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Abstract. The characteristics of n-alkanes and the contributions of various sources of fine particulate mat-
ter (PMj5) in the atmosphere in Beijing were investigated. PM; 5 samples were collected at Minzu Univer-
sity of China between November 2020 and October 2021, and n-alkanes in the samples were analyzed by
gas chromatography mass spectrometry. A positive matrix factorization analysis model and source indices (the
main carbon peaks, carbon preference indices, and plant wax contribution ratios) were used to identify the
sources of n-alkanes, to determine the contributions of different sources, and to explain the differences. The
n-alkane concentrations were 4.51-153ngm™3 (mean 32.7ngm™>), and the particulate-bound n-alkane and
PM3 5 concentrations varied in parallel. There were marked seasonal and diurnal differences in the n-alkane
concentrations (p < 0.01). The n-alkane concentrations in the different seasons decreased in the order of win-
ter > spring > summer > fall. The mean concentration of each homolog was higher at night than in the day in all
seasons. Particulate-bound rn-alkanes were supplied by common anthropogenic and biogenic sources, and fos-
sil fuel combustion was the dominant contributor. The positive matrix factorization model results indicated five
sources of n-alkanes in PM» s, which were coal combustion, diesel vehicle emissions, gasoline vehicle emissions,
terrestrial plant release, and mixed sources. Vehicle emissions were the main sources of n-alkanes, contributing
57.6 %. The sources of PMj 5 can be indicated by n-alkanes (i.e., using n-alkanes as organic tracers). Vehicle
exhausts strongly affect PM, 5 pollution. Controlling vehicle exhaust emissions is key to controlling n-alkanes

and PM3 5 pollution in Beijing.

1 Introduction

Serious air pollution in China is currently caused by a com-
bination of haze and photochemical smog (Ma et al., 2012).
The effects of haze on air quality are more obvious than the
effects of photochemical pollution, which is relatively invis-
ible. Haze is frequent in urban areas with relatively dense
populations and high traffic loads. Fine particulate matter is
the main pollutant involved in haze. Fine particulate mat-
ter has small particle sizes (aerodynamic equivalent diameter

< 2.5 um), a long atmospheric retention time, and a complex
chemical composition. Fine particulate matter is also a good
substrate for chemical reactions, about which there is a great
concern because the products can negatively affect the en-
vironment and human health (G. H. Wang et al., 2016; Zhu
et al., 2005; Zhang et al., 2015). In recent years, measures
such as energy structure adjustments, pollutant emission con-
trols, and air pollution prevention have markedly decreased
atmospheric pollution and improved air quality in China.
For example, the PM; s concentration in Beijing, a typical
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large city in China, has recently decreased markedly. The an-
nual mean PM> 5 concentration decreased from 73 ug m~3in
2016 to 33 ugm ™ (meeting the requirement of the secondary
ambient air quality standard for China, 35 ugm™3) in 2021
(Beijing Ecology and Environment Statement, 2016-2021).
Sources of fine particulate matter need to be better under-
stood and controlled to decrease PM; 5 pollution, improve air
quality, and meet the primary ambient air quality standard for
China (15 uygm™3) and even the World Health Organization
standard (5 ugm™3).

It has been found that n-alkanes are important compo-
nents of organic pollutants in particulate matter and are
mainly supplied through anthropogenic emissions such as
vehicle exhausts, fossil fuel combustion, and biomass com-
bustion (Liu et al., 2013) or through biogenic emissions such
as from microorganisms and terrestrial plants (Simoneit et
al., 1989; Rogge et al., 1993). n-Alkanes are non-polar sat-
urated hydrocarbons that are stable and found at high con-
centrations in the atmosphere. n-Alkanes readily adsorb to
particles and can affect the environment and human health
(Chen et al., 2019). n-Alkanes can participate in atmo-
spheric chemical reactions, and n-alkane volatility and re-
activity decrease as the carbon chain length increases (Au-
mont et al., 2013). The products of reactions involving short-
chain n-alkanes (C < 16) in the environment strongly con-
tribute to the secondary-organic-aerosol formation (Michoud
et al., 2012). Long-chain n-alkanes (C > 16) are relatively
stable in the environment and generally accumulate in partic-
ulate matter (Chrysikou and Samara, 2009). The carbon num-
ber ranges, molecular compositions, and distributions of n-
alkane mixtures in the particulate matter can be used to assess
aerosol migration and particulate matter sources. Particulate-
bound n-alkanes play an important role in studying organic
aerosols and the sources of PMj 5. The characteristics and
sources of n-alkanes in the fine particulate matter are impor-
tant parameters for developing pollutant control strategies to
sustainably decrease haze pollution and to improve air qual-
1ty.

