
1. Introduction
Carbonaceous aerosols, composed of organic carbon (OC) and elemental carbon (EC; or black carbon, BC), 
contribute a significant fraction (20%–50%) of particulate matter with an aerodynamic diameter less than 
2.5 µm (PM2.5) in polluted atmosphere (Han et al., 2016; Ho et al., 2006; O'Dowd et al., 2002). There is 
growing evidence that both short- and long-term BC exposure are associated with negative health outcomes 
(e.g., all cause and cardiovascular mortality) (World Health Organization, 2012), and the short-term effects 
of EC and OC are greater and more immediate than those of sulfate and nitrate (Kim et al., 2012). BC is the 
most efficient light absorbent in the atmosphere (Bond et al., 2013), while OC can both scatter and absorb 
sunlight with inconclusive radiative forcing (Feng et al., 2013; Tuccella et al., 2020; Wang et al., 2014; Yang 
et al., 2009). Furthermore, the hydrophobic-to-hydrophilic conversion of OC is a potential source of cloud 
condensation nuclei (Petters et al., 2006). Therefore, an effective source apportionment of carbonaceous 
aerosols is valuable in developing control measures to reduce their health and climate impacts.

Compositional data of individual organic molecular markers (OMMs) are often used as inputs of receptor 
models (e.g., chemical mass balance, positive matrix factorization [PMF]) to apportion carbonaceous aero-
sols to specific emissions sources (Jaeckels et al., 2007; Shrivastava et al., 2007). OMMs have been recognized 
as better tracers for OC than water soluble elements (Xie et al., 2012), and several PM2.5 sources do not have 
specific elemental compositions (Schauer et al., 1996). However, most OMMs should be regarded as semi-
volatile organic compounds (SVOCs), and their gas/particle partitionings are predominately controlled by 
ambient temperatures (Donahue et al., 2006). To reduce the influence of gas/particle partitioning of OMMs 
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on source apportionment, Xie et al. (2013) suggest using the total concentration data of OMMs, including 
both gas and particle phases, for PMF modeling. This method has been proven to improve quantifying the 
source that is characterized by more volatile OMMs and considerable contributions (∼20%) to OC and EC 
in urban Denver (Xie et al., 2014b). In addition, the gas/particle partitioning also affects the lifetime and 
transport of SVOCs (May et al., 2012; Saleh et al., 2013), as well as the health effect evaluation of toxic com-
pounds. Polycyclic aromatic hydrocarbons (PAHs) are a group of mutagenic and carcinogenic SVOCs, and 
the potential risk of exposure to particulate PAHs has been exhaustively investigated (Ravindra et al., 2001; 
Yan et al., 2019). Due to the changes in particle-phase fractions (F%) of PAHs with ambient temperatures, 
the contribution of gas-phase PAHs to the total carcinogenic risk can vary from ∼30% to more than 80% 
(Ramírez et al., 2011; Wei et al., 2015), which should be taken into account in future risk assessment studies.

To mitigate severe haze pollution events in Chinese cities, power plants were forced to install flue-gas desul-
furization and denitrification equipment in 2006 and 2011, respectively. Furthermore, the Air Pollution Pre-
vention and Control Action Plan was issued by the State Council of China in September 2013. This 5-year 
plan (2013–2017) was targeted to reduce PM2.5 concentrations by 15%–25% in the three Chinese megacity 
clusters—Beijing-Tianjin-Hebei region (Jing-Jin-Ji), Yangtze River Delta (YRD), and the Pearl River Delta 
(PRD). From 2013 to 2017, the concentrations of PM2.5 and its carbonaceous components all showed notice-
able downward trends (Wang et al., 2019). Take Nanjing city, a typical mega city located in the west YRD 
region as an example, the annual average concentration of PM2.5 decreased by 46.8% (from 77 to 41 µg m−3; 
http://hbj.nanjing.gov.cn/); average OC and EC concentrations in urban areas were 18.0 and 6.67 µg m−3 
in 2013 (Li et al., 2016), and were 5.92 and 2.95 µg m−3 in 2017 (Yu et al., 2020); BC exhibited an annual 
decrease rate of 8.4% at a suburban site (Ding et al., 2019). However, compositional data of PM2.5 OMMs 
were far less frequently used to apportion carbonaceous aerosols to sources than those of elements in Chi-
nese cities (Tian et al., 2016; Wang et al., 2015; Wang et al., 2016; Yu et al., 2020). Studies related to gas/
particle partitioning of SVOCs were limited to toxic compounds, like PAHs and their oxygen and nitrogen 
containing derivatives (Hu et al., 2019; Wei et al., 2015), polybrominated diphenyl ethers (Tian et al., 2011; 
Yang et al., 2013), and polychlorinated biphenyls (Han et al., 2010; Wu et al., 2017; Zhu et al., 2017). The 
influence of gas/particle partitioning on source apportionment was not ever addressed by measuring gas-
phase OMMs in Chinese cities, although relatively few studies made predictions based on the equilibrium 
absorptive partitioning theory (Gao et al., 2015; Han et al., 2018; Wang et al., 2016).

