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Abstract 
 

Terpenes are a diverse group of molecules that are synthesized by plants and microorganisms through combining 

units of isoprene (2-methyl-1,3-butadiene). They typically contain rings and methyl branches, which gives them 

high energy densities and low freezing points and makes them appealing candidates for sustainable transportation 

biofuels. Between the original biosynthesis and upgrading options such as hydrogenation, they have a large 

degree of freedom of structures, e.g., different carbon skeletons, positions of double bonds, and functional 

groups. Therefore, structure-property data is needed to downselect potential fuel candidates. Here, we measured 

the sooting tendencies of 17 C10 monoterpenes and 7 of their hydrogenated analogues. The hydrogenated 

compounds were custom synthesized, so the quantities were too small for conventional smoke point 

measurements. Thus, the sooting tendencies were quantified with yield sooting index (YSI), which is based on 

the soot yield in a fuel-doped non-premixed methane flame. Derived smoke points (DSPs) were estimated from a 

correlation between YSI and smoke point for other hydrocarbons. The YSI of terpenes and their derivatives 

varies widely from 85.6 to 248.5. The YSI follows the trend: terpenes > dihydroterpenes > tetrahydroterpenes. 

The DSPs of all the tetrahydroterpenes and some dihydroterpenes are higher than that of a Jet-A fuel sample, 

suggesting that they offer soot reduction benefits. The YSIs depend strongly on molecular structure; for example, 

α-pinene and β-pinene have identical carbon skeletons and differ only in the position of one carbon-carbon 

double bond, but the YSI of α-pinene is 34% higher than that of β-pinene. Detailed decomposition analysis via 

density functional theory (DFT) suggests that compared with β-pinene, α-pinene requires fewer steps to form the 

first aromatic ring and the process is more thermodynamically favorable. The YSI difference between the 

pinenes is mainly affected by the identity of the products from the dominant decomposition pathways. 
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1. Introduction 

Terpenes and their derivatives are a diverse 

family of biological molecules that provide a rich 

chemical space for finding renewable fuels with 

superior properties. Plants and microorganisms 

synthesize terpenes by combining units of isoprene 

(2-methyl-1,3-butadiene). Products made from one 

isoprene (hemiterpenes; C5) are suitable as 

gasoline alternatives, while products from two 

isoprenes (monoterpenes; C10) and three isoprenes 

(sesquiterpenes; C15) can replace jet fuels and 

diesel fuels. Proposals for large-scale production of 

terpenes include harvesting them from agricultural 

crops or from microorganisms growing in 

bioreactors [1-3]. The compartmentalized nature of 

terpene biosynthesis provides opportunity to 

genetically engineer favored organisms such as 

Eucalyptus or E. coli to make any desired terpene, 

and to metabolically engineer yields that are 

beyond the natural baseline [4, 5]. The branched 

structure of isoprene causes most terpenes to have 

methyl side chains, which promotes favorable cold-

weather properties such as low melting points [6]. 

The bio-synthesis process readily produces rings, 

including strained rings with carbon numbers as 

low as three, which gives terpenes high energy 

densities [6, 7]. The bio-synthesis process can also 

functionalize the terpenes by adding hydroxyl 

groups, carbonyls, ether bridges, etc. (These 

molecules are often termed terpenoids, but we will 

include them with terpenes.) For some applications, 

especially current aviation engines, oxygen and 

double bonds are not acceptable since they 

compromise energy density and storage stability; 

therefore terpenes must be hydrogenated to 

saturated hydrocarbons before they can be used as 

fuels [6]. However, other cases may be less 

restrictive; for example, the hemiterpene prenol 

(3-methyl-2-buten-1-ol) is being investigated as a 

gasoline blendstock due to its high octane-

sensitivity and synergistic blending behavior for 

octane number [8]. 

