-methylethenyl)benzene  C10H12  H, T 

132 Ethylstyrene C10H12 K 

132 n-Methylbenzofuran C9H8O K 

132 1-Methyl-1-propenylbenzene C10H12 K 

136  Anisaldehyde  C8H8O2  H, T, K 

136  Phenylacetic acid  C8H8O2  H, T, K 

136  2,3-Diethylpyrazine  C8H12N2  T 

136  2,3,5,6-Tetramethylpyrazine  C8H12N2  H, T 

136  Benzyl formate  C8H8O2  H, T 

136  3-Phenyl-1-propanol  C9H12O  H, T 

136  Limonene  C10H16  H, T 

136  2,5-Dimethyl-3-methylene-1,5-heptadiene  C10H16  H, T 

136  2-Ethyl-3,5-dimethylpyrazine  C8H12N2  H, T 

136  Terpinene  C10H16  H, T 

138  Creosol  C8H10O2  H, T, K 

138  2,3-Dihydroxybenzaldehyde  C7H6O3  H, T, K 

138  3,4-Dihydroxybenzaldehyde C7H6O3  H, T, K 

138 m-Hydroxybenzoic acid C7H6O3 H, T, K 

138 o-Hydroxybenzoic acid C7H6O3 H, T, K 

138 p-Hydroxybenzoic acid C7H6O3 H, T, K 

152  Vanillin  C8H8O3  H, T, K 

152  4-Ethylguaiacol  C9H12O2  H, T, K 

152  Methyl salicylate  C8H8O3   

152  Citral  C10H16O  H, T 

152  Acenaphthylene  C12H8  H, T, K 

152  2,5-Dimethoxytoluene  C9H12O2  K 

154  Syringol  C8H10O3  H, T, K 

154  Eucalyptol  C10H18O  H, T 

154  Geraniol  C10H18O  H, T 

154  Isopulegol  C10H18O  H, T 

154  Linalool  C10H18O  H, T 

154  Acenaphthene  C12H10  H, T, K 

162  Nicotine  C10H14N2  H, T 

162 Anabasine C10H14N2  H, T 

162  Levoglucosan  C6H10O5  H, T, K 

162  Methyl cinnamate  C10H10O2  H 

162 6-Methoxy-3-methylbenzofuran C10H10O2  K 

164  Eugenol  C10H12O2  H, T, K 

164  Isoeugenol  C10H12O2  K 

164  Raspberry ketone  C10H12O2   

164  Phenethyl acetate  C10H12O2  H, T 

166 Fluorene C13H10 H, T, K 

166 4-Propylguaiacol C10H14O2 H, T, K 

166 Homovanillin C9H10O3 K 

166 Acetoguaiacone C9H10O3 H, T, K 

177  3-(1-Nitrosopyrrolidin-2-yl)pyridine (NNN)  C9H11N3O  H, T 
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178 Phenanthrene C14H10 H, T, K 

178 Anthracene C14H10 H, T, K 

202 Fluoranthene C16H10 H, T, K 

202 Pyrene C16H10 H, T, K 

207 4-(N-methyl-N-nitrosamino)-1-(3-pyridyl)-1-butanone (NNK) C10H13N3O2 H, T 

207 4-(N-methyl-N-nitrosamino)-4-(3-pyridyl)butanal (NNA) C10H13N3O2 H, T 

228 Benzo(a)anthracene C18H12 H, T, K 

228 Chrysene C18H12 H, T, K 

228 Triphenylene C18H12 H, T, K 

228 Myristic acid C14H28O2 H, T, K 

252 Benzo(a)pyrene (B[a]P) C20H12 H, T, K 

252 Benzo(e)pyrene (B[e]P) C20H12 H, T, K 

252 Benzo(b)fluoranthene (B[b]F) C20H12 H, T, K 

252 Benzo(j) fluoranthene (B[j]F) C20H12 H, T, K 

252 Benzo(k)fluoranthene (B[k]F) C20H12 H, T, K 

264  Cinnamyl cinnamate  C18H16O2  H, T, K 

276 Benzo[g,h,i]perylene C22H12 H, T, K 

276 Indeno[1,2,3-cd]pyrene C22H12 H, T, K 

276 Anthanthrene C22H12 H, T, K 

276 Stearidonic acid C18H28O2  H, T 

278 Dibenz[a,h]anthracene (D[ah]A) C22H14 H, T, K 

278 Linolenic acid C18H30O2  H, T, K 

278 Neophytadiene C20H38 H, T 

280  Linoleic acid  C18H32O2  H, T, K 

 

3.10.1 m/z 17: Hydroxide ions and ammonia 
The m/z 17 graph starts with a peak that decreases in intensity for all the biomasses. This could be due to 
the release of hydroxide ions from dehydration reactions (Wang et al., 2010). The loss of free water would 
cause the first release of hydroxide ions, although they can be released during thermal decomposition at 
higher temperatures. Figure 7 shows the EGA for all the biomasses have a peak around 350⁰C, and kānuka 
has a larger peak around 400⁰C. During these large vapour producing events, OH- ions are likely to be 
released. This could explain the peak for all biomass at 350⁰C and the kānuka peak at 400⁰C. Ammonia 
also has an m/z of 17. Ammonia provides plants with nitrogen, which is found in HEETS and tobacco 
(Howitt & Udvardi, 2000), but is much less for kānuka (Table 6). Ahamad and Alshehri (2012) conducted 
an EGA of bidi tobacco powder at 30K/min using 70eV. They noticed a release of ammonia from 200°C to 
300°C and again, with a slightly smaller peak, from 400°C to 500°C. By using a heating rate of 30K/min the 
peaks from the EGA will appear at a higher temperature than at 10K/min used here. The first peak they 
found could correspond with the peak 140⁰C to 250⁰C, and the second peak from 250⁰C peaking at 340⁰C 
could correspond with the second peak they found. Ahamad and Alshehri (2012) use a 70eV and report 
results in relation to the ion current, Figure 16 uses 20eV and the results are relative to the absolute 
intensity. Due to these differences, it is difficult to compare peak heights. Bassilakis et al. (2001) noticed 
during a TG-FTIR of tobacco, that ammonia generally peaked around 350°C, and had a small shoulder from 
160⁰C to 280⁰C. They analysed oriental, bright and burley tobacco. Burley tobacco showed a much higher 
release of ammonia, with a peak from 160⁰C to 240⁰C being larger than the peak at 350⁰C. Of the 3 
tobacco varieties, burley was found to have the highest nitrogen content at 5.22%, followed by bright at 
3.08%, then oriental at 2.78%. Tobaccos with a higher nitrogen content will release more ammonia (Meng 
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et al., 2015). Figure 16 does not show a significant difference between HEETS and tobacco, but this could 
explain the differences with some literature. Baker et al. (2006) observed ammonia in tobacco vapour, in 
an oxic environment, from 200°C to 700°C with two distinct peaks around 350°C and 525°C. They also 
observed that inverted sugar does not affect ammonia formation, while the presence of glucose 
significantly reduced the first peak and slightly reduced the second peak. The tobacco sample uses a small 
amount of inverted sugar and the HEETS sample uses cellulose, which is made from glucose units (Ministry 
of Health, 2019). Therefore, this may help explain why HEETS has a more suppressed peak compared to 
tobacco from 140⁰C to 250⁰C. Kānuka does not appear to have a peak at this low temperature. Leaves use 
ammonia as a nitrogen source for photosynthesis. For trees, during the winter nitrogen is stored in the 
trunk (Flechard et al., 2013). Kānuka wood chips, which come from the trunk, are suspected to have low 
ammonia levels as indicated by the low nitrogen in Table 6. Another consideration is that ammonia can 
be added to tobacco products to increase the amount of unprotonated nicotine released during heating, 
which makes the tobacco product more addictive (Inaba et al., 2018). It has been described as having a 
chocolate flavour in smoke, although can be unpleasant if 0.5% or higher is present (Stevenson & Proctor, 
2008). The FDA (2019) has identified ammonia as a potentially harmful compound, stating that it is a 
respiratory toxicant. Philip Morris Products S.A. (2017) released research stating that ammonia 
concentration in the vapour from HEETS was around 12.2µg/HEET. This is assuming it is used with an iQOS 
device according to the recommended procedure. The results were verified by Li et al. (2019) who ran the 
same experiment.   

3.10.2 m/z 27: Hydrogen cyanide and C2H3
+ ions 

Hydrogen cyanide can have toxic effects on the human respiratory system (Ahamad & Alshehri, 2012). 
The FDA (2019) stated that hydrogen cyanide is a respiratory toxicant and a cardiovascular toxicant. 
Hydrogen cyanide has an m/z of 27. Figure 16 shows peaks around 170⁰C, 290⁰C, 340⁰C, and 510⁰C for 
HEETS and tobacco, and peaks around 320⁰C and 400⁰C for kānuka. Bassilakis et al. (2001) in TG-FTIR 
analysis of tobacco showed 3 peaks at 220°C, 480°C and 680°C. These are higher than Figure 16, although 
they used a heating rate of 30K/min instead of 10K/min so thermal lag would cause a temperature shift 
of the peaks. Tobacco with higher nitrogen content also had a higher hydrogen cyanide 
production. Hydrogen cyanide production can be increased with the addition of sugar and glycerol (Baker 
et al., 2004, and Carmines & Gaworskir, 2005). The HEETS sample contained added sugar and glycerol, 
while the tobacco sample only has added sugar (Ministry of Health, 2019). Senneca et al. (2007), noticed 
hydrogen cyanide in tobacco smoke from 180°C to 350°C, and 400°C to 550°C with a heating rate of 
5K/min. The slower heating rate used by Senneca et al. (2007) mean that vapour production will occur at 
lower temperatures than Figure 16. Forster et al. (2015) found that the concentration of hydrogen 
cyanide was too low to detect in tobacco heated up to 200°C and suggested that higher temperatures 
were required for formation. Ahamad and Alshehri (2012) conducted an EGA analysis of bidi tobacco 
powder and attributed the peaks between 250°C to 500°C to hydrogen cyanide and C2H3

+ ions. In research 
done by Philip Morris Products S.A. (2017) they were unable to detect hydrogen cyanide in HEETS heated 
to 350⁰C but could detect it in a burning 3R4F cigarette and concluded that HEETS provide a >99.5% 
reduction in hydrogen cyanide. Li et al. (2019) came to the same conclusion. The main production of 
hydrogen cyanide occurs between 800°C to 1000°C, which is the temperature of a cigarette burning in an 
oxic environment (Torikai et al., 2004). The HEETS and tobacco, in Figure 16, is reminiscent of the overall 
EGA curve in Figure 6, which indicates that the vapour production at m/z 27 is dominated by C2H3

+ ions.  

3.10.3 m/z 28: Carbon monoxide and ethylene 
Carbon monoxide and ethylene have an m/z of 28. The biomass curves in Figure 16 appear similar to the 
respective DTG curve in Figure 4, but with a more significant peak after 425⁰C. Bassilakis et al. (2001) 
found tobacco, heated at 30K/min, produced carbon monoxide from 200⁰C, with a large peak at 320⁰C, a 
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smaller peak at 500⁰C, and a large production after 600⁰C. Senneca et al. (2007) found carbon monoxide 
from 250⁰C to 900⁰C. Meng et al. (2015) concluded that carbon monoxide production was influenced 
more by cellulose degradation, while carbon dioxide was more influenced by hemicellulose degradation. 
Philip Morris Products S.A. (2017) claim that HEETS released 347 µg/HEET of carbon monoxide when 
heated to 350⁰C. Zhang et al. (2019) completed an FTIR on pine wood sawdust and found a very similar 
curve to kānuka in Figure 16, although peaks were at slightly lower temperatures due to using particles 
less than 180 microns compared to 200 to 600 microns. They attributed the shoulder on the main peak to 
the decomposition of hemicellulose, the largest peak to the decomposition of cellulose and the peak 
above 415⁰C to secondary reactions. Carbon monoxide is released during primary and secondary reaction 
of ether groups (Hrablay & Jelemensky, 2016). Below 250⁰C the vapour produced from wood consists 
mostly of water, methane, carbon monoxide and carbon dioxide (Gu et al., 2013). Liu et al. (2008) found 
for birch, a hardwood like kānuka, carbon monoxide was produced from primary reactions from 135⁰C to 
280⁰C, and after this was also produced from secondary reactions. They noticed carbon monoxide 
production below 135⁰C, but the wood vapour contained significantly more water. Bassilakis et al. (2001) 
also noticed the production of ethylene from 200⁰C to 600⁰C, with peaks at 320⁰C and 400⁰C. The ethylene 
peaks were about ten times smaller than the carbon monoxide peaks. This corresponds with Meng et al. 
(2015). Therefore, in conclusion, while ethylene will influence Figure 16, it will largely be dominated by 
carbon monoxide. 

3.10.4 m/z 30: Formaldehyde, ethane, nitric oxide 
Formaldehyde, ethane, and nitric oxide have an m/z of 30. Figure 16 shows that HEETS and tobacco are 
similar, while kānuka does not have the low and high temperature peaks. HEETS has a small hump around 
170°C, followed by a peak at 340°C with a shoulder around 300⁰C and a final peak at 510⁰C. Tobacco 
shows a similar pattern to HEETS but the absolute intensity of peaks below 400⁰C is much lower. Kānuka 
has two peaks at 315⁰C and 400⁰C. Bassilakis et al. (2001) analysed the concentration of formaldehyde in 
tobacco smoke with an FTIR and found production started at 200⁰C, and peaked at 350⁰C with a shoulder 
at 500⁰C. The peaks of Bassilakis et al. (2001) may be shifted from these here because they use a heating 
rate of 30K/min while the work here use 10K/min. Baker et al. (2006) noticed formaldehyde was produced 
in tobacco vapour from 200°C to 500°C with a peak around 325°C. The main production of formaldehyde 
in tobacco was from 200°C to 500°C (Torikai et al., 2004). Formaldehyde released from tobacco when 
heating is able to be detected from 180°C (Forster et al., 2015). Formaldehyde is formed from small 
saccharides that decompose over 250°C (Piade et al., 2013). The decomposition of cellulose can increase 
formaldehyde concentration in tobacco smoke (Baker et al., 2005, and Banyasz et al., 2001). The HEETS 
sample has 3.8% added cellulose (Ministry of Health, 2019). Figure 16 shows a larger peak for HEETS 
compared to tobacco around 340⁰C which corresponds with this information. At 450°C formaldehyde 
decomposes to form carbon monoxide and hydrogen (Moldoveanu, 2019). IARC (2006) classified 
formaldehyde as a carcinogen. Formaldehyde can cause cancer and is a respiratory toxicant (Fowles et al., 
2000). Philip Morris Products S.A. (2017) claim that HEETS at 350⁰C released 14.1 µg/HEET of 
formaldehyde, although Li et al. (2019) completed the same experiment and found that HEETS released 
21.9 µg/HEET. Bacsik et al. (2007) detected ethane present in 4 different tobacco cigarettes. Meng et al. 
(2015) noticed ethane in the smoke produced from heating tobacco stems from 400°C to 550°C, peaking 
at 500⁰C. Formaldehyde and ethane are degradation products also found in wood vapour (Liu et al., 2008, 
and Hrablay & Jelemensky, 2016).  Im et al. (2003) heated tobacco in an anoxic environment at 12K/min 
and detected nitric oxide present in tobacco smoke from 275⁰C to 375⁰C. Senneca et al. (2007) 
and Piade et al. (2013) had similar findings although Senneca et al. (2007) found nitric oxide from 
200⁰C. Nitric oxide is a degradation product from nitrates in tobacco (Rodgman & Perfetti, 2013). Philip 
Morris Products S.A. (2017) noticed 12.6µg/HEET of nitric oxide was released while heating HEETS to 
350⁰C. In conclusion, for HEETS and tobacco in Figure 16 it is likely the lower temperature peaks are 
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dominated by formaldehyde and nitric oxide, while the peak above 400⁰C is dominated by ethane. For 
kānuka the overlapping peaks will be due to first formaldehyde then ethane. 

3.10.5 m/z 44: Carbon dioxide, acetaldehyde, propane, and ethylene oxide 
Carbon dioxide, acetaldehyde, propane, and ethylene oxide have an m/z of 44. In Figure 16, the HEETS 
curve shows peaks at 170⁰C, 290⁰C, 340⁰C and 510⁰C. The tobacco curve shows similar peak temperatures 
and intensities, except for the peak at 170⁰C which is at a significantly lower intensity. Kānuka shows a 
main peak around 400⁰C with a shoulder at 315⁰C.  

Carbon dioxide is a major product of pyrolysis and is released over a wide range of temperatures. 
Bassilakis et al. (2001) conducted a TG-FTIR of tobacco and their graph for carbon dioxide had a large peak 
from 250⁰C to 350⁰C. Senneca et al. (2007) noticed production of carbon dioxide from tobacco between 
180°C to 500°C with a significant dominance from 350°C to 500°C. White et al. (2001) and Meng et al. 
(2015) had similar findings for tobacco dust and tobacco stems respectively. Zhang et al. (2019) found 
carbon dioxide production, from heating wood sawdust, peaked at 350⁰C and 480⁰C. Gu et al. (2013) 
found carbon dioxide was released from poplar wood consistently from below 250⁰C to above 500⁰C. 
Carbon dioxide is released due to degradation (Rodgman & Perfetti, 2013).  

For acetaldehyde, Bassilakis et al. (2001) noticed that in tobacco vapour it starts being released from 
200⁰C, peaks at 350°C, and decreases till 500⁰C. Torikai et al. (2004) detected acetaldehyde in tobacco 
from 25°C to 500°C, which corresponds with Forster et al. (2015) and Ahamad and Alshehri (2012). Hrablay 
and Jelemensky (2016) heated beech and noticed the production of acetaldehyde from 230⁰C to 500⁰C. 
Gu et al. (2013) had similar findings when heating poplar. Chida et al. (2004) calculated a 1504.92 mmHg 
vapour pressure for acetaldehyde at 40°C and described it as having a “pungent, ethereal 
nauseating odor”. The main formation of acetaldehyde is due to the decomposition of carbohydrates, 
hemicellulose, and lignin (Piade et al., 2013), which at around 600°C, decomposes to methane and carbon 
monoxide (Moldoveanu, 2019). The FDA (2019) has identified acetaldehyde as a potentially harmful 
compound, stating that it is a carcinogen, respiratory toxicant and is addictive. Philip Morris Products S.A. 
(2017) detected 192µg/HEET of acetaldehyde production from HEETS heated to 350⁰C. Auer et al. (2017), 
Schaller et al. (2016), and Mallock et al. (2018) agree with this result. Li et al. (2019) found a slightly higher 
production at 210 µg/HEET. Bentley et al. (2020) found acetaldehyde production even higher at 313 
µg/HEET.  

Propane is a degradation product (Rodgman & Perfetti, 2013). Wood contains phenyl propane monomers, 
so it is likely kānuka will release propane during heating (Liu et al., 2008). Meng et al. (2015) detected 
propane while heating tobacco stems from 400°C to 550°C.  

For ethylene oxide, Rodgman and Perfetti (2013) has reported its presence in tobacco smoke. After 550°C 
ethylene oxide begins decomposition, mainly converting to methane and carbon monoxide, with small 
amounts of “ethane, ethylene, acetylene, acetaldehyde, propane and hydrogen” (Moldoveanu, 
2019). Ethylene glycol used to be added to tobacco as a humectant but is no longer used as it produces 
ethylene oxide (Hoffman and Hoffman, 2001). Ethylene oxide has been recognised as a carcinogen that 
can increase the risk of lymphoid and breast cancer (EPA, 2008). Philip Morris Products S.A. (2017) were 
unable to detect ethylene oxide in HEETS, and claimed they gave a >99.3% reduction compared to 3R4F 
cigarettes. Schaller et al. (2016) heated tobacco blends under the same condition as HEETS and found 
there was an average reduction of 99.2% ethylene oxide, and there were some tobacco blends with an 
ethylene oxide concentration too low to be detected.  

In the m/z 44 result in Figure 16, it is not clear which peaks correspond to each of carbon dioxide, 
acetaldehyde, and propane. The addition of glycerol to tobacco can increase acetaldehyde and carbon 
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dioxide production at low temperatures as it is a glycerol decomposition product (Gomez-Siurana et al., 
2013). This corresponds with Figure 16, as HEETS have 17% added glycerol and the tobacco sample has 
none (Ministry of Health, 2019) In conclusion, it is likely that acetaldehyde appears at the lower 
temperatures, propane at the higher temperatures and carbon dioxide would dominate across the whole 
temperature range corresponding to the breakdown of hemicellulose, cellulose and lignin.  

3.10.6 m/z 53: Acrylonitrile 
Acrylonitrile has an m/z of 53. Acrylonitrile is a degradation compound related to nitric oxide (Piade et al., 
2013). Acrylonitrile can cause cancer and is a respiratory toxicant (Fowles et al., 2000). Figure 16 shows 
HEETS has a main peak at 350⁰C with shoulders on both sides of the peak. Kānuka has a main peak at 
400⁰C with shoulders on both sides of the peak. Tobacco has peaks at 210⁰C, 340⁰C and 400⁰C. Liu et al. 
(2011) found acrylonitrile in flue cured tobacco smoke when heating around 800°C. The concentration of 
acrylonitrile in raw tobacco was 7.73 µg/cigarette which was reduced to 5.17 µg/cigarette after it was 
homogenized. HEETS is a homogenized tobacco product. In line with this observation, Figure 16 shows 
that HEETS have some peaks at a lower intensity than the tobacco sample. Forster et al. (2015) was unable 
to detect acrylonitrile in tobacco vapour below 200°C, as also found here, and concluded that higher 
temperatures where needed for formation. Torikai et al. (2004) suggest that the main production of 
acrylonitrile occurs from 500°C to 800°C. Philip Morris Products S.A. (2017) found HEETS at 350⁰C had an 
acrylonitrile production of 0.145µg/HEET, which corresponds with the average result found by Schaller et 
al. (2016). There is limited research to justify each of the peaks shown in Figure 16. The peak around 400⁰C 
for tobacco and the shoulder in the same temperature range is likely influenced by acrylonitrile. Due to 
the low nitrogen content of kānuka it is unlikely that it produces much acrylonitrile (Table 6). Therefore, 
the kānuka curve is more likely to be the but-2-yn-1-yl radical and but-1-yn-3-yl radical, which both have 
an m/z of 53 and an empirical formula of C4H5. This presence of radicals and ions will also be present for 
the tobacco samples and so they are probably the main contributing factor to the curves shown in Figure 
16.  

3.10.7 m/z 54: 1,3-Butadiene, 1,2-butadiene, 1-butyne, and 2-butyne 
1,3-Butadiene, 1,2-butadiene, 1-butyne and 2-butyne have an m/z of 54. 1,3-Butadiene is a human 
carcinogen (Oladipupo et al., 2019). 1,3-Butadiene can cause cancer and harmful reproductive 
effects (Fowles et al., 2000). Figure 16 shows HEETS and tobacco have a main peak at 320⁰C. Kānuka has 
a shoulder at this temperature and a main peak at 400⁰C. 1,3-Butadiene has been found by other 
researchers. In anoxic conditions, Torikai et al. (2004) detected 1,3-butadiene in tobacco vapour after 
heating to 300°C at a rate of 20K/min. Ahamad and Alshehri (2012) reported butadiene was found during 
the heating of bidi tobacco powder between 250°C and 500°C. Olsson et al. (2004) heated pine and spruce 
found the concentration of 1,3-butadiene rapidly decreased after roughly 400⁰C, which corresponds with 
that observed for kānuka in Figure 16.  