The present study attempts to characterize gaseous and PM2.5 nonpolar OMMs, including n-alkanes, PAHs, 
oxygenated PAHs (oxy-PAHs), hopanes, and steranes at a suburban site in northern Nanjing. Gaseous and 
PM2.5 OMMs were collected using a medium volume sampler equipped with quartz fiber filters and PUF/
XAD-4/PUF (PXP) adsorbent sandwich cartridges. A backup quartz filter was installed behind the front filter 
loaded with PM2.5 (QBQ method) to estimate sampling artifacts due to the evaporation loss and adsorption 
of gas-phase OMMs. Absorptive gas/particle partitioning coefficients were calculated by definition ( m

p,OME K )  
and predicted ( t

p,OME K ) based on the equilibrium absorptive partitioning theory (Pankow, 1994a, 1994b). Fi-
nally, total concentrations of selected OMMs covering a wide range of vapor pressures (10−4–10−15 atm) 
were used as inputs for PMF analysis. The study results will benefit future field and modeling work and the 
development of air pollution control policy.

2. Methods
2.1. Sampling

Air samples were collected on the rooftop of the seven-story library in the Nanjing University of Infor-
mation Science and Technology (NUIST 32.21°N, 118.71°E). This site was selected due to its location in 
a suburban residential community 20 km to the north of downtown Nanjing. The closest heavily traveled 
expressway is at least 1.5 km east of the sampling site. PM2.5 and gaseous OMMs were collected using two 
identical medium volume samplers (PM2.5-PUF-300) equipped with 2.5 µm cut impactors at a flow rate of 
300 L min−1. One of the two samplers (“Sampler I”) was installed with a filter pack containing two pre-
baked (550°C, 4 hr) quartz filters (20.3 × 12.6 cm, Munktell Filter AB, Sweden) in series, followed by a 
PUF (65 mm diameter and 37.5 mm length)/XAD-4 resin (5 g)/PUF (PXP) sandwich cartridge. The other 
one (“Sampler II”) was set up similarly using bare PUF (65 mm diameter and 37.5 mm length) instead of 
PXP as the sampling adsorbent. Quartz filter and PXP samples from Samplers I were used for the analysis 
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of nonpolar OMMs in this work. From September 28, 2018 to September 29, 2019, Sampler I was operated 
every sixth day during 8:00 a.m.–7:00 p.m. (daytime) and 7:00 p.m.–7:00 a.m. (next day; nighttime), and 
more than 100 pairs of filter and PXP samples were obtained. The top quartz filter loaded with PM2.5 (Qf) 
was used for the determination of particle-phase organics; the backup quartz filter (Qb) was used to examine 
potential sampling artifacts; nonpolar OMMs detected in PXP samples were supposed to exist in the gas 
phase. To monitor the sampling efficiency of gaseous OMMs, breakthrough experiments were conducted 
during 9 sampling intervals by coupling two aforementioned PXP adsorbent sandwiches in series. Field 
blanks of filter and PXP media were collected every tenth sample to address potential contaminations. Prior 
to sampling, solid adsorbents (PUF and XAD-4) were Soxhlet extracted and dried in a same manner as Xie 
et al. (2014a). All filter and PXP samples were stored in prebaked glass jars under −20°C until analysis.

