
journal of environmental sciences 114 (2022) 37–52

Available online at www.sciencedirect.com

www.e lsev ier .com/ locate / jes

Long-chain alkanes in the atmosphere: A review�

Junling Li1, Kun Li2, Hong Li1,∗, Xuezhong Wang1, Weigang Wang3,∗,
Ke Wang3, Maofa Ge3

1State Key Laboratory of Environmental Criteria and Risk Assessment, Chinese Research Academy of Environmental
Sciences, Beijing 100012, China
2Laboratory of Atmospheric Chemistry, Paul Scherrer Institute, Villigen 5232, Switzerland
3State Key Laboratory for Structural Chemistry of Unstable and Stable Species, Beijing National Laboratory for
Molecular Sciences, CAS Research/Education Center for Excellence in Molecular Sciences, Institute of Chemistry,
Chinese Academy of Sciences, Beijing 100190, China

a r t i c l e i n f o

Article history:

Received 12 May 2021

Revised 15 July 2021

Accepted 20 July 2021

Available online 22 February 2022

Keywords:

Long-chain alkanes

Detection methods

Field observation

Laboratory study

Model simulation

a b s t r a c t

As a representative species of intermediate volatile organic compounds (IVOCs), long-chain

alkanes are considered to be important precursors of secondary organic aerosols (SOA) in

the atmosphere. This work reviews the previous studies on long-chain alkanes in the atmo-

sphere: (1) the detection methods and filed observations of long-chain alkanes in both gas

and particle phases are summarized briefly; (2) the laboratory studies of long chain alkanes

are reviewed, the kinetic data, reaction mechanism, SOA yields, and physicochemical prop-

erties of SOA are included in detail; (3) the research progress related tomodel simulations of

long-chain alkanes are also discussed. In addition, based on available research results, sev-

eral perspective contents are proposed that can be used as a guideline for future research

plans.

© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of

Sciences. Published by Elsevier B.V.

Introduction

Organic compounds are widely distributed in the atmosphere,
such substances enter the atmosphere mainly through the
growth, maintenance, and decay of animals, microbes, and
plants (Goldstein and Galbally, 2007). The combustion of liv-
ing or dead organisms can release organic compounds into
the atmosphere, such as the consumption of fossil fuel and
burning of biomass (Gentner et al., 2017; Hallquist et al., 2009).
Due to the difference in molecular weights and functional
groups, the volatility and other properties (e.g., optical prop-
erty, solubility, and reactivity) of the organic compounds are
various (Bianchi et al., 2019; Donahue et al., 2012). Accord-
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ing to the volatility (in terms of effective saturation concen-
tration, C∗) of the organic compounds, they are grouped into
five classes (Donahue et al., 2012): extremely low volatility or-
ganic compounds (ELVOCs), with C∗ < 3 × 10−5 μg/m3; low
volatility organic compounds (LVOCs), with 3 × 10−5 < C∗ <

0.3 μg/m3; semivolatile organic compounds (SVOCs), with 0.3
< C∗ < 300 μg/m3; intermediate volatility organic compounds
(IVOCs), with 300 < C∗ < 3 × 106 μg/m3; and volatile organic
compounds (VOCs), with C∗ > 3 × 106 μg/m3. ELVOCs and
LVOCs are mostly in the particle phase (i.e., organic aerosol,
OA), VOCs are mostly in the gas phase, and SVOCs and IVOCs
can be in either phase mainly determined by their total con-
centration (Donahue et al., 2012; Pandis et al., 2013). For the
organic compound in the gas phase, atmospheric oxidation

https://doi.org/10.1016/j.jes.2021.07.021
1001-0742/© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V.



38 journal of environmental sciences 114 (2022) 37–52

can lower their volatility and therefore form secondary or-
ganic aerosol (SOA). As OA plays an important role in influ-
encing regional air quality, global climate, and human health
(Dominici et al., 2006; Requia et al., 2018), the close relation-
ship between different classes of organic compounds and OA
indicates that they play a central role in these environmental
processes as well.

Prior to 2007, the formation of SOA is mainly attributed to
the oxidation of gas-phase VOCs (Goldstein and Galbally, 2007;
Robinson et al., 2007), while EVOCs and IVOCs are generally
treated as primary OA (POA) because most of them are in the
particle phase when they are freshly emitted. However, the
ground-breaking work by Robinson et al. (2007) pointed out
that when the fresh emission are diluted in the atmosphere,
IVOCs and SVOCs can evaporate to the gas phase and then
form a large amount of SOA upon oxidation. Thereafter, IVOCs
have attracted much more attention as an important type of
SOA precursors (Qi et al., 2019; Zhao et al., 2014). Based on
the volatilities of the IVOCs, it is approximately equal to the
range of C12-C22 n-alkanes. Although the components of at-
mospheric IVOCs are very complex, long-chain alkanes ac-
count for a considerable fraction and are frequently consid-
ered as the representative substances of IVOCs (Zhao et al.,
2014). Long-chain alkanes are mainly emitted by human ac-
tivities, such as the combustion of fossil fuel, vehicle exhaust,
evaporation, etc. (Lamkaddamet al., 2016). Long-chain alkanes
are important components of an unresolved complex mix-
ture (UCM) of fossil fuels, a mass of branched alkanes iso-
mers are included as they cannot be separated with tradi-
tional gas chromatography-based techniques (Schauer et al.,
1999, 2002). For alkanes withmultiple carbon atoms, the num-
ber of isomers increases exponentially with carbon number
(Goldstein and Galbally, 2007), e.g., C10 alkane could have 100
possible alkane isomers and most of which could exist in the
atmosphere.

As long-chain alkanes have relatively simple structures,
they are good target systems for investigating the sensitivity
of SOA formation to reaction pathways under various atmo-
spheric oxidation (Lim and Ziemann, 2005). The environmen-
tal conditions can affect the SOA yields and chemical com-
positions derived from long-chain alkanes: temperature can
affect the optical properties and chemical compositions of
the SOA derived from n-dodecane (Li et al., 2020b); the pres-
ence of NOx can change the reaction pathway, and further
change the final chemical compositions of the formed SOA
(Fahnestock et al., 2015). Chemical structures and molecu-
lar sizes of the long-chain alkanes also have important ef-
fects on the formation and chemical compositions of SOA
(Hunter et al., 2014; Tkacik et al., 2012; Yee et al., 2013):
the increasing carbon number of liner alkanes increases of
SOA yield (Lim and Ziemann, 2005); the cyclic, liner, and
branched alkanes also have different SOA yields (Lim and Zie-
mann, 2009b). Also, as important representative substances of
IVOCs, when long-chain alkanes are considered in the model,
the gap between the observed and the modeled SOA forma-
tion has been reduced (Zhao et al., 2016).

The atmospheric chemistry of alkanes has been reviewed
and evaluated in previous studies (Atkinson, 1990, 1997, 2003;
Atkinson and Arey, 2003; Cartier and Atkinson, 1985), and
Calvert et al. (2008) summarized the mechanisms of atmo-

spheric oxidation of the alkanes. As far as we know, there
is no comprehensive review covering field observation, lab-
oratory experiments, and model simulation related to long-
chain alkanes. This review focused on the field, laboratory,
and model studies of intermediate volatility long-chain alka-
nes (C12-C22) in the atmosphere. Section 1 gives a brief review
of the detection method of long-chain alkanes. Section 2 re-
views field observations that are related to long-chain alkanes.
Section 3 summarizes the laboratory studies of long-chain
alkanes. Section 4 covers the model studies on long-chain
alkanes. Section 5 provides a summary and some recommen-
dations for future research directions on long-chain alkanes.