Previous studies of n-alkanes in atmospheric particulate
matter have mainly been focused on concentrations (Wang
and Kawamura, 2005; Wang et al., 2006a; Chen et al., 2014;
Ren et al., 2017), characteristics (Simoneit et al., 2004;
X. R. Li et al., 2013; Kang et al., 2016b), and sources
(Kavouras et al., 2001; Bi et al., 2003; Fu et al., 2010; Sun et
al., 2021). A wide range of n-alkanes is present in the atmo-
sphere, including highly and poorly volatile n-alkanes with
carbon chain lengths between 8 and 40 (Kang et al., 2016b;
Aumont et al., 2012). n-Alkane concentrations between tens
and hundreds of nanograms per cubic meter have been found
in fine particles (Ren et al., 2016; Lyu et al., 2019). The n-
alkane concentration is affected by factors such as meteoro-
logical conditions and contributing sources and is related to
the particulate matter concentration and particle size distri-
bution. The total n-alkane concentrations in particulate mat-
ter markedly vary by season, usually being higher in win-
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ter and lowest in summer and fall (Lyu et al., 2016; Chen et
al., 2019). n-Alkanes from different sources have different
molecular compositions and distributions that can be used to
indicate the relative contributions of different sources of par-
ticulate matter (Han et al., 2018).

In the past few decades, researchers in Zhengzhou (Wang
et al., 2017), Guangzhou (Bi et al., 2003; J. Z. Wang et
al., 2016), Shanghai (Lyu et al., 2016; Xu et al., 2015),
Beijing (Ren et al., 2016; Lyu et al., 2019), Seoul (Kang
et al., 2020), and Spain (Caumo et al., 2020) have stud-
ied n-alkanes in atmospheric aerosols and determined total
n-alkane concentrations, particle size distributions, and the
contributions of different sources. However, n-alkanes with
different carbon number ranges were analyzed in the differ-
ent studies. Most studies were focused on n-alkanes con-
taining < 30 carbon atoms, but these do not fully reflect
the sources of n-alkanes in particulate matter. Air quality in
Beijing is gradually improving, and exploring strategies for
controlling sources of fine particulate matter further requires
more information about n-alkane homolog distributions and
variability in fine particulate matter and the relative contri-
butions of different sources. Beijing is a large city with a
dense population and high traffic volumes. The sources of
n-alkanes and particulate matter in Beijing require attention
because of the large number of volatile organic pollutants
present, the high levels of vehicle exhaust emissions, and
the relatively severe particulate matter pollution. Secondary
aerosols have been found to make strong contributions to par-
ticulate pollution during haze episodes in urban areas (Presto
et al., 2009; Huang et al., 2014). n-Alkanes only contribute
a proportion of the total organic matter in the particulate
matter but are important contributors to particulate pollution
by being important precursors of secondary organic aerosols
(Yang et al., 2019). n-Alkanes are also important indicators
of the sources of particulate matter.

In this study, the concentrations of Cj3—Cy0 n-alkanes
in atmospheric fine particulate matter in Beijing between
2020 and 2021 were determined. Diurnal and seasonal vari-
ations in n-alkane homolog concentrations were assessed
by performing the diurnal and cross-seasonal sampling. The
sources of n-alkanes were identified, and the contributions of
these sources to the total n-alkane concentrations were deter-
mined using source indices and correlation models. The aim
was to use n-alkanes to indicate the sources of particulate
matter to allow strategies for controlling particulate matter
concentrations in urban areas to be developed.

2 Materials and methods

2.1 Sampling site and time

Fine particulate matter samples were collected between
November 2020 and October 2021 on the roof (about 20 m
above the ground) of the College of Pharmacy at the Minzu
University of China (116.19° E, 39.57° N). Beijing is a typi-
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cal heavily populated and traffic-intensive Chinese city, with
high emission intensities of nitrogen oxides and volatile or-
ganic pollutants and relatively serious fine particulate mat-
ter pollution. Haidian District is a prosperous urban area in
Beijing with intense human activities and busy traffic. The
sampling point in Haidian District reflected the influences
of human activities and vehicle emissions on fine particulate
matter concentrations. Samples were collected between the
23rd and 29th of each month during the study, but the exact
sampling periods were adjusted to take into account pollu-
tion levels and the weather. Samples were collected in two
periods on a sampling day. Daytime samples were collected
between 07:00 and 20:00 local time (LT; the time zone for
all instances in the text is LT) and nighttime samples were
collected between 20:30 and 06:30 the next morning. Diur-
nal and seasonal variations in n-alkane concentrations in the
fine particulate matter were investigated by collecting sep-
arate day and night samples and collecting samples in dif-
ferent seasons. The effects of n-alkanes on PM» 5 concen-
trations were assessed by analyzing the correlation between
their concentrations.

2.2 Sample collection and pretreatment

Each fine particulate sample was collected using a TH-16A
low-flow sampler (Wuhan Tianhong, Wuhan, China) con-
taining a Whatman QMA quartz fiber filter (@ 47 mm; GE
Healthcare Bio-Sciences, Pittsburgh, PA, USA) using a flow
rate of 16.7 L min~!. Before use, the quartz fiber filters were
baked at 550 °C for 5 h to remove organic matter. Each filter
was loosely wrapped in aluminum foil and equilibrated for
24h at 20°C and 40 % relative humidity and then weighed
using a precision electronic balance before being used to col-
lect a sample. Once used, a filter was equilibrated for 24 h at
20°C and 40 % relative humidity, weighed again, and then
stored wrapped in aluminum foil at —20 °C.