1,3-Butadiene is an expected degradation product of cellulose and sugars (Soeteman-Hernandez et al., 
2013), which will then further decompose from 425°C to 725°C to cyclohexane, cyclohexadiene, benzene, 
butenes, propylene, ethylene, methane, vinylacetylene, and hydrogen (Moldoveanu, 2019). Isomerisation 
occurs between 1,3-butadiene, 1,2-butadiene, 1-butyne and 2-butyne (Lockhart et al., 2017) which, at 
lower temperatures, is much faster than decomposition (Chambreau et al., 2005). Pan et al. (2013) 
studied the photon energies of Virginia cigarettes and found that for an m/z of 54, it was made up of 55% 
1,3-butadiene, 21% 1,2-butadiene, 22% 1-butyne and 2% 2-butyne. Philip Morris Products S.A. (2017) 
found 1,3-butadiene production from HEETS heated to 350⁰C was 0.207µg/HEET. Li et al. 
(2019), Mallock et al. (2018), and Schaller et al. (2016) had similar findings, but Bentley et al. (2020) found 
1,3-butadiene to be higher at 0.716 µg/HEET.  
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3.10.8 m/z 60: Acetic acid, 1-propanol, glycolaldehyde, and carbonyl sulfide 
Acetic acid, 1-propanol, glycolaldehyde, and carbonyl sulfide have an m/z of 60. This m/z is one of the 
most dominant in EGA/MS analysis; indeed Nardella et al. (2020) conducted an EGA for pine and oak 
heated to 600⁰C and found that m/z 60 had the most abundant production for oak and the second most 
abundant product for pine. The peaks observed in Figure 16 correspond entirely with literature 
observation. In Figure 16 the profiles are quite noticeably different for the three biomasses. HEETS has 
peaks at 170⁰C, 290⁰C and 340⁰C. Tobacco has a peak at 210⁰C that is significantly smaller than the HEETS 
170⁰C peak and also peaks at 290⁰ and 340⁰C that are slightly lower in absolute intensity than HEETS. 
Kānuka has peaks at 320⁰C and 400⁰C. Therefore, tobacco and HEETS have a mechanism for generation 
of m/z 60 at lower temperature that is not present in kānuka, and kānuka has a mechanism for generation 
of m/z 60 at high temperature that is not present in tobacco or HEETS. Acetic acid has been described as 
having a “pungent, stinging sour odor” (Chida et al., 2004). Chen et al. (2021) identified acetic acid in the 
vapour produced from heating kānuka to 335°C. Zhang et al. (2020) detected acetic acid in kānuka vapour 
heated to 480⁰C. Branca et al. (2003) found in beech, acetic acid production increased from 4.8 wt.% at 
275⁰C to 5.5% at 625⁰C. Acetic acid is one of the main pyrolysis products from wood between 100°C and 
300°C (Dietenberger & Hasburgh, 2016). The decomposition of hemicellulose contributes to the amount 
of acetic acid released (Meng et al., 2015, and Dietenberger & Hasburgh, 2016). In oxic conditions at 
900°C, 95.9% of acetic acid is transferred to vapour, 4.0% is converted to acetic acid anhydride, and 0.1% 
is converted to ethanol (Baker & Bishop, 2004). Bassilakis et al. (2001) conducted a TG-FTIR of three 
different tobaccos at 30K/min. There results correspond to those reported here, finding that oriental and 
bright tobacco had peaks at 200⁰C and 320⁰C, whereas burley tobacco only had a peak at 320⁰C. Gu et al. 
(2019) noticed acetic acid released while heating a tobacco stem from 160°C to 240°C. The peak decreases 
till around 400°C, which corresponds with Liu et al. (2013) who detected acetic acid in tobacco smoke at 
400°C but not from 500°C to 800°C. Liu et al. (2013) was heating tobacco stems at 10K/min. These results 
correspond with Figure 16, and acetic acid is likely to contribute heavily to the first 2 peaks from HEETS 
and tobacco, and slightly to the third peak. The tobacco sample has 0.24 wt.% of added acetic acid to 
tobacco. Chida et al. (2004) calculated a vapour pressure of 34.93 mmHg for acetic acid at 40°C. The 
vaporisation of the added acetic acid will also contribute to the low temperature tobacco peaks. Bentley 
et al. (2020) found acetic acid was the second most prominent component of tobacco smoke and found 
HEETS had a 994 µg/HEET production.   

Gu et al. (2019) also identified 1-propanol when heating tobacco stems from 160°C to 240°C. Kibet et al. 
(2019) detected the presence of 1-propanol when heating tobacco at 300°C. Chida et al. (2004) also 
calculated a 52.16 mmHg vapour pressure for 1-propanol at 40°C and stated it had a “mild, nonresidual, 
alcoholic odor”.  

Glycolaldehyde was detected by Liu et al. (2009), who conducted an FTIR of poplar. Branca et al. (2003) 
found the production of glycolaldehyde increased from 0.7 wt.% at 275⁰C to 2.3 wt.% at 625⁰C for beech. 
Sanders et al. (2003) detected glycolaldehyde produced from the thermal decomposition of cellulose at 
300°C to 600°C. Glycolaldehyde will be produced from the pyrolysis of kānuka and tobacco (Vitasari, 
2012). Glycolaldehyde is also formed from the decomposition of glycerol (Pennings et al., 2019). HEETS 
has added glycerol and a large first peak in Figure 16, which is likely due to the release of glycolaldehyde 
(Ministry of Health, 2019).   

Carbonyl sulfide has been detected in tobacco smoke from a 2R4F cigarette (Dong & DeBusk, 2009). It can 
hydrolyse to hydrogen sulfide which causes irritation to skin, eyes, and respiratory system (Svoronos & 
Bruno, 2002). Bassilakis et al (2001) studied the pyrolysis of different biomasses and found that 
carbonyl sulfide was released from wheat straw up to 1000°C with multiple peaks in concentration with 
the three largest peaks at 280°C, 380°C and 880°C. However, with tobacco they found that the 
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concentration of carbonyl sulfide was too low to detect. The concentration of sulfur in the tobacco, HEETS, 
and kānuka sample is 0.20 wt.%, 0.12 wt.%, and 0.02 wt.% respectively, so it is unlikely that significant 
amounts of carbonyl sulfide will be produced (Table 6).  

3.10.9 m/z 74: NDMA, hydroxyacetone, n-butanol, isobutanol, propionic acid, etc. 
NDMA, hydroxyacetone, n-butanol, isobutanol, propionic acid, methyl acetate, glycidol, 2-
hydroxypropanal and 3-hydroxypropanal have an m/z of 74. Figure 16 shows that the profiles for tobacco 
and HEETS are similar, but that kānuka lacks the low temperature peak and has an additional and large 
high temperature peak. HEETS has peaks at 170⁰C, 290⁰C and 340⁰C, tobacco has peaks at 200⁰C, 310⁰C 
and 340⁰C, and kānuka has a peak at 400⁰C with a shoulder around 320⁰C. NDMA is a tobacco-specific 
nitrosamine (Rodgman & Perfetti, 2013) and has been attributed to causing cancer (Ahmad & Alshehri, 
2012, and Fowles & Bates 2000). Senneca et al. (2007) noticed the release of NDMA from tobacco from 
180°C to 400°C. The addition of glycerol can reduce NDMA production (Carmines & Gaworski, 2005). 
HEETS have 17 wt.% added glycerol and the tobacco sample does not (Ministry of Health, 2019).  

Gu et al. (2019) has identified hydroxyacetone in the vapour released from heating tobacco stems from 
160°C to 240°C. Kibet et al. (2019) also noticed the presence of hydroxyacetone when heating tobacco to 
300°C. Demirbas (2002) detected hydroxyacetone when heating tobacco stalks from 375°C to 775°C and 
noticed it peaked around 575°C. Hydroxyacetone was one of the major components of wood vinegar from 
pine and poplar heated to 500⁰C (Aguirre et al., 2020). In Chinese Fir, heated to 300⁰C, hydroxyacetone 
was one of the main ketones detected by the GC-MS (Li et al., 2020). Branca et al. (2003) found 
hydroxyacetone, methyl acetate and 3-hydroxypropanal in beech at 525⁰C. They found that the 
concentration of hydroxyacetone from beech increased from 1.1 wt.% to 1.6 wt.% from 325⁰C to 375⁰C 
and maintained at 1.6 wt.% up to 625⁰C. Hydroxyacetone forms from the decomposition 
of xylan (Demirbas, 2002). Propylene glycerol can also decompose to form a small amount of 
hydroxyacetone (Pennings et al., 2019). Bentley et al. (2020) studied the top 100 chemicals in HEETS 
vapour and found 1135 µg/HEET of hydroxyacetone, 53.2 µg/HEET of propanoic acid, and 1.31 µg/HEET 
of glycidol. St. Helen et al. (2018) also studied the vapour from HEETs at 350⁰C and found 162 µg/HEET of 
hydroxyacetone, and 5.71 µg/HEET of glycidol. The difference in results is likely due to the different 
research methods used. The tobacco sample has 4% added propylene glycerol and the HEETS sample has 
1% added propylene glycerol (Ministry of Health, 2019).  

n-Butanol has been detected in the tobacco plant and vapour (Rodgman & Perfetti, 2013). Chida et al. 
(2004) heated flue cured tobacco to 240°C and identified 1-butanol in the vapour produced. Nanda et al., 
(2014) found n-butanol can be produced from pine. 1-Butanol has a vapour pressure of 18.29 mmHg at 
40°C and a “mild fusel-like odor” (Chida et al., 2004). Baker and Bishop (2004) analysed the decomposition 
of pure compounds heated to 900°C in oxic conditions. For n-butanol, 90.7% of n-butanol can transfer to 
vapour, 6.3% can convert to isobutanol, and 2.8% can convert to butanal. Isobutanol does not degrade at 
900°C.  

Propionic acid is a short chain fatty acid found in tobacco (Zeller et al., 2019). Barbero-Lopez et al. (2019) 
found propionic acid was produced from spruce bark and birch bark after heating to 350⁰C. For propionic 
acid, 97.6% of propionic acid transfers to vapour at 900°C in oxic conditions, and so is therefore a 
relatively stable compound. 1.2% of propionic acid is converted to ethanol, 1.1% converted to propionic 
anhydride and 0.1% converted to acetic acid (Baker & Bishop, 2004).  

Methyl acetate is a potentially harmful toxicant (Lempert et al., 2019). Chida et al. (2004) found methyl 
acetate in the vapour produced from heating flue cured tobacco to 240°C. They also stated that methyl 
acetate has a vapour pressure of 405.61mmHg at 40°C and has an “ethereal fruity odor of very poor 
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tenacity”. Demirbas (2002) identified methyl acetate when heating tobacco stalks to 550°C. Methyl 
acetate starts degradation after 725°C in anoxic conditions (Yang et al., 2015).   

Glycidol is formed from the dehydration of glycerol (Sleiman et al., 2016), but appears to be a relatively 
minor component in m/z 74. 2-Hydroxypropanal is a decomposition product of propylene glycol and 3-
hydroxypropanal is a decomposition product from glycerol (Schick et al., 2017, Adam et al., 2009, and 
Jensen et al., 2017). 3-Hydroxypropanal is also a decomposition product of carbohydrates (del Rio et al., 
2002). Costa et al. (2019) detected 3-hydroxypropanal in cork oak wood heated to 650⁰C. In conclusion, 
in Figure 16, the dominant compound and largest contribution will be from hydroxyacetone, with 
decomposition products from propylene glycerol and glycerol contributing to the first peak for HEETS and 
tobacco and decomposition from lignin responsible for the high temperature peak of kānuka. 

3.10.10 m/z 76: Propylene glycol, carbon disulfide, 2-methoxyethanol and 1,3-propanediol 
Propylene glycol, carbon disulfide, 2-methoxyethanol and 1,3-propanediol have an m/z of 76. Propylene 
glycol is a humectant added to the tobacco sample at 4wt%, and the HEETS sample at 1wt% (Ministry of 
Health, 2019). Bentley et al. (2020) found 643 µg/HEET of propylene glycol was produced from HEETS 
heated to 350⁰C, which means that at low temperatures, the majority of propylene glycol is vaporised. 
Vaporisation was also found to occur at higher temperatures; Laino et al. (2012) found 99.9% of propylene 
glycol was vaporised at 525⁰C in anoxic conditions and Baker and Bishop (2004) found 86.3% of propylene 
glycol was vaporised at 900⁰C in oxic conditions. Both experiments used pure standards of propylene 
glycol, not combined with tobacco. Other research does show breakdown of propylene glycol in anoxic 
environments was found to being at around 400⁰C (Moldoveanu, 2019, Saliba et al., 2018). Of these, 
Saliba et al. (2018) studied the decomposition from 80°C to 670°C. In anoxic environments, 
propionaldehyde was first detected at 413°C, acetone was detected at 460°C, and formaldehyde and 
acetaldehyde were detected at 670°C. By 670°C propionaldehyde contributed to 57.8% of the vapour, 
acetone contributed 28.8%, acetaldehyde contributed 6.4% and formaldehyde contributed 3.2%. 
Propionaldehyde formation was also observed by Moldoveanu (2019), and Diaz et al., (2010) who also 
found acetone, acetaldehyde, and formaldehyde when heating propylene glycol up to 325°C 
in an oxic environment. Laino et al. (2012) also found acetone and acetaldehyde from heating propylene 
glycol to 525°C, as well as hydroxyacetone, ally alcohol, propylene oxide, and propanal. These 
decomposition products will affect other graphs shown in Figure 16.  

Carbon disulfide has been reported in tobacco and tobacco vapour (Rodgman & Perfetti, 
2013). Carbon disulfide has been detected in tobacco smoke in 2R4F cigarettes (Dong & DeBusk, 
2009). Its concentration was roughly 20 times lower compared to carbonyl sulfide. The amount of carbon 
disulfide in tobacco and HEETS will be very minimal as tobacco contains 0.20 wt.% sulfur and HEETS 
contains 0.12 wt.% sulfur. It is unlikely that kānuka would contain carbon disulfide as it has a 0.02 wt.% 
sulfur composition (Table 6).  

2-Methoxyethanol was detected in the smoke from burning Italian cigarettes (Pieraccini et al., 2008). It is 
unclear if this is from tobacco or a tobacco additive common to the Italian cigarettes analysed. 2-
Methoxyethanol was found at a low concentration and is likely to have a slight contribution to the HEETS 
and tobacco curves, shown in Figure 16, in the lower temperature range.  

1,3-Propanediol has been detected in tobacco smoke but not the plant (Rodgman & Perfetti, 2013). It is a 
decomposition product of glycerol (Diaz et al., 2010), added at 17 wt.% to HEETS (Ministry of Health, 
2019). Diaz et al. (2010) found that 1,3-propanediol further decomposed to acrolein when heated to 
156°C in oxygen. Since the majority of glycerol is vaporised before degrading, 1,3-propanediol will have 
only a small effect on the HEETS curve in Figure 16.  
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Takada et al. (2004) heated sugi wood to 300⁰C in anoxic conditions and found many compounds had 
fragmentation ions of m/z 76. They did not discuss the structure of each compound or the fragments. 
They believe the m/z 76 fragments came from a biphenyl type dimer, a diphenylethane type dimer, and a 
stilbene type dimer, none of which have been investigated here.  

In Figure 16, the first peak for tobacco at 175⁰C, is likely dominated by the release of propylene glycol. 
Propylene glycol release for HEETS would occur at the same temperature, although a significant peak is 
not shown as HEETS has a much smaller addition of propylene glycol (Ministry of Health, 2019). Kānuka 
does not contain added propylene glycol and shows a low absolute intensity around this temperature. It 
is unclear exactly what contributed to the other higher temperature peaks, although it is likely dominated 
by ions from the breakdown of holocellulose and lignin. 

3.10.11 m/z 78: Benzene, fulvene and 3-pyridinyl radicals 
Benzene and fulvene have an m/z of 78. The FDA (2019) has stated that benzene is a carcinogen, 
cardiovascular toxicant and reproductive or developmental toxicant. Philip Morris Products S.A. (2017) 
reported that benzene production was 0.452µg/HEET for HEETS at 350⁰C. The results correspond with Li 
et al. (2019), Mallock et al. (2018) and Schaller et al. (2016). Wang et al. (2017) detected benzene and 
fulvene in smoke from a lit tobacco cigarette and stated that benzene contributes to over 93% of m/z 78 
production. Figure 16 shows HEETS and tobacco have a small bump around 190⁰C, absent in kānuka, 
followed by a peak at 340⁰C, another bump around 430⁰C, and another peak at 570⁰C. Kānuka has a slight 
shoulder around 330⁰C for a peak at 400⁰C, followed by a larger peak at 460⁰C and a very small peak at 
570⁰C. The lack of the lowest and almost lack of the highest peak for kānuka indicate that some 
differences in decomposition occur, or in the pathways of formation. Senneca et al. (2007) identified 
benzene in tobacco smoke from 200°C to 550°C. Li et al. (2019) found benzene at 350°C when heating a 
3R4F cigarette. Branca et al. (2003) found benzene produced from beech heated to 525⁰C. Ma et al. (2008) 
heated a Chinese fir extract to 250⁰C and detected the presence of benzene, the temperature being lower 
than kānuka experienced in Figure 16 due to the use of an extracted solution instead of raw material. 
Piade et al. (2013) found that benzene formation starts around 300°C, and the main formation occurs 
from 450°C to 600°C. Once formed benzene is easily volatilised with a 295.52 mmHg vapour pressure for 
benzene at 40°C (Chida et al., 2004). However, Figure 16 m/z 78 has multiple peaks and the reasons for 
these are not known but must relate to a number of formation mechanisms for benzene. The 
decomposition of catechol, hydroquinone, cinnamic acid, amino acids, cellulose, and other carbohydrates 
all result in the formation of benzene (Lomnicki et al., 2008, Truong et al., 2008, Liu et al., 2011, O’Connor 
& Hurley, 2008, Czegeny et al., 2009, and Takada et al., 2004). In tobacco, the decomposition of cotinine, 
3-hydroxycotinine, and nicotine-1-N-oxide result in 3-pyridinyl radicals (Zbancioc et al., 2012). 

3.10.12 m/z 92: Glycerol and toluene 
Glycerol and toluene have an m/z of 92. Figure 16 shows a peak from 100⁰C to 250⁰C for tobacco and 
HEETS, but not for kānuka, followed by large absolute intensities for all biomass from 250⁰C to 600⁰C. 
Glycerol is an added ingredient to HEETS (Ministry of Health, 2019). Glycerol evaporates from tobacco 
from 123°C to 203°C (Marcilla et al., 2015). Baker and Bishop (2004) found, when heating to 900°C, that 
99.8% of glycerol was vaporised. Carmines and Gaworski (2005) had similar findings, also claiming that 
the remaining glycerol is decomposed to acrolein and glycolaldehyde. According to Moldoveanu (2019) at 
around 350°C glycerol decomposes to form acrolein, at 450°C acetaldehyde and ally alcohol are also 
produced, and at 650°C formaldehyde is also produced. Purkis et al. (2013) claims, in cigarettes, that the 
addition of glycerol does not significantly increase acrolein in vapour compared to cigarettes without 
added glycerol. In cigarettes, Roemer et al. (2010) found the addition of glycerol reduced phenol and 
cresol production by 50%, crotonaldehyde and hydrogen production by 25%, and reduced pyridine and 
quinoline production by 20%. They also found that production of water increases by 150%, and ammonia 
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production increased by 25%.  Philip Morris International (2018) state that 52.3mg glycerol is added to 
each HEET stick and claim that 5.02mg/HEET of glycerol was detected in the vapour from HEETS heated 
around 350⁰C (Philip Morris Products S.A., 2017), which corresponds with St. Helen et al. (2018), but 
higher than Li et al. (2019) who observed 3.84mg/HEET glycerol in HEETS vapour. The evaporation of 
glycerol therefore explains the first peak in HEETS in Figure 16, but not the similar peak for tobacco which 
does not contain added glycerol.  

Toluene is formed from the decomposition of carbohydrates (Liu et al., 2011). It is a respiratory toxicant 
and a reproductive or developmental toxicant (FDA, 2019). Philip Morris Products S.A. (2017) report that 
toluene production is 1.42µg/HEET in HEETS heated to 350⁰C.  These findings correspond with Li et al. 
(2019) and Mallock et al. (2018). Bentley et al. (2020) found a slightly higher toluene concentration of 3.80 
µg/HEET. Toluene was detected by Gu et al. (2019) in the vapour produced from heating a tobacco stem 
from 160°C to 240°C. Pieraccini et al. (2008) had corresponding research for Italian cigarettes. Gu et al. 
(2013) found toluene in poplar wood heated to 600⁰C in anoxic conditions. Lyu et al. (2019) found toluene 
in willow lignin vapour from 450⁰C to 800⁰C. VanderSchelden et al. (2017) and Sallsten et al. (2006) also 
found toluene in wood smoke. The main generation of toluene in tobacco vapour occurred from 500°C to 
800°C (Torikai et al., 2004). Around 825°C toluene decomposes to benzyl, phenyl and methyl radicals and 
hydrogen (Moldoveanu, 2019).  

As well as glycerol and toluene, fragmentation ions would contribute to Figure 16. Sleiman et al. (2009) 
found the tobacco-specific nitrosamine, NNA, degrades to an ion with an m/z of 92. Takada et al. (2004) 
found propioguaiacone in sugi wood and stated that it fragments to an ion of m/z 92.  

In summary, the peaks above 250⁰C for all the biomasses are dominated by toluene and fragmentation 
ions. Glycerol evaporation influences the first peak for HEETS, although degradation of glycerol appears 
to be also significant as the graphs at m/z 44 and m/z 60 in Figure 16 suggest, because they contain the 
known degradation products of acetaldehyde and glycolaldehyde. The low temperature peak for the 
tobacco remains unknown because then sample does not contain glycerol. 

3.10.13 m/z 96: Furfural, pyranone, 2-cyclopenten-1,4-dione, 2,5-dimethylfuran, etc. 
Furfural, pyranone, 2-cyclopentene-1,4-dione, 2,5-dimethylfuran, 2-methyl-2-cyclopentenone and 3-
methyl-2-cyclopentenone have an m/z of 96. Figure 16 shows different shape curves for each biomass. 
The absolute intensity for HEETS spans 100⁰C to 550⁰C, with a prominent peak at 340⁰C. Tobacco spans 
the same range but has peaks at 210⁰C, 350⁰C, and 410⁰C with significant overlap from the latter two 
peaks. Kānuka has a narrower span from 250⁰C to 500⁰C with two distinct peaks at 300⁰C and 400⁰C.  

Of the above compounds list at m/z 96 furfural is the most significant. Liu et al. (2013) heated tobacco 
stems from 400⁰C to 800⁰C and noticed a decreasing production of furfural from 400⁰C to 600⁰C. While 
they used a 20 K/min heating rate, instead of 10 K/min, and only reported results every 100⁰C, when 
considering thermal lag, their results agree with those in Figure 16. Zhang et al. (2020) heated kānuka 
from 180⁰C to 480⁰C and also noticed the production of furfural decreases with increasing temperature. 
They expected low temperature production, but also noted there could be issues with adsorption onto 
their adsorption media which they then washed off with a solvent before injection into a GC/MS. Chen et 
al. (2021) found the production of furfural from kānuka peaked around 300⁰C, which agrees with Figure 
16.  