1. Detection methods

As long-chain alkanes have low atmospheric concentration
and low volatility, they are difficult to be analyzed using con-
ventional gas chromatography. The commonly used detec-
tion methods of intermediate volatility long-chain alkanes
include chemical ionization mass spectrometry (CIMS) and
gas chromatography-mass spectrometry (GC-MS) with a pre-
concentration device.

H3O+ CIMS, more commonly known as the proton-
transfer-reaction mass-spectrometer (PTR-MS), is one well-
established approach to measuring VOCs in the atmosphere
(de Gouw and Warneke, 2007; Jordan et al., 2009). VOCs are
ionized by transferring the proton from H3O+ to the VOCs in
the drift tube, H3O+ + R → RH+ + H2O. PTR-MS is capable of
gaseous organic compoundsmeasurement in atmospheric re-
search. It allows for real-time, online, and determination of ab-
solute concentration measurement of VOCs, the sensitivity of
which can reach the low pptv range, and it has a fast response
time (in the time range of 40-100 msec) (Graus et al., 2010;
Jordan et al., 2009; Sulzer et al., 2014; Yuan et al., 2016). PTR-MS
with H3O+ can be used to detect alkanes (Erickson et al., 2014;
Gueneron et al., 2015). However, only the VOCs whose proton
affinity (PA) is larger than that of water (166.5 kcal/mol) can be
detected; the PA of alkanes with carbon number ≤ C8 is very
close to or lower than that of water (Erickson et al., 2014), thus
PTR-MS with H3O+ can only be used for the measurement of
> C8 alkanes and usually lead to a large fraction of fragment
ions, the fragment ions distribution and sensitivity of alkanes
is a function of the drift conditions (Erickson et al., 2014).More-
over, isomers with the same nominal mass cannot be distin-
guished, it can only determine the mass-to-charge ratio (m/z)
of the protonated parent ion (or product ion) (Jordan et al.,
2009).

CIMS with NO+ as the reagent ion is the commonly online
methodused to detect the long-chain alkanes (AmadorMuñoz
et al., 2016; Erickson et al., 2014; Koss et al., 2016; Ma et al.,
2018). The long-chain alkanes react with NO+ via hydride ab-
straction, forming ions withm/z ofm-1 (wherem is the molec-
ular mass) (Koss et al., 2016), NO+ + R → [R − H]+ + [NO + H].
Generally, the degree of fragmentation of long-chain alka-
nes decreases with increasing carbon chain length; for ≥ C12

alkanes, mass (m-1) ions can contribute > 50% of the total
ion signals (Koss et al., 2016). Cyclic alkanes, small branched
alkanes (> C4, usually C4-C8), some important branched alka-
nes (isopentane and methyl-pentane), and high mass alka-
nes (C12-C15) can be detected with NO+ CIMS, forming a
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mass (m-1) (Koss et al., 2016). In the recent field observation,
Ma et al. (2018) measured large alkanes from C8 to C21 with
NO+ proton-transfer-reaction time-of-flight mass spectrome-
ter (PTR-ToF-MS).

GC-MS with a pre-concentration device is also one com-
monly used equipment to detect the long-chain alkanes in
the atmosphere (Chan et al., 2013; Zhao et al., 2013). The
pre-concentration device includes Tenax TA adsorbent resin,
Teflon bags, SUMA tanks, and filters. The pre-processed sam-
ples will be separated by gas chromatography before enter-
ing the mass spectrometer for qualitative analysis. To sepa-
rate and identify complex compounds in the atmosphere, es-
pecially for the trace species, such as the isomers of alkanes,
two-dimensional gas chromatography (GC × GC) technology
is usually applied. This technique provides a direction for the
analysis of unidentified complexmixtures and can elute thou-
sands of compounds that can be characterized by mass spec-
trometry (Chan et al., 2013). The MS connected with the GC
can be a time-of-flight mass spectrometer (ToF-MS), which
is one soft photoionization MS (Chan et al., 2013; Schnelle-
Kreis et al., 2007); can be one PTR-MS (Erickson et al., 2014); can
also be the electron impact mass spectrometry (EI-MS), which
is a basic mass spectrometer commonly used (Duan et al.,
2010; Yao et al., 2009; Zhou et al., 2004). Measurements using
the GC interface do not have the fast time response capabil-
ity compared to CIMS. However, through the separation ability
of GC, the fragment ions distribution corresponding to precur-
sor can be mapped, this can be helpful for chemically specific
measurement.

2. Field observation

Long-chain alkanes in the atmosphere have biogenic and an-
thropogenic sources. Biogenic sources include emissions from
animal husbandry, plants (e.g., terrestrial higher plants cuti-
cle wax, suspended spores, aquatic plants, and plankton) and
microbe, wildfire (e.g., wood and grain straw), etc. (Cao and
Jang, 2007; Simoneit, 2002; Yao et al., 2009). Anthropogenic
sources include evaporation and burning of fossil fuels (e.g.,
coal combustion, oil production, evaporation and combus-
tion of fuel oil (gasoline, diesel fuel, kerosene, and motor oil)),
volatile chemical products (e.g., pesticides, detergents, paints,
printing inks, personal care products), etc. (Huang et al., 2018;
Jathar et al., 2017; Lou et al., 2019; Robinson et al., 2007;
Schauer et al., 2002; Wu et al., 2019).

In urban areas, long-chain alkanes are mainly from vehi-
cle emissions, including diesel exhaust and gasoline exhaust
(Liu et al., 2017; Luo et al., 2019; Zhao et al., 2015), especially in
winter.Moreover, cargo vessels (Huang et al., 2018) and aircraft
(Agrawal et al., 2008) are also important contributors to long-
chain alkanes emissions in the atmospheric environment.

Schauer et al. (1999) reported the alkane emissions from
medium-duty diesel trucks and found that the gas-phase
alkanes were emitted at a rate of 11.2 mg/km driven, and
were in the carbon number range from C12 to C20. During this
carbon number range, n-alkane emission rates were great-
est, averaging over 400 μg/km for most of the individual n-
alkanes. For individual organic compounds in the class of
branched alkanes (C14 to C20), they were emitted at rates of

360-750 μg/km. For light-duty diesel vehicles, Siegl et al.
(1999) found that C12-C20+ hydrocarbons accounted for 20%
of the total emitted non-methane hydrocarbons in the gas
phase, implying the important role of long-chain alkanes in
vehicle emissions.

de Gouw et al. (2011) reported the importance of IVOCs
for SOA formation based on airborne measurements of the
Deepwater Horizon Oil Spill. They found that species with
the evaporation of about C∗ = 105 mg/m3 (C14 to C16 hydro-
carbons) were the most likely precursors of observed SOA.
Liggio et al. (2016) provided one quantitative assessment of
the magnitude of SOA formation from oil sand emissions.
Airborne measurements, laboratory experiments, and a box
model simulationwere used over the Canadian oil sands.They
found that the evaporation and oxidation of low volatility or-
ganic vapors (I/SVOCs; with alkanes as the majority compo-
nents) from the mined oil sands were important sources of
observed SOA in the atmosphere. The results suggest that the
oil sand emitted I/SVOCs should be considered in the field ob-
servations and model simulations.