The details for ultrasonic extraction methods used to ana-
lyze the samples of n-alkanes in PMj 5 are reported in pre-
vious studies (Yang et al., 2019; Kang et al., 2020; Caumo
et al., 2020). Each filter was cut into pieces and extracted by
ultrasonicating it with 15 mL of dichloromethane for 15 min.
The extraction step was repeated five times, and the extracts
were combined and evaporated to 2 mL using a rotary evapo-
rator. The extract was then transferred to a 15 mL centrifuge
tube and centrifuged at 3000 rpm for 5 min. The supernatant
was evaporated just to dryness under a gentle flow of high-
purity nitrogen and then redissolved in 100 pL of toluene for
instrumental analysis.

2.3 Instrumental analysis

The n-alkanes (Cj3—C40) were analyzed qualitatively and
quantitatively by gas chromatography mass spectrometry us-
ing an Agilent 6890N-5975 system (Agilent Technologies,
Santa Clara, CA, USA). n-Alkane standards (Cg—Cyo) were
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purchased from AccuStandard (New Haven, CT, USA). Sep-
aration was achieved using an Agilent J&W Scientific DB-
5M column (30 m long, 0.25 mm inner diameter, 0.1 um film
thickness; Agilent Technologies). The temperature of the GC
inlet was 290 °C, splitless injection mode was used, and the
injection volume was 1.0 L. The carrier gas was helium, and
the constant flow rate was 1.0 mL min~!. The oven tempera-
ture program started at 80 °C, which was held for 2 min, then
increased at 10°C min—! to 200°C, and then increased at
15°C min~! to 300 °C, which was held for 30 min. The mass
spectrometer was used in electron impact ionization mode
and selected-ion detection mode. Ions with mass-to-charge
ratios of 85 and 113 (characteristic of n-alkanes) were used
to identify and quantify n-alkanes. The data were quantified
using ChemStation software (Agilent Technologies).

2.4 Quantitative analysis

Particulate-bound n-alkanes were quantified by an external
standard method. We prepared standard solutions of Cg—Cyg
n-alkanes with concentration gradients of 10 ppm, 1 ppm,
500 ppb, 100 ppb, 50 ppb, and 10 ppb. The calibration curves
were plotted with the concentrations of the standard solu-
tion as the abscissa axis and the corresponding chromato-
graphic response obtained by GC-MS as the ordinate axis;
the correlation coefficient of each calibration curve is greater
than 0.99. The concentrations of particulate-bound r-alkanes
were finally quantified by the calibration curves.

2.5 Quality assurance and control

When extracting n-alkanes from the fine particulate samples,
blank samples were extracted with each batch of samples.
The concentration of an analyte substance in the blanks was
subtracted from the concentration of the analyte in a sam-
ple during data processing. The detection and quantification
limits of the instrument were defined as 3 and 10 times the
signal-to-noise ratio, respectively. The instrument detection
limits for the n-alkanes were 1-10 pg.

A spiked-recovery experiment was used to evaluate the re-
covery efficiency of particulate-bound n-alkanes. A mixed
standard solution of Cg—Cyg n-alkanes (20 uL, 1 ppm) was
added to the blank samples; then the blank samples were
pre-treated according to the same methods, and the concen-
trations of n-alkanes were detected by GC-MS. The recov-
ery was calculated based on the theoretical concentrations of
the n-alkanes standard solution and the measured concentra-
tions of n-alkanes in the blank spiked samples. The blank
spiked-recovery experiments were repeated three times, and
the final recovery was averaged over the three experiments;
the extraction recovery for n-alkanes ranged from 43.6 % to
128 %, and the relative standard deviation (RSD) for the con-
centrations of n-alkanes in the parallel samples of the blank
spiked-recovery experiments was 3.51 %.
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2.6 Data analysis

PM, 5 data were provided by the China Meteorological Ad-
ministration (https://www.cma.gov.cn/, last access: 31 Oc-
tober 2021). Data analysis (statistical and other analyses of
the n-alkane data) was performed using SPSS 26.0 software
(IBM, Armonk, NY, USA). Differences in the concentrations
of an n-alkane homolog in different groups of samples and
differences in the overall n-alkane compositions in different
groups of samples were assessed by performing independent
sample ¢ tests. Spearman correlations and Pearson correla-
tions (two-tailed tests) were used to identify correlations be-
tween groups of data.

Source indices (the carbon maximum number, Cyyax; car-
bon preference index, CPI; and plant wax n-alkane ratio,
WNA%) were used to assess the n-alkane sources from the
n-alkane molecular compositions and concentration distribu-
tions. The Cax is the homolog with the highest relative con-
centration in the n-alkane mixture; it is commonly used to
distinguish between the contributions of anthropogenic and
natural sources of n-alkanes and is related to the degree of
thermal evolution that has affected the organic matter sup-
plying n-alkanes. The CPI was defined as the ratio of total
odd carbon n-alkanes to even carbon n-alkanes and was de-
veloped by Bray and Evans (1961); it can be used to assess
the contributions of anthropogenic and biogenic sources of
n-alkanes and is the most commonly used empirical param-
eter for distinguishing between sources of n-alkanes (Marzi
et al., 1993). WNA% and PNA% (petrogenic n-alkane ratio)
can be used to assess the relative contributions of biological
and anthropogenic sources of n-alkanes in particulate mat-
ter (Simoneit, 1985); WNA% was calculated by subtraction
of the average of the next higher and lower even-numbered
carbon homologs, while PNA% was defined as the WNA%
subtracted from 100 % (Lyu et al., 2019). The source indices
were calculated using Eqs. (1)-(3):