A significant amount of research has focused on furfural. Streibel et al. (2009) found furfural was one of 
the most prominent compounds in spruce and beech vapour heated to 300⁰C. Branca et al. (2003) 
recorded the concentrations of furfural, 2-methyl-2-cyclopentanone, and 3-methyl-2-cyclopentanone 
while heating beech from 325⁰C to 625⁰C. 2-Methyl-2-cyclopentanone and 3-methyl-2-cyclopentanone 
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concentrations increased with increasing temperature. The furfural concentration was over twice as much 
as the 2-methyl-2-cyclopentanone concentration and furfural increased from 325⁰C to 525⁰C then 
decreased till 625⁰C. Furfural is one of the main products from hemicellulose decomposition (Liu et al., 
2009). Furfural is produced from the degradation of polysaccharides and sugars (Vasiliou et al., 2013). 
Furfural can also be produced from the breakdown of cellulose fibres, cocoa extract, guar gum, inverted 
sugar syrup, and acetic acid (Baker & Bishop, 2005). The HEETS sample has 3.8 wt.% added cellulose and 
2.2 wt.% added guar gum. The tobacco sample has 0.24 wt.% added acetic acid, 0.0014% cocoa extract 
and 0.0006% inverted sugar syrup (Ministry of Health, 2019). Cellulose starts producing furfural from 
200⁰C (Baker et al., 2005). The higher cellulose content of HEETS explains the higher peak in absolute 
intensity around 340⁰C compared to tobacco (Figure 16).  The main decomposition products from furfural 
are furan, 1,3-butadienal, and carbon monoxide (Vasiliou et al., 2013).  

Direct measurements on HEETS have also been made. Bentley et al. (2020) studied compounds in HEETS 
vapour at 350⁰C and found 47.4 µg/HEET of furfural, 51.4 µg/HEET of pyranone, 8.4 µg/HEET of 2-
cyclopentene-1,4-dione, and 6.38 µg/HEET of 2,5-dimethylfuran. St. Helen et al. (2018) also studied the 
vapour from HEETS at 350⁰C and found 31.1 µg/HEET of furfural, 6.54 µg/HEET of pyranone, and 3.8 
µg/HEET of 2-cyclopentene-1,4-dione. Differences could be due to the different experimental methods 
used.  

Of the other compounds listed at m/z 96, pyranone is formed through the thermal degradation of xylose 
(Huang et al., 2016) and has been detected in oak wood and tobacco (Simon et al., 2010, and Rodgman & 
Perfetti, 2013).  It is unclear if 2-cyclopentene-1,4-dione originates from tobacco or from an added 
ingredient in HEETS, although it has not been identified in general tobacco literature. 2,5-Dimethylfuran 
has been identified in tobacco and wood smoke (Adam et al., 2006; Pennings et al., 2019; and Braun & 
Antonietti, 2017). The thermal decomposition of sugars produces 2,5-dimethylfuran (Pennings et al., 
2019). 2-Methyl-2-cyclopentenone and 3-methyl-2-cyclopentenone have been identified in tobacco 
smoke (Stabbert et al., 2017, and Riveles et al., 2005). Takada et al. (2004) noticed the m/z 96 production 
during the breakdown of many compounds in sugi wood but did not state the formation of the breakdown 
compound of the formation of the m/z 96 fragment. In conclusion, it is unclear exactly what compounds 
are contributing to the peaks in Figure 16, but it will likely be dominated by furfural. 

3.10.14 m/z 104: Styrene, methional and cyclooctatetraene 
Styrene, methional and cyclooctatetraene have an m/z of 104. In Figure 16, HEETS and tobacco have a 
small peak around 200⁰C, followed by at peak around 350⁰C that is a shoulder for a bigger peak around 
440⁰C. Kānuka does not have either the lowest or highest temperature peaks, but have two middle peaks 
of equal intensity around 340⁰C and 390⁰C. In tobacco vapour, styrene has been detected from 200°C 
with the main generation from 500°C to 800°C (Torikai et al., 2004, and Akalin & Karagoz, 2011).  Branca 
et al. (2003), found styrene produced from beech wood around 525⁰C. Kibet et al. (2012) heated lignin 
and notice the production of styrene from 300°C, peaking around 525°C, and decreasing till 700°C. Styrene 
is a decomposition product of many ethylbenzene compounds (Blazso et al., 2018), and is carcinogenic 
and genotoxic (Huff & Infante, 2011). Philip Morris Products S.A. (2017) found that styrene production in 
HEETS was 0.577 µg/HEET, which approximately agrees with Mallock et al. (2018) who heated two 
variants of HEETS and found that styrene production was 0.47 µg/HEET and 0.49 µg/HEET respectively. 
However, as they are sold in flavours, it is unclear what flavour HEETS were analysed. Schaller et al. 
(2016) heated different tobacco blends under the same condition as HEETS and found there was an 
average styrene production of 1.067 µg/HEET with results ranging from 0.468 µg/HEET to 1.128 
µg/HEET. Methionine has been detected in tobacco leaves and can convert to methional (Adam et al., 
2005), which is also a flavour compound that can be added to tobacco (Baker et al., 2004). Methional has 
been described as having a “boiled potato-like" flavour (Cserhati & Forgacs, 2003). It appears relatively 
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stable because at 900°C in oxic conditions, 88.1% of methional is transferred to vapour (Baker & 
Bishop, 2004). Cyclooctatetraene has been detected in tobacco smoke but not the tobacco plant 
(Rodgman & Perfetti, 2013). Pieraccini et al. (2008) smoked Italian cigarettes and noticed 
cyclooctatetraene was produced. In conclusions, the peaks above 300⁰C are most likely to be dominated 
by styrene. The origins of the low temperature peaks in tobacco and HEETS are unknown. 

3.10.15 m/z 106: Benzaldehyde, ethylbenzene, m-xylene, o-xylene, p-xylene, and glyceric acid 
Benzaldehyde, ethylbenzene, m-xylene, o-xylene, p-xylene, and glyceric acid have an m/z of 106. Figure 
16 shows HEETS and tobacco have a small peak around 170⁰C, but kānuka does not. Above 250⁰C 
detection of m/z 106 occurs in all samples. Tobacco appears to have one large peak around 470⁰C. HEETS 
has a series of small peaks from 250⁰C to 590⁰C. Kānuka has 3 peaks, a similar size to HEETS, at 340⁰C, 
390⁰C and 460⁰C. Pan et al. (2013) studied the photon energies of burning Virginia cigarettes and for an 
m/z of 106, the vapour is 26% benzaldehyde, 51% ethylbenzene, and 23% xylene. Takada et al. (2004) 
found sugi wood decomposition had many mechanisms resulting in fragments of m/z 106. 
Benzaldehyde has been found in biomass, as part of lignin, and will be present in the HEETS, tobacco and 
kānuka vapour (Rodgman & Perfetti, 2013, and Vasiliou et al., 2013). Benzaldehyde has been detected in 
wood lignin heated to 450⁰C (Salem & Bohm, 2013). Chida et al. (2004) detected benzaldehyde in flue 
cured tobacco heated to 240°C and described it as having a “powerful sweet odor”. Stotesbury et al. 
(2000) and Baker and Bishop (2004) found that at 200°C, benzaldehyde can transfer into the tobacco 
vapour, but under oxic conditions 23% converted to benzoic acid. At 500°C benzaldehyde breaks down to 
form benzene and carbon monoxide (Moldoveanu, 2019). Benzaldehyde has a vapour pressure of 133 Pa 
at 26°C (Pang & Lewis, 2011). Benzaldehyde is a common pyrolysis product from many aroma compounds 
found in tobacco and tobacco products (Blazso et al., 2018). Benzaldehyde is an added flavouring to HEETS 
(Philip Morris International, 2018). It is unclear if the HEET used for this research contains added 
benzaldehyde. The vapour from HEETS has been reported to contain 1.2 µg/HEET benzaldehyde (Auer et 
al., 2017).  

Ethylbenzene has been found in the vapour produced from heating flue cured tobacco to 240°C, and 
stated it has a “sweet, grassy odor” (Chida et al., 2004). Wang et al. (2016) heated n-benzene up to 800°C 
and noticed the production of ethylbenzene starting around 650°C. However, Domke et al. 
(2001) claims that after 600°C ethylbenzene breaks down to styrene, benzene, toluene, methane, and 
carbon monoxide. Ethylbenzene, m-xylene, o-xylene, and p-xylene has been found in the smoke produced 
from wood and tobacco (Rey-Salguerio et al., 2016, and Polzin et al., 2007). Gaworski et al. (2008) noticed 
ethylbenzene and m-xylene when heating potassium sorbate, a tobacco additive, to 1000°C. The tobacco 
sample contains 0.25% added potassium sorbate (Ministry of Health, 2019). So, while it will cause a slight 
increase, it will not solely explain the peak around 470⁰C in Figure 16. Pieraccini et al. (2008) found m-
xylene, o-xylene and p-xylene in the vapour produced from smoking Italian cigarettes. Wang et al. 
(2019) studied the pyrolysis to tobacco stems and found that xylene production peaked around 490°C 
but can peak at lower temperatures if pre-treatment of the tobacco stems is used. Kibet et al. (2012) 
observed the lignin p-xylene production from 300°C, peaking just before 500°C and decreasing till 700°C. 
Zhao et al. (2014) conducted a flash pyrolysis of lignin and detected xylene at 800⁰C but was unable to 
detect it below 650⁰C. Xylene is a potentially harmful compound to the nervous system, mostly causing 
dizziness and similar symptoms but can be fatal in high concentrations (Kandyala et al., 2010).  

Glyceric acid is a decomposition product of glycerol (Schick et al., 2017), which is added to HEETS at 17 
wt.% (Ministry of Health, 2019). In Figure 16, the initial peak of the HEETS is only slightly larger than the 
tobacco. Glycerol become glyceric acid after forming a double bond with an oxygen molecule, so its 
presence is more likely in an oxic environment (Schick et al., 2017). The EGA/MS experiments were done 
under anoxic conditions, so the presence of glyceric acid is expected to be minimal. In conclusion, the 
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peaks above 250⁰C are dominated by benzaldehyde, ethylbenzene and xylene as noted by Pan et al. 
(2013). The origin of the peaks below 250⁰C for tobacco and HEETS appear to relate to the presence of 
benzaldehyde in the plant material as it is emitted during curing. 

3.10.16 m/z 108: m-Cresol, o-cresol, p-cresol, benzoquinone, anisole, benzyl alcohol, etc. 
m-Cresol, o-cresol, p-cresol, benzoquinone, anisole, benzyl alcohol, 2,3-dimethylpyrazine, 2,5-
dimethylpyrazine, and 2,6-dimethylpyrazine have a m/z of 108. m-Cresol, o-cresol and p-cresol are 
isomers of each other. Streibel et al. (2009) found cresol was one of the main compounds generated in 
spruce and beech vapour at 300⁰C. o-Cresol has a higher production in anoxic conditions, while m-cresol 
and p-cresol were unaffected by the atmosphere (Torikai et al., 2004). The formation of m-cresol, o-cresol 
and p-cresol is due to the decomposition of lignin (Liu et al., 2013). Ahmad and Alshehri (2012) detected 
the cresol compounds when heating bidi tobacco powder. Liu et al. (2013) identified p-cresol in tobacco 
smoke from 500° to 700°C, but not at 400°C or 800°C. Kibet et al. (2012) detected p-cresol from 250°C to 
600°C with a peak at 350°C when heating lignin. Gu et al. (2019) identified o-cresol when heating tobacco 
stems from 160°C to 240°C. Pieraccini et al. (2008) found m-cresol, o-cresol and p-cresol when smoking 
Italian cigarettes. McGrath et al. (2009) heated tobacco up to 600°C and measured the relative 
composition in the vapour. They concluded that 11% of o-cresol was released below 350°C and 89% was 
released from 350°C to 600°C, 13% of m-cresol was released below 350°C and 87% was released from 
350°C to 600°C, and 21% of p-cresol was released below 350°C and 79% was released from 350°C to 600°C. 
Luo et al. (2017) noticed p-cresol during the thermal decomposition of pine wood from 400°C to 550°C. 
Zhang et al. (2020) reported the presence of m-cresol in kānuka vapour generated at 480°C.  

The FDA (2019) stated that m-cresol, o-cresol, and p-cresol are carcinogens and respiratory 
toxicants. Philip Morris Products S.A. (2017) analysed vapour from HEETS found production of 0.0424 
µg/HEET m-cresol, 0.0779 µg/HEET o-cresol and 0.0706 µg/HEET p-cresol. Schaller et al. (2016) heated 
tobacco blends in the same condition as HEETS and found there was an average 0.031 µg/HEET m-
cresol, 0.052 µg/HEET o-cresol, and 0.068 µg/HEET in p-cresol.  

Benzoquinone formation, reported by Truong et al. (2008), occurred from 250°C to 700°C while heating 
hydroquinone. Hydroquinone has been detected in the tobacco plant and its smoke, while benzoquinone 
has only been detected in tobacco smoke (Rodgman & Perfetti, 2013). Hydroquinone and compounds 
containing a benzoquinone functional group have been detected during the decomposition of wood (Fine 
et al., 2001, and Ngo et al., 2015).  

Anisole is a plant component also found in tobacco and wood vapour (Rodgman & Perfetti, 2013, and 
Nowakowska et al., 2014). At 200°C anisole can transfer to tobacco vapour (Baker & Bishop, 2004). Anisole 
can be produced from the pyrolysis of anisaldehyde at 800°C (Stotesbury et al., 2000). According 
to Moldoveanu (2019), from 380°C to 400°C anisole can break down to phenol and ethylene. Baker and 
Bishop (2004) heated anisole to 900°C in the presence of oxygen, and found 98.7% of anisole was 
vaporised, 1.1% was converted to methylanisole, and 0.2% was converted to benzaldehyde.  

Benzyl alcohol has been found in the tobacco plant (Rodgman & Perfetti, 2013). Sepetdjian et al. (2013) 
found benzyl alcohol in cigarettes and water pipe tobacco. They found the production of benzyl alcohol 
was favoured in the water pipe tobacco, potentially because it heats to around 450°C, whereas cigarettes 
heat to around 950°C. Chida et al. (2004) found benzyl alcohol in the vapour produced from heating flue 
cured tobacco to 240°C. Safdari et al. (2018) found benzyl alcohol was present in many biomasses, 
including wood, after heating but it was present in small concentrations. Blazso et al. (2018) heated benzyl 
alcohol to 300°C and found that 1.87% will decompose to benzaldehyde, with the rest vaporising. At 900°C 
in oxic conditions, 95.4% of benzyl alcohol will vaporise and 4.8% will convert to benzaldehyde (Baker & 
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Bishop, 2004). Benzyl alcohol has an almond aroma (Zhai et al., 2018), and is added as a flavouring to 
HEETS (Philip Morris International, 2018).  

Rodgman and Perfetti (2013) have reported the dimethylpyrazines as a tobacco ingredient. 
Dimethylpyrazines are added for flavour and could improve nicotine delivery (Alpert et al., 2016). It is 
unclear is benzyl alcohol or dimethylpyrazines have been added to the HEETS or tobacco samples used in 
this research, as the tobacco returns does not specify flavourings (Ministry of Health, 2019). Akalin 
and Karagoz (2011) detected 2,5-dimethylpyrazine during the decomposition of tobacco stems at 500°C. 
Pyrazines can form below 100°C while the tobacco is curing via the Maillard reaction (Alpert et al., 
2016).  Baker and Bishop (2004) studied pyrolysis products by heating pure substances to 900°C 
in oxic conditions. They found for 2,3-dimethylpyrazine that 99.7% will vaporise, 0.2% will convert 
to trimethylpyrazine, and 0.1% will convert to ethyldimethylpyrazine. For 2,5-dimethylpyrazine, 99.7% 
will vaporise and 0.3% will convert to methylpyrrole. They found for 2,6-dimethylpyrazine that 99.5% will 
vaporise, 0.3% will be converted to aminodimethylpyridine and 0.2% will convert to 
dimethylethylpyrazine. The flavour of 2,5-dimethylpyrazine has been described as chocolate (Kaur et al., 
2018), and is added to HEETS as a flavouring (Philip Morris International, 2018). The flavour of 2,3-
dimethylpyrazine and 2,6-dimethylpyrazine has been described as burley (Alpert et al., 2016). In 
conclusion, while it is not possible to define precisely which compounds correspond to the peaks in Figure 
16 for m/z 108, it is likely that the two peaks for kānuka are the cresol compounds formed from a 
holocellulose and lignin pathways. These are also reflected in the tobacco and HEETS curves, but with the 
addition of low temperature peaks likely to relate to the presence of benzyl alcohol and dimethylpyrazines 
which may be additives within the HEETS and also a residual product within the tobacco from the curing 
process. 

3.10.17 m/z 110: Catechol, hydroquinone, resorcinol, 5-methylfurfural, 2,4-heptadienal, etc. 
Catechol, hydroquinone, resorcinol, 5-methylfurfural, 2,4-heptadienal, 2,3-dimethyl-2-cyclopenten-1-
one, 3,4,5-trimethylpyrazole, 2-methyl-1,6-heptadiene, 2-ethyl-5-methylfuran, 3-isopropylcyclopentene, 
2,3,5-trimethylfuran, 2-propylfuran, 2-acetylfuran and 3-MCPD have an m/z of 110. In Figure 16, HEETS 
and tobacco show a strong peak around 325⁰C followed by a shoulder after 400⁰C. Kānuka is somewhat 
different, having two peaks, the larger at 400⁰C corresponding to the shoulder seen in tobacco and HEETS 
and the smaller at 460⁰C. Catechol, hydroquinone and resorcinol are isomers of benzenediol. The 
decomposition of guaiacol leads to the production of catechol (Flamini et al., 2007). Chlorogenic acid is a 
precursor for catechol and hydroquinone formation (Bassilakis et al., 2001). From tobacco, Senneca et al. 
(2007) reported catechol release between 180°C to 400°C. McGrath et al. (2009) found for tobacco, 97% 
of catechol and 96% of hydroquinone was released below 350°C, while 3% of catechol and 4% of 
hydroquinone was released between 350°C to 600°C. They also found 59% of resorcinol was detected in 
tobacco vapour below 350°C and 41% was detected from 350°C to 600°C. Resorcinols relative percentage 
is significantly different compared to catechol and hydroquinone, and it was suggested that resorcinol is 
produced from the primary decomposition of tobacco as well as from the breakdown of other 
components (McGrath et al., 2009). At 600°C catechol decomposes to carbon monoxide, “benzene, 
phenol, cyclopentadiene, acetylene, 1,3-butadiene, and ethylene” (Moldoveanu, 2019). The FDA (2019) 
defined catechol as a carcinogen. Kibet et al. (2012) detected catechol from 250°C to 450°C with a peak 
around 325°C when heating lignin. Luo et al. (2017) found catechol while heating pine wood from 400°C 
to 550°C and noticed a peak in production at 450⁰C. Kumagai et al. (2015) analysed the relative abundance 
of m/z 110 in Japanese cedar heated from 100⁰C to 600⁰C, and found a single peak increasing from 200⁰C, 
peaking at 400⁰C, and decreasing rapidly after. They attributed this peak to the production of catechol. 
Lower temperatures were excluded from their research. 
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Hydroquinone was found by Pieraccini et al. (2008) with GC/MS analysis of smoke from Italian cigarettes. 
At 500°C hydroquinone decomposes to benzoquinone (Moldoveanu, 2019). Bentley et al. (2020) found 
5.71 µg/HEET of hydroquinone was produced from heating HEETS to 350⁰C. Fine et al. (2001) burned 21 
different wood species and found catechol, hydroquinone and resorcinol were present in all wood smoke. 
Philip Morris Products S.A. analysed vapour produced by HEETS at 350⁰C and found a catechol production 
of 14.00 µg/HEET, a hydroquinone production of 6.55 µg/HEET and resorcinol was below the level of 
detection. Schaller et al. (2016) and St. Helen et al. (2018) found corresponding research.  

The compound 5-methylfurfural was investigated by Bassilakis et al. (2001), who conducted a TG-FTIR of 
tobacco and observed a low concentration single peak for the concentration around 225°C. 5-
methylfurfural is a breakdown product from glucose (Fischer et al., 2013). St. Helen et al. (2018) found 
HEETS had 5-methylfurfural production of 0.995µg/HEET. Bentley et al. (2020) found it was much higher 
at 14.2 µg/HEET. Gu et al. (2013) found 5-methylfurfural in poplar wood heated to 600⁰C. Wang et al. 
(2020) found 5-methylfurfural when heating pine to 500⁰C.  

The flavourant 2,4-Heptadienal can be added to tobacco products (Paschke et al., 2002). Ding et al. 
(2013) identified 2,4-heptadienal as a free aroma compound in tobacco. Baker and Bishop (2004) heated 
pure 2,4-heptadienal in oxic conditions, at 900°C, and found that 98.3% of 2,4-heptadienal was 
transferred to vapour, and 0.4% was converted to benzaldehyde. 2,4-Heptadienal is added as a flavouring 
to some HEETS (Philip Morris International, 2018), but it is unclear if it has been added to the Amber Label 
HEETS used in this experiment. 2,4-Heptadienal may have also been used as a flavouring in the tobacco 
sample, although the company did not list the exact flavourings added. The HEETS sample has 0.05% 
added flavourings and the tobacco sample has 0.0006% added flavourings (Ministry of Health, 2019), so 
even if it were added it would not have a significant impact.  

The compounds 2,3-dimethyl-2-cyclopenten-1-one and 3,4,5-trimethylpyrazole were noticed by 
Pieraccini et al. (2008) in Italian cigarette smoke. Yin et al. (2015) identified 2,3-dimethyl-2-cyclopenten-
1-one in flue cured tobacco heated to 250°C and stated it had a fresh aroma. Moldoveanu (2019) found 
2,3-dimethyl-2-cyclopent-1-one when heating glucose and glutamic acid to 750°C. Bentley et al. (2020) 
found HEETS at 350⁰C produced 1.05 µg/HEET of 2,3-dimethyl-2-cyclopenten-1-one.  

3-MCPD is a potentially harmful compound as it is possibly carcinogenic (St. Helen, 2018; Bentley et al., 
2020; Baer et al., 2010; and FAO/WHO, 2007). St. Helen et al. (2018) compared HEETS at 350⁰C and 
burning 3R4F cigarettes and found that HEETS produced 9.94 µg/HEET 3-MCPD and cigarettes produce 
5.93 µg/stick 3-MCPD. Higher concentrations were found by Bentley et al. (2020), who obtained 16.1 
µg/HEET 3-MCPD for HEETS and 8.21 µg/stick 3-MCPD for 3R4F cigarettes. The differences are likely to be 
due to experimental methods, but both agree that HEETS at 350⁰C produce 1.5 to 2 times the amount of 
3-MCDP as burning 3R4F cigarettes. 3-MCPD has also been detected in smoked food and smokehouses 
(Baer et al., 2010; Jira, 2010; FAO/WHO, 2007; and Reece, 2005). 3-MCPD has only been found in “cold 
smoking” and the amount of 3-MCPD detected was dependant on wood type and smoking time (Reece, 
2005, and FAO/WHO, 2007). Cold smoking refers to the smokehouse, which is kept at near ambient 
temperatures, not the generation temperature of the smoke itself. Hot smoking means the smokehouse 
is kept at temperatures that also cook the food. (Reece, 2005, and Baer et al., 2010). It was proposed that 
cellulose breaks down and releases 3-hydroxyacetone which is a precursor for 3-MCPD formation (Baer 
et al., 2010).  