Long-chain alkanes have been proposed as important SOA
contributors in urban areas (Robinson et al., 2007; Yuan et al.,
2013; Zhao et al., 2014), which can produce SOA as much as
(or more than) polycyclic aromatics and single ring aromatics
from vehicle emissions (Deng et al., 2017; Liggio et al., 2016;
Liu et al., 2017; Luo et al., 2019; Yuan et al., 2013; Zhao et al.,
2015). Yuan et al. (2013) measured the VOCs on Changdao Is-
land in China and found that polycyclic aromatic hydrocar-
bons (PAHs) and higher alkanes (> C10) could contribute to
17.4% of the SOA formation during the campaign. They em-
phasized the importance of I/SVOCs measurements in the
atmosphere. Wu and Xie (2018) estimated the secondary or-
ganic formation potential (SOAFP) of AVOCs based on the up-
dated speciated VOC emission inventory in China in 2013.
They found that although the emissions of n-dodecane, n-
decane, and n-undecane contribute small fractions in concen-
trations (1.3%, 1.0%, and 0.7%), they accounted for 11.4, 4.6%,
and 4.6% of the nationwide’s total SOAFP due to their higher
SOA yields.Wang et al. (2020b) estimated the long-chain alka-
nes (C12-C22) emissions from vehicles for the Yangtze River
Delta region (YRD) during 2017 and found that C12-C22 alkanes
emissions from diesel-powered vehicles were much higher
than those from gasoline-powered vehicles: the mass fraction
of C12-C22 alkanes in total IVOCs were 57.27 μg/mg for diesel-
powered vehicles and 27.99 μg/mg for gasoline-powered ve-
hicles. They also emphasized the contribution of long-chain
alkanes to SOA generation. These studies further recognized
the contribution of long-chain alkanes to SOA generation in
the atmosphere.

The measurements related to long-chain alkanes have be-
come more and more recognized. Researchers have learned
much about long-chain alkanes in the atmosphere, in both
the particle phase and gas phase. Table 1 summarizes the
observed concentrations of long-chain alkanes in the atmo-
sphere (in both phases).

2.1. Atmospheric particle-phase observation

For the analysis of long-chain alkanes in the particle phase,
the methods are mainly membrane collection and offline
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Table 1 – The concentration of long-chain alkanes (≥C12) in different sites worldwide in various studies.

Locations PRD a, China NCP b, China Paris, France Pasadena, USA Londonc, UK
Compounds Alkanesd Alkanesd n-Alkanese Alkanesf n-Alkanesg

Methods NO+ PTR-ToF-MS NO+ PTR-ToF-MS TD-GC-FID TD-GC-MS TD-GC × GC-ToF-MS
Sample Time Sept.-Nov. 2018 Nov.-Dec. 2018 Jul. 2009 Jan.-Feb. 2010 May -Jun. 2010 Mar. - Apr. 2017
Phases Gas (pptV) Gas (pptV) Gas (pptV) Gas (pptV) Gas (pptV) Gas (pptV) Particle (pptV)
Dodecane 122±120 129±86 22±21 7±4 8±1 – –
Tridecane 66±60 89±59 13±12 2±1 6±1 4.13 0.17
Tetradecane 50±47 57±39 27±23 2±2 9±2 3.43 0.25
Pentadecane 45±42 46±33 23±18 4±2 5±0.8 4.01 0.16
Hexadecane 36±33 32±24 22±19 NDh 4±1 3.20 0.37
Heptadecane 21±20 18±14 – – 3±0.4 1.93 0.02
Octadecane 13±14 11±9 – – 1.6±0.5 2.61 0.12
Nonadecane 5±9 4±7 – – 0.7±0.2 0.46 0.33
Eicosane 0.7±4 3±6 – – 0.24±0.08 0.19 0.33
Heneicosane 0.5±5 2±5 – – 0.15±0.1 0.19 0.90
Docosane – – – – – 0.27 0.98
Tricosane – – – – – 0.52 0.99
Tetracosane – – – – – 0.49 0.88
Pentacosane – – – – – 0.31 0.57
Hexacosane – – – – – 0.16 0.33
Heptacosane – – – – – 0.08 0.46
Octacosane – – – – – 0.02 0.38
Nonacosane – – – – – 0.01 0.52
Triacontane – – – – – 0.01 0.35
Hentriacontane – – – – – 0.004 0.39
Dotriacontane – – – – – – 0.43
Tritriacontane – – – – – – 0.37
Tetratriacontane – – – – – – 0.03

a the Pearl River Delta (PRD) region in China, urban area;
b the North China Plain (NCP) region in China, suburban area;
c Samples are collected at the kerbside MR Supersite on the south side of Marylebone Road, urban area;
d Wang et al. (2020a); e: Ait-Helal et al. (2014); f: Zhao et al. (2014); g: Xu et al. (2020);
h Not detected.

analysis. Usually, the particles are collected with a parti-
cle sampler, and then the extracted samples are analyzed
with GC-MS. N-alkane (> C12) is one of the key components
of particle-phase analysis. Carbon preference indices (CPI)
derived from GC analyses are widely used as a cue of n-
paraffins distributions to recognition of source beds (Bray and
Evans, 1961). According to CPI values, the sources of n-alkanes
are identified: the larger the CPI value, the greater the contri-
bution of biological sources (CPI > 5); conversely, the greater
the impact of anthropogenic sources (fossil fuel, CPI ∼1); the
CPI value of mixed source alkanes varies with the relative
contribution of biogenic sources and anthropogenic sources
(Simoneit and Mazurek, 1982).

Based on CPI values, previous field observation studies
showed that n-alkanes in the particle phase in Beijing are
mainly from anthropogenic sources (e.g., coal and fossil fuel
combustion) inwinter (Kang et al., 2018; Li et al., 2013;Ma et al.,
2013; Yao et al., 2009; Zhou et al., 2004), while in spring and
summer, the n-alkanes from biogenic origins (e.g., plant wax)
should also be considered (Duan et al., 2010; Kang et al., 2018;
Li et al., 2015). Schnelle-Kreis et al. (2007) found that n-alkanes
(C20-C34) of German urban areas in winter showed a good pos-
itive correlation with anthropogenic sources (e.g., lubricating
oi, emissions of unburned diesel and heating oil consumption,
wood combustion, brown coal combustion), while in summer,

it showed a positive correlation with biogenic emissions and
transport components. Charron et al. (2019) identified and
quantified key species of exhaust and non-exhaust vehicle
emissions, results found that C19-C26 n-alkanes were impor-
tant in roadside concentration increments. The CPI was close
to unity 0.99, this indicated the equal distribution of typi-
cal anthropogenic emissions between odd and even carbon
numbers. Observations above showed that with the alterna-
tion of seasons, biogenic emission and people’s lifestyles (e.g.,
heating, transportation) will change, resulting in changes of
the corresponding emission sources; this indicates that the
sources of particle-phase n-alkanes are influenced by the al-
ternation of seasons.

Emission factors (EF) is one calculation method for the
particle pollutants in the roadway tunnel, this method is de-
scribed in detail by Pierson et al. (1996):

EF = (CoutVout −CinVin)/NL

where EF is the emission factor of a species for tests in the
unit of mg/(vehicle•km); Cout is the measured species concen-
tration at the tunnel outlet, and Cin is the measured species
concentration at the tunnel inlet; V is the calculated air vol-
ume; N is the vehicle numbers passing through the tunnel;
L is the distance between two sampling locations. Emission



journal of environmental sciences 114 (2022) 37–52 41

factors of NOx are also one estimated method for the analysis
of n-alkanes in the related road emission observations. The
concentration of roadside NOx can be treated as one disper-
sion tracer, as the roadside increments of PM2.5, PM2.5-10, and
PM10 correlate strongly with roadside NOx (Jones and Harri-
son, 2006), details of calculation processes can be referred to
Jones and Harrison (2006).