19

" C,:
CP1=—Z'—23 2 1)

Zi=7C2i
Cp— Cn
x (60— (2=5%2))
WNA% = x 100 %
Z Cn

(n is an odd number), 2)
PNA% = 100% — WNA%. 3)

In Eq. (1), Cyi4+1 was the concentration of the n-alkane
with odd carbon atoms ranging from 13-39, while Cy;
was the concentration of the n-alkane with even carbon
atoms ranging from 14—40. In Eq. (2), C,, was the concen-
tration of n-alkanes, taking zero as the negative value of

(Cn _ (Cnfl‘ganrl ))
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A positive matrix factorization (PMF) model was used
to identify specific n-alkane sources and the contribution
of each source through Environmental Protection Agency
PMF 5.0 software (USEPA). The PMF model is a factor
analysis technique using multivariate statistical methods. The
PMF model is a receptor model, so it can identify and deter-
mine the contributions of components of unknown mixtures.
The PMF model is one of the source resolution methods rec-
ommended by the US Environmental Protection Agency. The
PMF model does not require the complex pollutant sources
to be determined beforehand, and the treatment process can
be optimized while limiting the decomposition matrix ele-
ments and sharing the rates of nonnegative matrices. The
model can use the chemical composition of particulate matter
to identify the sources of particulate matter and to calculate
the contributions of the different sources, so it is widely used
to investigate the sources of atmospheric particulate matter
(Moeinaddini et al., 2014; Liao et al., 2021; Li et al., 2021).
The details of PMF have been described in the PMF 5.0 User
Guide (US EPA, 2014).

3 Results

3.1 Concentrations of n-alkanes

A total of 28 n-alkane homologs with carbon chain lengths
of C13—Cy49 were analyzed. C13—Cy4g n-alkanes were detected
in the diurnal fine particulate matter samples collected in all
seasons. Among them, Cy1—C3s n-alkanes were detected in
all PM; s samples, and other n-alkanes were detected in more
than half of the samples.

The n-alkane and PM, s concentrations in the different
seasons are shown in Table 1, and temporal variations in the
average concentrations between day and night are shown in
Fig. 1. The PM; 5 concentrations throughout the sampling
period were 0—134ugm—3, and the mean was 32.0 ugm—3.
The n-alkane concentrations throughout the sampling period
were 4.51-153ngm ™3, and the mean was 32.7ngm™3. As
shown in Fig. 2, under the condition of excluding the in-
fluence of the sharp rise of PM> s concentration in heavy
haze days, correlation analysis indicated that the n-alkane
and PMj 5 concentrations were significantly positively cor-
related (p < 0.01, r =0.618).

3.2 n-Alkane component distributions

The contributions of the individual C;3—C49 n-alkane ho-
mologs to the total n-alkane concentrations are shown in
Fig. 3. The C;6—Cjs5 n-alkanes were dominant in winter, and
the Cp6—C31 n-alkane contributions increased markedly in
spring, summer, and fall.

The n-alkane homologs can be classed as low molecu-
lar weight (LMW), meaning n-alkanes with carbon chain
lengths < 25, and high molecular weight (HMW), mean-
ing n-alkanes with carbon chain lengths > 25. As shown in
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Table 1. PM, 5 and particulate-bound r-alkane concentrations in different seasons in Beijing.

Species Winter? ‘ Spring® ‘ Summer® ‘ Falld

Mean Range ‘ Mean Range ‘ Mean Range ‘ Mean Range
PMj; 5 (pgm_3) 28.5  8.00-65.0 | 43.5 0-134 | 21.5 10.0-32.0 322 8.00-117
n-Alkanes (ng m~3) 663 17.1-89.9 | 368 12.2-64.1 18.0  9.92-29.7 9.78 4.51-27.1

a Winter: November and December in 2020; P spring: March and April in 2021; © summer: June and July in 2021; d fall: September and October

in 2021.
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Figure 1. Temporal variations in PM» 5 and particulate-bound n-alkane concentrations during the sampling period in Beijing. (The concen-
trations of C13—Cyq n-alkanes and PM; 5 are the average of the day and night.)

Fig. 4, LMW n-alkanes contributed ~ 60 % of the total n-
alkane concentrations in winter but only ~ 40 % in spring,
summer, and fall, indicating that there were marked differ-
ences between the compositions in winter and those in the
other seasons.

3.3 Seasonal and diurnal differences in n-alkane
concentrations

The average concentration distributions of Ci3—Cyo n-
alkanes in the different seasons are shown in Fig. 5. There
were significant differences (p < 0.01) between the con-
centrations of various homologs in the different seasons.
The mean n-alkane concentrations for the different seasons
decreased in the order of winter > spring > summer > fall.
The seasonal differences were more marked for LMW than
for HMW n-alkanes. The concentrations of relatively short-
chain n-alkanes (C16—Cj5) were markedly higher in winter

https://doi.org/10.5194/acp-23-3015-2023

than in the other seasons. The concentrations of Cy7, Coo,
C31, and C33 n-alkanes were higher than the concentrations
of Cyg, Cag, C30, C32, and C34 n-alkanes (i.e., odd-carbon-
number dominance occurred) in all of the seasons.