The remaining compounds have been investigated to lesser extents. Liu et al. (2015) identified 3,4,5-
trimethylpyrazole in oriental tobacco leaves. The formation of 3,4,5-trimethylpyrazole is due to the 
Maillard reaction (Yaylayan & Haffenden, 2003). Moldoveanu (2010) studied the smoke from a burning 
tobacco cigarette and found 0.02% 2,3-dimethyl-2-cyclopent-1-one, 0.09% 2-methyl-1,6-heptadiene, 
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0.25% 2-ethyl-5-methylfuran, 0.11% 2,3,5-trimethylfuran, 0.03% 3-isopropylcyclopentene. Gu et al. 
(2013) noticed the production of 2,3,5-trimethylfuran and 2-propylfuran while heating poplar wood to 
600⁰C. At 600⁰C the concentration of 2-propylfuran was significantly greater compared to catechol, 5-
methylfurfual, and 2,3,5-trimethylfuran. Park et al. (2017) found 2-ethyl-5-methyfuran was released while 
heating larch wood to 250⁰C, and claimed it was produced from the decomposition of hemicellulose. 2-
Acetylfuran is a natural aroma compound from tobacco (Ding et al., 2013). Branca et al. (2003) found 2-
acetylfuran, 5-methylfurfural, and 2,3-dimethyl-2-cyclopent-1-one in beech heated to 525⁰C.  

In summary, there are many influences on the curves shown in Figure 16. For all the biomass it is likely 
that catechol and hydroquinone dominate the first peak, and resorcinol dominates the second. 5-
methylfurfural and 2-ethyl-5-methylfuran would contribute to the slight increasing absolute intensity 
before the largest peak for all biomasses. 2,3,5-Trimethylfuran, 2,3-dimethyl-2-cyclopenten-1-one, 2-
acetylfuran and 3-MCPD would have a slight contribution to all biomasses but at unknown temperatures. 
3,4,5-Trimethylpyrazole, 2-methyl-1,6-heptadiene, 3-isopropylcyclopentene will have small contributions 
to the HEETS and tobacco curves but at unknown temperatures. 2-Propylfuran will influence the kānuka 
curve at unknown temperatures. 

3.10.18 m/z 124: Guaiacol, mequinol, 3-methoxyphenol and 6-methyl-3,5-heptadien-2-one 
Guaiacol, mequinol, 3-methoxyphenol and 6-methyl-3,5-heptadien-2-one, have an m/z of 124. Figure 16 
shows that all three biomasses have significant peaks above 250⁰C. The main peak for HEETS and tobacco 
around 340⁰C is a shoulder in kānuka. Kānuka then has two prominent peaks at 400⁰C and 460⁰C, between 
which tobacco has a well-defined shoulder and HEETS has a lesser shoulder. The two tobacco samples 
also have a substantially lower peak around 200⁰C which is absent from kānuka. The first compound listed 
above, guaiacol is well known, and has the isomers mequinol and 3-methoxyphenol. All three are formed 
from the thermal decomposition of lignin (Czegeny et al., 2016). Further decomposition of guaiacol 
produces catechol and mequinol decomposes to phenol (Wang et al., 2019). Guaiacol and the last 
compound on the list, 6-methyl-3,5-heptadien-2-one are flavourings which may be added in HEETS (Philip 
Morris International, 2018). It is unclear if these flavourings have been added to the HEETS used in this 
research. 6-Methyl-3,5-heptadien-2-one is a common tobacco flavour ingredient (Rodgman & Perfetti, 
2013). It is also unclear what flavourings are used in the tobacco sample. 

Guaiacol has been detected in tobacco and tobacco smoke (Purkis et al., 2011). McGrath et al. (2009) 
heated tobacco to 600°C and found that 95% of guaiacol was released below 350°C. Guaiacol has been 
found in kānuka vapour heated at 480⁰C (Zhang et al., 2020). Wang et al. (2018) identified guaiacol when 
heating ginkgo to 400°C. Wang et al. (2019) heated ginkgo from 450⁰C to 750⁰C and found the 
concentration of guaiacol, relative to all compounds in the produced vapour, decreased from 19.46% to 
5.85% and mequinol decreased from 3.48% to 0.00%. Sebio-Punal et al. (2012) heated Castannea sativa 
and Pinus pinaster and found guaiacol intensity increasing from 200⁰C, peaking at 350⁰C, and then 
decreasing to 400⁰C. Hua et al. (2016) heated poplar lignin and fir lignin to 600⁰C and measured the 
relative composition of the vapour produced. Poplar lignin released 3.20% guaiacol and fir lignin released 
13.07% guaiacol. Kibet et al. (2012) heated lignin and noticed the production of guaiacol from 200°C, 
peaking at 400°C, and decreasing till 600°C. From 300°C to 900°C in anoxic conditions, 99.79% of guaiacol 
is vaporised and 0.21% degrades to 2-methylphenol (Czegeny et al., 2016). Guaiacol, mequinol, and 3-
methoxyphenol have been identified in tobacco cigarettes (Stabbert et al., 2017, and Moldoveanu et al., 
2008).  3-Methoxyphenol has not been reported in wood vapour but is likely to be present in a small 
quantity. Moldoveanu et al. (2018) ignited 10 different cigarettes and found the smoke contained an 
average of 1.72 µg/cigarette guaiacol, 0.49 µg/cigarette mequinol and 0.30 µg/cigarette 3-
methoxyphenol. In summary, Figure 16 will be dominated by the production of guaiacol, with the two 
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main peaks in each biomass indicating to generalised reaction pathways, the higher being from lignin and 
the lower being from cellulose or a lower temperature lignin mechanism. 

3.10.19 m/z 128: Naphthalene, furaneol and dihydromaltol 
Naphthalene (NAP), furaneol and dihydromaltol have an m/z 128. For Figure 16, HEETS and tobacco have 
a comparatively low absolute intensity to kānuka, which shows a large single peak at 400⁰C. However, 
tobacco and HEETS do show a low intensity plateau around 300⁰C to 350⁰C, which appears to coincide 
with a low shoulder in kānuka. Naphthalene is the smallest of the polycyclic aromatic hydrocarbons (Table 
4) and is produced from the decomposition of cellulose (Czegeny et al., 2009). Naphthalene has been 
identified as potentially carcinogenic (Charles et al., 2007, and Bailey et al., 2016). Naphthalenes odour 
profile has been described as “spicy, smoke, cold ashes” (Varlet et al., 2006). Because it is indicative of the 
presence of other PAHs, naphthalene has been well studied. Hofer et al. (2019) determined that HEETS 
contain 0.0116 µg/HEET of naphthalene. Ding et al. (2005) found naphthalene concentration in 100% 
reconstituted tobacco was 230 ng/cigarette, and other tobaccos and tobacco blends ranged from 630 
ng/cigarette to 1055 ng/cigarette. Czegeny et al. (2009) heated Virginia and burley tobacco with a heating 
rate of 400 K/s and analysed the production of naphthalene. Minimal naphthalene was detected below 
600⁰C, but was detected when heated directly at 900⁰C.  There was also minimal naphthalene found when 
heating successively from 450⁰C up to 900⁰C. They determined that the naphthalene precursors are 
degraded before 450⁰C. The fast pyrolysis of tobacco experimental results of Liu et al. (2013) and Adam 
et al. (2009) correspond with Czegeny et al. (2009). Liu et al. (2013) also investigated slow pyrolysis of 
tobacco stems at 20K/min. They found naphthalene was released in tobacco vapour from 400⁰C to 700⁰C. 
In ignited poplar, naphthalene was found to be the third most prominent polycyclic aromatic hydrocarbon 
(PAH) in the smoke produced (Skrbic et al., 2018).  

Furaneol and dihydromaltol have been identified in toasted Spanish Quercus pyrenaica, French oak, 
American oak, false acacia, cherry wood, chestnuts wood, and ash wood (de Simon et al., 2010, de Simon 
et al., 2009, Cullere et al., 2013, and Guillen & Manzanos, 2005). Furaneol has a “toasty carmel (sic)” odour 
(Cullere et al., 2013).  Dihydromaltol is “responsible for “toasty caramel (sic)” and “honey” odors” (de 
Simon et al., 2010). Furaneol and dihydromaltol are formed during heating by the Maillard reaction 
(Moreno-Arribas & Polo, 2008, and de Simon et al., 2010). These odour compounds have not been 
reported in tobacco literature.  

In conclusion, the large peak, in Figure 16, only experienced by kānuka is probably these compounds. 
Naphthalene is only minimally present due, most likely, to the slow heating rate reported here, and that 
the precursors have either decomposed or volatilised away before the temperatures needed to form 
naphthalene have been reached.  

3.10.20 m/z 132: Cinnamaldehyde, diammonium phosphate, ethylstyrene, etc. 
Cinnamaldehyde, diammonium phosphate, 1-methyl-4-(1-methylethenyl)benzene, ethylstyrene, n-
methylbenzofuran, and 1-methyl-1-propenylbenzene have an m/z of 132. Figure 16 shows tobacco and 
HEETS have a small peak around 170⁰C, and all the biomass experience flattened peaks between 300⁰C 
and 500⁰C. Which appears to be a combination of two peaks, the first between 350⁰C to 400⁰C is dominant 
in kānuka and the second around 450⁰C is dominant in tobacco. For HEETS both peaks have similar 
intensity. 

Cinnamaldehyde is a decomposition product and is also a common flavourant (Rodgman & Perfetti, 2013). 
Khachatryan et al. (2016) studied the thermal decomposition from 400°C to 800°C of cinnamyl alcohol, 
which is found in lignin. They found that the production cinnamaldehyde was favoured at 400°C and were 
able to detect cinnamaldehyde at 700°C but not 800°C. Pyrolysis products of cinnamaldehyde include 
phenol, allylbenzene, and benzaldehyde (Wang & Luo, 2017, and Nystoriak et al., 2018). Cinnamaldehyde 



68 
 

can be added to tobacco products to provide a cinnamon flavour, when added it will start decomposing 
from 210⁰C (Nystoriak et al., 2018). The addition of cinnamaldehyde has been “Generally Recognised as 
Safe” (GRAS) by the FDA and FEMA (Cocchiara et al., 2005). Although the GRAS rating is more for 
food or cosmetic products and does not evaluated inhalation risks (Clapp et al., 2019). Nystoriak et al. 
(2019) reported that heating and inhalation of cinnamaldehyde could be potentially cardiotoxic. 
Cinnamaldehyde is added to HEETS as a flavour ingredient (Philip Morris International, 2018). It is unclear 
if cinnamaldehyde has been used in the Amber Label HEETS or RYO tobacco for this research.  

Diammonium phosphate is added to tobacco to enhance flavour and reduce irritation (Stavanja et al., 
2008). Marcilla et al. (2015) studied the effect of diammonium phosphate on the thermal decomposition 
of tobacco. Marcilla et al. (2015) suggested that at 157°C diammonium phosphate produced ammonia 
and ammonium dihydrogen phosphate. They observed a large weight loss event, peaking at 216°C, from 
the degradation diammonium phosphate. Which between 170°C to 216°C, produced ammonia and 
phosphoric acid.  From 240°C to 540°C phosphoric acids were dehydrated, and phosphorus pentoxide was 
formed. By 658°C no diammonium phosphate was found in the tobacco as it had degraded or 
vaporised. They also found the addition of diammonium phosphate lowered the decomposition 
temperatures of hemicellulose, cellulose, and lignin. Baker et al. (2006) observed three weight loss events 
during the heating of diammonium phosphate, these were two small events from 140°C to 280°C and 
340°C to 370°C, as well as a larger event from 600°C to 760°C. It is unclear if diammonium phosphate has 
been added to HEETS or tobacco used in this research. The HEETS used in this research has 0.05% added 
flavourings and the tobacco used in this research has 0.0006% added flavourings (Ministry of Health, 
2019).  

1-Methyl-4-(1-methylethenyl)benzene has been found in tobacco vapour but not the tobacco plant 
(Rodgman & Perfetti, 2013). It was detected by Pieraccini et al. (2008) from the vapour produced when 
burning Italian cigarettes.  

Ethylstyrene, n-methylbenzofuran, and 1-methyl-1-propenylbenzene have been detected in the smoke 
from wood fires (Johnson et al., 2013; International Maritime Organization, 2001; Buist et al., 2012; and, 
Chitsamphandhvej et al., 2017). 2-Methylbenzofuran is commonly utilized as a flavour compound in liquid 
smoke used for food smoking (Nollet et al., 2008). It is a holocellulose decomposition product, and its 
formation is more prominent in oxic environments (Stockwell et al., 2015).  

The m/z 132 ion chromatogram (Figure 16) is also known to contain many fragments. Xylose is a 
component of hemicellulose found in tobacco and wood (Akpinar et al., 2011, and Cheng et al., 2019). 
Nakahara et al. (2014) found while heating beech wood, xylose units fragment off larger compounds. 
Xylose fragments could contribute to the peaks in Figure 16, and other fragments are also present. While 
heating Acacia saligna biochar, Yang (2012) found m/z 132 was a common fragment ion produced from 
the breakdown of carboxylic acids by the McLafferty rearrangement. Takada et al. (2004) and Mammela 
(2001) found that m/z 132 was a common fragment ion for many compounds in sugi and beech 
respectively, but neither was able to describe the structure or formula for the fragments at m/z 132, nor 
did they report the concentrations and temperature ranges that these m/z 132 compounds exist.   

In summary, given the peaks at m/z 132 (Figure 16) are common to both kānuka and the tobaccos, it is 
unlikely they are additives that are not found naturally in the kānuka, which rules out diammonium 
phosphate. The peaks are therefore cinnamaldehyde, the other named compounds, xylose fragments and 
other unnamed fragments. As expected, when the ion to charge ratio increases it becomes harder to 
attribute peaks to compounds in Figure 16. 
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3.10.21 m/z 136: Anisaldehyde, phenylacetic acid, 2,3-diethypyrazine, benzyl formate, etc. 
Anisaldehyde, phenylacetic acid, 2,3-diethylpyrazine, 2,3,5,6-tetramethylpyrazine, benzyl formate, 3-
phenyl-1-propanol, limonene, 2,5-dimethyl-3-methylene-1,5-heptadiene, 2-ethyl-3,5-dimethylpyrazine 
and terpinene have an m/z of 136. In Figure 16, tobacco and HEETS have a small peak around 180⁰C not 
showed by kānuka. HEETS has a larger peak at 340⁰C and tobacco and kānuka have a larger peak at 390⁰C., 
although each seems to have a shoulder at the other values. Of the above compounds, anisaldehyde is 
added to HEETS as a flavour ingredient (Philip Morris International, 2018). Anisaldehyde has been 
detected in the tobacco plant and vapour (Rodgman & Perfetti, 2013). In a study on tobacco ingredient 
heating, Baker and Bishop (2004) found that 99.3% anisaldehyde will volatilise by 400°C. They also found 
that 0.3% will convert to anisyl alcohol, 0.2% will convert to mequinol and 0.1% will convert to anisole. 
Stotesbury et al. (2000) also found when heating anisaldehyde from 200°C to 400°C, it volatilises but a 
small amount converts to methyl-4-hydroxy benzoate and methyl-4-methoxy benzoate. Flamini et al. 
(2007), analysed acacia, chestnut, cherry, European ash, American ash, Spanish oak, American oak, and 
French oak, and was only able to detect anisaldehyde in cherry wood. De Simon et al. (2009) analysed 
acacia, chestnut, cherry, mulberry and oak, and only detected anisaldehyde in acacia, chestnut, and oak. 
They concluded the low quantities of anisaldehyde make it difficult to detect (de Simon et al., 2009).  

Phenylacetic acid has been detected in the tobacco plant and vapour (Rodgman & Perfetti, 2013). It is 
synthesised by the tobacco plant to regulate growth and development (Sumayo et al., 2018), and has been 
identified as one of the main odour compounds in Scots pine (Schreiner et al., 2018). Blazso et al. 
(2018) analysed the vapour produced from heating phenylacetic acid to 300°C and found the majority 
consisted of phenylacetic acid, but with 4.67% converting to benzaldehyde and 0.4% becoming benzoic 
acid, phenol, benzyl alcohol, and 2,3-diphenylmaleic anhydride. Baker and Bishop (2004) found at 900°C 
in oxic conditions, 51.6% of phenylacetic acid vaporises and the remainder decomposes to a range of 
products including benzaldehyde, ethylphenyl acetate, diphenylethanone, benzoic acid, dibenzyl, benzyl 
phenylacetate, toluene, and acetophenone. Phenylacetic acid is added as a flavouring to HEETS (Philip 
Morris International, 2018). Schreiner et al. (2018) describes phenylacetic acid as having a “honey-like” 
odour.  

2,3-Diethylpyrazine and 2,3,5,6-tetramethylpyrazine are present in tobacco and also can be added as they 
provide a “nutty, coffee, popcorn, cocoa, chocolate, earthy and baked potato” flavour and smell (Coggins 
et al., 2011). Baker and Bishop (2004) heated pure samples of these compounds to 900°C in the presence 
of oxygen. They found 99.6% of 2,3-diethylpyrazine will vaporise and 0.4% will be converted to 
methylisopropylpyrazine. They also found that 2,3,5,6-tetramethylpyrazine does not degrade at 900°C. 
Philip Morris International (2018) have listed 2,3,5,6-tetramethylpyrazine as an added flavouring to 
HEETS, but it is unclear if it is used in the Amber label HEETS used here. 

Benzyl formate is a natural component of the tobacco plant (Rodgman & Perfetti, 2004). When benzyl 
formate is heated to 300°C the majority of the vapour contains benzyl formate, with 1.64% converting to 
benzyl alcohol and 0.25% convert to benzaldehyde (Blazso et al., 2018). 3-Phenyl-1-propanol has been 
detected in the tobacco plant and vapour (Rodgman & Perfetti, 2013). In oxic conditions, at 900°C, 90.4 
% of 3-phenyl-1-propanol will transfer to vapour. The decomposition products of 3-phenyl-1-propanol 
include phenylpropanal, benzaldehyde, styrene, phenylpropenal, phenyl vinyl ketone, and acetophenone 
(Baker & Bishop, 2004).  

Limonene has been detected in the tobacco plant and vapour (Rodgman & Perfetti, 2013). Chida et al. 
(2004) found limonene in the vapour produced from heating flue cured tobacco to 240°C and described 
it as having a “fresh, light, sweet citrusy odor”. Cardoso and Ataide (2013) heated tobacco dust to 400°C 
and detected limonene in the vapour produced. Yildiz and Ceylan (2019) found limonene was produced 
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during the thermal decomposition of tobacco waste at 600°C. Sugi tree leaves were found to have 
limonene as a natural component and as part of the smoke (Yamada & Yatagai, 2007). Maleknia et al. 
(2009) found limonene, terpinene, pinene, and myrcene in pyrolysed eucalyptus leaves and in small 
eucalyptus branches. It is unknown if these compounds are also present in the tree trunk. It is unlikely 
that kānuka wood contains limonene, terpinene, pinene, and myrcene as they are all odorous compounds. 
Pieraccini et al. (2008) lit Italian cigarettes and noted the presence of limonene and 2,5-dimethyl-3-
methylene-1,5-heptadiene in the smoke produced. Nystoriak et al. (2018) identified limonene as 
potentially cardiotoxic. The last two compounds, listed at the beginning of this section, 2-ethyl-3,5-
dimethylpyrazine and terpinene, are added as flavourings to HEETS (Philip Morris International, 2018). 
However, the flavour ingredients added the HEETS and tobacco samples in this research is unknown. In 
summary, the lower peaks around 180⁰C, which are present only in the tobacco and HEETS are likely to 
be one of the many additives mentioned here. The higher peaks seem to be an amalgam in differing 
proportions of three compounds that are all present in kānuka and the two tobaccos, which probably 
rules out the odorous compounds as they are not likely to be present in kānuka volatiles. It is not possible 
to draw any further conclusions. 

3.10.22 m/z 138: Creosol, 3,4-dihydroxybenzaldehyde, 2,3-dihydroxybenzaldehyde, etc. 
Creosol, 3,4-dihydroxybenzaldehyde, 2,3-dihydroxybenzaldehyde, m-hydroxybenzoic acid, o-
hydroxybenzoic acid, and p-hydroxybenzoic acid have an m/z of 138. Figure 16 shows that all three 
biomasses have peaks between 250⁰C to 500⁰C but proportioned differently. HEETS has a single peak 
around 350⁰C. Tobacco has a similar peak followed by a shoulder around 400⁰C. Kānuka has a similar 
shape to tobacco, but at a much higher absolute intensity and slightly higher temperatures with a peak at 
390⁰C and shoulder at 440⁰C. Creosol has been well-studied. Wang et al. (2019) claims that the 
breakdown of 4-ethyl-2-methoxyphenol in lignin causes the production of creosol from 500°C to 700°C. 
Creosol forms from the decomposition of many compounds including 2-methoxy-4-(1-
hydroxypropyl)phenol and homovanillic acid (Takada et al., 2004). In fast pyrolysis, Guo et 
al. (2019) detected the release of creosol from tobacco stalk lignin at 300°C, peaking at 600°C, and with a 
smaller production at 900°C. Creosol and 3,4-dihydroxybenzaldehyde have been identified in tobacco 
cigarette smoke (Stabbert et al., 2017). Chen et al. (2021) has identified cresol and 2,3-
dihydroxybenzaldehyde in the vapour produced from heating kānuka at 335°C. Zhang et al. (2020) found 
the production of creosol from kānuka increased peaked at 380⁰C, which corresponds with Figure 16, 
where the slight difference is because Figure 16 records temperature every 0.1⁰C during heating while 
Zhang et al. (2020) analysed set temperatures between 180⁰C and 480⁰C. Luo et al. (2017) detected 
creosol when heating pine wood from 400°C to 550°C. Wang et al. (2018) observed creosol when heating 
ginkgo at 400°C. Creosol has been described as having a spicy, clove, vanilla and phenolic odour and 
flavour (Czoli et al., 2019), and has been listed as an added flavouring in HEETS (Philip Morris International, 
2018), although it is unclear is this flavouring has been added to the HEETS or tobacco used in this 
research.  

The isomers of dihydroxybenzaldehyde and hydroxybenzoic acid are likely to be in kānuka, HEETS and 
tobacco. Hydroxybenzoic acid is a lignin derived compound and is expected to be present in higher 
quantities in biomass with higher lignin content (Muller-Tautges et al., 2016, and Wan et al., 2019). o-
Hydroxybenzoic acid plays an important role in plants defence mechanism against pathogens (Chong et 
al., 2001). Chen et al. (2018) found p-hydroxybenzoic acid and o-hydroxybenzoic acid in tobacco leaves. 
Nolte et al. (2001) observed the production of p-hydroxybenzoic acid in oak, eucalyptus, and pine smoke. 
Christensen et al. (2017) was able to detect hydroxybenzoic acid and creosol in aspen and oak heated to 
500⁰C. In conclusion, as creosol is known as one of the most abundant breakdown products in lignin, it is 
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expected to dominate the ion chromatogram for m/z 138 in Figure 16. Contributions will also be present 
from dihydroxybenzaldehyde and hydroxybenzoic acid but the peaks attributable are unknown. 

3.10.23 m/z 152: Vanillin, 4-ethylguaiacol, methyl salicylate, citral, acenaphthylene and 2,5-
dimethoxytoluene 
Vanillin, 4-ethylguaiacol, methyl salicylate, citral, acenaphthylene and 2,5-dimethoxytoluene have an 
m/z of 152. From the shape of the curves in Figure 16, all biomasses show differing intensity between 
250⁰C to 500⁰C. Within this, HEETS has one significant peak, tobacco has 2 peaks and kānuka has 3 over 
lapping peaks. All the biomasses have a peak of different intensity at 340⁰C. Kānuka has a second peak at 
390⁰C, and kānuka and tobacco have another peak at 440⁰C.  