He et al. (2008) analyzed the PM2.5 emissions from on-
road vehicles in the Zhujiang Tunnel in the PRD region of
China in September in 2004 with GC-MS, the EF calculation
method is applied. Hydrocarbons with C16-C32 (n-alkanes) in
the PM2.5 emissions were determined with the EF value and
the total emission factor of which was determined to be
359 μg/(vehicle•km). Perrone et al. (2014) reported that the n-
alkanes (C20–C32) were the most abundant trace organic com-
pounds in particulate species of vehicle exhaust (Euro 1-4
light-duty vehicles were included), the EF values were in the
range of 101-2034 μg/(vehicle•km). Charron et al. (2019) re-
ported the n-alkanes EF values in the particle phase of both
the roadside observations and the lab tests; the measurement
was at the roadside of Grenoble Ring Road in Grenoble, France,
the median EF values of n-alkanes (C19–C26) were in the range
of 31.4-133.99 μg/(vehicle•km) for Euro 3 and 4 types of diesel;
for lab-tested diesel passenger car median concentration, EF
value of n-alkanes (C19–C26) was 134 μg/(vehicle•km) for Euro
3, 31.3 μg/(vehicle•km) for Euro 4. Xu et al. (2020) analyzed the
hydrocarbons in the particle phase in central London from
March 22 to April 18 in 2017, results showed that the EF value
of n-alkanes (C13-C34) was 675.48 μg/(vehicle•km). Due to the
differences in traffic fleet compositions around the world, the
EF values observed in different regions may be different.

For long-chain alkanes in the particle phase, the analyzing
methods may be different due to the different sampling loca-
tions, sampling methods, and detection methods. Neverthe-
less, all previous studies have concluded that anthropogenic
sources have a significant impact on long-chain alkanes in
particles, especially in urban areas.

2.2. Atmospheric gas-phase observation

With the development of detection technology, the detec-
tion method for gas-phase long-chain alkanes has gradually
transferred from offline sampling and analysis (e.g., thermal
desorption-gas chromatography coupled to a flame ioniza-
tion detector, TD-GC-MS) to online detection (e.g., NO+ chem-
ical ionization in proton transfer reaction time-of-flight mass
spectrometry, NO+ PTR-ToF-MS).

TD-GC-MS is one commonly used equipment for on-
line detection of long-chain alkanes in the atmosphere. Ait-
Helal et al. (2014) measured the n-alkanes (C12-C16) in the gas
phase with TD-GC-FID in suburban Paris in 2009 and 2010.
Results showed that the n-alkanes concentrations in sum-
mer were higher than that in winter, suggesting that the gas-
particle partitioning theory is not applicable here. They also
found that the n-alkanes (C12-C16) could explain 2%-7% of
the SOA formation, which was half of the contribution of tra-
ditional aromatic compounds (15%), emphasizing the impor-
tance of the n-alkanes in SOA formation. Zhao et al. (2014) an-
alyzed the alkanes with TD-GC-MS during the CalNex study
from May 15 to June 11, 2010, in Pasadena, USA. They found

that in addition to road diesel vehicles, other petroleum-
related emission sources greatly increased IVOCs (e.g., long-
chain alkanes) emissions.Xu et al. (2020)measured long-chain
alkanes in the gas phase in central London from March 22 to
April 18 in 2017 with TD-GC × GC-ToF-MS. They found that
lower molecular weight hydrocarbons from C13 to C18 were
primarily in the gas phase, and the peak abundance of hydro-
carbons from C10 to C20 was mainly attributed to diesel fuel.

Now, NO+ PTR-ToF-MS is a relatively new equipment for
detecting long-chain alkanes. Wang et al. (2020a) performed
the high-time-resolution (10 sec)measurements of long-chain
alkanes with NO+ PTR-ToF-MS at a rural site in Baoding in
the NCP and at an urban site in Guangzhou in the PRD from
September to November in 2018. High concentrations of long-
chain alkanes were observed in both urban and rural environ-
ments in China, and their SOA production was comparable to
or higher than naphthalenes and single-ring aromatics. The
diurnal profiles of long-chain alkanes in the gas phase were
similar to anthropogenic VOCs (e.g., benzene), indicating that
they were mainly from anthropogenic sources. They empha-
sized the necessity to include long-chain alkanes in themodel
for SOA formation.

According to the results above, diesel-powered vehicles
have an important impact on urban air quality; vehicle type,
fuel composition, road conditions, vehicle speed, etc. can af-
fect the long-chain alkanes emission and concentration in the
gas phase. As long-chain alkanes have a significant contribu-
tion to SOA formation, more attention should be paid to their
concentrations (in addition to traditional VOCs) during field
observations.

3. Laboratory study

Long-chain alkanes in the troposphere are mainly trans-
formed by the chemical reactions with hydroxyl (OH) radical
and Cl atoms; the reaction with NO3 radical is so slow that it
can be ignored, and no reaction with O3 has been observed
(Atkinson and Arey, 2003). In this part, laboratory studies of
long-chain alkanes with ≥12 carbons are summarized; kinetic
data, reaction mechanism, and SOA yield and physicochemi-
cal properties are included.

3.1. Kinetic data

Reactions of long-chain alkanes with OH radical typically
occur during daylight hours (Young et al., 2014). Kinetics
of the gas reactions of the OH radicals with alkanes in
the troposphere are discussed in previous reviews in de-
tail (Atkinson, 1997, 2000, 2003; Atkinson and Arey, 2003).
Here we summarize these kinetic data from these re-
views together with some updates from more recent studies
(Lamkaddam et al., 2019; Shi et al., 2019a).

Temperature-dependent rate expressions are given as the
Arrhenius expression:

k(T ) = A(T/298 K)ne−Ea/RT (1)

The rate constants of long-chain alkanes with OH radical
are listed in Table 2, which consists of C12-C16 alkanes. The
available temperature-dependent parameters and applicable
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Table 2 – Rate constants (k) of long-chain alkanes with OH radicals.

Organic
k (298 K) (×10−11

cm3/(molecule•sec)) Methods References

n-Dodecane 1.39 Evaluation methods Atkinson, 2003
1.29±0.02 (300 K) Relative rate methods (RR) (relative to

k(n-octane) = 8.15 × 10−12)
Behnke et al., 1988

1.40±0.05 (312 K) RR (relative to k(n-heptane) = 6.97 × 10−12) Nolting et al., 1988
1.27±0.31 (283 K) RR (relative to

k(Isoprene) = (1.07±0.31) × 10−10)
Lamkaddam et al., 2019

1.33±0.34 (293 K) RR (relative to
k(Isoprene) = (1.02±0.15) × 10−10)

Lamkaddam et al., 2019

1.27±0.40 (303 K) RR (relative to
k(Isoprene) = (0.98±0.15) × 10−10)

Lamkaddam et al., 2019

2-Methyl undecane 1.31±0.07 (297 K) RR (relative to k(n-dodecane) = 1.39 × 10−11) Loza et al., 2014
3,6-Dimethyl decane 1.45 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002
5-Methyl undecane 1.43 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002
3-Methyl undecane 1.43 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002
n-Hexyl cyclohexane 1.74±0.06 (297 K) RR (relative to k(n-dodecane) = 1.39 × 10−11) Loza et al., 2014

1.78 (300K) SAPRC-99 mechanism Carter, 2000; Carter et al., 2002
1.31 Evaluation methods Fahnestock et al., 2015

1,3,5-Triethyl cyclohexane 1.90 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002
1-Methyl-4-pentyl cyclohexane 1.80 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002
Cyclododecane 1.47±0.04 (297 K) RR (relative to k(n-dodecane) = 1.39 × 10−11) Loza et al., 2014

1.47 Evaluation methods Fahnestock et al., 2015
n-Tridecane 1.51 Evaluation methods Atkinson, 2003

1.62±0.06 (312 K) RR (relative to k(n-heptane) = 6.97 × 10−12) Nolting et al., 1988
1.60 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002
1.44±0.02 (300 K) RR (relative to k(n-octane) = 8.15 × 10−12) Behnke et al., 1988