The C13—C4g n-alkane concentrations in the day and night
samples are shown in Fig. 6. The mean n-alkane homolog
concentrations were higher at night than during the day in
all four seasons. The concentrations during the day and night
were significantly different (p < 0.01). Statistical tests on the
differences in the concentrations of individual homologs of
n-alkanes between day and night in different seasons showed
that there were fewer n-alkane homologs with significant dif-
ferences in winter (Cj¢g, C17) and spring (Cap1), while there
were more n-alkane homologs (C > 21) with significant dif-
ferences in summer and autumn.

Atmos. Chem. Phys., 23, 3015-3029, 2023
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Figure 2. Association between particulate-bound n-alkanes and
PM,, 5 in Beijing.

3.4 Source indices and PMF model

Source indices (Cax, CPI, and WNA %) determined from
the C13—C49 n-alkane data were used to assess the n-alkane
sources. The PMF model was used to quantify the amounts
of n-alkanes in fine particles supplied by the different sources
and the relative contributions of the sources. The source in-
dex data for n-alkanes in the day and night samples in the
different seasons are shown in Table 2.

3.4.1 Source indices for n-alkanes

The Cpax for winter was Cp3, but the Cry,x for spring, sum-
mer, and fall was Cag9. The mean CPI for the year the samples
were collected was 1.66. The CPI was lowest in winter but
higher during the day than during the night in spring, sum-
mer, and fall. The mean contribution of plant wax n-alkanes
to the total n-alkane concentration during the sampling pe-
riod was 30.6 %, and the mean contribution of anthropogenic
n-alkanes to the total n-alkane concentration was 69.4 %.
The plant wax n-alkane contribution was lowest in winter
and markedly higher in spring, summer, and fall.

3.4.2 Results of the PMF model

According to the PMF 5.0 User Guide (US EPA, 2014), the
daily mean n-alkane concentrations during the sampling pe-
riod and the corresponding uncertainties were inputted into
the PMF model to analyze the sources of n-alkanes in fine
particulate matter. Various numbers of factors were tested,
and the optimal correlation coefficient for the relationship
between the simulated and observed values was found when
five factors were used; the average correlation coefficient of
n-alkane homologs is 0.832. Q (robust) is an important pa-
rameter obtained after the PMF run — it is the goodness-of-fit
parameter calculated excluding points not fit by the model
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(US EPA, 2014). In the process of running the PMF model,
we got the lowest Q (robust) values when selecting five fac-
tors. This met the requirements to use the PMF model; EPA
PMF 5.0 User Guide (US EPA, 2014) has stated that the
lowest Q (robust) value represents the most optimal solu-
tion from the multiple runs, and it can be a critical parameter
for choosing the optimal number of factors. Each factor indi-
cated a source, and the factors could be used to identify the
corresponding sources. The n-alkane factor data given by the
PMF model are shown in Fig. 7.

The PMF model indicated that the contributions of fac-
tors 1, 2, 3, 4, and 5 to the n-alkane concentrations were
14.8 %, 26.1 %, 31.5 %, 18.6 %, and 9.01 %, respectively.
The sources corresponding to the factors identified by the
PMF model needed to be identified from the proportions of
the different n-alkane homologs present; the sources corre-
sponding to factors 2 and 3 were the main contributors of
n-alkanes in particulate matter.

4 Discussion

4.1 Sources and contributions of n-alkanes

n-Alkanes in PMj 5 have relatively complex sources, but dif-
ferent n-alkane compositions and distributions indicate dif-
ferent sources. As shown in Fig. 5, marked odd-carbon-
number dominance was found in all seasons for the HMW
n-alkanes, with n-alkanes with carbon chain lengths of Cp7,
Cp9, C31, and C33 being dominant. No odd-carbon-number
dominance was found for the LMW #n-alkanes. It has pre-
viously been found that LMW r-alkanes in urban areas are
mainly anthropogenic (e.g., emitted during fossil fuel com-
bustion and in vehicle exhaust gases; Simoneit et al., 2004;
Kang et al., 2016a), but HMW n-alkanes reflect sources such
as biomass combustion and waxes in terrestrial plants (Kawa-
mura et al., 2003). LMW and HMW n-alkane patterns can be
used to identify the main sources of n-alkanes in urban ar-
eas. The n-alkane patterns in the different seasons indicated
that particulate-bound n-alkanes in the atmosphere in Beijing
have both anthropogenic and biological sources. The source
indices and PMF model results further explained the sources
and contributions of n-alkanes.

n-Alkane source indices are often used to identify the ori-
gins of n-alkanes. The n-alkane source indices shown in Ta-
ble 2 indicated that anthropogenic emissions were the main
contributors of particulate-bound n-alkanes in Beijing dur-
ing the study but that there were also biogenic emissions
of particulate-bound n-alkanes. The CPI and WNA% data
explained this. During the sampling period, the mean CPI
was 1.66, indicating that the main sources of particulate-
bound n-alkanes were fossil fuel combustion, plants, and
biomass combustion. The mean WNA% and PNA% were
30.63 % and 69.37 %, respectively, indicating that anthro-
pogenic emissions contributed more than emissions from
biota.
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Figure 3. Contributions of particulate-bound n-alkane homologs to the total n-alkane concentrations in the day and night samples in the
different seasons of Beijing.