2.2. Chemical Analysis

Bulk OC and EC on Qf and Qb were determined using a thermal-optical instrument (DRI 2001A, Atmosly-
tic, United States) operated with the IMPROVE A protocol. Target OMMs on filter and PXP samples were 
extracted and analyzed using a method similar to that detailed in Xie et al. (2014a). Briefly, 1/8 (∼25 cm2) 
of each filter sample (Qf and Qb) was prespiked with 20 µL of internal standard (IS) solution containing 
five isotopically labeled PAHs (10  ng  μL−1 of naphthalene-d8, acenaphthene-d10, phenanthrene-d10, 
chrysene-d10, and perylene-d12) and sonicated in methylene chloride twice (15 min each). After filtration 
and rotary evaporation, the extract was blown down to ∼200 μL prior to instrumental analysis using an 
Agilent 7890B gas chromatography (GC) coupled to an Agilent 5977B mass spectrometer (MS). An ex-
tract volume of 2  μL was injected splitlessly and separated using an Agilent HP-5  ms capillary column 
(30 m × 0.25 mm × 0.25 µm). The GC oven temperature was 50°C for the first 3 min and programmed to 
325°C at a ramp rate of 30°C min−1 (held for 10 min). GC-MS analysis of sample extracts was conducted 
in autosampler sequences, and the mass quantification was fulfilled by using the IS method with six-point 
calibration curves. PXP samples were prespiked with 20 µL of the aforementioned IS mixture at 50 ng µL−1 
and Soxhlet extracted using 250 mL methylene chloride for 24 hr. Then the extracts were filtered and con-
centrated to ∼1 mL for GC-MS analysis following the same method. Target OMMs and their quantification 
standards are listed in Table S1.

All measurements involved in this study were corrected by field blanks, and the final ambient concen-
trations of the measured species were calculated based on the total amount derived from instrumental 
analysis and sample volumes. Table S2 shows concentration statistics, including median, mean, and ranges 
of OMMs on Qf , Qb, and PXP. Recoveries of target OMMs were determined by spiking known amounts of 
standards to blank sampling media (quartz filter and PXP) and following the extraction and analysis proce-
dures detailed above. As the variations of n-alkanes ranging from n-C12 to n-C17 in blank PXP media were 
mostly larger than the spiked amount (500 ng), we did not obtain reasonable recoveries for these low MW 
n-alkanes. However, the concentrations of n-C12 to n-C17 in PXP samples are at least 5 times higher than 
field blanks and are still included for analysis. Method detection limits (MDL) of OMMs were estimated 
as three times the standard deviation of their concentrations quantified from six injections of the lowest 
calibration standard. Table S3 provides recovery and MDL results for standard compounds. Measurement 
results of OMMs in filter and PXP samples were not adjusted by recoveries.

2.3. Artifact Corrections and Breakthrough Calculation

The QBQ approach was typically used to estimate positive artifacts on the bare quartz filter for long-term OC 
sampling (e.g., ∼24 hr; Chow et al., 2010; Subramanian et al., 2004), but the filter-based sampling artifacts 
due to gaseous adsorption (“blow on” effect, positive artifact) and evaporation loss (“blow off” effect, nega-
tive artifact) were less considered in filed measurements of gas- and particle-phase OMMs. Xie et al. (2014a) 
applied the QBQ method to correct sampling artifacts of nonpolar OMMs in two different ways. One as-
sumed that the Qb values were totally caused by gaseous adsorption, which neglected the contribution from 
Qf evaporation (C1; Table 1). The other made no correction on Qf measurements by presuming that the ad-
sorption artifact was offset by the evaporation loss (C2). However, none of these two methods is applicable 
to the condition when negative artifacts dominate OMMs concentrations on Qb. In the current work, we 
developed a new method considering the changes in relative contributions of positive and negative artifacts. 
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As shown in Table 1, if the concentration ratio of a specific OMM on Qb to Qf is greater than unity, the spe-
cific OMM is only distributed in the gas phase and its gas-phase concentration is the sum of Qf , Qb, and PXP 
values. This situation happened to low MW n-alkanes (carbon number <23) and PAHs (MW < 178) mainly 
in summertime, which was attributed to the fact that Qf and Qb had different adsorption capacity, and the 
gaseous OMMs adsorbed on Qf might evaporate and readsorb onto Qb when air conditions (e.g., temper-
ature, gaseous OMMs concentrations) changed (Hart & Pankow,  1994; Pankow & Bidleman,  1992). Xie 
et al. (2014a) also observed Qb/Qf values higher than unity for low MW OMMs in urban Denver. When Qb/
Qf < 1, the Qb/Qf ratio will be used to split the concentrations of OMMs on Qb into positive and negative arti-
facts (C3), and negative artifacts become dominant as Qb/Qf approaches 0. The OC detected on Qb consisted 
of a mixture of mainly volatile and semivolatile organics, but not a specific OMM. Subramanian et al. (2004) 
demonstrated that the QBQ method could provide reasonable estimates of the positive artifact for partic-
ulate OC sampling. Here, the average concentration of OC on Qb (0.76 ± 0.52 µg m−3) was comparable to 
those obtained in Pittsburg, PA (0. 53 µg m−3; Subramanian et al., 2004) and Denver, CO (0.48 µg m−3; Xie 
et al., 2014a). To maintain the consistency with the previous studies, the concentrations of particulate OC 
were calculated by simply subtracting OC on Qb from Qf.