Vanillin has been detected in tobacco smoke from 200°C (Lemus et al., 2007). Vanillin occurs naturally in 
tobacco and can also be an added ingredient in tobacco products (Lemus et al., 2007, and Rodgman & 
Perfetti, 2013). Chen et al. (2021) found vanillin in the vapour produced from heating kānuka wood chips 
to 335°C. Wang et al. (2018) identified vanillin while heating ginkgo to 400°C. Stotesbury et al. (2000) 
found that at 200°C vanillin was transferred to vapour without degrading, and at 800°C some of the 
vanillin was degraded to phenol, 2-methoxyphenol, o-cresol, 2-hydroxy benzaldehyde and toluene. Wang 
et al. (2016) claims that vanillin starts decomposing around 650°C. Baker and Bishop (2004) found at 900°C 
in oxic conditions, 99.6% of vanillin vaporises, 0.2% converts to guaiacol, 0.1% converts to 
veratraldehyde, and 0.1% converts to piperonal. Vanillin is the main pyrolysis product from vanilla 
absolute, which can be added to tobacco products (Baker & Bishop, 2005). Vanillin is listed as a flavour 
ingredient used in HEETS, but it is unknown if it has been added to Amber label HEETS (Philip Morris 
International, 2018). It is unclear what specific flavourings have been added to the tobacco and HEETS 
used in this experiment.  

4-Ethylguaiacol has been detected in the tobacco plant and vapour (Rodgman & Perfetti, 2013). Pieraccini 
et al. (2008) detected 4-ethylguaiacol in the smoke produced from burning Italian cigarettes. Zhang et al. 
(2020) reported 4-ethylguaiacol was present in kānuka vapour heated to 480⁰C. Luo et al. (2017) found 4-
ethylguaiacol from 400°C to 550°C when heating pine wood. 4-Ethylguaiacol is produced from the 
decomposition of lignin (Mullery et al., 2017). Kibet et al. (2012) heated lignin and noticed the production 
of 4-ethylguaiacol from 250°C, peaking at 400°C, and decreasing till 550°C. Mullery et al. (2017) heated 4-
ethylguaiacol in anoxic conditions and found that it decomposes from 350°C to 600°C. They also found 
that methane and ethane are produced above 400°C, ethylene, propane, propylene, and 
propadiene are produced above 450°C, carbon monoxide and 1,3-butadiene are produced above 500°C 
and benzene is produced above 550°C. Blazso et al. (2018) found that at 300°C only 0.33% of 4-
ethylguaiacol will decompose to 4-vinylguaiacol, with the rest vaporising. Baker and Bishop (2004) heated 
4-ethylguaiacol to 900°C in oxic conditions and found 97.5% of 4-ethylguaiacol vaporises, with the rest 
decomposing to vinylmethoxyphenol, hydroxymethoxyacetophenone, and methylguaiacol. The aroma 4-
ethylguaiacol was described as smoky and woody (Wang et al., 2018). 4-Ethylguaiacol is listed as an added 
flavouring in HEETS (Philip Morris International, 2018). It is unclear if it’s added to the Amber label HEETS 
used here. 

Methyl salicylate has been detected in the tobacco plant and vapour (Rodgman & Perfetti, 2013). Methyl 
salicylate is formed from salicylic acid and is released from the tobacco plant as a defence 
response (Huang et al., 2003). Staub et al. (2011) noted that methyl salicylate was not present in Chinese 
weeping cypress wood smoke or flaky juniper wood smoke. With oxygen present, at 900°C, 98.6% of 
methyl salicylate will vaporise, 1.1% will convert to ethyl salicylate and 0.3 % will convert to phenol (Baker 
& Bishop, 2004). Methyl salicylate gives tobacco a wintergreen flavour and provides a “local anaesthetic 
effect” (Kostygina & Ling, 2016). Methyl salicylate can be added to menthol tobacco products, although 
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small amounts have been found in regular tobacco products (Chen et al., 2010).  Merckel et al. (2006) 
analysed 55 different cigarette packs and methyl salicylate was only able to be detected in 1 pack. Philip 
Morris International (2018) state methyl salicylate and citral are added flavourings, but do not disclose 
which products they are added to. It is unlikely that that methyl salicylate will be added to the HEETS or 
tobacco used in this research as they were not advertised as menthol flavoured. It is unclear if citral has 
been added to HEETS or tobacco used in this experiment.  

Acenaphthylene has been found in tobacco and wood smoke (Skrbic et al., 2018; Paschke et al., 2016; and 
Rodgman & Cook, 2009). Acenaphthylene contributes to 9.8% of the total PAHs in ignited tobacco smoke 
(Lu & Zhu, 2007). Tsekos et al. (2020) was only able to detect acenaphthylene production from poplar 
after heating to 700⁰C. Auer et al. (2017) found the acenaphthylene production from HEETS at 350⁰C was 
1.9 ng/HEET and from burning cigarettes was 235 ng/cigarette. Ding et al. (2005) found for burning 100% 
reconstituted tobacco the acenaphthylene concentration was 54 ng/HEETS and other tobaccos and 
tobacco blends ranged from 140 ng/cigarette to 210 ng/cigarette. The higher production in cigarettes is 
most probably due to the higher temperature at which smoke was produced at the burning interface and 
is not an added ingredient in HEETS. The last compound listed at the top of this m/z 152 section, 2,5-
dimethoxytoluene, was observed by Chen et al. (2021) in kānuka wood chip vapour at 335°C. In summary, 
it is clear that only vanillin and 4-ethylguaiacol will be present in quantities large enough to influence the 
m/z 152 ion chromatogram. It is not known which peak refers to each compound. In kānuka there are 
conceivably three overlapping peaks indicating more than one mechanism of production for one or other 
of the compounds. 

3.10.24 m/z 154: Syringol, eucalyptol, geraniol, isopulegol, linalool and acenaphthene 
Syringol, eucalyptol, geraniol, isopulegol, linalool and acenaphthene have an m/z of 154. Figure 16 shows 
an order of magnitude difference in detection intensity, with kānuka the larger. HEETS and tobacco have 
a small peak at 340⁰C at which kānuka has a shoulder with its peak at 400⁰C.  

Syringol is a well-known decomposition product of lignin, and provides a smoky flavour (Wu et al., 2016, 
and Kaur et al., 2018). Syringol has been detected in the tobacco plant and vapour (Rodgman & Perfetti, 
2013). Chen et al. (2021) found syringol was produced when heating kānuka wood chips to 335°C. de 
Macedo et al. (2018) found syringol in the vapour produced from heating eucalyptus to 275⁰C. Kibet et al. 
(2012) heated lignin and noticed the production of syringol from 200°C, peaking around 425°C and 
decreasing till 700°C. Kawamoto (2017) and Branca et al. (2003) obtained similar results. These authors 
all correspond with kānuka in Figure 16, with the differences in peak attributable to variations in 
experimental materials and methods. In Figure 16 the kānuka peak ends around 475⁰C instead of 700⁰C 
because plant material contains a limited amount of lignin, while the other research papers used excess 
lignin. At 600°C in anoxic conditions the only decomposition product from syringol was 
benzofuran (Akazawa et al., 2015). 

Eucalyptol, geraniol, isopulegol and linalool are all fragrant plant extractives and are listed as additives to 
HEETS by Philip Morris International (2018), and to other tobacco products (Lisko et al., 2014, and Reger 
et al., 2018). The flavour ingredients added to Amber label HEETS and tobacco used in this research is 
unknown. Eucalyptol can be extracted from eucalyptus wood (Zhang et al., 2008), and has been detected 
in tobacco plants and tobacco smoke (Rodgman & Perfetti, 2013). Geraniol was able to be extracted from 
Mydocarpus lanceolatus wood but not Mydocarpus fraxinifolius or Mydocarpus viellardii (Lebouvier et al., 
2014). Zhu et al. (2013) was able to detect geraniol in untreated camphor wood. Linalool was found in 
brutian pine, Brazilian rosewood, Mydocarpus lanceolatus and Mydocarpus viellardii (Guler, 2019; Zellner 
et al., 2006; and Lebouvier et al., 2014). The odour of linalool has been described as “sweet, citric, 
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herbaceous” (Zellner et al., 2006). They have not been investigated in kānuka. Another factor is that the 
flavour compounds have been identified in wood extract, and not wood smoke. 

The last compound in them/z 154 list above, acenaphthene, was found by Auer et al. (2017) to be present 
at 350⁰C in HEETS at 145 ng/HEET acenaphthene compared to 49 ng/cigarette from conventional burning 
cigarettes. Ding et al. (2005) found acenaphthene while burning reconstituted tobacco at 70 ng/cigarette, 
and while burning other tobacco and tobacco blends ranged from 90 ng/cigarette to 200 ng/cigarette  
Acenaphthene has also been found in wood smoke at unknown concentrations (Tiwo et al., 2019, and 
Alcanzare, 2006). Szramowiat-Sala et al. (2019) found, in combusted Norway spruce, that acenaphthene 
and benzo(a)pyrene were the 2 most dominant polycyclic aromatic hydrocarbons produced. In summary, 
syringol will dominate the m/z 154 ion chromatogram (Figure 16) due to its prevalence as a lignin 
breakdown product, which is produced in far greater quantities from kānuka then from the tobacco and 
HEETS which are plant leaf and stalk product. It is also likely due to the peak and shoulder that there are 
two mechanisms for the formation of syringol. 

3.10.25 m/z 162: Nicotine, anabasine, levoglucosan, methyl cinnamate and 6-methoxy-3-
methylbenzofuran 
Nicotine, anabasine, levoglucosan, methyl cinnamate and 6-methoxy-3-methylbenzofuran have an m/z of 
162. Figure 16 shows distinct differences between the two tobaccos and kānuka. HEETS and tobacco have 
peaks at 150⁰C and 190⁰C respectively which are absent from kānuka. Above 250⁰C, all three biomasses 
exhibit peaks. Kānuka appears to have a shoulder at around 340⁰C a peak at 390⁰C and another shoulder 
at 450⁰C. Both tobacco and HEETS appear to have a similar spread of peaks. Detection of m/z 162 peters 
out by 500⁰C.  

Of the above compounds, nicotine is the most controversial. Nicotine is rapidly absorbed into the body 
and causes the brain to release dopamine, which provides a positive emotional response. The positive 
emotional response can cause nicotine addiction (Benowitz, 2010). However, there are also side effects. 
Mishra et al. (2015) claims that nicotine contributes to “an increased risk of cardiovascular, respiratory, 
and gastrointestinal disorders”. The FDA (2019) has stated nicotine is a reproductive or developmental 
toxicant and is addictive. Philip Morris Products S.A. (2017) claim that HEETS have a nicotine production 
of 1.29 mg/HEET when heated to 350⁰C. Although Li et al. (2019) found it was slightly higher at 1.35 
mg/HEET. Schaller et al. (2016) heated different tobacco blends in the same conditions as HEETS and 
found that on average 1.38 mg/HEET of nicotine was produced but found extremes with 0.62 
mg/HEET and 1.62 mg/HEET of nicotine. Farsalinos et al. (2018) analysed HEETS and found a similar 
average to Schaller et al. (2016). Anabasine is an isomer of nicotine and will likely be released around the 
same temperature (Adam et al., 2009). Forster et al. (2015) found nicotine when heating tobacco as low 
as 100°C and as temperature increased to 200°C the concentration detected increased. White et al. (2001) 
heated tobacco powder from 250°C to 550°C and noticed a high nicotine yield at 250° that decreased as 
temperatures increased. Bassilakis et al. (2001) heated different types of tobacco at 30 K/min and found 
nicotine peaked around 200⁰C, with a hump from 300⁰C to 600⁰C. Nicotine is a natural component of 
tobacco plants and when heated above 400°C, fragmentation occurs, and different volatiles are 
released (Rodgman & Perfetti, 2013). Bassilakis et al. (2001) determined the high temperature release of 
nicotine was due to condensation and re-vaporisation of nicotine within the TG-FTIR. The peak at 200⁰C 
was more intense when there was a greater nitrogen content in the tobacco. Due to the faster heating 
rate peaks will appear at higher temperatures than Figure 16. The large peaks below 200⁰C for HEETS and 
tobacco, shown in Figure 16, will be dominated by nicotine production. Table 6 shows the tobacco sample 
has a higher nitrogen concentration than HEETS, so should have a larger intensity peak if it follows 
Bassilakis et al. (2001) trend. However, Figure 16 shows that the first peak in HEETS is larger and occurs 
at a slightly lower temperature. Why it is larger is unknown, but the fact that it occurs earlier is probably 
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due to the more homogenised nature of the tobacco, whereas leaf tobacco may offer more resistance to 
nicotine release. Baker and Bishop (2004) found when heating to 900⁰C that 97.7% of nicotine vaporised, 
while 1.4% converted to nicotyrine, 0.6% converted to myosmine, and 0.3% converted to cotinine.  

Levoglucosan is a product from cellulose decomposition (Gu et al., 2019; Zhou et al., 2017; and 
Bassilakis et al., 2001). Gu et al. (2019) noticed levoglucosan in the vapour produced from heating tobacco 
stems from 160°C to 240°C. Chen et al. (2021) found levoglucosan was produced when heating kānuka 
wood chips to 335°C. Zhou et al. (2017) found levoglucosan in pine vapour from 200⁰C to 380⁰C with a 
peak at 310⁰C, using TGA coupled with Time of Flight Mass Spectrometry (TOF MS). Heigenmoser et al. 
(2011) found levoglucosan in beech and larch wood at 340⁰C and 450⁰C. Levoglucosan fragments into 
compounds of m/z 144, 126, and 98 (Zhou et al., 2017), where the compound of m/z 98 is cyclohexanone 
(Hrablay & Jelemensky, 2016).  

Methyl cinnamate is listed as a HEETS flavour ingredient (Philip Morris International, 2018), but it is 
unclear if methyl cinnamate has been added to the Amber label HEETS or tobacco sample used in this 
experiment. Bentley et al. (2020) heated HEETS to 350⁰C, although they did not disclose which of the 
flavours was used and found 0.101 µg/HEET methyl cinnamate. Blazso et al. (2018) state that at 300°C 
only 0.1% of methyl cinnamate decomposes to benzaldehyde, with the rest vaporising. Baker and Bishop 
(2004) claim that methyl cinnamate will vaporise at 400°C with only 1% decomposing. Decomposition 
products of methyl cinnamate include ethyl cinnamate, benzaldehyde and styrene. The last compound in 
the m/z 162 list is 6-methoxy-3-methylbenzofuran that was detected by Gu et al. (2013) who heated 
poplar wood to 600⁰C.  

In summary, nicotine is released at low temperatures as shown by the two peaks for tobacco and HEETS 
below 200⁰C. Above that levoglucosan is ubiquitous to all biomass thermal decompositions being 
produced from cellulose, and seemingly by more than one reaction pathway. 

3.10.26 m/z 164: Eugenol, isoeugenol, raspberry ketone, and phenethyl acetate 
Eugenol, isoeugenol, raspberry ketone, and phenethyl acetate have an m/z of 164. Figure 16 shows HEETS 
and tobacco have a first peak around 250⁰C, followed by a larger peak around 350⁰C and shoulder around 
400⁰C experienced by all the biomasses.  

Eugenol and isoeugenol are known lignin breakdown products. Eugenol has been detected in the tobacco 
plant and smoke (Rodgman & Perfetti, 2013). Chen et al. (2021) reported the presence of eugenol and 
isoeugenol in kānuka wood chips heated to 335°C. Eugenol and isoeugenol have been identified in vapour 
from pine and ginkgo wood heated to 400°C (Luo et al., 2017; and Wang et al., 2018). Takada et al. (2004) 
found eugenol and isoeugenol in sugi wood vapour and found coniferyl aldehyde breaks down to 
isoeugenol. Kibet et al. (2012) heated lignin in anoxic conditions and reported the production of eugenol 
from 200°C, peaking at 400°C, and decreasing till 600°C. At 300°C eugenol mostly vaporised, degrading 
0.21% to 5-methoy-1H-inden-6-ol and 0.14% to vanillin (Blazso et al., 2018). Eugenol is known to have a 
“spicy, clove-like” scent (Bendre et al., 2016). Eugenol concentration in U.S. cigarettes at around 0.61 
µg/cigarette (Stanfill & Ashley., 2000). Cigarettes containing cloves could produce up to 60,000 times 
more eugenol than traditional cigarettes (Polzin et al., 2007). Philip Morris International (2018) do not list 
cloves or clove oil as an added ingredient in HEETS, although eugenol-like flavours may be added and 
eugenol could be present in mixed flavours (Krusemann et al., 2018). Cinnamon bark oil contains eugenol, 
but not as much as clove oil, and is listed as an added flavour ingredient in HEETS (Philip Morris 
International, 2018; Moricz et al., 2016; Li et al., 2013; and Kim et al., 2015). Eugenol has numerous health 
effects including “respiratory infection, aspiration pneumonitis, hemoptysis and hemorrhagic pulmonary 
edema” (Lisko et al., 2014).  
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Raspberry ketone has only been detected in tobacco smoke (Rodgman & Perfetti, 2013). Blazso et al. 
(2018) heated raspberry ketone to 300°C and found that 99.66% vaporised, 0.25% converted to 4-(4-
hydroxyphenyl)but-3-en-2-one and 0.09% converted to 4-hydroxybenzaldehyde. Raspberry ketone 
is often added to raspberry flavoured tobacco products, although is not commonly used in traditional 
tobacco products (Smith et al., 2002). Philip Morris International (2018) listed raspberry ketone and 
phenethyl acetate as added flavourings but do not specify which products used this flavour. Phenethyl 
acetate has a floral odour and may be present in tobacco products (McGinty et al., 2012).  

In summary, for Figure 16, the release of eugenol and isoeugenol will explain the higher peak and shoulder 
for the biomasses. The lower temperature peak for HEETS and tobacco could be the release of added 
eugenol. 

3.10.27 m/z 166: Fluorene, 4-propylguaiacol, homovanillin, and acetoguaiacone 
Fluorene, 4-propylguaiacol, homovanillin, and acetoguaiacone have an m/z of 166. Figure 16 shows that 
all the biomasses have peaks between 250⁰C to 500⁰C. HEETS and tobacco have a peak at 340⁰C and 
kānuka has a peak at 370⁰C. Kānuka and tobacco also have a shoulder off the main peak around 430⁰C, 
which is absent from HEETS. Fluorene is the second most present polycyclic aromatic hydrocarbon (PAH) 
in tobacco smoke, behind naphthalene (Lu and Zhu, 2007; Vu et al., 2015; and Ding et al., 2005). Ding et 
al. (2005) found fluorene in burning 100% reconstituted tobacco cigarettes was 229 ng/cigarette and for 
other tobaccos and tobacco blends ranged from 350 ng/cigarette to 625 ng/cigarette. In poplar wood chip 
smoke, Skrbic et al. (2018) found fluorene was the second most prominent PAH behind phenanthrene. 
They also found for poplar sawdust smoke, phenanthrene, naphthalene and acenaphthylene have higher 
concentrations than fluorene and attributed this to more air present during heating than for the wood 
chips. Hedberg et al. (2002) found for birch wood smoke, fluorene had the fourth highest PAH production 
behind phenanthrene, fluoranthene and pyrene. Nakajima et al. (2007) studied the generation of PAHs 
for cypress and chestnut wood from 400⁰C to 1000⁰C. From 400⁰C to 600⁰C fluorene production 
dominates. For cypress fluorene production continues to dominate up to 1000⁰C. For chestnut wood 
phenanthrene overtakes at 800⁰C and acenaphthylene overtakes fluorene at 1000⁰C. Fluorene is a 
respiratory irritant (Smith et al., 2020). 

 4-Propylguaiacol, homovanillin, and acetoguaiacone are produced from the thermal decomposition of 
lignin (Lupoi et al., 2015, and Kim et al., 2015). 4-Propylguaiacol and acetoguaiacone have been identified 
in tobacco smoke (Rodgman & Perfetti, 2013). Zhang et al. (2020) found the production of 4-
propylguaiacol from kānuka started from 280⁰C and peaked at 380⁰C. This corresponds with Figure 16 
where the slight differences are likely due to the experimental methods. The apparat et al. (2015) heated 
red river gum, river tamarind, rubber wood, and neem wood to 400⁰C and found 4-propylguaiacol was 
the second most generated pyrolysis product following acetic acid. Takada et al. (2004) found 
propylguaiacol, homovanillin, and acetoguaiacone while heating sugi wood. Homovanillin has also been 
detected in the smoke from Scots pine (Lourenco et al., 2018). Acetoguaiacone has been identified in 
Monterey pine (Wagner et al., 2011). Wang et al. (2018) found ginko wood lignin produces 9.14% 
acetoguaiacone at 400⁰C and its relative concentration decreases as temperature increases past 400⁰C.  

In summary, all the m/z 166 compounds discussed seem to be released from the biomass over a similar 
temperature range and the peaks shown in Figure 16 are likely to be an amalgam of these compounds 
and other fragments. 

3.10.28 m/z 177: NNN 
3-(1-Nitrosopyrrolidin-2-yl)pyridine (NNN) has an m/z of 177. Figure 16 shows the ion chromatogram for 
m/z 177. Tobacco and HEETS have some low level detection below 250⁰C. Above 250⁰C, kānuka has much 
higher detection intensity with a peak at 310⁰C and a shoulder at 390⁰C. HEETS has one peak in the middle 
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at 340⁰C and tobacco is broad with a minor peak at 370⁰C and a shoulder around 440⁰C. NNN is formed 
“by nitrosation of nicotine” and will be present in tobacco vapour after 154°C (Piade et al., 2013). Li et al. 
(2019) noticed NNN when burning 3R4F reference cigarettes. Forster et al. (2015) was able to detect NNN 
in tobacco vapour from 100°C. Tobacco plants produce NNN during the curing stage. The NNN then 
vaporises during pyrolysis (Brown et al., 2013).  NNN is carcinogenic and can be cancer inducing (FDA, 
2019; Fowles et al., 2000; and Konstantinou et al., 2018). Carmines and Gaworski (2005) found the 
addition of glycerol to tobacco reduced the production of NNN. HEETS has added glycerol while tobacco 
does not (Ministry of Health, 2019). The only point in Figure 16 where the HEETS absolute intensity is 
lower than the tobacco absolute intensity is after 410⁰C. The EGA curves are formed from the release of 
a combination of compounds at the same molecular weight, so cannot be used to validity Carmines and 
Gaworski (2005) statement. Philip Morris Products S.A. (2017) states 10.1 ng/HEET of NNN is released 
from HEETS at 350⁰C. This corresponds with Li et al. (2019). Bekki et al. (2017) found that 19.2ng/HEET of 
NNN was released from HEETS. Schaller et al. (2016) heated different tobacco blends in the same method 
as HEETS and found that NNN had an average production of 14.2 ng/stick with extremes found at 3.0 
ng/stick and 57.1 ng/stick. Kānuka does not contain nicotine so will not have NNN. Therefore, the 
detection spectrum for m/z 177 must be due to other compounds or fragments. 

Protonated cotinine has an m/z of 177 (Dunlop et al., 2013). Protonated cotinine mostly fragments to a 
compound at m/z 80, but also fragments in compounds at m/z 98 and m/z 146 (Pellegrini et al., 2007). 
Although cotinine is a nicotine metabolite, so while it has been found in tobacco smokers’ bodies it will 
not be present in tobacco smoke or Figure 16 (Khattab et al., 2015). Tokareva et al. (2010) heated 
trigalacturonic acid, a component of wood lignin, and noticed the presence of m/z 177. They assumed it 
was a fragment ion from the breakdown of galacturonic acid. Yang (2012) also noticed the presence of 
m/z 177 and concluded it was from fragmentation ions. In summary, aside from NNN in tobacco and 
HEETS, the peaks in Figure 16 will be made up from a range of mostly unknown compounds and fragments. 

3.10.29 m/z 178: Phenanthrene and anthracene 
Phenanthrene and anthracene have an m/z of 178. In Figure 16 shows little detection below 250⁰C for 
each biomass. HEETS and tobacco have a peak at 350⁰C, while kānuka shows two substantial peaks, a 
larger one at 300⁰C and a smaller one at 400⁰C.  