LMW n-Alkanes/All n-Alkanes
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Figure 4. Contributions of low-molecular-weight n-alkanes in the day and night samples in the different seasons of Beijing. (* indicates a
significant difference, the dashed line represents the 50 % percentage, and the solid line shows the average proportion of LMW n-alkanes.)
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Table 2. Source indices for particulate-bound r-alkane in Beijing.

J. Yang et al.: Particulate-bound n-alkanes indicate the sources of PMs 5

Source Index Winter ‘ Spring ‘ Summer ‘ Fall
Day Night | Day Night | Day Night | Day Night
Crmax® Coz Co3 | Cxg  Cp9 | C9  Cpo | Gy  Cpo
CpI® 1.16 1.18 | 1.85 1.76 | 2.15 1.87 | 1.90 1.78
WNA %° 17.4 18.5 | 350 33.1 | 43.0 39.2 | 39.6 35.1
PNA %4 82.6 81.5 | 65.0 669 | 57.0 60.8 | 60.5 64.9

2 Cmax: carbon maximum number; b CPI: carbon preference index; ¢ WNA%: plant wax n-alkane ratio;

4 PNA%: petrogenic n-alkane ratio.

8
— Winter
r —e— Spring
s I + Summer
=~ - N —— Autumn
g o -
ens
= -
ot B [
Sat -
E=} . .
[~ L . |
g - / \
=3 v
5 .
P> L
g, ‘
O
1
0

Figure 5. Average concentration distributions of the particulate-
bound n-alkane homologs in the different seasons of Beijing.

The PMF model can quantify the contributions of specific
sources of n-alkanes relatively accurately. The n-alkane ho-
molog contributions to each factor identified by the PMF
model were used to analyze and identify the correspond-
ing source. As shown in factor 1 of Fig. 7, the n-alkanes
with carbon chain lengths of C13—C;g were dominant, which
is similar to the n-alkane homolog (C < 20) pattern for
emissions during coal combustion found by Oros and Si-
moneit (2000) and Niu et al. (2005). Therefore, we con-
cluded that factor 1 indicated that n-alkanes emitted through
coal combustion. Vehicle emissions are important sources
of n-alkanes in particulate matter in urban areas (Lyu et
al., 2019). n-Alkanes emitted by vehicles mainly have carbon
chain lengths of < 30 (Wang et al., 2017). However, there are
marked differences between the patterns of n-alkanes emit-
ted in particulates in gasoline vehicles and in diesel vehicle
exhaust gases. Cpax for n-alkanes is lower, and the propor-
tion of low-carbon-chain-length n-alkanes is higher for par-
ticulates in diesel vehicle exhaust gases than for those in
gasoline vehicle exhaust gases. This feature can be used to

Atmos. Chem. Phys., 23, 3015-3029, 2023

distinguish between n-alkanes emitted by diesel and gaso-
line vehicles in fine particulate matter (Fujitani et al., 2012;
Yuan et al., 2016). As shown in Fig. 7, the homologs with
a higher proportion of n-alkane species in factor 2 are con-
centrated around Cpq, while in factor 3, they are concentrated
around C»7. According to studies by Schauer (1999, 2002),
for gasoline and diesel vehicle emissions, we determine that
factors 2 and 3 indicated diesel and gasoline vehicle emis-
sion sources, respectively. C27—Csg (i.e., high-carbon-chain-
length) n-alkanes made large contributions, and low-carbon-
chain-length n-alkanes made small contributions to the pat-
tern for factor 4. Studies have shown that Cp—C3¢ n-alkanes
are mainly emitted from cuticular waxes in terrestrial plants
(Alves et al., 2001; Lyu et al., 2016), so we inferred that
factor 4 indicated n-alkanes emitted by terrestrial plants. n-
Alkanes do not have an obvious regularity in composition,
and there was no clear n-alkane homolog pattern for factor 5,
but long-chain n-alkanes with carbon chain lengths of > 34
were dominant. We found that road dust is one of the sources
of particulate-bound n-alkanes (Anh et al., 2019); n-alkanes
with > C34 may come from road dust (Daher et al., 2013) and
biogenic sources (Liebezeit and Wostmann, 2009). There-
fore, we concluded that factor 5 may be the mixed sources
of n-alkanes from road dust and biogenic emissions.

The contributions of the different sources to the n-alkane
concentrations are shown in Fig. 8. In summary, n-alkanes in
airborne particulate matter in Beijing are both anthropogenic
and biogenic. Vehicle exhaust emissions are the main sources
of n-alkanes, consistent with the current energy consump-
tion structure in Beijing, and gasoline and diesel vehicles
accounted for a relatively large proportion of n-alkanes in
airborne particulate matter.

4.2 Characteristics of PM» 5 and n-alkanes

The mean n-alkane concentration during the sampling pe-
riod was 32.7ng m~3, which was lower than the C19—Csg n-
alkane concentration of 282 ng m~3 found in Beijing in 2006
(Y. S. Liet al., 2013) and the Cs—Cy4q n-alkane concentration
of 228 ngm~3 found in Shanghai in 2013 (Lyu et al., 2016).
The temporal trends in the n-alkane concentrations were sim-
ilar to the trends found in previous studies of n-alkanes in

https://doi.org/10.5194/acp-23-3015-2023
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Figure 6. Concentration distributions of the particulate-bound n-alkane homologs in the day and night in the different seasons of Beijing.