3,6-Dimethyl undecane 1.60 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002
5-Methyl dodecane 1.57 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002
3-Methyl dodecane 1.57 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002
n-Heptyl cyclohexane 1.91 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002
1,3-Diethyl-5-pentyl
cyclohexane

2.05 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002

1-Methyl-2-hexyl-cyclohexane 1.94 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002
n-Tetradecane 1.67 Evaluation methods Sivaramakrishnan and Michael, 2009

1.79±0.07 (312 K) RR (relative to k(n-heptane) = 6.97 × 10−12) Nolting et al., 1988
1.80 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002

3,7-Dimethyl dodecane 1.74 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002
6-Methyl tridecane 1.71 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002
3-Methyl tridecane 1.71 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002
n-Octyl cyclohexane 2.05 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002
1,3-Dipropyl-5-ethyl
cyclohexane

2.19 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002

1-Methyl-4-heptyl cyclohexane 2.08 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002
n-Pentadecane 1.81 Evaluation methods Sivaramakrishnan and Michael, 2009

1.72±0.18 RR (relative to
k(toluene) = (6.40±0.64) × 10−12 and
k(m-xylene) = (240 ± 0.25) × 10−11)

Shi et al., 2019a

2.07±0.10 (312 K) RR (relative to k(n-heptane) = 6.97 × 10−12) Nolting et al., 1988
2.10 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002

3,7-Dimethyl tridecane 1.88 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002
6-Methyl tetradecane 1.85 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002
3-Methyl tetradecane 1.85 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002
2,6,10-Trimethyl dodecane 1.90±0.20 RR (relative to

k(toluene) = (6.40±0.64) × 10−12 and
k(m-xylene) = (240 ± 0.25) × 10−11)

Shi et al., 2019a

n-Nonyl cyclohexane 2.09±0.22 RR (relative to
k(toluene) = (6.40±0.64) × 10−12 and
k(m-xylene) = (240 ± 0.25) × 10−11)

Shi et al., 2019a

2.20 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002
1,3,5-Tripropyl cyclohexane 2.33 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002
1-Methyl-2-octyl cyclohexane 2.22 SAPRC-99 mechanism Carter, 2000; Carter et al., 2002
n-Hexadecane 1.94 Evaluation methods Sivaramakrishnan and Michael, 2009

2.32±0.13 (312 K) RR (relative to k(n-heptane) = 6.97 × 10−12) Nolting et al., 1988
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Table 3 – Temperature-dependent parameters and applicable temperature range for long-chain alkanes with OH radical.

Organic Temperature (K) A (10−11 cm3/(molecule•sec)) n Ea (kJ/mol) References

n-Dodecane 298-2000 2.21 0.96 1.16 Carter et al., 2002; Sivaramakrishnan and Michael, 2009
n-Tridecane 298-2000 2.65 0.91 1.36 Sivaramakrishnan and Michael, 2009
n-Tetradecane 298-2000 3.09 0.86 1.52 Sivaramakrishnan and Michael, 2009
n-Pentadecane 298-2000 3.55 0.82 1.67 Sivaramakrishnan and Michael, 2009
n-Hexadecane 298-2000 4.01 0.79 1.80 Sivaramakrishnan and Michael, 2009

Table 4 – Rate constants of long-chain alkanes with Cl atom.

Organic
k (298 K) (10−10

cm3/(molecule•sec)) Methods References

n-Dodecane 5.12±0.29 RR (relative to trans-2-butene, m-xylene and ethylbenzene) Shi et al., 2019b
5.36 RR (relative to n-butane) Aschmann and Atkinson, 1995

n-Tridecane 5.30±0.30 RR (relative to trans-2-butene, m-xylene and ethylbenzene) Shi et al., 2019b
n-Tetradecane 5.68±0.34 RR (relative to trans-2-butene, m-xylene and ethylbenzene) Shi et al., 2019b

temperature range for the long-chain alkanes with OH radical
are listed in Table 3.

Compared with the alkenes and aromatic hydrocarbons’
fast reactions with OH radicals (Atkinson and Arey, 2003), the
reactivities of long-chain alkanes with OH radicals are slow
to medium. This results in one phenomenon that little of the
long-chain alkanes is oxidized in urban areas close to their
emission points, the remainder can be transported over a large
distancewithin the atmospheric boundary layer into the envi-
ronment downwind of the source regions.The transported en-
vironments can be chemically different from the urban areas.
Therefore, it is necessary to consider more reaction initiators
for alkanes, e.g., Cl in the marine boundary layer.

The reactions of long-chain alkanes with Cl atoms mainly
occur during daylight hours in coastal and marine areas. Cl
atoms have relatively high reactivity, the existing research
mainly focuses on the reactions with volatile organic com-
pounds (VOCs), the reaction rate constants of VOCs with Cl
atoms are usually 1–2 order of magnitude larger than those
with OH radicals (Bejan et al., 2018; Shi et al., 2019b). In con-
trast, the reactions of Cl atoms with IVOCs (e.g., long-chain
alkanes) are relatively few. The available rate constants of
long-chain alkanes with Cl atoms are listed in Table 4.

Although, the reaction rates of alkanes with NO3 radical
are slow, the concentrations of NO3 radical in the atmosphere
are much higher than those of OH radicals and Cl atoms, es-
pecially at nighttime. The importance of these reactions could
not be ignored. As this work mainly summarized the studies
related to C12-C22 alkanes, and the existing studies mainly fo-
cus on alkanes below C10, thus we added the content of the
reactions of alkanes below C10 with NO3 to supplementary.

3.2. Reaction mechanism

The general mechanism for long-chain alkanes with OH rad-
ical is shown in Fig. 1, under low-NOx conditions (Yee et al.,
2012, 2013) (Fig. 1a) and high-NOx conditions (Aimanant and
Ziemann, 2013; Lim and Ziemann, 2005, 2009a, 2009b) (Fig. 1b).

According to existing literature, the reaction of long-chain
alkanes (RH) beginswithH-abstraction byOH radical frompar-
ent alkanes to form an alkyl peroxy radical (RO2). Usually, H-
abstraction occurs predominantly at secondary H atoms, as
the stability at the radical site from electron-donating alkyl
groups is enhanced. As revealed by Fig. 1a, under low NOx

conditions, the fate of RO2 is dominated by reaction with HO2

to form hydroperoxide (ROOH). The ROOH has three reaction
channels: channels 1 and 2 are the reactions with OH radical,
while channel 3 is photolysis. For channel 1, the ROOH reacts
with OH radical and forms the carbonyl compound (CARB),
which can be further oxidized to the carbonyl hydroperox-
ide compound (CARBROOH). For channel 2, the ROOH reacts
with OH radical to form dihydroperoxide (DIROOH) and car-
bonyl hydroperoxide (CARBROOH). The CARBROOH can then
undergo channel 2a or 2b to form higher functionalized prod-
ucts, or it can react with the fragmentation products (e.g.,
ALD from channel 1) to from carbonyl hydroperoxide peroxy-
hemiacetal (CARBROOHPHA), this is also the reaction of chan-
nel 1b. The CARBROOH and higher functionalized products
and CARBROOHPHA can partition into the particle phase. The
photolysis reactions can also occur for CARBROOH, resulting
in the formation of fragmentation products: aldehyde (ALD),
peracid (CnPACID), hydroperoxides (CnROOH), and carboxylic
acid (CnCARBACID) (channel 1a). In channel 3, the ROOH un-
dergoes photolysis to form alkoxy radical (RO), and then RO
undergoes a 1,4-isomerization reaction to form 1,4-hydroxy
hydroperoxide (OHROOH).OHROOH can partition into the par-
ticle phase, as it has sufficiently low volatility. OHROOH can
also react with OH radical or undergo photolysis to form
OHCARB (Yee et al., 2013). The OHCARB can undergo cycliza-
tion under acid catalysis to form a cyclic hemiacetal (CHA) and
a dihydrofuran (DHF) with dehydration process in the particle
phase. For long-chain alkanes with different chemical struc-
tures, the location of H-abstraction will be different, and this
will result in different products (Yee et al., 2012). Generally,
long-chain alkanes with branched structures lead to fragmen-
tation and formmore volatile products,while long-chain alka-
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Fig 1 – The general mechanism for long-chain alkanes: (a) OH oxidation under low-NOx conditions; (b) OH oxidation under
high-NOx conditions; (c) reaction with Cl atom.
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nes with cyclic structures will undergo faster oxidation and
form less volatile products (Yee et al., 2013).