The PXP adsorbent sandwich has been demonstrated as efficient sampling media for gaseous nonpolar 
OMMs (Xie et al., 2014a). However, the size of PUF and height of the XAD-4 column can be different. To 
validate the sampling efficiency of gaseous OMMs in this work, nine pairs of front and backup PXP were 
collected and analyzed identically as other samples, and the breakthrough of each OMM was calculated as

   
      

back

front backup

PXP
100%

PXP PXP
B (1)

where B is the specific gas-phase breakthrough (%) and [PXP] denotes the concentration of each OMM in 
the front or backup PXP. For B values approaching or exceeding 50%, there will be complete breakthrough. 
Peters et al. (2000) set up a critical value of 33% to indicate the occurrence of excessive breakthrough. Ta-
ble S4 summarizes the averages and ranges of breakthrough values for light OMMs. Other compounds with 
higher molecular weight (MW) were not observed in backup PXP samples.

2.4. Calculations of Absorptive Gas/Particle Partitioning Coefficients

The absorptive partitioning theory has been successively applied in explaining the gas to particle distribu-
tion of nonpolar OMMs (Liang & Pankow, 1996; Liang et al., 1997; Mader & Pankow, 2002). In this work, the 
absorptive gas/particle partitioning coefficient (Kp,OM, m3 μg−1) was calculated empirically from

K
K

f

F M

A
p OM
m p

m

OM

OM/
,   (2)

where m
pE K  is the measured gas/particle partitioning coefficient (m3 μg−1), fOM is the weight fraction of the 

absorptive organic matter (OM) in the total PM phase, MOM is the mass concentration of particulate OM 

Method Particle phase Gas phase Assumptions

C1a Qb/Qf ≥ 1: 0 Qb/Qf ≥ 1: Qf + Qb + PXP OMMs on Qb are always contributed by gas-phase adsorption 
onlyQb/Qf < 1: Qf − Qb Qb/Qf < 1: PXP + 2Qb

C2a Qf PXP + Qb OMMs on Qb are equally contributed by positive and negative 
artifacts

C3 Qb/Qf ≥ 1: 0 Qb/Qf ≥ 1: Qf + Qb + PXP Qb/Qf ≥ 1: Concentrations of OMMs in Qf and Qb samples are 
completely derived from gas-phase adsorption

Qb/Qf < 1: Qf − Qb × (Qb/Qf) + Qb × (1−Qb/
Qf)

Qb/Qf < 1: PXP + 2Qb × (Qb/Qf) Qb/Qf < 1: Qb/Qf is used to split the sampling artifacts estimated 
from Qb measurements into positive and negative artifacts

aObtained from Xie et al. (2014a).

Table 1 
Sampling Artifact Corrections of Organic Molecular Makers (OMMs) Based on Qb Measurements
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(OC × 1.6; Turpin & Lim, 2001), and F and A are particle-phase and gas-phase concentrations of individual 
OMMs, respectively. Furthermore, the Kp,OM was also predicted theoretically from

t
p,OM 6 o

OM OM L10 MW
RTK

p
 (3)

where R (m3 atm K−1 mol−1) and T (K) are the ideal gas constant and ambient temperature, a constant 
MWOMof 200 g mol−1 is assumed for the average MW of absorptive OM, ζOM is the mole fraction scale ac-
tivity coefficient and presumed to be unity for all OMMs, and o

LE p  is the vapor pressure (atm) of each pure 
compound. For each sampling interval, o

LE p  values of individual OMMs were estimated from their subcooled 
liquid vapor pressures ( o,*