An increasingly important property of fuels is 

sooting tendency. Soot emissions from combustion 

devices contribute to ambient fine particulates, 

which cause millions of deaths worldwide each 

year [9, 10], and they are the dominant source of 

black carbon, which is the second largest cause of 

global warming [11]. The impact of soot on climate 

change is particularly pronounced in aviation: not 

only is the radiative forcing (RF) from aviation-

generated black carbon almost one-third that of 

aviation-emitted CO2 (9.5 vs. 35 mW/m2 [12, 13]), 

but soot particles are the primary nucleation source 

for aviation-induced cirrus (AIC), which has the 

largest RF due to aviation (50 mW/m2 [12]). 

Experiments with aircraft flying in tandem have 

demonstrated that contrail formation from the lead 

plane is reduced if it is burning sustainable aviation 

fuels (SAFs) with low aromatics content [14]. 

The sootiness of terpenes relative to 

conventional jet fuel is not obvious: terpenes are 

usually not aromatic and they often contain 

oxygen, which can suppress soot formation [15], 

but they also contain structural features that 

enhance soot formation such as double bonds and 

rings [16]. Donoso et al. have demonstrated that 

turpentine-derived terpene mixtures can have lower 

sooting tendencies than conventional jet fuel, and 

that hydrogenating them reduces sooting tendency 

further [2]. Zschocke et al. have shown that adding 

the hydrogenated analogue of the sesquiterpene 

farnesane (2, 6, 10-trimethyldodecane) to Jet A-1 

reduces sooting tendency [17]. 

The objective of this study is to systematically 

investigate the sooting behavior of terpenes and 

their hydrogenated analogues. Sooting tendencies 

were measured with a yield-based approach we 

developed recently [18], which offers several 

benefits compared to other approaches such as 

smoke point (SP): (1) it requires much smaller 

sample volumes, ~100 μL vs 10 mL [19]; (2) it has 

a much wider dynamic range; and (3) the flames 

can be computationally simulated to test kinetic 

mechanisms and develop insight into the soot 

formation chemistry [20]. The first benefit was 

critical to this study since the hydrogenated 

terpenes had to be custom synthesized. However, 

since SP is used as the sooting tendency metric in 

the ASTM standards for petroleum-derived 

aviation fuels [19] and synthetic aviation fuels [21], 

we derived a correlation between YSI and SP, and 

used it to estimate derived smoke points (DSP) for 

the terpenes. We also performed density functional 

theory (DFT) calculations to explain some of the 

differences observed in YSI. 

 

2. Materials and Procedures 
 

2.1 Reactants and Synthesis 

 

Supplemental Information (SI) A lists the 

sources and purities of all the samples tested in this 

study. Most were purchased from commercial 

vendors while some were custom-synthesized. The 

details of synthesis are described in [22] for PN, 

LMA, and THSB; [23] for DHSB, DHCR, and 

THCR; and [24] for DMCO. POSF10325 is a 

conventional petroleum-derived Jet-A fuel with 

average/nominal values of flash point, viscosity, 

and aromatics content [25].  
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2.2 Sooting tendency measurements 
 

Sooting tendencies were measured using a yield-

based approach we developed previously [18]. The 

procedure used in this study is described in [26].  

It consists of three steps: (1) we sequentially 

doped 1000 ppm (1000 μmol/mol) of n-heptane 

(HEP), toluene (TOL), and each test sample (TS) 

into the fuel of a base methane/air flame; (2) we 

measured the maximum soot concentration in each 

flame with line-of-sight spectral radiance (LSSR); 

and (3) we rescaled the results into a yield sooting 

index (YSI) defined as: 

 

YSI�� = �YSI��	 − YSI��
� ×
LSSR�� − LSSR��


LSSR��	 − LSSR��


 

                +YSI��
                                                                �1� 

 

This rescaling method factors out sources of 

systematic uncertainty such as errors in the gas-

phase reactant flowrates. Furthermore, it allows the 

new results to be quantitatively compared with a 

database that contains measured YSIs for hundreds 

of organic compounds [27]. The parameters YSITOL 

and YSIHEP are constants that define the YSI scale; 

their values—170.9 and 36.0—were taken from the 

database so that the newly measured YSIs would 

be on the same scale for a direct comparison. SI B 

lists the liquid-phase flowrates corresponding to 

1000 ppm in the gas-phase for each TS, and the 

property values [25, 28-30] used to calculate them. 