For the reaction mechanism of long-chain alkanes under
high-NOx conditions, the fate of RO2 is dominated by reac-
tion with NO to form an alkoxy radical (RO) or an alkyl nitrate
(AN) (Aimanant and Ziemann, 2013; Lim and Ziemann, 2005,
2009a). The AN can react with NO and OH to form dinitrate
(DN), hydroxydinitrate (HDN), and hydroxycarbonyl nitrates
(HCN). The RO radical can be decomposed to form aldehy-
des and alkyl radicals, and then proceed to the gas phase re-
actions. This reaction process is important, as the products
formed tend to exist in the gas phase and lead to the reduc-
tion in particle formation. In addition to the decomposition,
the RO can react with O2 to form a carbonyl compound and
can isomerize through a 1,5-H atom shift process to form a
1,4-hydroxyperoxy radical. The 1,4-hydroxyperoxy radical re-
acts with NO to form a 1,4-hydroxynitrates (1,4HN) or a 1,4-
hydroxyalkoxy radical. The 1,4-hydroxyalkoxy radical mainly
isomerizes to form a 1,4-hydroxycarbonyl compound (1,4HC).
The 1,4HC compounds can partition into particle phase and
on the chamber walls,where they can isomerize to form cyclic
hemiacetals (CHA). The CHA can generate dihydrofuran (DHF)
by dehydration, and the formed DHF can evaporate to the gas
phase again (Martin et al., 2002). The DHF can react with OH
radical rapidly via addition to the C=C double bond, and then
the formed intermediate products can react with NO to form
cyclic hemiacetal nitrates (CHAN) or to form acylperoxynitrate
esters (APNE) through decomposition and the reaction with
NO2. 1,4HC compounds can also react with NO to form hy-
droxycarbonyl nitrates (HCN) and cyclic hemiacetal nitrates
(CHAN). With the catalysis of protons, 1,4HC can react with
CHA to form hemiacetal and acetal. For alkanes with different
structures, the reaction mechanisms are similar; however dif-
ferent structures of which can lead to different branching ra-
tios for the reaction pathways (LimandZiemann,2009a).Com-
pared with cyclic and n-alkanes, branched alkanes are more
prone to decomposition reactions and produce products with
higher volatility (Lim and Ziemann, 2009a).

The reactionmechanism of Cl atoms with long-chain alka-
nes is similar to that of OH oxidation under low-NOx con-
ditions. According to available literature, the reactions for
n-undecane, n-dodecane, tridecane, and tetradecane with Cl
atoms are a little different, as their reactions do not produce
products that retain the carbon chain (Shi et al., 2019b), pro-
ducing small molecule products with the decomposition pro-
cess. As shown in Fig. 1c, the reaction is initiated by remov-
ing H atoms with Cl atoms to generate alkyl radicals, and the
alkyl radicals then react with oxygen to form RO2. The fate of
RO2 is dominated by reaction with RO2 to form RO. RO radicals
mainly have three reaction channels. For channel 1, the RO
radical reacts with O2 to form carbonyl compound and HO2,
and then the carbonyl compoundwill continue to reactwith Cl
atoms. Channel 2 is the decomposition of RO radicals, gener-
ating small molecules. For channel 3, the RO radicals undergo
an intramolecular hydrogen transfer reaction, generating hy-
droxy carbonyl compounds.

In addition to the reactants, environmental factors can
also affect the reaction mechanism of long-chain alkanes,
e.g., relative humidity (RH), aerosol acidity, and temperature.
Li et al. (2020b) performed the low-NOx photo-oxidation with

C12 alkanes under room (25°C) and low temperature (5°C) con-
ditions and found that low-temperature conditions could pro-
mote the formation of oligomers in the particle phase. It was
also found that the humidity can affect the partitioning of the
formed products (Tobias et al., 2000), and the aerosol acid-
ity can affect the reaction process of aldehydes and ketones
(Jang et al., 2002).

3.3. SOA formation

3.3.1. SOA yield
SOA yield is an important parameter for model simulation
and laboratory research. Fig. 2 lists the SOA yields derived
from long-chain alkanes under various conditions. The oxi-
dant type,NOx concentrations, the carbon numbers and struc-
ture of alkanes, reaction time, environmental conditions (e.g.,
temperature, relative humidity, etc.), and aerosol acidity can
all affect the SOA yields.

The SOA yields can be affected by the precursor types and
structures. Lim and Ziemann (2005, 2009b) reported that SOA
yields for long-chain alkanes from reactions of homologous
series increased monotonically with increasing carbon atom
number, due to the decreasing volatility of the long-chain
alkanes and thus the formed products. For a given carbon
atom number, SOA yields follow the order cyclic > linear >

branched, which is determined by the decomposability ex-
tent of the alkoxy radical intermediates and the volatility of
the products. Tkacik et al. (2012) found that branched alka-
nes had the lowest SOA yields among alkanes with the same
carbon number but different structures and the SOA yields
of branched alkanes depended on the methyl branch position
on the carbon backbone. Fahnestock et al. (2015) also reported
that structure played a key role in determining the degree of
fragmentation and functionalization of the alkanes.

The type of oxidant and the oxidation time can also af-
fect the SOA yields. Lambe et al. (2012) found that the SOA
yields of long-chain alkanes exhibited an increasing trend
followed by a decreasing trend as a function of OH expo-
sure, likely due to that the transit of products from func-
tionalization (oxygen addition) to fragmentation (carbon loss).
Loza et al. (2014) reported the SOA yields for C12 alkanes
and found that gas-phase fragmentation was more prevalent
under high-NOx conditions than under low-NOx conditions.
Fahnestock et al. (2015) found that under high-NO conditions,
the formed organonitrate could increase the aerosol volume
concentration by up to a factor of 5 compared with the low-
NO condition.

Environmental conditions can also affect SOA yields.
Lamkaddam et al. (2020) reported that from dry (<1%) to
humid (≥5%) conditions, SOA yields were reduced by a fac-
tor of 2 for the high-NOx OH oxidation of n-dodecane; un-
der dry conditions, the acid-catalyzed “dehydration” reactions
of polyfunctional molecules could lead to the formation of
lower volatility products, while the higher humidity could
inhibit this reaction pathway. Lamkaddam et al. (2016) also
investigated the temperature effect on SOA yields derived
from n-dodecane in the presence of NOx at 10-31.5°C. They
found that the temperature does not significantly affect the
SOA formation in these experiments, indicating that the
formed SOA is dominated by extremely low volatility prod-
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Fig 2 – SOA yields derived from long-chain alkanes under various conditions: (a) C12 alkanes under low-NOx conditions; (b)
C12 alkanes under high-NOx conditions; (c) C13 and C14 alkanes under high-NOx conditions; (d) C15, C16, and C17 alkanes
under high-NOx conditions. Details of the reaction conditions can be referred to Table S2 (Li et al., 2019a, 2019b; Presto et al.,
2010; Wang and Hildebrandt Ruiz, 2018).

ucts. Li et al. (2020b) reported that the temperature had an im-
portant effect on the SOA formation derived from n-dodecane
under low-NOx conditions: higher SOA formation was found
under low-temperature conditions. The mass spectrometry
analysis revealed that low-temperature conditions could pro-
mote the formation of oligomers, which led to higher SOA
yields under low-temperature conditions. The different tem-
perature effects under low- andhigh-NOx conditions highlight
the important role of NOx in the formation of alkane SOA.