LE p ) and enthalpy of vaporization ( *
vapΔE H , kJ mol−1) at 298.15 K using

     
   

*
vapo o,*

L L
Δ 1 1exp

R 298.15 T
H

p p (4)

where o,*
LE p  values of n-alkanes, PAHs, and oxy-PAHs were predicted using the Toxicity Estimation Soft-

ware Tool (T.E.S.T) developed by the U.S. Environmental Protection Agency, while those for hopanes and 
steranes were obtained from Xie et al. (2013). *

vapΔE H  values were estimated from the empirical correlation 
between *

vapΔE H  and the logarithm of o,*
LE p  as follows (Goss & Schwarzenbach, 1999)

  * o,*
vap LΔ 3.82 70.0H Inp (5)

2.5. PMF Source Apportionment

The U.S. EPA PMF version 5.0 was used as the primary source apportionment tool in this work. Besides 
resolving factor profiles and contributions were based on input data using a weighted least squares fitting 
approach, and this PMF version also developed three built-in functions (bootstrapping, displacement, and 
bootstrapping-displacement) for robustness assessment of the base-case solution. The assessment results 
have been referred to in determining the final factor number in several studies (Liu et  al.,  2017; Wang 
et al., 2017, 2018; Yu et al., 2019, 2020). In this work, a matrix of total OMMs data (Qf + Qb + PXP) was used 
as input data to apportion particulate OC and EC to sources. Due to the limit of sample number (N = 102), 
measured OMMs were prescreened based on their association with specific emission sources, total percent-
ages (<40%) of missing values and observations below detection limit (BDL), and signal to noise (concen-
tration/uncertainty) ratios (>2). Details of the data preparation for routine PMF analysis were provided in 
Text S1. The final input data set (“PMFtotal”) contained 102 observations of 46 species, and the final factor 
number was chosen according to the interpretability and robustness of 3-facctor to 8-factor solutions. In ad-
dition, a second matrix of particle-phase OMMs (Qf) data (“PMFparticle”) were prepared and analyzed using 
PMF identically. PMFtotal and PMFparticle solutions were compared to illustrate the advantage of using total 
OMMs data for source apportionment.

3. Results and Discussion
3.1. General Descriptions of Measurement Results

In Table S2, the statistics of measurement results for target OMMs in Qf , Qb, and PXP samples were based on 
observed values (including BDL measurements). Total concentrations (Qf + Qb + PXP) of individual n-al-
kanes, PAHs, oxy-PAHs, hopanes, and steranes are displayed using the boxplot in Figure 1. In general, the 
distributions of OMMs in different sampling matrices were highly dependent on species vapor pressures. 
For example, n-alkanes with carbon number from 12 to 19 were predominantly observed in PXP samples 
(Table S2). The average concentrations of n-C14–n-C25 on Qb (0.085 ± 0.068–1.60 ± 2.14 ng m−3) were more 
than 10% (12%–146%) of those on Qf (0.23 ± 1.03–7.24 ± 4.84 ng m−3), indicative of substantial sampling 
artifacts. However, the n-alkane compounds heavier than n-C25 were rarely detected in PXP samples, and 
their total concentrations were dominated by Qf values. Similar to the concentration distributions of n-al-
kanes, the average concentrations of light PAHs (MW < 200) in PXP samples were 1–3 orders of magnitude 
higher than those on Qf and Qb (Table S2). As the MW increased, PAHs became less frequently detected in 
Qb and PXP samples. Except retene, PAHs heavier than benzo[ghi]fluoranthene (BghiF, MW = 226) had 
significant (p < 0.01) higher average concentrations in Qf than those in PXP samples. This is because retene 
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is a branched 3-ring PAH, and has greater vapor pressure (2.04 × 10−9 atm) than those lighter, but more 
conjugated aromatic compounds (e.g., BghiF; Table S1).