SI C shows a schematic diagram of the LSSR 

apparatus and SI D gives details of the specific 

burner [31]. Isooctane was included in each 

measurement set as an internal standard; SI F 

shows that the values were consistent over time and 

agreed with previous measurements. SI G shows 

that the LSSR signals of several low volatility 

compounds increased linearly with the dopant mole 

fraction, which confirms that they vaporized 

readily and the signal response of the optical 

apparatus was in a linear regime.  

 

2.3 Density functional theory (DFT) 

calculation 

Quantum mechanical calculations were carried 

out with the Gaussian 16 program in the gas phase 

[32]. Geometry optimizations along the reaction 

pathways were conducted with the M06-2X density 

functional [33] and the def2-TZVP basis set [34, 

35]. Gibbs free energy values were refined with 

quasi-harmonic (QHA) vibrational corrections to 

entropy using the GoodVibes program [36] at 

1500 K. For more details, see SI H [37-43].  

3. Results and discussion 

 

3.1 YSI of terpenes 
 

Table 1 lists the YSIs measured for the terpenes, 

hydrogenated terpenes, and the Jet-A sample. 

Larger YSIs indicate sootier fuels.  

Each YSI was measured three times and then 

averaged. The systematic uncertainty in YSI is ± 

2%, which is dominated by the uncertainty in the 

mass densities of the samples. The random 

uncertainty is ± 4%, which is 2 times the standard 

deviation of the 26 measurements of the internal 

standard (SI F). Therefore, the overall uncertainty 

of the measured YSIs is ± 6%. 

Fig. 1 shows the measured YSIs of several 

terpenes and the corresponding hydrogenated 

terpenes with two hydrogen atoms added 

(dihydroterpenes) and four hydrogen atoms added 

(tetrahydroterpenes). In each case the YSI 

decreases from the original terpenes to the 

dihydroterpenes, and then some more to the 

tetrahydroterpenes. Therefore, hydrogenation of the 

C=C bonds (terpene → dihydroterpene) both 

mitigates soot and improves oxidative stability [6]. 

Hydrogenation of rings (dihydroterpene → 

tetrahydroterpene) also mitigates soot but 

potentially lowers the gravimetric energy density 

associated with the ring strain. 
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Fig.  1. Measured YSIs of terpenes, dihydroterpenes, and 

tetrahydroterpenes. 
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Table 1  

Measured YSIs and calculated DSPs of Jet-A, terpenes, and hydrogenated terpenes.  

Name Abbr. Structure SMILES YSIa 
DSP 

(mm) 

Endpoints, Internal Standard, and Jet-A 

n-heptane 

(lower endpoint) 
HEP 

 

CCCCCCC 
36.0 

[27] 
119.8 

toluene 

(upper endpoint) 
TOL 

 

Cc1ccccc1 
170.9 

[27] 
8.6 

isooctane 

(internal standard) 
ISO 

 

CC(C)CC(C)(C)C 64.1 47.3 

POSF10325 Jet-A not applicable not applicable 150.0 21.3 

Terpenes and hydrogenated terpenes 

R-limonene R-LME 
 

C=C(C)[C@H]1CC=C(C)CC1 137.3 18.7 

limonane LMA 
 

CC1CCC(C(C)C)CC1 92.0 35.6 

sabinene SB 
 

C=C1CCC2(C(C)C)CC12 203.7 11.6 

dihydrosabineneb DHSB 
 

CC1CCC2(C(C)C)CC12 144.5 18.4 

tetrahydrosabineneb THSB 
 

CC1CCC(C1)(C)C(C)C 104.9 29.4 

α-pinene a-PN 
 

CC1=CCC2CC1C2(C)C 207.1 11.4 

β-pinene b-PN 
 

CC1(C)C2CCC(C1C2)=C 136.9 18.8 

pinane PN 
 

CC1CCC2CC1C2(C)C 109.7 26.4 

3-carene CR 
 

CC1=CCC2C(C1)C2(C)C 248.5 9.2 

dihydrocareneb DHCR 
 

CC1CCC2C(C1)C2(C)C 144.1 18.4 

tetrahydrocareneb THCR 

 