3.3.2. Physicochemical properties of SOA
The physicochemical properties of SOA derived from long-
chain alkanes mainly summarize optical property and den-
sity here. The optical property of SOAs mainly depends on
the complex refractive index (RI, n + ki), which can express
the extent of light-absorbing (the imaginary part, k) and scat-
ter (the real part, n). The RI values of SOA derived from long-
chain alkanes are investigated in various studies, as shown
in Table 5. According to the available studies, the SOA de-
rived from long-chain alkanes has negligible absorption at the
wavelength of 375 and 532 nm (Li et al., 2020b) and over the
visible range between 400 and 700 nm (Updyke et al., 2012).
Therefore, only the real parts of the RI are listed in Table 5.Due
to the various reaction conditions, the chemical composition
of SOA generated from the same precursor is different, result-
ing in different optical properties. Li et al. (2017) reported the
RI values of SOAderived from n-dodecane,n-pentadecane,and
n-heptadecane under various conditions and found that both
the NOx concentration and inorganic aerosol seeds can affect
the chemical compositions of the formed SOA and the scat-
tering properties of the SOA at 532 nm. As mentioned above,

the environmental temperature could also influence the re-
action pathways of the long-chain alkanes, and the scatter-
ing properties of SOA derived from C12 alkanes at 532 and 375
nm are both enhanced under 5°C compared to that under 25°C
(Li et al., 2020b).

Density is also an important parameter of SOA.
Li et al. (2020b) reported a density of 1.1 g/cm3 for the n-
dodecane SOA generated under low-NOx conditions, using
a scanning mobility particle sizer (SMPS) and a centrifugal
particlemass analyzer (CPMA). Lim and Ziemann (2009b)mea-
sured the density of n-hexadecane SOA (in the presence of
NOx) to be 1.06 g/cm3 with a microliter syringe and a mass
balance. Loza et al. (2014) calculated the SOA density by
comparing the SOA diameter measured by the AMS (Dva, the
mean vacuum aerodynamic diameter) to that measured by
the DMA (Dm, the electric mobility diameter), ρ = Dva/Dm.
The reported density of C12 SOA density is: (1) under low-NOx

condition, 1.12±0.03 g/cm3 for n-dodecane, 1.12±0.03 g/cm3

for 2-methylundecane, 1.17±0.03 g/cm3 for hexylcyclohexane,
and 1.28±0.03 g/cm3 for cyclodedecane; (2) under high-NOx

condition, 1.28±0.01 g/cm3 for n-dodecane, 1.28±0.01 g/cm3

for 2-methylundecane, 1.29±0.01 g/cm3 for hexylcyclohexane,
and 1.23±0.02 g/cm3 for cyclodedecane. In general, the SOA
densities derived from alkanes under various conditions are
in the range of 1-1.4 g/cm3.

4. Model simulation

Atmospheric model is an important tool for integrating the
atmospheric chemistry of the long-chain alkanes with that
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Table 5 – RI values (real part) for SOA from long-chain alkanes as measured in various studies

Precursors Oxidation Pathway Techniques Temperature (°C) λ (nm) RI values (n) References

n-
Dodecane

H2O2 CRDs+ PAX+ 5
m3 Teflon
smog
chamber

25 532 1.482+0.004
−0.01 Li et al.,

2020b375 1.520+0.01
−0.01

5 532 1.515+0.011
−0.013

375 1.542+0.018
−0.01

H2O2 CRDs + 5 m3

Teflon smog
chamber

25 532 1.484 Li et al.,
2017H2O2 + seed 1.466

HONO 1.414
HONO + seed 1.501

n-
Pentadecane

H2O2 CRDs + 5 m3

Teflon smog
chamber

25 532 1.484
H2O2 + seed 1.438
HONO 1.457
HONO + seed 1.476

n-
Heptadecane

H2O2 CRDs + 5 m3

Teflon smog
chamber

25 532 1.478
H2O2 + seed 1.45
HONO 1.435
HONO + seed 1.471

2-
Methylundecane

H2O2 CRDs + 5 m3

Teflon smog
chamber

25 532 1.482-1.483 Li et al.,
20215 532 1.515-1.516

HexylcyclohexaneH2O2 25 532 1.459-1.462
5 532 1.489-1.492

Cyclododecane H2O2 25 532 1.450-1.451
5 532 1.485-1.487

of other important processes, such as emissions, transport,
dispersion, and deposition. The air quality models can sim-
ulate concentrations of air pollutants with a high time res-
olution at global or regional scales. Based on the semi-
empirical parameterization scheme, the two product (2P)
model (Odum et al., 1996) and the volatility basis set (VBS) ap-
proach (Donahue et al., 2006) are established for improving the
model performance of SOA formation.

According to previous studies, there are discrepancies be-
tween model simulation and field observation for SOA for-
mation. In the ambient air, reactive anthropogenic VOCs (AV-
OCs) can produce much larger amounts of SOA than model
prediction (Volkamer et al., 2006). The discrepancies between
model and observationmay come from the incomplete under-
standing of the chemical mechanism (Shrivastava et al., 2017),
and/or there may be unknown sources that are not included
in the model simulations (Yang et al., 2019). The gap between
observation and model simulation has attracted attention to
add new mechanisms or sources to the model.

Long-chain alkanes, as a representative substance of inter-
mediate volatile organic compounds (IVOCs) (Robinson et al.,
2007), are often ignored in field observations and model sim-
ulations. However, due to its high contribution to secondary
organic aerosols (Gentner et al., 2012; Zhao et al., 2014), long-
chain alkanes have begun to be considered in model simu-
lations in the last decade. Thus, the following studies below
mainly include the model simulations related to long-chain
alkanes’ SOA mass concentration and yields.

In earlier studies, scholars have begun to study the con-
tribution of long-chain alkanes to SOA in the atmosphere.
Hodzic et al. (2010) applied the 3-D regional air quality model
CHIMERE to estimate the potential contributions of interme-
diate volatility organic compounds (IVOCs) and semi-volatile
organic compounds (SVOCs) to SOA formation in the 2006 field

observation in and around Mexico City. The volatility distri-
bution of primary organic aerosols (POA), gas-phase oxidation
of their vapors, and related gas-particle distributions were in-
cluded in the model. They found that the predicted SOA con-
centration had a substantial enhancement compared to the
results that the S/IVOCs were not considered (Hodzic et al.,
2009). The gap between oxygenated organic aerosol (OOA) ob-
servations and simulations had been reduced substantially:
with the initially proposed volatility distribution and aging
mechanisms of SVOCs by Robinson et al. (2007), the average
SOA concentration increased about 3.8 μg/m3 (a factor of 2.5);
with the updated mechanisms by Grieshop et al. (2009), the
average SOA concentration increased about 8.7 μg/m3 (a fac-
tor of 4). Lee-Taylor et al. (2011) investigated the evolution of
organic aerosols inMexico City and its outflow plumewith the
gas phase photochemistry model generator of explicit chem-
istry and kinetics of organics in the atmosphere (GECKO-A). A
chemical box model was used to determine the vapor pres-
sures and the gas-particle partitioning process of the formed
intermediate products. The simulation results were compared
to the MILAGRO observations made in March 2006, and suc-
cessfully reproduced the diurnal variation for both POA and
SOA. In this simulation work, larger n-alkanes (C11 to C25)
were considered as precursors,which were used as surrogates
for hydrocarbons with similar volatility. Simulation results in-
dicated that ≥75% of the SOA were derived from the larger
n-alkanes. Pye and Pouliot (2012) simulated the aerosol for-
mation from primary precursors with the Community Mul-
tiscale Air Quality (CMAQ) model version 5.0. In addition to
the conventional SOA sources (e.g., aromatics, monoterpenes,
sesquiterpenes, isoprene, aqueous processes that could pro-
duce aerosols), alkanes and polycyclic aromatic hydrocarbons
(PAHs)were included in thismodel. Simulation results showed
that compared to PAHs, alkanes could generate more SOA due