Both phenanthrene and anthracene are polycyclic aromatic hydrocarbons (PAH) that are present in 
smoke. In burning cigarette smoke phenanthrene is the third most common PAH and anthracene is the 
fourth (Kalaitzoglou & Samara, 2006, and Zha et al., 2002). Paschke et al. (2016) conducted fast pyrolysis 
with tobacco in anoxic conditions at set temperatures from 400⁰C to 1000⁰C and found the concentration 
of phenanthrene and anthracene did not obviously change. This implies that phenanthrene and 
anthracene formation occurred before 400⁰C and was stable because it did not significantly degrade at 
higher temperatures. Connolly et al. (2005) obtained similar results. Ding et al. (2005) found for 100% 
reconstituted tobacco around 89 ng/cigarette phenanthrene and 62 ng/cigarette anthracene is released 
while the other tobacco and blends containing reconstituted tobacco ranged from 212-300 ng/cigarette 
phenanthrene and 125-150 ng/cigarette anthracene. Vu et al. (2015) and Geiss and Kotzias (2007) found 
corresponding results. HEETS contains reconstituted tobacco, while RYO tobacco contains chopped 
tobacco (Philip Morris International., 2018). In Figure 16, tobacco has a slightly higher absolute intensity 
than HEETS after 400⁰C which could be related to the higher levels of phenanthrene and anthracene 
released.  

Varlet et al. (2007) heated beech wood chips in three different smoke generators, one at 380⁰C, one 
between 400⁰C and 450⁰C, and one at 500⁰C. They found that phenanthrene production increased with 
increasing temperature, while anthracene production was the highest using the heating method between 
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400⁰C and 450⁰C. For birch log smoke phenanthrene was found to be the most prominent PAH with 99.1 
mg/kg wood present, and anthracene was the fourth most prominent with 19.3 mg/kg wood (Hedberg et 
al., 2002). The high concentrations of phenanthrene compared to anthracene in biomass smoke is due to 
phenanthrene having more resonance structures and therefore being more thermodynamically stable 
(Skrbic et al., 2018). Although biomass smoke has high concentrations of phenanthrene and anthracene, 
both have a toxic equivalence factor of 0.0005 compared to benzo(a)pyrene (Conde et al., 2005). For this 
reason, phenanthrene is considered to be noncarcinogenic but its metabolites have been associated with 
increased cancer risk (Yershova et al., 2016). In summary, the presence of phenanthrene and anthracene 
is undisputed, and appears to be far more prevalent in kānuka volatiles than tobacco or HEETS. 
Nevertheless, for the relatively high mass to ion ratio, m/z 178, there will be other contributing but 
unknown compounds and fragments some of which may also be more prevalent in kānuka. 

3.10.30 m/z 202: Fluoranthene and pyrene 
Fluoranthene and pyrene have an m/z of 202. Figure 16 shows all biomass peak between 250⁰C and 500⁰C. 
HEETS and tobacco have peaks at 350⁰C and 430⁰C, with HEETS having a higher absolute intensity for the 
first and tobacco having a higher absolute intensity for the second. In between this, kānuka has a single 
peak at 400⁰C.  

Fluoranthene and pyrene are polycyclic aromatic hydrocarbons that are present in smoke. From a smoking 
machine, tobacco cigarette smoke was found to contain 12.3-70.0 ng/cigarette fluoranthene and 57.0-
293.8 ng/cigarette pyrene, which behaved independently (Lodovici et al., 2004). Vu et al. (2015) results 
agree for the pyrene range but found fluoranthene ranged from 74-189 ng/cigarette in smoked tobacco 
cigarettes. Ding et al. (2005) analysed smoke from different tobacco and tobacco blends, and found 
reconstituted tobacco had the lowest fluoranthene concentration at 79 ng/cigarette and burley tobacco 
had the lowest pyrene concentration at 48.9 ng/cg. The HEETS used in this research contains reconstituted 
tobacco, but the tobacco used in the RYO tobacco is unknown (Philip Morris International., 2018). Li et al. 
(2003) found that lighting a cigarette with a match or lighter can increase fluoranthene concentration by 
8% and pyrene concentration by 16%. This is because the yellow tipped flame contains incandescent 
carbon associated with PAH formation. Hedberg et al. (2002) found for birch wood smoke there is 29.4 
mg/kg fluoranthene and 25.5 mg/kg pyrene. Samae et al. (2021) found corresponding research for rubber 
wood smoke. Phenylalanine, an amino acid in tobacco and wood, decomposes to form 11 ng/mg 
phenylalanine of fluoranthene and 16 ng/mg phenylalanine of pyrene at 700⁰C and at 900⁰C decomposes 
to form 760 ng/mg phenylalanine of fluoranthene and 340 ng/mg phenylalanine of pyrene (Wang et al., 
2004). In summary, while fluoranthene and pyrene will contribute to the detection spectrum of m/z 202, 
other compounds of m/z 202 can also arise as fragmentation ions from the thermal breakdown of larger 
compounds (Takada et al., 2004). 

3.10.31 m/z 207: NNK and NNA 
4-(N-methyl-N-nitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and 4-(N-methyl-N-nitrosamino)-4-(3-
pyridyl)butanal (NNA) have an m/z of 207. Figure 16 shows a very different intensity spectrum for kānuka. 
At 105⁰C kānuka has an absolute intensity of 32000, which decreases until 250⁰C, rises again until 320⁰C, 
declines to 390⁰C, then decreases quickly and plateaus. HEETS and tobacco both show two major peaks. 
HEETS has a larger peak at 340⁰C and a smaller at 460⁰C. Tobacco has a smaller peak at 340⁰C and a larger 
at 460⁰C. NNK and NNA are tobacco-specific nitrosamines that will be present in tobacco and HEETS, but 
not kānuka (Brown et al., 2003) Forster et al. (2015) was able to detect NNK in tobacco vapour at 100°C. 
Nicotine can oxidise to pseudooxynicotine, which can nitrosate to NNK (Piade et al., 2013). The majority 
of NNK and NNA is formed during the curing stage of tobacco, not the pyrolysis stage, and vaporises upon 
heating (Brown et al., 2003). NNK and NNA are carcinogenic and can lead to cancer (Konstantinou et al., 
2018, and Sleiman et al., 2009). Carmines and Gaworski (2005) found the addition of glycerol was able to 
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reduce NNK production in tobacco vapour. HEETS contains glycerol while tobacco does not (Ministry of 
Health, 2019). The increase of tobacco over HEETS after 400⁰C, in Figure 16 could indicate more NNK being 
released from tobacco. NNA is difficult to detect in burning cigarette smoke due to the “reactivity and 
instability at high temperatures during tobacco pyrolysis” (Sleiman et al., 2010). Philip Morris Products 
S.A. (2017) found that HEETS produced 7.8ng/HEET NNK at 350⁰C. Li et al. (2019) and Schaller et al. (2016) 
had similar findings. Bekki et al. (2017) found a slightly higher production of 12.3 ng/HEET NNK. The 
thermal breakdown of NNA can lead to fragmentation ions at m/z 148, 120, and 92, while the breakdown 
of NNK can lead to fragmentation ions at m/z 177, 159, 146, and  106 (Sleiman et al., 2009). Most 
compounds of m/z 207 contain nitrogen, which is unlikely to be found in high concentrations in kānuka as 
it contains 0.19 wt.% nitrogen (Table 6). Therefore, the curve showed by kānuka in Figure 16 is likely to 
be fragmentation ions from other compounds. Biomass compounds without nitrogen that were found to 
break down to m/z 207 include 4,4’-dihydroxy-3,3’-dimethoxy stilbene, lupeol and taraxasterol (Takada 
et al., 2004, and Doshi et al., 2015). In summary, the higher temperature peaks for tobacco and HEETS 
may be NNK and NNA as kānuka does not have a peak here. The lower temperature peaks for all three 
biomasses are likely to be fragmentation ions, expect the 105⁰C to 200⁰C intensity spectrum for kānuka 
which remains unknown. 

3.10.32 m/z 228: Benzo(a)anthracene, chrysene, triphenylene and myristic acid 
Benzo(a)anthracene, chrysene, and triphenylene and myristic acid have an m/z of 228. In Figure 16, 
detection activity ranges between 250⁰C and 500⁰C, where HEETS and kānuka have a single peak at 350⁰C 
and 400⁰C respectively, and tobacco has two smaller peaks at 350⁰C and 450⁰C. Benzo(a)anthracene, 
chrysene, and triphenylene are polycyclic aromatic hydrocarbons (PAHs). From a smoking machine, 
tobacco cigarettes were found to contain 3.9-9.2 ng/cigarette benzo(a)anthracene, and 6.6-79.7 
ng/cigarette chrysene (Lodovici et al., 2004). Akpan et al. (2006) agrees with the chrysene range from 
Lodovici et al. (2004), although found benzo(a)anthracene ranged slightly higher at 7.7-25.3 ng/cigarette. 
Djinovic-Stojanovic et al., (2013) found benzo(a)anthracene accounts for 9.23-15.46% of the total PAHs in 
beech smoke and chrysene accounts for 23.78-28.27% of the total PAHs. Although the amount of 
benzo(a)anthracene and chrysene release from wood smoke is very dependent on the type of wood 
(Racovita et al., 2020). Jimenez et al. (2017) found the benzo(a)anthracene content in Tasmanian blue 
gum smoke was 207.6 µg/kg wood, Patagonia oak smoke was 341.0 µg/kg wood, and silver wattle smoke 
was 106.1 µg/kg wood. They also found the chrysene content in Tasmanian blue gum smoke was 266.6 
µg/kg wood, Patagonia oak smoke was 445.1 µg/kg wood, and silver wattle smoke was 131.9 µg/kg wood. 
Benzo(a)anthracene is formed from the thermal decomposition of sugars, lipids, amino acids, and nicotine 
(Smith et al., 2000). Phenylalanine, an amino acid in tobacco and wood, degrades to 8.8 ng/mg 
phenylalanine of benzo(a)anthracene and 15 ng/mg phenylalanine of chrysene when heated at 700⁰C but 
when heated at 900⁰C degrades to 290 ng/mg phenylalanine of benzo(a)anthracene and 580 ng/mg 
phenylalanine of chrysene (Wang et al., 2004). Benzo(a)anthracene and chrysene have been classified as 
“probably carcinogenic to humans” (Smith et al., 2000, and IARC, 2010).  

Triphenylene has been identified in tobacco and wood smoke (Rodgman & Perfetti, 2013; Forchhammer 
et al., 2012; and Alcanzare, 2006). Triphenylene is non carcinogenic and is often present in low 
concentrations below the limit of detection in smoke (IARC, 2010, and Gustafson et al., 2008). There may 
be a slight contribution from these PAHs to Figure 16, although they are more likely at high temperatures 
outside the range analysed.  

Lu et al. (2003) identified myristic acid in Virginia cigarette smoke condensate. The content of myristic 
acid in tobacco leaves increases with the curing time (Daheng et al., 2001). Myristic acid is naturally 
occurring in tobacco and can also be added to tobacco as a flavouring (Fowles & Bates, 2000). Myristic 
acid has a “waxy, fatty, soapy” odour (Martinez-Garcia et al., 2017). Bentley et al. (2020) detected myristic 
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acid in HEETS heated to 350⁰C at 4.62 µg/HEET, and in burning cigarettes at 18.7 µg/cigarette. Rencoret 
et al. (2007) analysed 5 different wood extracts and found myristic acid ranged from 0.6-3.2 mg/kg wood. 
For a mahaleb cherry tree, the relative concentration of myristic acid able to be extracted from leaves was 
2.5% and from wood was 6.4% (Mastelic et al., 2006). Presence of these compounds may explain why 
kānuka has a higher absolute intensity than HEETS and tobacco in Figure 16. The decomposition of larger 
compounds can also result in the formation of m/z 228 ions, although the breakdown mechanisms and 
contribution to Figure 16 is unknown (Takada et al., 2004). 

3.10.33 m/z 252: Benzo(a)pyrene, benzo(e)pyrene, benzo(b)fluoranthene, etc. 
Benzo(a)pyrene, benzo(e)pyrene, benzo(b)fluoranthene, benzo(j)fluoranthene and benzo(k)fluoranthene 
all have a m/z of 252. Figure 16 shows that all biomasses have peaks of similar intensity, with HEETS and 
kānuka peak temperature around 400⁰C and tobacco peak temperature around 450⁰C. Benzo(a)pyrene is 
“one of the strongest carcinogens in tobacco smoke” (Yang et al., 2018), benzo(b)fluoranthene, 
benzo(j)fluoranthene and benzo(k)fluoranthene are probably carcinogens (Abdel-Shafy & Mansour, and 
IARC, 2010) and benzo(e)pyrene is noncarcinogenic (Vienneau et al., 1995). Benzo(a)pyrene has a 
vapour pressure of 7 x 10-6 Pa at 25°C (Piade et al., 2013). Figure 16 shows the absolute intensity from 
HEETS and tobacco starts increasing from 100⁰C, which corresponds with Klauser et al. (2018) who stated 
that benzo(a)pyrene is partially gaseous from 100⁰C to 350⁰C and so any of this compound present in the 
tobacco will be released over this range; the amount appears small, however. Tobacco leaves harvested 
from the top of the plant had a higher benzo(a)pyrene concentration than leaves harvested lower down 
due to differences in sugar content (Cai et al., 2019). Benzo(a)pyrene is formed from the decomposition 
of carbohydrates (Liu et al., 2011). Further benzo(a)pyrene is formed during heating. McGrath et al. (2007) 
heated tobacco and noticed the production of benzo(a)pyrene and benzo(b)fluoranthene starting from 
400°C and peaking around 500°C to 550°C. Torikai et al. (2004) found benzo(a)pyrene was largely formed 
from 500°C to 800°C. Washing tobacco with water reduces the benzo(a)pyrene concentration by half, 
because precursors that form benzo(a)pyrene are removed (Liao et al., 2017). Benzo(a)pyrene is “one of 
the strongest carcinogens in tobacco smoke” (Yang et al., 2018). Philip Morris Products S.A. (2017) stated 
that benzo(a)pyrene production in HEETS at 350⁰C was 0.736 ng/HEET. Auer et al. (2017) found HEETS at 
350⁰C produced 0.8 ng/HEET benzo(a)pyrene, 0.5 ng/HEET benzo(b)fluoranthene and 0.4 ng/HEET 
benzo(k)fluoranthene. Schaller et al. (2016) heated different tobacco blends using the same method and 
found benzo(a)pyrene had an average production of 1.02 ng/HEET, with some blends having 
concentrations too low to detect, and a maximum production of 4.46 ng/HEET. Hedberg et al. (2002) 
measured PAH concentration in birch wood smoke and found benzo(a)pyrene at 3.6 mg/kg wood, 
benzo(e)pyrene at 1.8 mg/kg wood, benzo(b)fluoranthene at 6.1 mg/kg wood and was unable to detect 
benzo(k)fluoranthene. Szramowiat-Sala et al. (2019) found corresponding results for European spruce. 
The concentration of benzo(a)pyrene in vapour increases with oxic environments (Klauser et al., 2018), 
noting that the EGA/MS experiment (Figure 16) was conducted under anoxic conditions. Djinovic-
Stojanovic et al. (2013) measured the smoke from beech wood and found benzo(a)pyrene contributes 
3.95-8.33% of the total PAHs, benzo(b)fluoranthene contributes 7.99-24.36%, benzo(j)fluoranthene 
contributes 3.54-7.84%, and benzo(k)fluoranthene contributes 2.42-6.27%. Klauser et al. (2018) obtained 
similar results. In summary, the spectrum for m/z 252 will certainly contain benzo(a)pyrene and for 
kānuka, probably also benzo(b)fluoranthene. However, with this high m/z, 252, there will be other 
fragment conditions. 

3.10.34 m/z 264: Cinnamyl cinnamate 
Cinnamyl cinnamate has an m/z of 264. For Figure 16, HEETS has two small peaks at 350⁰C and 420⁰C, 
tobacco has a peak at 450⁰C, and kānuka has a slightly larger peak at 390⁰C. Cinnamyl cinnamate has been 
identified in the tobacco plant and vapour (Rodgman & Perfetti, 2013). Xu et al. (2015) analysed 6 
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different types of wood with a GC/MS and only found 4.82% cinnamyl cinnamate per mass of wood in 
Liquidambar formosana. Cinnamyl cinnamate provides a spicy cinnamon flavour and balsamic odour 
(Guedes et al., 2004, and Xu et al., 2015). Baker and Bishop (2004), found at 900°C in oxic conditions, 
53.6% of cinnamyl cinnamate will vaporise. The rest decomposes to benzaldehyde, diphenylhexadiene, 
styrene, diphenylpentadiene, cinnamaldehyde, phenol, propnylbenzene. Blazso et al. (2018) obtained 
similar results; they heated cinnamyl cinnamate to 300°C and found that 69.22% of cinnamyl cinnamate 
vaporises and obtains the same decomposition products as Baker and Bishop (2004) except 
for diphenylpentadiene. The most prominent decomposition products from Blazso et al. (2018) 
were benzaldehyde, 2-oxo-3-phenylpropyl cinnamate and cinnamyl cinnamate isomers. Fragmentation 
ions will also contribute to the curves in Figure 16. Isocorydine, sphinganine and sphingosine have been 
found in biomass and breakdown to m/z 264 (Singh et al., 2017, and Sullards et al., 2007).  

3.10.35 m/z 276: Benzo(g,h,i)perylene, indeno(1,2,3-cd)pyrene, anthanthrene and stearidonic 
acid 
Benzo(g,h,i)perylene, indeno(1,2,3-cd)pyrene, anthanthrene and stearidonic acid have an m/z 276. Figure 
16 suggests that HEETS has two peaks, the lower, around 340⁰C, shared with kānuka and the higher 
around 450⁰C shared with tobacco. These temperatures correspond to shoulders in the kānuka spectrum 
which has its main peak at 390⁰C. Out of the PAHs, benzo(g,h,i)perylene and anthanthrene are 
noncarcinogenic and indeno(1,2,3-cd)pyrene is carcinogenic (IARC, 2010). Kentucky cigarettes in a 
smoking machine produce 0.4-2.1 ng/cigarette benzo(g,h,i)perylene (Zha et al., 2002). Lodovici et al. 
(2004) noticed a similar range and found some cigarettes produced up to 3.5 ng/cigarette 
benzo(g,h,i)perylene. Smith and Hansch (2000) found a slightly higher range with 31.5 ng/cigarette 
benzo(g,h,i)perylene, 12 ng/cigarette indeno(1,2,3-cd,)pyrene and 11 ng/cigarette anthanthrene. 
Dusautoir et al. (2021) agrees with this result and also found that the concentration of these PAHS in 
HEETS at 350⁰C is less than 7% of the comparative PAH in burning cigarette emissions. Lu and Zhu (2007) 
found a very different range in 12 brands of tobacco cigarettes with benzo(g,h,i)pyrene averaging 274.6 
ng/cigarette and indeno(1,2,3-cd)pyrene averaging 48.92 ng/cigarette. Indeno(1,2,3-cd)pyrene was also 
found to have the second smallest concentration of the 17 PAHs that Lu and Zhu (2007) analysed. The 
amount of PAHs in tobacco smoke is unknown, but they will be more prominent at temperatures above 
580⁰C, which is the maximum used in this work (Figure 16).  

Benzo(g,h,i)perylene, indeno(1,2,3-cd)pyrene, and anthanthrene have been reported in wood smoke 
(Alcanzare, 2006). In beech smoke benzo(g,h,i)perylene contributes to 3.87-8.26% of the total PAHs and 
indeno(1,2,3-cd)pyrene contributes to 3.09-5.55% of the total PAHs (Djnovic-Stojanovic et al., 2013). 
Barbosa et al. (2006) found, in eucalyptus smoke, that indeno(1,2,3-cd)pyrene was the third lowest PAH 
concentration after benzo(g,h,i)perylene and dibenz(a,h)anthracene. Fine et al. (2004) analysed the 
smoke from 5 different woods and found the general trend for m/z 276 PAHs was indeno(1,2,3-cd)pyrene 
with the highest concentration, followed by benzo(g,h,i)perylene, and anthanthrene had the lowest 
concentration. Bruns et al. (2015) reports similar findings. These PAHs can be formed from high 
temperature catechol pyrolysis (Wornat et al., 2001). There is potential that benzo(g,h,i)perylene could 
“promote the carcinogenesis of benzo(a)pyrene” (Cherng et al., 2001).  

The last compound in this m/z 276 list, stearidonic acid, is a common fatty acid in plants, but is only present 
in very small amounts making it difficult to detect (Cholewski et al., 2018). Bentley et al. (2020) found 4.56 
µg/HEET of stearidonic acid in HEETS at 350⁰C and 21.3 µg/cigarette of stearidonic acid in burning 
cigarettes. In summary, no conclusions can be drawn to relate the compounds to the m/z 272 spectra. 
There will also be many contributing ion fragments. 
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3.10.36 m/z 278: Dibenz(a,h)anthracene, linolenic acid and neophytadiene 
Dibenz(a,h)anthracene, linolenic acid, and neophytadiene have an m/z of 278. Similarly, HEETs and 
tobacco have peaks at 350⁰C and 450⁰C, with HEETS having a larger first peak and tobacco having a larger 
second. Kānuka has a single peak around 390⁰C. Dibenz(a,h)anthracene has been detected in tobacco 
smoke, although its concentration was extremely low between 0-7.5 ng/cigarette (Jeffery et al., 2018; 
Ding et al., 2008; and Paschke et al., 2016). Dibenz(a,h)anthracene is potentially carcinogenic to humans 
(IARC, 2010). In beech wood smoke, dibenz(a,h)anthracene accounts for 0.79-2.58% of the total PAHs 
(Djinovic-Stojanovi et al., 2013).  

Linolenic acid is a polyunsaturated fatty acid commonly found in tobacco and wood (Kirkova et al., 2016, 
Salehi, 2012). The concentration of linolenic acid in tobacco leaves decreases with increased curing time 
(Daheng et al., 2001). Bentley et al. (2020) found HEETS at 350⁰C released 57.9 µg/HEET linolenic acid and 
burning cigarettes release 157 µg/cigarette linolenic acid. Fine et al. (2002) found the concentration of 
linolenic acid in yellow poplar wood was 16.44 mg/g organic carbon, while the linolenic concentration in 
5 other woods was much lower between 1.10-2.00 mg/g organic carbon. The linolenic acid concentration 
in trees was found to increase towards the heartwood (Piispanen & Saranpaa, 2002).  

Of the neutral aroma compounds in flue-cured tobacco, studied by Hou-long et al. (2016), neophytadiene 
was the most prevalent. Cai et al. (2002) also found that neophytadiene was a major free aromatic volatile 
from flue-cured tobacco. Bentley et al. (2020) found HEETS at 350⁰C produced 23.8 µg/HEET 
neophytadiene, while burning cigarettes produced 43.0 µg/cigarette neophytadiene. Neophytadiene has 
a boiling point of 346⁰C (Yokoi & Shimoda, 2016). The decomposition of chlorophyll leads to the 
production of neophytadiene (Rodgman & Perfetti, 2013) and so will be absent from kānuka wood. There 
are many factors affecting the concentration of neophytadiene in tobacco, such as the species, processing 
conditions, width/length ratio of the leaves, and height leaves were harvest at (Palic et al., 2002, and Hou-
long et al., 2016). Mastelic et al. (2006) analysed chemicals in the mahaleb cherry tree and identified 
neophytadiene in the leaves, but not in the bark or wood. In summary, Figure 16 will be dominated by the 
release of linolenic acid, and HEETS and tobacco will have some contribution from neophytadiene. 