CC1CCCC(C)(C)CC1 99.1 31.9 

1,4-dimethylcyclooctane DMCO 
 

CC1CCCCC(C)CC1 84.7 40.4 

1,8-cineole 18CL 

 

CC1(C2CCC(O1)(CC2)C)C 111.0 24.7 

1,4-cineole 14CL 
 

CC(C)C12CCC(O1)(CC2)C 104.6 26.8 

S-carvone S-CV 

 

CC1=CC[C@@H](CC1=O)C(=C)C 126.4 18.9 

R-carvone R-CV 

 

CC1=CC[C@H](CC1=O)C(=C)C 127.7 18.7 

myrcene MC 
 

CC(=CCCC(=C)C=C)C 103.6 27.2 

β-ocimene b-OM 
 

CC(=CCC=C(C)C=C)C 213.6 11.0 

dihydromyrcene DHMC 
 

CC(C=C)CC/C=C(C)\C 110.9 26.0 
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geranial GNA 
 

CC(=CCCC(=CC=O)C)C 91.8 30.6 

geraniol GNO 
 

CC(=CCCC(=CCO)C)C 103.7 27.2 

citronellal CTL 
 

CC(CCC=C(C)C)CC=O 85.6 35.8 

carvacrol CVC 

 

CC1=C(C=C(C=C1)C(C)C)O 193.1 11.3 

linalool LNL 
 

CC(=CCCC(C)(C=C)O)C 98.0 29.4 

a The uncertainty is ± 6%; 
b The YSIs of these compounds were corrected for impurities based on their measured composition in SI A and the assumption 

that the YSI of a mixture is the mole-fraction-weighted average of the YSIs of each component. 

3.2 DSP of terpenes 
 

To relate YSI to the ASTM standard for aviation 

fuels, we derived a correlation between YSI and 

SP. The scaling analysis in SI E indicates that YSI 

is proportional to SP/S, where S is the moles of 

oxidizer required to stoichiometrically combust one 

mole of fuel [44]. The figure in SI E shows that this 

relationship fits a wide range of pure hydrocarbons 

and mixtures where both YSI and SP have been 

measured [2, 19, 25, 27, 45]. Based on the linear 

least-squares fit to the data in this figure, a derived 

smoke point (DSP) can be calculated from the 

measured YSIs with the equation: 

 

DSP =  
30.4 

YSI
S

− 0.427
            �2� 

 

DSPs were calculated for each terpene and 

hydrogenated terpene, as listed in Table 1. 

Fig. 2 shows the DSP of Jet-A, terpenes, and 

hydrogenated terpenes. A higher DSP means a 

lower sooting tendency. Most of the terpenes are 

sootier than Jet-A (i.e., have a smaller DSP). On 

the other hand, some of the dihydroterpenes and all 

of the tetrahydroterpenes are less sooty than Jet-A 

(i.e., have a larger DSP), which means they would 

likely offer soot reduction benefits as sustainable 

aviation fuels. 

 

3.3 Kinetic pathways 
 

A group contribution model (GCM) [46] was 

used to predict the YSIs of the terpenes and 

hydrogenated terpenes. In this model, the sooting 

tendency of a molecule is calculated as the linear 

sum of the YSI contributions from each of its 

component carbon-centered groups. More details 

about the prediction and the training set are 

included in SI L. Fig. 3 plots the predicted YSIs 

against the measured YSIs. The predictions agree 

reasonably well with the measurements except for 

three striking outliers: CVC, b-OM, and a-PN. In 

its current form, the GCM does not account for 

non-nearest neighbor interactions (NNNIs); 

therefore, the observed trend suggests that NNNIs 
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Fig.  2. Derived smoke points (DSPs) of Jet-A, terpenes, 

and hydrogenated terpenes. 