48 journal of environmental sciences 114 (2022) 37–52

to their relatively higher emissions. Compared to the tradi-
tional SOA sources, although the concentrations of alkanes
and PAHs in the atmosphere were not high, their contribution
to SOA could not be ignored.All the results above highlight the
importance of lower volatile organic compounds to SOA in the
atmosphere, e.g., long-chain alkanes.

In recent years, scholars in China have also begun to
pay attention to and carry out research related to the lower
volatile organic compounds, e.g., IVOCs, SVOCs, n-dodecane.
Zhao et al. (2016) developed the CMAQ/2D-VBSmodel to quan-
tify the effect of organic aerosol aging and IVOCs emissions on
aerosol pollutions in China. 2D-VBS parameters were deter-
mined by performing a series of smog chamber experiments
related to SOA formation, the parameters were then applied in
the three-dimensional chemical transport models (3D-CTMs).
They found that the discrepancies between observation and
simulation reduced significantly after considering the organic
aerosol aging and IVOC emissions: the IVOCs emissions could
increase the OA and SOA concentrations in Eastern China by
a factor of 10, and the OA aging could increase the OA and
SOA concentrations by about 40%. Yang et al. (2019) applied
a 3D regional atmospheric CTM, nested air quality prediction
modeling system (NAQPMS), to simulate the SOA concentra-
tions in central and eastern China in 2014. SOA mass yields of
n-dodecane obtained with smog chamber were used to gen-
erate VBS parameters for the model. Results showed that af-
ter considering the contribution of alkanes, the SOA concen-
tration increased by 10–20 μg/m3 in winter compared to the
base scenario,which significantly reduced the discrepancy be-
tween observations and simulations. In this work, n-dodecane
was taken as the representative of IVOCs; to understand the
SOA formation more thoroughly in the atmosphere, it is nec-
essary to conduct further research on IVOCs parameterization.

Li et al. (2020a) investigated the organic aerosols distribu-
tion and evolution in the Beijing-Tianjin-Hebei region dur-
ing the 2014 winter with a regional air quality model sys-
tem (RAQMS), considering the emission inventories and SOA
formation of S/IVOCs. They found that the contributions to
SOA formation of SVOCs and IVOCs were 40.1% and 9.4%, re-
spectively, indicating the important role of S/IVOCs in SOA
formation in China. Li et al. (2020a) also expressed the ob-
servation urgency of S/IVOCs emissions from anthropogenic
sources in China. Yao et al. (2020) simulated the SOAs forma-
tion over the Pearl River Delta (PRD) region in China with the
comprehensive air quality model with extensions (CAMx). Re-
sults showed that the oxidation of S/IVOCs could contribute 4-
7 μg/m3 to SOA concentration in the center of the PRD region,
and contribute 1-2 μg/m3 to SOA concentration in the rural
sites of the PRD region. While the observed SOA concentra-
tionwas approximately 1-7μg/m3, the results implied that the
IVOCs/SVOCs emission were important to atmospheric SOA
concentration.

As mentioned in the above literature, when S/IVOCs
sources such as long-chain alkanes are considered in the
model simulations, the gap between model simulation and
field observation is reduced. For atmospheric concentrations
of IVOCs (e.g., long-chain alkanes), the data obtained by field
observations is still relatively limited; the field observations
related to long-chain alkanes should be strengthened. Mean-
while, long-chain alkanes have a higher contribution to the

formation of SOA, the reaction pathways of which should
be considered in the model. Further experiments about the
chemical mechanism and SOA yields of long-chain alkanes
under various oxidation conditions are necessary for the lab-
oratory, to make the obtained parameters meet the demand
for increased accuracy of model simulation.

5. Summary and perspectives

As representative substances of intermediate volatile organic
compounds (IVOCs), long-chain alkanes have been proposed
to be an important potential source of secondary organic
aerosols in the atmosphere. This work briefly summarizes
the detection methods, field observations, and model simula-
tions of long-chain alkanes in Section 1, 2 and 4, and summa-
rizes the laboratory research of long-chain alkanes in detail in
Section 3.

Detection Methods: With the development of technology,
the accuracy and time resolution of related techniques have
been improved. However, due to the complexity of long-chain
alkane types (such as isomers), it is difficult to distinguish
them from existing equipment. Therefore, equipment with
high resolution and time resolution is required to satisfy field
observations for complex environments.

Field observations:With the increasing recognition ofmea-
surements related to long-chain alkanes, researchers have
learned much about long-chain alkanes in the atmosphere.
The anthropogenic sources of long-chain alkanes mainly in-
clude fossil fuels and volatile chemical products; the biologi-
cal sourcesmainly include animal husbandry, plants,microbe,
and combustion of biomass. In urban areas, vehicle emissions
are one of the important contributors to long-chain alkanes.

The concentration of long-chain alkanes in both the par-
ticles and gas phase varies due to different sampling loca-
tions, sampling methods, and detection methods, as shown
in Table 1. However, the overall results show that the con-
centration of long-chain alkanes in the atmosphere cannot be
ignored, especially in the gas phase. The monitoring of long-
chain alkane species should be strengthened in field observa-
tions. Considering the reaction activity of long-chain alkanes
with OH radicals, observation sites related to long-chain alka-
nes should not only be located near urban emission points but
also located in downwind suburban environments.

Laboratory studies: Laboratory research on long-chain
alkanes is still very scarce. Halogens are one of the important
oxidants in the atmospheric environment, but there are very
few studies on their kinetics with long-chain alkanes. The re-
action mechanism and SOA yields of long-chain alkanes un-
der different conditions are different, such as the influence
of temperature, relative humidity, oxidant types, oxidant con-
centration, seed, etc., and further research is needed in this
area. Future studies should include the reactions under var-
ious environmental factors to better understand the specific
reaction mechanisms. Besides, according to the existing stud-
ies, there is limited research on the optical properties of SOA
derived from long-chain alkanes, and thus optical properties
of SOA derived from long-chain alkanes with different carbon
numbers or different chemical structures under various con-
ditions need to be investigated in the future studies.
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Besides, the existing research is mostly about the reaction
system of single long-chain alkanes, and the oxidation pro-
cess of long-chain alkaneswith other coexisting VOCs is rarely
studied.

Model simulations: As the relatively high SOA formation
potential of long-chain alkanes, they should be explicitly in-
cluded in the current model simulation for SOA formation.
When long-chain alkanes are added to themodel simulations,
the discrepancies between field observations andmodel simu-
lations for SOA formation generally decrease.However, the pa-
rameters added to the model are still not fully representative
for various precursors. Specific parameters input is required
for model simulations related to specific regions under differ-
ent conditions.

Overall, the field observation of long-chain alkanes in both
the gas and particle phase in specific areas should be strength-
ened, andmore experiments should be carried out in the labo-
ratory according to the parameter requirements of the model
to achieve further improvement of the model simulation ac-
curacy and forecast accuracy.
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