Among all oxy-PAHs species, only 1-acenaphthenone (1-ACE) and 9-fluorenone (9-FLO) were quantified 
in PXP samples, of which the average concentrations were significantly (p < 0.01) higher than those on 
Qf and Qb (Table S2). Other oxy-PAHs exhibited significant (p < 0.01) higher average concentrations on Qf 
than those on Qb. In Table S1, the estimated vapor pressures of 1H-phenalen-1-one (PHL-O) and xanthone 
(XA) are greater than that of n-C21, so these two compounds are expected to have substantial gas-phase 
concentrations. Due to the co-elution of other compounds, the chromatogram integrations of oxy-PAHs not 
including 1-ACE and 9-FLO in PXP samples were subject to large uncertainties and therefore not quantified 
here. All measured hopanes and steranes are supposed to be less volatile ( o,*

LE p  3.80 × 10−12–2 × 10−10 atm) 
than n-C25 (3.68 × 10−10 atm; Table S1), and the nondetection in PXP samples is likely attributed to their 
extremely low concentrations. Total concentrations of the species not quantified in PXP samples were cal-
culated as the sum of their Qf and Qb values.

Figure 1. Total concentrations (gas + particle phases) of individual (a) n-alkanes, (b) polycyclic aromatic hydrocarbons (PAHs), (c) oxy-PAHs, and (d) hopanes 
and steranes during the sampling period. The boxes depict the median (dark line), inner quantile range (box), 10th and 90th percentiles (wishers), and the mean 
(red circle).
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In Figure  1a, low MW compounds (n-C12–n-C17) lead the total concentrations (9.98  ±  5.43–
38.4 ± 17.7 ng m−3) of individual n-alkanes. The concentration profile also shows a typical odd-to-even 
carbon number predominance (n-C27–n-C33) characteristic of the epicuticular wax coated on plant 
leaves, resembling the n-alkane profiles in samples of paved road dust and leaf abrasion products (Rogge 
et al., 1993a). Naphthalene (NAP) was the most abundant species (92.5 ± 56.7 ng m−3) in measured PAHs, 
followed by its two methylated derivatives (2-methylnaphthalene 24.6 ± 13.7 ng m−3, 1-methylnaphthalene 
14.5 ± 9.29 ng m−3; Figure 1b). The total concentrations of measured PAHs on Qf were well explained by 
medium and high MW compounds (MW = 202–300, 81.1 ± 6.34%). When Qb and PXP samples were includ-
ed, these heavier PAHs accounted for only 8.75 ± 3.48% of the total. Unlike oxy-PAHs, hopanes and steranes 
had extremely low concentrations in PXP samples and were not detected. Thus, Figure 1d reflects a reliable 
concentration profile of hopanes and steranes in northern Nanjing. Xie et al. (2014a) measured gaseous and 
particle-phase nonpolar OMMs using the same sampling media at a lower flow rate of 72 L min−1 in urban 
Denver, of which the results were compared with those in this study by calculating the ratios of average 
total concentrations for species measured in common. As shown in Table S5, the OMMs were primarily 
distributed in PXP samples (e.g., light n-alkanes and PAHs) and the bulk OC had a smaller difference in 
total concentrations between northern Nanjing and urban Denver than the less volatile species and EC. 
The average total concentrations of several high MW PAHs (MW = 252, 276, 278) and the most abundant 
hopane (aaa-20R-cholestane, aaa-CHO) in this study were more than 10 times higher than those in urban 
Denver. Atmospheric high MW PAHs are mainly from motor vehicle emissions (Riddle et al., 2007; Rogge 
et al., 1993b; Schauer et al., 1996), and hopanes and steranes are commonly linked with motor oil com-
bustions (Kleeman et al., 2008). Light n-alkanes and PAHs are enriched in unburned petroleum products 
(Li et al., 2009; Schauer et al., 1999), but they can also be emitted by a variety of combustion sources (He 
et al., 2010; Miguel et al., 1998; Sarti et al., 2017). Thus, the carbonaceous aerosols in northern Nanjing were 
more influenced by traffic exhaust emissions.

In Table S4, no species has an average breakthrough exceeding 33%, indicating efficient sampling of gase-
ous OMMs. However, the breakthrough values obtained in this work were much larger than those in Xie 
et al. (2014a). One possible explanation is that the daily average temperature during the sampling period in 
urban Denver (average 12.5 ± 10.1°C, range −12.6–29.4°C) was lower than (17.5 ± 9.26°C, −4.18–36.4°C) 
that in this study, and the lower ambient temperature would promote the retaining of gaseous OMMs on 
sampling adsorbent. In addition, the inner diameter (60 mm) and face velocity (1.5 cm s−1) of the adsorbent 
cartridge in this study were larger than those (i.d. 50 mm, 0.61 cm s−1) in Xie et al. (2014a). Although the 
same amount of XAD-4 resin (5 g) was used, the decrease in thickness of the resin bed and increased face 
velocity shortened the retention time of the sampled air.