3.10.37 m/z 280: Linoleic acid 
Linoleic acid has an m/z of 280. Figure 16 shows HEETS has a main peak around 350⁰C and a smaller peak 
around 190⁰C. Tobacco also has a small peak around 190⁰C and a slight peak at 350⁰C that’s dominated 
by a larger peak at 450⁰C. Kānuka has a single peak around 400⁰C. Linoleic acid accounts for roughly 62% 
to 72% of the fatty acid in tobacco seeds (Popova et al., 2018, and Mukhtar et al., 2007). In tobacco leaves 
for a 6-week-old plant, linoleic acid accounts for 12.5% of the fatty acid (Popov et al., 2011). Whereas in 
pine wood it accounts for 39% to 46% of the fatty acid (Piispanen & Saranpaa, 2001). Popov et al., (2011) 
found tobacco roots had a higher linoleic acid composition than leaves. While it is unlikely that roots will 
be part of the HEETS and tobacco sample, they probably will use leaves, stems, and seeds. The research 
from Popov et al., (2011) highlights how variation in linoleic acid content can arise from using different 
segments of the same plant. Piispanen and Saranpaa (2001) found the linoleic acid concentration in pine 
decreased towards heartwood, while Arisandi et al. (2020) found the linoleic acid concentration in 
eucalyptus increased toward heartwood. Although these papers came to differing conclusions, they both 
agree that linoleic acid concentration is dependent on the area of tree used. Plants from colder climates 
had higher linoleic acid concentrations than plants in warmer climates (Piispanen & Saranpaa, 2001; and 
Popov et al., 2011). Linoleic acid has been detected in tobacco and tobacco vapour (Rodgman & Perfetti, 
2013). Bentley et al. (2020) found HEETS at 350⁰C released 43 µg/HEET of linoleic acid. Asomaning et al. 
(2014) heated linoleic acid to 390°C and noted the presence of hexane, decane, heptanoic acid, octanoic 
acid, nonanoic acid, 8-heptadecene, n-heptadecane, 8-octadecenoic acid, and octadecanoic acid. In 
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summary, the spectra in Figure 16 will be significantly influenced by linoleic acid with differences due to 
plant species, growing conditions, and section of the plant used.  

 

3.11 Pyrolysis gas chromatography mass spectrometry 
As shown in previous experiments, the biomass vapour changes with temperature. To identify the 
evolution of compounds present in biomass vapour, the Py-GC/MS was used. Heat-not-burn devices 
utilise specific temperature set points to maximise delivery of desirable compounds, like nicotine, while 
minimising delivery of undesirable compounds, like carcinogens. The differences in vapour produced from 
a heat-not-burn device that heats to 230⁰C and an iQOS device that heats to 350⁰C is unknown. The 
purpose of the Py-GC/MS analysis was used to identify specific compounds from 180⁰C to 390⁰C. 

 

 

a

b
d
e

f

g
h

i

k l

m

n

q

r s

tu

wx

y
z

AB
C

D

E

F

G H J

0.0E+0

1.0E+7

2.0E+7

3.0E+7

4.0E+7

5.0E+7

6.0E+7

7.0E+7

0 10 20 30 40 50 60 70

A
b

so
lu

te
 In

te
n

si
ty

Time, min

Kanuka
180'C 210'C

230'C 240'C

270'C 300'C

330'C 350'C

360'C 390'C



83 
 

 

ab
d

c

e fg h k
j

lmn
p r tu

v

x zC D
I KL

-1.0E+7

0.0E+0

1.0E+7

2.0E+7

3.0E+7

4.0E+7

5.0E+7

6.0E+7

7.0E+7

8.0E+7

9.0E+7

0 10 20 30 40 50 60 70

A
b

so
lu

te
 In

te
n

si
ty

Time, min

Tobacco
180'C 210'C

230'C 240'C

270'C 300'C

330'C 350'C

360'C 390'C



84 
 

 

Figure 17: Graph of absolute intensity versus time for 2mg samples of kānuka, tobacco and HEETS, heated 
to temperatures ranging from 180⁰C to 390⁰C. The different temperature runs have been separated by 
an absolute intensity of 5.0E+6 for visual display purposes. Labelled peaks have been identified in Table 
9. 

Table 9: List of major compounds identified from Figure 17. Retention index and absolute intensity is from 
one run at 390⁰C. Retention index refers to the dimentionless retention time taken for a compound to 
pass through the column, generally with heavier compounds having larger retention indexes.  

Label Compound Kānuka Tobacco HEETS 

Retention 
Index 

Absolute 
Intensity 

Retention 
Index 

Absolute 
Intensity 

Retention 
Index 

Absolute 
Intensity 

a Acetic acid 664 1.09x107 644 3.66x106 640 2.45x106 

b Hydroxyacetone 688 3.96x106 679 4.15x106 679 3.11x106 

c Propylene Glycol   760 9.35x106   

d Acetic anhydride 786 5.57x106 741 5.58x105 741 4.21x105 

e Succindialdehyde 803 4.07x106 797 1.13x106 799 7.42x105 

f Furfural 861 7.51x106 859 2.15x106 859 9.33x105 

g Furfuryl alcohol 890 3.64x106 885 2.14x106 885 7.64x105 

h 2-Hydroxycyclopent-2-
en-1-one 

973 7.03x106 968 2.40x106 966 1.58x106 

i Squaric acid 1056 1.38x107     
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j Limonene   1086 4.02x106 1086 3.68x106 

k 3-Methyl-1,2-
cyclopentanedione 

1087 3.28x106 1084 1.93x106 1083 2.42x106 

l m-Cresol 1132 2.33x106 1133 1.71x106 1132 4.35x106 

m Mequinol 1153 6.76x106 1147 1.38x106 1150 5.46x106 

n 2-Cyclopenten-1-one, 
2-hydroxy-, 3,4-
dimethyl- 

1181 1.76x106 1181 1.26x106 1176 7.60x106 

o Glycerol     1179 7.57x106 

p 4H-Pyran-4-one, 2,3-
dihydro-3,5-dihydroxy-
6-methyl- 

  1211 3.58x106 1210 2.51x106 

q Creosol 1266 1.04x107     

r 5-
Hydroxymethylfurfural 

1308 4.29x106 1301 1.90x106 1301 1.30x106 

s 4-Ethylguaiacol 1358 4.54x106     

t 2-Methoxy-4-
vinylphenol 

1397 1.57x107 1394 1.15x106 1394 1.06x106 
6 

u Syringol 1437 1.57x107 1434 9.15x105 1433 7.73x105 

v Nicotine   1442 3.65x107 1441 3.03x107 

w Eugenol 1444 3.84x106     

x Vanillin 1497 3.81x106 1495 7.56x105 1491 6.72x105 

y Vanillic acid 1542 1.41x107     

z Isoeugenol 1547 1.18x107 1543 9.88x105 1543 7.77x105 

A Ethanone, 1-(2,6-
dihydroxy-4-
methoxyphenyl)- 

1625 9.29x106     

B Homovanillyl alcohol 1639 8.94x106     

C Levoglucosan 1650 7.26x106 1585 1.30x106 1586 1.01x106 

D 2,5-Dimethoxy-4-
methylbenzaldehyde 

1673 1.84x107 1666 9.44x105 1666 7.26x105 

E Syringaldehyde 1779 4.26x106     

F Phenol, 2,6-
dimethoxy-4-(2-
propenyl)- 

1819 1.79x107     

G 3,5-Dimethoxy-4-
hydroxyphenylacetic 
acid 

1899 5.28x107     

H 2-
Methoxyphenanthrene 

2136 4.02x107     

I Triacontane   2893 3.01x106 2894 2.24x106 

J Quinalizarin 2906 5.14x106     

K Tetratriacontane   3317 5.61x106 3318 4.80x106 

L Vitamin E   3405 4.71x106 3405 4.09x106 

Bold Compounds have been confirmed using standards, other compounds are the most likely possibility 
from GCMS Postrun Analysis from Shimadzu GCMSsolution Software with NIST11 library. 
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Figure 17 shows the Py-GC/MS results where samples were dropped into the pyrolyser at temperatures 
ranging from 180⁰C to 390⁰C. A repeat was done with very similar results, shown in Appendices I. Table 9 
shows the major compounds identified in the biomasses vapour after heating at 390⁰C. By comparing the 
different temperatures, it is clear that higher temperatures have more peaks, referring to more 
compounds present, but they did not necessarily have the highest absolute intensity for each compound. 
In Figure 17 peaks were arranged by retention index; the larger retention index means that the 
compounds took longer to pass through the Py-GC/MS.  Peaks having an absolute intensity larger than 2 
x 106 were considered major peaks. Not every peak was able to be identified, as some peaks include 
multiple compounds. The first large unidentified peak, around 5 minutes for all of the biomasses, is likely 
due to a combination of water vapour and other low molecular mass compounds. The retention indexes 
for most compounds are consistent across all biomasses. Acetic acid, acetic anhydride and levoglucosan 
have higher retention indexes for kānuka compared to tobacco and HEETS. The absolute intensity for the 
biomass is affected by the split ratio. The split ratio refers to how much of the vapour produced passes 
through the column or is lost to atmosphere. Kānuka, at 390⁰C used a split ratio of 1:75, meaning 1 part 
in 75 passed through the column for detection. Tobacco and HEETS used a split ratio of 1:150, due to the 
nicotine peak from tobacco and HEETS dominating the Py-GC/MS results, and so requiring a higher split 
ratio to avoid over saturation.  

Syringol, isoeugenol, and 2,5-dimethoxy-4-methylbenzaldehyde are significantly more prominent in 
kānuka than tobacco and HEETS. There are also compounds that have been detected in one biomass and 
are either not present or unable to be detected in the other biomass. Glycerol is one such compound, 
being an added ingredient in HEETS (Ministry of Health, 2019) and has only been detected in HEETS. 
Another additive is propylene glycerol, which is 4 wt.% in the tobacco sample and 1 wt.% in the HEETS 
sample (Ministry of Health, 2019). However, propylene glycerol was only detected in tobacco and not 
HEETS. The Py-GC/MS arranges compounds by retention index so compounds can overlap each other. For 
example, in Table 9 eugenol was only identified in kānuka, while isoeugenol was identified in all the 
biomass. Eugenol has a retention index of 1444 and nicotine has a retention index of 1442. Due to nicotine 
being so prominent in the tobacco and HEETS smoke, the peak for eugenol could have been obscured. 
From Figure 17 and Table 9 the general composition of each biomass can be established. The temperature, 
390⁰C, was the maximum temperature investigated in this research so it was displayed as it would include 
any extractives and degradation products present in the lower temperature. The evolution of the overall 
smoke composition from 180⁰C to 390⁰C was also investigated. 

 

Table 10: Compounds identified in biomass by Py-GC/MS 

m/z  180 210 230 240 270 300 330 350 360 390 

60 Acetic acid (C2H4O2) H, T H, T H, T H, T H, T H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

74 Hydroxyacetone 
(C3H6O2) 

  H, T H, T H, T H, T H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

76 Propylene Glycol 
(C3H8O2) 

T T T T T T T T T T 

78 Benzene (C6H6)       T H, T H, T H, T 

86 Succindialdehyde 
(C4H6O2) 

      H, T H, T, 
K 

H, T, 
K 

H, T, 
K 
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92 Glycerol (C3H8O3) H H H H H H H H H H 

94 Phenol (C6H6O)     H, T H, T H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

96 2-Cyclopentene-1,4-
dione (C5H4O2) 

 H H, T H, T H, T H, T H, T H, T H, T H, T 

96 Furfural (C5H4O2) T H, T H, T H, T H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

98 2-Hydroxycyclopent-2-
en-1-one (C5H6O2) 

  H, T H, T H, T H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

98 Furfuryl alcohol 
(C5H6O2) 

 H, T H, T H, T H, T H, T H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

100 Acetylpropionyl 
(C5H8O2) 

     H H, T H, T H, T H, T 

102 Acetic anhydride 
(C4H6O3) 

    H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

108 m-Cresol (C7H8O)      T H,T H, T, 
K 

H, T, 
K 

H, T, 
K 

110 5-Methylfurfural 
(C6H6O2) 

 H, T H, T H, T H, T H, T H, T H, T H, T H, T 

110 Hydroquinone 
(C6H6O2) 

  T T H, T H, T H, T H, T, 
K 

H, T, 
K 

H, T, 
K 

112 1,2-Cyclohexanedione 
(C6H8O2) 

     H H, T H, T H, T H, T 

112 3-
Methylcyclopentane-
1,2-dione (C6H8O2) 

      H, T H, T, 
K 

H, T, 
K 

H, T, 
K 

114 Squaric acid (C4H2O4)    K K K K K K K 

117 Indole (C8H7N)      H H, T H, T H, T H, T 

120 2,3-Dihydrobenzofuran 
(C8H8O) 

      T T H, T H, T 

124 Mequinol (C7H8O2)     T T, K H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

126 5-
Hydroxymethylfurfural 
(C6H6O3) 

H, T H, T H, T H, T H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

126 2-Cyclopenten-1-one, 
2-hydroxy-, 3,4-
dimethyl- (C7H10O2) 

      H, T H, T H, T H, T, 
K 

136 Limonene (C10H16)       H, T H, T H, T H, T 

138 Creosol (C8H10O2)      K K K K K 

144 4H-Pyran-4-one,2,3-
dihydro-3,5-dihydroxy-
6-methyl- (C6H8O4) 

H, T H, T H, T H, T H, T H, T H, T H, T H, T H, T 

150 2-Methoxy-4-
vinylphenol (C9H10O2) 

H H, T H, T H, T H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

152 4-Ethylguaiacol 
(C9H12O2) 

       K K K 
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152 Vanillin (C8H8O3)   T T H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

154 Syringol (C8H10O3)   H H H, K H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

162 Levoglucosan 
(C6H10O5) 

    H H, T H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

162 Nicotine (C10H14N2) H, T H, T H, T H, T H, T H, T H, T H, T H, T H, T 

164 Eugenol (C10H12O2)     K K K K K K 

164 Isoeugenol (C10H12O2)     H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

166 4-Propylguaiacol 
(C10H14O2) 

    K K K K K K 

166 Acetoguaiacone 
(C9H10O3) 

    K K K K K K 

168 Homovanillyl alcohol 
(C9H12O3) 

     K K K K K 

168 Vanillic acid (C8H8O4)     K K K K K K 

180 2,5-Dimethoxy-4-
methylbenzaldehyde 
(C10H12O3) 

  T, K H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

182 Ethanone, 1-(2,6-
dihydroxy-4-
methoxyphenyl)- 
(C9H10O4) 

     K K K K K 

182 Syringaldehyde 
(C9H10O4) 

 K K K K K K K K K 

194 Phenol, 2,6-dimethoxy-
4-(2-propenyl)- 
(C11H14O3) 

K K K K K K K K K K 

208 2-
Methoxyphenanthrene 
(C15H12O) 

K K K K K K K K K K 

212 3,5-Dimethoxy-4-
hydroxyphenylacetic 
acid (C10H12O5) 

    K K K K K K 

272 Quinalizarin (C14H8O6)     K K K K K K 

278 Linolenic acid 
(C18H30O2) 

T T H, T H, T H, T H, T H, T H, T H, T H, T 

284 Octadecanoic acid 
(C18H36O2) 

H, T H, T H, T H, T H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

H, T, 
K 

422 Triacontane (C30H62) H, T H, T H, T H, T H, T H, T H, T H, T H, T H, T 

430 Vitamin E (C29H50O2) H, T H, T H, T H, T H, T H, T H, T H, T H, T H, T 

478 Tetratriacontane 
(C34H70) 

H, T H, T H, T H, T H, T H, T H, T H, T H, T H, T 

Where H = HEETS, T = Tobacco, and K = Kānuka 
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Bold Compounds have been confirmed using standards, other compounds are the most likely possibility 
from GCMS Postrun Analysis.  

Standards were used to help identify some of the compounds in the biomass. The standards investigated, 
shown in Table 2, were associated with negative health effects, desirable flavour compounds, or general 
interest. The standards were run to identify the retention index and shape of the peak. This information 
could be compared to the biomass vapour to confirm specific compounds. 

For each temperature from 180⁰C to 390⁰C there were two trials done for each biomass, which were 
found to be in agreement with each other. At the lowest temperature, 180⁰C, there were a number of 
compounds detected, mostly with tobacco and HEETS but also a few with kānuka. This was expected as 
Figure 4 shows tobacco and HEETS lose many compounds at the lower temperature range, while kānuka 
had minimal change. The detection of acetic acid, hydroxyacetone, propylene glycol, glycerol, 2-
cyclopentene-1,4-dione, furfural, 5-methylfurfural, hydroquinone and nicotine at these low temperatures 
corresponds with the EGA results (Figure 16) and with literature (Saliba et al., 2018; Marcilla et al., 2015; 
Zhang et al., 2020; Forster et al., 2015; and Bassilakis et al., 2001). Creosol, 4-ethylguaiacol, eugenol, 4-
propylguaiacol, and acetoguaiacone were detected in kānuka but were also expected to be detected in 
tobacco and HEETS (Rodgman & Perfetti, 2013). From Figure 16 and Senneca et al. (2007), benzene was 
expected to appear at lower temperatures for tobacco and HEETS, and appear in kānuka around the 
330⁰C. The reason why it did not is unknown.  

The m/z ratios analysed in the EGA/MS were chosen with the intention of identifying potentially harmful 
compounds and desirable flavour or aroma compounds. For this project, the EGA/MS experiments were 
completed first and due to issues with the equipment the Py-GC/MS experiments were completed much 
later. Ideally the compounds listed in Table 11 would be cross referenced with Figure 16 but some were 
not because of time constraints.  

For the compounds not investigated by the EGA/MS, succindialdehyde is a breakdown product from 
furfural which is why it is present at temperatures over 330⁰C (Tshabala et al., 2012). Li et al. (2019) noted 
succindialdehyde was produced from Osmanthus fragrans wood heated to 500⁰C, and Yang et al. (2020) 
found the same for Toona sinesis wood. Succindialdehyde has been extracted from pine wood, orange 
wood and oriental tobacco (Chen et al., 2016, Kravetz et al., 2020 and Liu et al., 2015).  

Phenol generation starts from around 300⁰C (Kibet et al., 2015; McGrath et al., 2009, and Torikai et al., 
2004) and is a common breakdown product of lignin (Kibet et al., 2012). It has been detected in tobacco 
and wood (McGrath et al., 2009; Czegeny et al., 2009; Torikai et al., 2004; Guzelciftci et al., 2020; 
Murwanashyaka et al., 2001, and Luo et al., 2017).  

2-Hydroxycyclopent-2-en-1-one is a cellulose breakdown product (Peng et al., 2018), so the lower 
temperature formation from the tobaccos compared to kānuka, in Table 11, would be due to crystalline 
structure. 2-Hydroxycyclopent-2-en-1-one has been reported in tobacco vapour (Marcilla et al., 2011) and 
no literature was found for wood vapour, although, Tekin et al. (2013) extracted 3,4-dimethyl-2-
hydroxycyclopent-2-en-1-one from Scotch pine wood. 

Furfuryl alcohol has been identified in kānuka vapour, at 335⁰C, by Chen et al., (2021). It has also been 
found in tobacco and other woods (Yuan et al., 2007; Schmeltz et al., 1978; Blasi et al., 2009, and Chen et 
al., 2021).  

Acetylpropionyl is an added ingredient in tobacco products (Pierce et al., 2013, and Ilies et al., 2020), 
which explains why it was not detected in kānuka. 
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3-Methylcyclopentane-1,2-dione is a degradation product from cellulose (Peng et al., 2018), and was 
extracted from Toona sinensis wood (Adfa et al., 2017) and Cinnamomum parthenoxylon wood (Adfa et 
al., 2020). Indole provides a “strong, burley tobacco taste” (Yan et al., 2018) and has only been identified 
in tobacco not kānuka (Senneca et al., 2007, and Adam et al., 2005). 

2,3-Dihydrobenzofuran in tobacco vapour was studied by Lee et al. (2000), who detected it as low as 330⁰C 
in the lamina section of leaf but not the midrib section. 5-Hydroxymethylfurfural is formed from the 
Maillard reaction and has been detected in tobacco and wood vapour (Severin et al., 2010, and Hosoya et 
al., 2007).  

4H-Pyran-4-one,2,3-dihydro-3,5-dihydroxy-6-methyl- has been extracted by Ishiguro et al. (1976) from 
Flue-cured tobacco. Homovanillyl alcohol is a lignin degradation product (Wang et al., 2015) and has been 
identified in kānuka vapour after heating to 335⁰C (Chen et al., 2021). Vanillic acid forms from the 
decomposition of lignin (Gnomes & Rodrigues, 2019), and has been identified in kānuka heated to 335⁰C 
(Chen et al., 2021) but also should have been identified in tobacco (Xe et al., 2010). 

2,5-Dimethoxy-4-methylbenzaldehyde is a degradation product from xylene (Sangthong et al., 2016), and 
Chen et al. (2018) detected its presence after heating rubber wood to 500⁰C. Ethanone, 1-(2,6-dihydroxy-
4-methoxyphenyl)- has been reported in willow wood vapour by Nowakowshi et al. (2007). 

Syringaldehyde is a naturally occurring component in cellulose and lignin (Ibrahim et al., 2012). It has been 
detected in kānuka vapour at 335⁰C (Chen et al., 2021) and should have also been detected in tobacco 
(Yang & Wender, 1964). Phenol, 2,6-dimethoxy-4-(2-propenyl)- is a natural component of lignin (Liu et al., 
2015, and Wang et al., 2011) and Zhang et al. (2009) extracted it from Chinese fir wood.  

3,5-Dimethoxy-4-hydroxyphenylacetic acid has been extracted from Cinnamomum parthenoxylon at 
450⁰C by Adfa et al. (2020). Octadecanoic acid is a common fatty acid found in tobacco and wood (Moon 
et al., 1995; Mecca et al., 2018; Guitierrez et al., 1999; Peng et al., 2017, Ivanov et al., 2012).  

Triacontane and tetratriacontane are common long chain alkane hydrocarbons found in tobacco vapour 
(Saffari et al., 2014; Choi et al., 2011; Han et al., 2013; Ruiz-Rodriguez et al., 2008, and Popova et al., 2019). 
Vitamin E is a natural component synthesised in tobacco leaves (Han et al., 2013). 

Compounds from kānuka are generally found at the higher end of the temperature range investigated 
here. The larger crystalline structure of cellulose in kānuka requires more energy to breakdown and so 
explains why degradation products form at a higher temperature compared to tobacco and HEETS. 
Levoglucosan, which is a primary cellulose degradation product, was found at 270⁰C for HEETS, 300⁰C for 
tobacco and 330⁰C for kānuka most likely for this reason. Acetic acid, a ubiquitous degradation product 
of biomass pyrolysis, was first observed at 180⁰C for tobacco and HEETS but at 300⁰C for kānuka. The 
EGA/MS results in Figure 16 show that tobacco and HEETS start releasing an m/z 60 compound from 
around 150⁰C, while kānuka releases m/z 60 compounds at 300⁰C. This early release in tobacco and HEETS 
will be because acetic acid is an added ingredient to the tobacco sample (Ministry of Health, 2019) and so 
volatilises. At higher temperatures, and exclusively in kānuka, it forms during decomposition of the 
biomass.  However, its presence at these higher temperatures is much less in tobacco and HEETS, which 
may be because it is known to interact extensively with glycerol which is an additive in these products (Hu 
et al., 2019).   