Fig.  3. Predicted YSIs vs measured YSIs of terpenes and 

hydrogenated terpenes. The red dashed line is a y=x line 

that represents perfect agreement between the predicted 

YSIs and the measured YSIs. 
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are important for the three outliers, but not the 

other compounds. Each of these outliers and 

several related compounds are discussed next. 

Carvacrol. CVC is a benzenoid aromatic with a 

hydroxy group attached to the ring. Its measured 

YSI (193.1) is much lower than its GCM-predicted 

YSI (253.3), which suggests it undergoes a NNNI 

that suppresses soot formation. We have observed 

similar soot suppression for other alkylphenols, 

e.g., [47]. The likely mechanism is that C-H fission 

in the hydroxy group produces resonantly-

stabilized phenoxy-like radicals that interfere with 

growth to multi-ring aromatics. 

β-Ocimene. b-OM is a non-cyclic species but it 

has one of the largest YSIs measured in this study. 

Its measured YSI (213.6) is much larger than its 

GCM-predicted YSI (89.6), which suggests it 

undergoes a NNNI that enhances soot formation. 

Structurally, it is a substituted 1,4-pentadiene 

which has two C-C single bonds sandwiched 

between C-C double bonds (see the right side of 

Fig. 4). The C-H bonds on the central carbon are 

extremely weak (BDE = 69.2 kcal/mol [37]) since 

their fission produces a “triple-allyl” radical with 

four resonance structures. This highly-conjugated 

C10 radical can likely cyclize directly to 

substituted aromatic hydrocarbons, which provides 

the soot-enhancing NNNI. Consistent with this 

hypothesis, we observed larger aromatics 

production from 1,4-hexadiene than other 

hexadienes in an earlier mass spectrometry (MS) 

study of doped flames. Furthermore, we observed 

very little formation of C3 and C4 products from 

1,4-hexadiene [48, 49]. 

Myrcene. MC is identical to b-OM except for 

the position of one C-C double bond, but it has a 

much lower YSI (103.9 vs. 213.6). Its measured 

YSI is reasonably predicted by the GCM (103.9 vs. 

84.2), which suggests that it does not experience 

any NNNIs. Structurally it is a substituted 1,5-

hexadiene with three C-C single bonds sandwiched 

between two C-C double bonds (see the left side of 

Fig. 4). The weakest bond is the central C-C bond 

(BDE = 62.8 kcal/mol [37]) since its fission 

produces two allylic radicals. These radicals only 

contain five carbon atoms, so they must undergo 

addition reactions with other species to form 

benzenoid aromatics, which causes soot production 

HBalancing reaction:

Products from each pathway

b-PN (0.0)
a-PN (0.0)
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(28.9)
(28.4)

Int-II
(32.9)
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(-31.1)

β-Int-V, ∆G = -80.0

α-Ar, YSI = 170.9 ± 7.7, ∆G = -110.3
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Fig.  5. Decomposition pathways of α-pinene (a-PN) and β-pinene (b-PN) by DFT. Relative Gibbs free energies were obtained 

with the M06-2X/def2-TZVP level of theory at 1,500 K (applying quasi-harmonic vibrational corrections). Energies of Int-I 

are shown in triplet state. 

Fig. 4. Proposed kinetic pathways for b-OM and MC. 
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to be slower than in b-OM and other terpenes. This 

hypothesis is also consistent with our hexadiene 

study [48], where 1,5-hexadiene produced 

relatively low concentrations of aromatics but high 

concentrations of C3 species. It is also consistent 

with the flame-flame molecular-beam MS 

(MBMS) study of Bierkandt et al. [50], where MC 

produced relatively large amounts of C5 species. 

Pinenes. The two pinene isomers are identical 

except for the position of one C-C double bond, but 

they have very different YSIs (207.1 for a-PN vs. 