3.2. Gas-Phase and Particle-Phase Separations

Gaseous and particle-phase concentrations of each OMM were calculated using three methods (C1, C2, and 
C3) detailed in Table 1. To simplify the comparisons across different correction methods based on Qb meas-
urements and the presentation of F% for individual OMMs, the measured species were binned into seven 
groups by their vapor pressures at 298.15 K ( o,*

LE p , Table S6). Then total concentrations and F% of OMMs in 
each bin are illustrated in Figure 2, showing that F% depends negatively on species o,*

LE p . The F% of OMMs 
derived from C1, C2, and C3 corrections in the first two bins were all close to 0 (log o,*

LE p  > −5, 0.054 ± 0.064–
0.083 ± 0.075%; −6 < log o,*

LE p  < −5, 0.88 ± 0.89–1.24 ± 1.01%) due to their high volatility. F% values in the 
following two bins (−8 < log o,*

LE p  < −6) calculated using methods C1 and C3 had no significant difference 
(p > 0.05). This can be attributed to the fact that OMMs in these two bins were substantially observed on 
Qb and the Qb/Qf ratios were close to unity. Since the Qb/Qf ratio approached 0 when the o,*

LE p  decreased 
to 10−9 atm or below, the average F% calculated with method C3 (−10 < log o,*

LE p  < −9, 79.9 ± 23.5%; log 
o,*
LE p  < −10, 97.5 ± 3.81%) became close to C2 calculation (−10 < log o,*

LE p  < −9, 79.7 ± 19.2%; log o,*
LE p  < −10, 

96.3 ± 3.79%), and were significantly (p < 0.05) different from the results of method C1 (−10 < log o,*
LE p  < −9, 

72.2 ± 27.4%; log o,*
LE p  < −10, 93.9 ± 6.26%).

As the o,*
LE p  values of measured OMMs in this work varied by orders of magnitude, it was inappropriate to 

correct sampling artifacts using the same criteria for all species. For example, method C1 tended to un-
derestimate particle-phase concentrations of medium and high MW OMMs (e.g., log o,*

LE p   >  −6) due to 



Journal of Geophysical Research: Atmospheres

GOU ET AL.

10.1029/2020JD034080

8 of 18

the ignorance of evaporation loss; method C2 overestimated particulate OMMs with greater volatility. As 
mentioned in Section 2.3, neither of these two methods considered the situation when negative artifacts 
dominated the contribution to OMMs on Qb, which was applicable to high MW OMMs that were detected 
on Qb but not in PXP samples. To overcome these drawbacks, method C3 was developed for the first time 
to separate positive and negative artifacts by utilizing the Qb/Qf ratio. There was no scientific evidence to 
support that the Qb/Qf was an ideal cut-off point to differentiate positive from negative artifacts, and the low 
and medium MW OMMs (log o,*

LE p  > −9) with significant concentrations in Qf , Qb, and PXP samples might 
have excessive evaporation loss that could not be captured by Qb measurements.

3.3. Temporal Variations

Time series of total (gas + particle phases) and particle-phase concentrations of measured OMMs binned 
by their o,*

LE p  values are compared in Figure S1. Figure S2 shows temporal variations of the corresponding 
F% with ambient temperatures. Daytime and nighttime measurements are also distinguished in Figures S1 
and S2 using different symbols. Since the filter-based measurements of OMMs were rarely corrected for 
sampling artifacts in previous studies, the particle-phase concentrations and F% values shown in Figures S1 
and S2 were calculated using method C2 (Table 1).