The Py-GC/MS is not able to easily differentiate isomers. Table 10 states that m-cresol was identified in 
the biomass, but m-cresol, o-cresol, and p-cresol have a retention index of 1014 and the same chemical 
formula. The isomers in Table 10, are likely to be a combination of their arrangements. 
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3.12 Polycyclic aromatic hydrocarbons from pyrolysis gas chromatography mass 
spectrometry 
Polycyclic aromatic hydrocarbons (PAHs) are important to identify as they are carcinogenic or potentially 
carcinogenic (Abdel-Shafy & Mansour, 2016). Highlighted by the toxic equivalency factors (Table 4), the 
health risk from PAHs varies, the most toxic being benzo[a]pyrene and dibenz[a,h]anthracene, which 
severely increases cancer risk (Alcanzare, 2006; Fowles & Bates, 2000; and Nisbet & LaGoy, 1992). PAH 
generation tends to occur significantly at higher temperatures, so many papers investigate the generation 
of PAHs from 400⁰C to 1000⁰C (Adam et al., 2009; Czegeny et al., 2009; Kalaitzoglou et al., 2006; Lu & Zhu, 
2007; Nakajima et al., 2007; Szramowiat-Sala et al., 2019; and Tsekos et al., 2020). There is little research 
on the generation of PAHs below 400⁰C, so this work aims to fill a gap in knowledge. PAHs are usually 
present in low concentrations so can be difficult to detect with oversaturation from other compounds 
(Figure 17). The pyrograms shown in Figure 17 (and Appendices I) were compared to the pyrogram for a 
standardised mixture of 16 polycyclic aromatic hydrocarbons. By comparing the base peak and 
fragmentation ions some PAHs were found present in biomass vapour, as shown in Table 11. The presence 
of each PAH is noted by a ‘+’ and the peak intensity by the number of the ‘+’ symbols. In cases where the 
identifying peaks are all present but overlap occurs with other compounds, which changes the peak height 
order for the PAH and its fragmentation ions from that expected, it is not possible to positively identify 
the presence of a particular PAH and so ‘(+)‘ is given. 

 

Table 11: PAHs identified with the Py-GC/MS for a 2mg samples of biomass heated at various 
temperatures between 180⁰C and 500⁰C. 

m/z Compounds HEETS Tobacco Kānuka 

180 230 350 500 180 230 350 500 230 280 350 500 

128 Naphthalene (NAP) 
(C10H8) 

+ + ++ ++ + + ++ +++ + + + ++ 

152 Acenaphthylene (ACY) 
(C12H8) 

+ (+) ++ ++ + + ++ ++ + + + ++ 

154 Acenaphthene (ACE) 
(C12H10) 

+ (+) ++ ++ + + ++ + (+) + (+) (+) 

166 Fluorene (FLU) (C13H10) + + + ++ + + + ++ (+) (+) (+) (+) 
178 Phenanthrene (PHEN) 

(C14H10) 
+ (+) + ++ + + ++ ++ + + (+) + 

178 Anthracene (ANTH) 
(C14H10) 

(+) (+) + (+) + + (+) (+) + + + + 

202 Fluoranthene (FLTH) 
(C16H10) 

+ + (+) + + + + + (+) + + + 

202 Pyrene (PYR) (C16H10) + + + + (+) + + ++ + + + + 
228 Benzo(a)anthracene 

(B[a]A) (C18H12) 
+ + + + n.d. + + + + (+) + + 

228 Chrysene (CHRY) 
(C18H12) 

+ + + + n.d. + + + n.d. (+) (+) + 

252 Benzo(b)fluoranthene 
(B[b]F) (C20H12) 

(+) (+) (+) (+) n.d. (+) (+) (+) n.d. + (+) (+) 

252 Benzo(k)fluoranthene 
(B[k]F) (C20H12) 

(+) (+) (+) (+) n.d. (+) (+) (+) n.d. (+) + + 

252 Benzo(a)pyrene 
(B[a]P) (C20H12) 

(+) (+) (+) + n.d. (+) (+) + n.d. (+) (+) + 
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276 Benzo[g,h,i]perylene 
(B[ghi]P) (C22H12) 

n.d. n.d. n.d. n.d. n.d. n.d. n.d. + n.d. n.d. n.d. n.d. 

276 Indeno[1,2,3-
cd]pyrene (IND) 
(C22H12) 

n.d. n.d. + + n.d. n.d. (+) + n.d. n.d. n.d. n.d. 

278 Dibenz[a,h]anthracene 
(D[ah]A) (C22H14) 

n.d. n.d. n.d. + n.d. n.d. n.d. (+) n.d. n.d. n.d. n.d. 

 + = compounds identified with the base peak intensity lower than 9,000 
 ++ = compounds identified with the base peak intensity between 9,000 and 90,000 
 +++ = compounds identified with the base peak intensity higher than 90,000 
 (+) = the relative intensity of the MS peaks does not match with the peaks of standard, due to 
interference 
 n.d. = compounds not identified 
 

Across the four temperatures from 180⁰C to 500, the increase of the base peak values indicates how the 
concentration of a PAH changes relative to itself. This is a qualitative tool and it cannot be used to quantify 
concentration relative to the biomass vapour production. As expected, the base peak intensity for some 
PAHs shows an increasing trend with higher temperatures (Auer et al., 2017; Hofer et al., 2017; Liu et al., 
2013; Varlet et al. 2007; and Torikai et al., 2004). Some PAHs, at the higher m/z range, do not show much 
change from 180⁰C to 500⁰C. The PAHs were identified by comparing the ratio of the base peak with 
surrounding peaks (Table 4). Due to compounds having similar retention indices they could overlap and 
affect the relative intensity of a peak, leading it to be labelled as (+) , as noted, in Table 11. Such a 
compounds is anthracene, identified in kānuka from 180⁰C to 500⁰C which, although denoted (+), is also 
likely to be present in HEETS and tobacco at the same temperature range. PAHs like naphthalene, 
anthracene, fluoranthene and benzo[a]anthracene are expected at low temperatures as they are 
decomposition product from cellulose and polyphenols (Czegeny et al., 2009, and Paschke et al., 2002). 
The heavier PAHs like benzo[a]anthracene, chrysene, benzo[b] fluoranthene and benzo[a]pyrene are 
expected at higher temperatures as they are degradation products of lignin (Racovita et al., 2020, and Liu 
et al., 2011). Many papers have struggled with the identification of benzo[g,h,i]perylene, indeno[1,2,3-
cd]pyrene and dibenz[a,h]anthracene in biomass vapour (Skrbic et al., 2018; Paschke et al., 2016; and 
Auer et al., 2017). In general, for combusted biomass low molecular mass PAHs are more prominent in 
the vapour phase, while high molecular mass PAHs are more prominent in the particulate phase (Lu & 
Zhu, 2007; Djinovic-Stojanovic et al., 2013; and Jimenez et al., 2017). Varlet et al. (2007) used a friction 
smoker to produce vapour from beech wood at roughly 380⁰C and detected trace amounts of 
benzo(a)pyrene and benzo[g,h,i]pyrene. Tobacco and HEETS results are similar, with indeno[1,2,3-
cd]pyrene and dibenz[a,h]anthracene being detected or probably detected at high temperatures, but not 
detected in kānuka. Some PAHs like dibenz[a,h]anthracene, benzo(a)pyrene and benzo[a]anthracene 
would be more likely in the tobaccos as they can be also formed from the decomposition of nicotine and 
other tobacco components (Smith et al., 2000). 

The production of PAHs increases in the presence of oxygen (Czegeny et al., 2009; Adam et al., 2009; and 
Skrbic et al., 2018), which was not studied here. High temperatures, long smouldering time, and larger 
samples promote the formation of high molecular mass PAHs are they are mainly formed from secondary 
reactions (Alcanzare, 2006, and McGrath et al., 2007). Therefore, it should be noted that the conditions 
used in these experiments, no oxygen and 2 mg sample mass, should have minimised the production of 
PAHs, but nevertheless they were still detected. The work therefore isolates temperature as the 
determining factor for PAH formation. That the two PAHs with the highest toxic equivalency factors, 
benzo(a)pyrene and dibenz[a,h]anthracene, are observed at 500°C is significant. It is therefore 
recommended that smoke generation from kānuka or tobacco products not be carried out at this 
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temperature. Such recommendations are important for the operational safety of these devices. Some 
temperatures below this received (+) for these compounds, indicating overlapping, and so requiring 
further study. 

 

4. Conclusions 
The aim of this report was to investigate the compounds produced during anoxic low temperature heating 
on tobacco, HEETS and kānuka. The work is an anoxic study because the focus is on the pyrolysis products 
produced in Heat not Burn (HnB) devices used for tobacco and in food smokers such as friction smokers. 
These devices aim to avoid the higher temperatures that occur in smouldering combustion systems, like 
cigarette smoking and smouldering smoke generation. Three materials were studied, loose leaf tobacco, 
HEETS, and kānuka. Generic heat-not-burn (HnB) devices heat loose leaf tobacco (and other herbaceous 
material) to 230⁰C. HEETS are Philip Morris branded tobacco sticks, designed to be used with their IQOS 
device and heated to 350⁰C. Kānuka woodchips are used in food smoker generators.  They make the most 
popular wood smoke in New Zealand. The temperature ranges from 180⁰C to 390⁰C was of particular 
interest in this study, because most primary pyrolysis reactions are completed over this temperature 
range. A number of analysis methods were used to compare these three biomasses. 

Proximate analysis determined the moisture, volatile, ash and fixed carbon content for the biomass, based 
on weight loss while heating. The tobacco moisture content was found to be 16.85 wt.%, HEETS was 13.75 
wt.%, and kānuka was 7.58 wt.%. Tobacco and HEETS have a higher moisture content than kānuka because 
leaves contain more water and they have added humectants, like glycerol and propylene glycol. The ash 
content was significantly different with tobacco containing 6.30 wt.% ash, HEETS 7.52 wt.% ash, and 
kānuka an order of magnitude lower at 0.71 wt.% ash.  

Ultimate analysis determined the nitrogen, carbon, hydrogen, sulphur, and oxygen content of the 
biomass. The nitrogen content varied with tobacco at 2.04 wt.% nitrogen, HEETS at 1.91 wt.% nitrogen 
and kānuka again an order of magnitude lower at 0.19% nitrogen. The major component of tobacco 
containing nitrogen is nicotine (C10H14N2), with small amounts of tobacco-specific nitrosamines, like NNK 
(C10H13N3O2) and NNN (C9H11N3O). These types of components are responsible for the higher nitrogen 
content in tobacco and HEETS. 

Mass loss during heating was measured by thermogravimetry. Four peaks in the differential mass loss 
curve for tobacco and HEETS are at 180⁰C, 260⁰C, 310⁰C, and 350⁰C, and three peaks for kānuka are at 
280⁰C, 350⁰C, and 380⁰C. The early peak at 180⁰C is related to the loss of moisture and volatile extractives 
such as nicotine. The other three peaks are dominated by hemicellulose, cellulose, and lignin degradation 
respectively. The kānuka peaks occur at higher temperatures most likely due to it having a larger cellulose 
crystalline structure than tobacco and HEETS and thus requiring more energy to break down.  

The STA-TG/DSC was used to investigate the heat of pyrolysis. Exothermicity increased with sample size. 
Larger samples had higher fill levels within the crucible, which means vapour had more contact with solid 
particles as it egressed.  Greater contact increases the chance of heterogeneous secondary reactions, 
which condense more secondary char. Tobacco and HEETS were also found to progress to more 
exothermic behaviour than kānuka, likely due to their higher ash content catalysing secondary reactions. 
Another factor may also be the less crystalline nature of the cellulose in tobacco and HEETS compared to 
kānuka, as mentioned above, and so requiring less energy to break down. 

The EGA total ion chromatogram (TIC) was compared to the differential mass loss curve (dTG). It 
compared well for kānuka in the same way as for other woods but, for tobacco at higher temperatures, 
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showed an extra peak, which was observed as a long shoulder in HEETS. This extra peak was caused by 
the generation of many small molecules which greatly increase the ion count and are likely to be from 
both primary reactions and secondary heterogeneous reactions catalysed by the ash content.   Gas phase 
homogeneous reactions can generally be discounted because the temperatures are well below where 
they are expected.  Indeed, the heat of pyrolysis model, developed by Jones et al. (2020), disregards 
homogeneous reactions as they do not significantly affect the pyrolysis of wood.  The balance between 
primary and secondary reaction, which are regarded as endothermic and exothermic respectively, can be 
seen in the DSC heat flow data, where the heat flow reduces significantly after cellulose degradation.  
Integrated over the temperature range, the overall heat of pyrolysis transitions from endothermic to 
exothermic as sample mass increases, reflecting the role of the tortuous path distance of volatile as they 
escape from the sample and the opportunity for secondary reactions to take place.  Tobacco and HEETS 
become more exothermic with sample size than kānuka, due most likely to their high ash content 
catalysing secondary reactions more readily.  

SEM images revealed kānuka had a tighter porous structure than tobacco and HEETS.  This property will 
favour secondary reactions when the local pressure increases inside the pores.  However, secondary 
reactions seemed to occur more readily in the tobacco and HEETS, driven most likely by their order of 
magnitude higher ash content.  

EGA/MS and Py-GC/MS were used to identify compounds in the biomass vapour at different 
temperatures. Some major compounds found in all the biomass were acetic acid, hydroxyacetone, 
furfural, cresol, mequinol, vanillin, syringol, levoglucosan and isoeugenol. Many compounds begin to 
appear at higher temperatures for kānuka because of the higher energy needed to lyse the more 
crystalline cellulose structure in kānuka. Nicotine and limonene are major compounds only found in 
tobacco and HEETS. Nicotine is an extractive and so volatilises mostly below 200⁰C. Some compounds 
were able to be detected as low as 180⁰C, but at low intensities.  The number of compounds identified 
and their absolute intensities increased with temperature. The Py-GC/MS identified PAHs and other 
potentially harmful compounds, like benzene and m-cresol, within the range of interest produced from 
low temperature heating. Indeno[1,2,3-cd]pyrene, which increases cancer risk, was detected in HEETS 
vapour at 350⁰C. Benzene, which increases cancer risk and effects reproductive health, was detected in 
tobacco vapour from 330⁰C and HEETS vapour from 350⁰C. The compound m-cresol, which effects 
cardiovascular health, was detected in all three biomasses vapour at 350⁰C and was detected as low as 
300⁰C in tobacco vapour. The method used here was qualitative, and so did not determine exact 
concentrations.  Now that compounds have been identified, further research should be conducted for a 
better understanding of the chemical hazard risk. 

Overall, this research has highlighted some interesting points that should be further explored to increase 
operational safety and minimize chemical hazard risk in low temperature heating devices. 

Overall, this research highlights the similarities and differences in smoke made from tobacco products and 
wood smoke. A clear similarity is that the conditions of smoke generation are common to recreational 
heat-not-burn devices and friction smoke generators for food smoking. A clear difference is the kānuka 
wood is additive free, unlike tobacco or HEETS. While the additives and their functions have not been 
explored per se, one of the consequences is that the ash content is nearly ten times higher in tobacco and 
HEETS: their samples become more exothermic at small sample sizes and, at temperatures above 390⁰C, 
generate more mole molecular volatiles. In all three biomasses, this research shows that temperature is 
the determining factor for the appearance of compounds. For designers of these devices, careful control 
of temperature is paramount to strike the right balance between the generation of desirable compounds. 
For designers of these devices, careful control of temperature is paramount to strike the right balance 
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between the generation of desirable compounds and prevention of undesirable compounds. It is 
recommended that temperatures must be no higher than 350⁰C 
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Appendices 
Appendices A: Tobacco returns for Easy RYO Fine Cut tobacco and HEETS Amber Label from 
Ministry of Health (2019) 

Ingredients Quantity Not Exceeded (%) 

Easy RYO Fine Cut tobacco HEETS Amber Label 

Tobacco 95.50 75.95 

Water (in tobacco) 19.50 13.00 

Glycerol - 17.00 
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Propylene glycol 4.00 1.00 

Cellulose - 3.80 

Guar gum - 2.20 

Potassium sorbate 0.25 - 

Acetic acid 0.24 - 

Cocoa extract (alcoholic) 0.0014 - 

Sugar syrup inverted 0.0006 - 

Flavourings 0.0006 0.05 

 

Appendices B: Proximate analysis raw data 
Table B1: Tobacco proximate analysis 

Moisture 16.82% 17.27% 16.03% 17.30% 

Volatiles 60.69% 60.51% 61.05% 60.97% 

Ash 6.05% 6.54% 6.61% 6.01% 

Fixed Carbon* 16.43% 15.68% 16.32% 15.72% 

*Fixed carbon was calculated from the difference. 

 

 

Table B2: HEETS proximate analysis 

Moisture 14.26% 10.59% 16.38% 

Volatiles 67.34% 68.63% 66.06% 

Ash 6.74% 9.12% 6.69% 

Fixed Carbon* 11.65% 11.65% 10.87% 

*Fixed carbon was calculated from the difference. 

 

Table B3: Kānuka proximate analysis 

Moisture 7.91% 7.82% 6.99% 

Volatiles 74.64% 74.69% 74.79% 

Ash 0.73% 0.36% 1.05% 

Fixed Carbon* 16.72% 17.13% 17.13% 

*Fixed carbon was calculated from the difference. 

 

Appendices C: Ultimate analysis raw data 
Table C1: Tobacco ultimate analysis on a dry and ash free basis 

N 2.04% 1.99% 2.08% 2.07% 

C 37.70% 37.53% 38.00% 38.08% 

H 5.38% 5.50% 5.70% 5.68% 

S 0.25% 0.19% 0.18% 0.18% 

O* 54.63% 54.79% 54.04% 53.99% 
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*Oxygen was calculated from the difference. 

 

Table C2: HEETS ultimate analysis on a dry and ash free basis 

N 1.86% 1.87% 1.99% 1.90% 

C 38.20% 38.78% 41.13% 39.05% 

H 7.07% 7.12% 7.60% 7.16% 

S 0.10% 0.13% 0.10% 0.15% 

O* 52.77% 52.10% 49.17% 51.74% 

*Oxygen was calculated from the difference. 

 

Table C3: Kānuka ultimate analysis on a dry and ash free basis 

N 0.17% 0.22% 0.19% 0.17% 

C 46.92% 46.93% 46.89% 46.18% 

H 6.13% 6.92% 6.95% 6.92% 

S 0.07% 0.00% 0.00% 0.00% 

O* 46.72% 45.93% 45.97% 46.72% 

*Oxygen was calculated from the difference. 

 

Appendices D: Thermogravimetry (TG) and derived thermogravimetry results (DTG)  

 

Figure D1: Graph of thermogravimetry (TG) and derivative thermogravimetry (DTG) versus temperature 
for HEETS samples heated at 5K/min after being held at 105⁰C for 45 minutes to remove moisture.   
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Figure D2: Graph of thermogravimetry (TG) and derivative thermogravimetry (DTG) versus temperature 
for kānuka samples heated at 5K/min after being held at 105⁰C for 45 minutes to remove moisture.   
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Figure D3: Graph of thermogravimetry (TG) and derivative thermogravimetry (DTG) versus temperature 
for tobacco samples heated at 5K/min after being held at 105⁰C for 45 minutes to remove moisture.   
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Appendices E: Full size graphs comparing EGA/MS spectrum with the DTG curve 

 

Figure E1: Curve comparing EGA/MS spectrum with the DTG curve for HEETS. One result for each different 
experiment is displayed, although a minimum of three replicates were completed for each.  
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Figure E2: Curve comparing EGA/MS spectrum with the DTG curve for kānuka. One result for each 
different experiment is displayed, although a minimum of three replicates were completed for each. 

 

 

Figure E3: Curve comparing EGA/MS spectrum with the DTG curve for tobacco. One result for each 
different experiment is displayed, although a minimum of three replicates were completed for each. 
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Appendices F: EGA/MS spectrum for biomass 

 

Figure F1: EGA/MS spectrum for a ~0.5mg sample of HEETS heated from 85⁰C to 630⁰C at 10 K/min. HEETS 
1 and 2 represent 2 separate samples. 

 

Figure F2: EGA/MS spectrum for a ~0.5mg sample of kānuka heated from 85⁰C to 630⁰C at 10 K/min. 
Kānuka 1 and 2 represent 2 separate samples.  
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Appendices G: Full size graphs comparing DTG curves with DSC curves for the biomass. 

 

Figure G1: Comparison of DTG curves with DSC curves for HEETS. 
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Figure G2: Comparison of DTG curves with DSC curves for kānuka. 
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Figure G3: Comparison of DTG curves with DSC curves for tobacco. 

 

Appendices H: Full sized graphs of absolute intensity over temperature for evolved gas 
analysis. 
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Figure H1: Graph of m/z 17 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV. 

Figure H2: Graph of m/z 27 absolute intensity over temperature for evolved gas analysis of 
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0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  

 

Figure H3: Graph of m/z 28 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  
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Figure H4: Graph of m/z 30 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  

Figure H5: Graph of m/z 44 absolute intensity over temperature for evolved gas analysis of 
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0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  

 

 

Figure H6: Graph of m/z 53 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  
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Figure H7: Graph of m/z 54 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  

Figure H8: Graph of m/z 60 absolute intensity over temperature for evolved gas analysis of 
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0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  

 

 

Figure H9: Graph of m/z 74 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  
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Figure H10: Graph of m/z 76 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  
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0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  

 

Figure H12: Graph of m/z 92 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  

 

0

10000

20000

30000

40000

50000

60000

0 100 200 300 400 500 600

A
b

so
lu

te
 In

te
n

si
ty

Temperature ('C)

m/z 92

HEETS Tobacco Kanuka



164 
 

Figure H13: Graph of m/z 96 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  
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Figure H14: Graph of m/z 104 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  

 

Figure H15: Graph of m/z 106 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  
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Figure H16: Graph of m/z 108 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 
20eV.  
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Figure H17: Graph of m/z 110 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 105⁰C to 580⁰C and a 20eV.  

 

Figure H18: Graph of m/z 124 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  
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Figure H19: Graph of m/z 128 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV. 
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Figure H20: Graph of m/z 132 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  

 

 

Figure H21: Graph of m/z 136 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  
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Figure H22: Graph of m/z 138 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  
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Figure H23: Graph of m/z 152 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  

 

 

Figure H24: Graph of m/z 154 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  
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Figure H25: Graph of m/z 162 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  
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Figure H26: Graph of m/z 164 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  

 

 

Figure H27: Graph of m/z 166 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  
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Figure H28: Graph of m/z 177 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  
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Figure H29: Graph of m/z 178 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  

 

 

Figure H30: Graph of m/z 202 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  
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Figure H31: Graph of m/z 207 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  
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Figure H32: Graph of m/z 228 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  

 

 

Figure H33: Graph of m/z 252 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  
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Figure H34: Graph of m/z 264 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  
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Figure H35: Graph of m/z 276 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  

 

 

Figure H36: Graph of m/z 278 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  
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Figure H37: Graph of m/z 280 absolute intensity over temperature for evolved gas analysis of 
0.5mg biomass samples for a range of molecular weights. Experiments involve a temp ramp of 10 K/min 
from 85⁰C to 580⁰C and a 20eV.  
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Figure I1: Graph of absolute intensity versus time for 2mg samples of kānuka heated to temperatures 
ranging from 180⁰C to 390⁰C. The different temperature runs have been separated by an absolute 
intensity of 5.0E+6 for visual display purposes. 
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Figure I2: Graph of absolute intensity versus time for 2mg samples of tobacco heated to temperatures 
ranging from 180⁰C to 390⁰C. The different temperature runs have been separated by an absolute 
intensity of 5.0E+6 for visual display purposes. 
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Figure I3: Graph of absolute intensity versus time for 2mg samples of HEETS heated to temperatures 
ranging from 180⁰C to 390⁰C. The different temperature runs have been separated by an absolute 
intensity of 5.0E+6 for visual display purposes. 
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