136.9 for b-PN). The measured YSI of a-PN is 

much larger than its predicted YSI (207.1 vs. 

149.6), indicating a soot-enhancing NNNI, while 

the YSI of b-PN is well-predicted (136.9 vs. 

141.8), indicating no NNNI. Theoretical 

calculations were performed to understand these 

differences. All of the bond dissociation free 

energies (BDFE) of both molecules were obtained, 

which showed that opening of the four-membered 

ring requires less energy than the other dissociation 

pathways (SI I [37]). Potential energy surfaces of 

pathways initiated with the unimolecular ring 

opening were calculated with DFT. The pathways 

with the lowest activation barriers are shown in 

Fig. 5. Relative Gibbs free energy using different 

levels of theory and analysis of spin contamination 

are in SI J. Kinetically, low activation barriers (up 

to 32.9 kcal·mol-1) make both pathways favorable. 

Thermodynamically, the a-PN pathways are more 

favorable due to a more negative ΔG from the 

formation of more stabilized allyl-type radicals. a-

PN forms α-Ar (toluene) as an aromatic species 

with a measured YSI of 170.9 while b-PN forms β-

Int-V (5-methylene-1,3-cyclohexadiene) as a non-

aromatic species that is likely less sooty than 

toluene. This difference qualitatively agrees with 

the YSI difference between a-PN and b-PN. Since 

more steps are needed for β-Int-V, the YSI 

difference between a-PN and b-PN is mainly 

affected by the identity of the products. SI-K show 

alternative pathways that compete with those in 

Fig. 5 but are expected to be less important. A 

similar conclusion can be drawn that a-PN forms 

an aromatic species while b-PN forms a non-

aromatic species. The YSI of a-PN (207.1) is 

between that of the product from this pathway (4-

Isopropenyltoluene; 389.6), and the product from 

the main pathway (toluene; 170.9), which further 

validates these pathways.  

 

Conclusions 
 

In this work, the sooting tendencies of 17 C10 

monoterpenes and 7 of their hydrogenated 

derivatives were quantified with yield sooting 

index (YSI), a metric based on the soot yield in a 

series of fuel-doped non-premixed methane-

nitrogen flames. The hydrogenated compounds 

were custom- synthesized. The YSI of terpenes and 

their derivatives varies widely from 85.6 to 248.5. 

The YSI follows the trend: terpenes > 

dihydroterpenes > tetrahydroterpenes. Derived 

smoke points (DSPs) were estimated from a 

correlation between YSI and smoke point (SP) of 

other hydrocarbons. The DSPs of all the 

tetrahydroterpenes and some dihydroterpenes are 

higher than that of a Jet-A fuel, suggesting that 

they offer benefits of soot reduction. 

A group contribution model (GCM) was used to 

predict the YSIs of the investigated compounds 

based on the sum of the YSI contribution from the 

carbon-centered groups. Non-nearest neighbor 

interactions (NNNIs) were observed in two pairs of 

isomers: β-ocimene and myrcene, α-pinene and β-

pinene. 

β-ocimene and myrcene have identical carbon 

skeletons and differ only in the position of one 

carbon-carbon double bond, but the YSI of β-

ocimene is 107% higher than that of myrcene.  

According to the bond dissociation energy (BDE), 

β-ocimene breaks a carbon-hydrogen single bond 

and forms a highly-conjugated C10 radical. The 

C10 radical likely cyclizes directly to a substituted 

aromatic. Myrcene breaks a carbon-carbon single 

bond and forms two C5 radicals. The C5 radicals 

need undergo addition reactions with other species 

to form aromatics. 

α-pinene and β-pinene also have identical carbon 

skeletons and differ only in the position of one 

carbon-carbon double bond, but the YSI of α-

pinene is 34% higher than that of β-pinene. 

Potential energy surfaces (PES) via density 

functional theory (DFT) suggest that compared 

with β-pinene, α-pinene requires less steps to form 

the first benzenoid ring and the pathway is more 

thermodynamically favorable. 
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