Beijing (Rogge et al., 1993; X. R. Li et al., 2013; Ren et
al., 2019), the overall n-alkane concentration being highest in
winter. The seasonal pattern we found for n-alkanes in Bei-
jing was similar to the pattern found in a previous study of
C16—C35 n-alkanes in 14 Chinese cities (Wang et al., 2006b).

The n-alkane pattern varied by season, with LMW n-
alkanes being dominant in winter and HMW n-alkanes be-
ing more abundant in the other seasons. Cpax and WNA%
explained the seasonal differences in the n-alkane patterns.
In previous studies, lower Cpax values were found for n-
alkanes emitted from very mature organic matter such as coal
and petroleum than for n-alkanes emitted from immature or-
ganic matter such as plants (Simoneit et al., 1989; Duan et
al., 2010). The Cpax for n-alkanes in winter was Cp3, indi-
cating that LMW n-alkanes were the main n-alkanes. Similar
results were found by Lyu et al. (2019) for Beijing in winter.
The Cax for n-alkanes in spring, summer, and fall was Cpg.
Ficken et al. (2000) and Yadav et al. (2013) found that Cyg n-
alkanes are markers for n-alkanes emitted from the wax lay-
ers of terrestrial plants. Stronger n-alkane contributions will
be made by plants in spring, summer, and fall than in winter
(Rogge et al., 1993; Yadav et al., 2013). This is consistent
with the results found in a study performed in Shanghai (Lyu
et al., 2016; F. W. Wang et al., 2016). There were signifi-
cant seasonal differences (p < 0.01) in the concentrations of
the C13—Cyp n-alkane homologs, but the seasonal differences
were stronger for LMW n-alkanes than for HMW n-alkanes.

https://doi.org/10.5194/acp-23-3015-2023

Similar results were found by Li et al. (2010) in Tianjin
in 2010. The LMW n-alkane concentrations were markedly
higher in winter than in the other seasons, similar to the re-
sults of a study performed by X. R. Li et al. (2013) in Bei-
jing in 2013. This indicated that there were seasonal differ-
ences in n-alkane sources. The PMF model results shown in
Fig. 8 indicated that anthropogenic n-alkanes strongly con-
tributed to the total n-alkane concentration in winter. The
CPI also indicated that different sources were dominant in
winter and the other seasons. The lowest CPI was found for
winter, indicating that LMW n-alkanes made stronger contri-
butions to the total n-alkane concentrations in winter than in
the other seasons. This may be related to n-alkane emissions
caused by fossil fuel combustion for heating in winter. Sim-
ilar results have been found in Shanghai (Lyu et al., 2016),
Zhengzhou (Wang et al., 2017), southeastern Chinese cities
(Chen et al., 2019), and Beijing (Kang et al., 2016b).
Meteorological factors affect the concentrations and com-
position of n-alkanes in different seasons. The mixing-layer
height influences the concentration of n-alkanes by affect-
ing the particulate matter; it has been shown that the mixing-
layer height is correlated with the concentration of particu-
late matter, and the peak concentration of particulate matter
increases as the mixing-layer height decreases (Wagner and
Schifer, 2017). The atmospheric mixing-layer height in Bei-
jing has obvious seasonal characteristics, shown to be low
in winter and high in summer (Wang et al., 2020; Tang et

Atmos. Chem. Phys., 23, 3015-3029, 2023
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al., 2016). Therefore, the increased concentrations of PM 5
and n-alkanes in winter were influenced by the mixing-layer
height. Wind direction is one of the factors affecting the
seasonal differences in particulate matter and n-alkanes: the
northwest wind in winter brought the polluted air masses
from inland to Beijing, while the southeast wind in sum-
mer transported cleaner aerosols from oceans to here (Wei et
al., 2020). In addition, the seasonal distribution of n-alkanes
is influenced by the temperature. The temperature in Beijing
is high in summer and low in winter; when the temperature
is lower in winter, gaseous n-alkanes are more likely to par-
tition into particles with the higher partition coefficient of
gas—particle partitioning (Lyu et al., 2016; Wick et al., 2002).
Therefore, the increase of the LWM n-alkanes proportion in
winter is also affected by temperature.

The mean C13—C49 n-alkane homolog concentrations were
higher at night than in the day in each season, and the differ-
ences were significant (p < 0.01). According to a study by
Yao et al. (2009), lower average wind speeds, atmospheric
mixing-layer height, and poorer atmospheric diffusion condi-
tions can lead to higher concentrations of n-alkanes at night
than during the day (Yao et al., 2009). Similar results were
found in Liaocheng, Shandong Province (Liu et al., 2019).
The differences in the n-alkane concentrations in the night

Atmos. Chem. Phys., 23, 3015-3029, 2023
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and during the day may also have been caused by differ-
ences in pollutant emissions in the night and during the
day. Particulate-bound n-alkanes from vehicular emissions
are usually of low molecular weight (Lyu et al., 2019), and
diesel emissions have higher concentrations of particulate-
bound n-alkanes with carbon chain lengths of less than 25
(Schauer et al., 1999). Differences in diurnal concentrations
of LMW n-alkanes may reflect the differences in the contri-
bution of anthropogenic sources. We found markedly higher
concentrations of some homologs with carbon chain lengths
of < 25 at night than during the day. This would be consis-
tent with short-chain alkane emissions from diesel vehicles
in Beijing being higher at night than during the day.

4.3 PMa 5 sources in Beijing and strategies for
controlling PMa2 5 concentrations

During the sampling period, the mean daily PM» 5 concen-
tration in Beijing was 32.0 uygm™3, which met the require-
ment of the secondary ambient air quality standard for China
(35.0ugm™3). According to the Ecology and Environment
Statement from the Beijing Municipal Ecology and Environ-
ment Bureau (http://sthjj.beijing.gov.cn/, last access: 25 July
2022), the annual mean PMj 5 concentration in Beijing has
gradually decreased in the last 5 years. However, little re-
search on n-alkanes in Beijing has been performed during
this period. We compared our results with the results of a
previous study (Lyu et al., 2019) and found that the n-alkane
concentrations decreased in parallel with the PM> 5 con-
centrations. n-Alkanes are important molecular markers for
identifying the sources of PM; 5. Excluding when the PM> 5
concentration increased sharply because of meteorological
conditions, the PM, 5 and n-alkane concentrations varied in
the same ways. As shown in Fig. 2, a significant positive
correlation was found between the PM, 5 and n-alkane con-
centrations (p < 0.01), so n-alkanes could be used as indica-
tors of the sources of PM» s in the atmosphere. This method
has been widely used to analyze sources of particulate mat-
ter (Cass, 1998; Kavouras et al., 2001; Bi et al., 2003; Xu
et al., 2013; Zhao et al., 2016; Han et al., 2018). Therefore,
we used the PMF model results for n-alkanes to identify the
sources of PMj 5 and to explain variations in the sources.
The PMF model results for the contributions of the differ-
ent sources shown in Fig. 8 indicated that emissions in ve-
hicle exhaust gases and through coal combustion contributed
up to 72.4 % of PM> 5 in the sampling area throughout the
sampling period. This indicated that anthropogenic PM 5
emissions are the main sources of PMj 5 in the urban study
area. Emissions from gasoline and diesel vehicles were the
dominant anthropogenic sources, contributing 57.6 % of to-
tal anthropogenic PMj 5 emissions. Vehicles are the main
sources of PMj 5 in urban areas and make important con-
tributions to particulate matter in the atmosphere in Bei-
jing. Similar results were found in a previous study of PM3 5
sources in Beijing (Lv et al., 2020; Qi et al., 2018), and the

https://doi.org/10.5194/acp-23-3015-2023
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Figure 8. Sources and contributions of particulate-bound n-alkanes in Beijing.

results were consistent with the current energy consumption
structure in Beijing (gasoline and diesel fuel make large con-
tributions to total fuel consumption). Human activities make
larger contributions to PM» 5 emissions in winter than in the
other seasons, indicating that more attention should be paid
to emissions caused by fossil fuel combustion in winter than
in the other seasons.

It is necessary to improve air quality in Beijing, and vehi-
cle exhausts are key sources of PM, 5. Further improvements
in ambient air quality to meet stricter ambient air quality
standards will require vehicle emissions to be controlled to
decrease particulate matter pollution. The number of vehicles
using fossil fuels in Beijing needs to be decreased. Achiev-
ing this will require policies for restricting the use of vehicles
using fossil fuels and the use of cleaner energy vehicles to be
promoted. In summary, controlling and decreasing emissions
caused by fossil fuel combustion will decrease PM> 5 emis-
sions and improve ambient air quality in Beijing.

5 Conclusions

The PM; 5 concentrations and C;3—Cyo n-alkane concentra-
tions in the fine particulate matter between November 2020
and October 2021 were determined, and the concentrations
were compared with concentrations found in previous stud-
ies. The PM; 5 and n-alkane concentrations in Beijing have
decreased in similar ways in the last 5 years. The mean
PM, 5 concentration was 32.0ugm™3, which met the sec-
ondary ambient air quality standard for China. The PM; 5
and C13—Cyg n-alkane concentrations varied in similar ways
and positively correlated (p < 0.01), so long-chain n-alkanes
in the particulate matter can be used to assess the sources
of particulate matter pollution in urban areas and to develop
strategies for controlling particulate matter pollution.

The n-alkane concentrations in the different seasons de-
creased in the order of winter > spring > summer > fall.

https://doi.org/10.5194/acp-23-3015-2023

There were marked seasonal and diurnal differences in the
n-alkane homolog patterns and distributions. The source in-
dices and PMF model results explained these variations in
patterns and allowed the sources of n-alkanes to be identi-
fied. The source indices indicated that n-alkane concentra-
tions in particulate matter in Beijing are affected by both an-
thropogenic and biogenic emissions but that anthropogenic
emissions are dominant. The PMF model allowed the con-
tributions of the sources of n-alkanes to be quantified and
indicated that emissions from vehicles are currently the main
sources of PM3 s and n-alkanes in particulate matter in urban
areas.

Controlling PM> 5 and n-alkanes emissions from vehicles
is key to decreasing PM; 5 and n-alkanes pollution and im-
proving air quality in urban areas. n-Alkanes in the particu-
late matter can be used as organic tracers, and PMF model
results can indicate the sources of PMj 5 pollution. Further
research into the use of this method is required.
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