In Figures S1a–S1f (log o,*
LE p  > 10−10), the total concentrations of OMMs in each bin had noticeable ele-

vations in summer periods, when particle-phase OMMs reached their minima. Only when the o,*
LE p  was 

lower than 10−10  atm, particle-phase OMMs had the same temporal pattern as that of the total OMMs 
(Figure S1g). These low volatile species accounted for only 10.7 ± 5.71% of the sum of total OMMs in all 
bins. So, barely filter-based measurements can hardly reflect the temporal variations of semivolatile OMMs 
in the atmosphere. As expected, F% values showed opposite trends to ambient temperatures (r = −0.32 to 
−0.88, p < 0.01; Figure S2). Light OMMs with log o,*

LE p  > −6 had F% values peaking on October 12, 2018 (Fig-
ure S2a), November 28, 2018, and December 23, 2018 (Figure S2b), when sudden increases in particle-phase 
concentrations of tetradecane (n-C14) and pentadecane (n-C15) were observed, respectively. These irregu-
lar increases are likely impacted by the coelution of other light organic compounds in the particle phase. 
On December 28, 2018 and December 29, 2018, F% values of OMMs with −6 < log o,*

LE p  < 7 (48.4% and 

Figure 2. Total concentrations of organic molecular makers grouped by vapor pressures and their particle-phase 
fractions calculated based on C1, C2, and C3 corrections.



Journal of Geophysical Research: Atmospheres

GOU ET AL.

10.1029/2020JD034080

9 of 18

41.7%, Figure S2c) were more than five times higher than the average (6.89 ± 0.053%). This is because the 
ambient temperature reached its lowest level of the year (−4.2°C and −0.9°C, Figure S2), particle-phase 
and gas-phase OMMs had maximum and minimum concentrations, respectively (Figure S1c). Even though 
the average F% of the least volatile OMMs (96.3 ± 3.79%) were close to 100%, there was still an obvious dip 
during the hottest days in July, 2019 (Figure S2g). As mentioned in the introduction, PAHs are a group of 
toxic SVOCs. Their potential health risks will be underestimated if only particle-phase concentrations are 
taken into consideration. In this work, the benzo[a]pyrene equivalents (BaP-eq) of 18 selected PAHs were 
calculated using toxic equivalence factors. As shown in Figure S3, the average total BaP-eq of the 18 PAHs 
(2.11 ± 1.54 ng m−3) are mostly accounted for by particle-phase PAHs (75.4 ± 14.2%, method C2), of which, 
however, the relative contributions can go down to <50% in hot periods. In Figures S1 and S2, significant 
diurnal variations were observed for total concentrations of OMMs only in the first four bins (log o,*

LE p  > −8). 
This is because these compounds primarily exist in the gas phase (Figure 2), and the gas-phase oxidation 
by OH radicals during the daytime is expected to be more than an order of magnitude faster than the heter-
ogeneous oxidation (Donahue et al., 2013). The insignificant (p = 0.39–0.70) diurnal variations of heavier 
OMMs (log o,*

LE p  < −8) might be ascribed to the combination of influences from anthropogenic combustion 
emissions, atmospheric oxidations, and changes in the planetary boundary layer height.

3.4. Comparisons Between Measured and Predicted Kp,OM

In this study, the Kp,OM values were calculated empirically ( m
p,OME K ) and predicted ( t

p,OME K ) using Equations 2 
and 3 only for n-alkanes (n-C13–n-C34), PAHs (not including picene and coronene), and two oxy-PAHs 
(1-ACE and 9-FLO). Other species had very limited number of pairs of observations for gas-phase and parti-
cle-phase concentrations. The gas-phase and particle-phase data for m

p,OME K  calculation were obtained using 
methods C1, C2, and C3, respectively. Figure 3 presents the average log m

p,OME K  of individual OMMs against 

their log o,*
LE p . Also, the average log t

p,OME K  were linearly regressed on log o,*
LE p  for comparison.

In Figure 3, the log m
p,OME K  data generally fall along the linear regression line of log t

p,OME K  versus log o,*
LE p .  

When methods C1 and C2 were used for gas-phase and particle-phase separations, a good agreement be-
tween log m

p,OME K  and log t
p,OME K  has been observed for OMMs with o,*

LE p  ranging from 10−10 to 10−6 atm (Fig-
ures 3a, 3b, 3d and 3e). The average log m

p,OME K  of more volatile OMMs ( o,*
LE p  > 10−6 atm) tended to be greater 

than the corresponding log t
p,OME K , which was attributed to the overestimation of particle-phase concentra-

tions based on filter sampling (Xie et al., 2014a). However, the average log m
p,OME K  became smaller than log 

t
p,OME K  as the o,*

LE p  decreased below 10−10 atm. When method C3 was applied, an improved agreement between 
average log m

p,OME K  and log t
p,OME K  was obtained in the o,*

LE p  range of <10−10 atm (Figures 3c and 3f), suggesting 
that the evaporation loss was likely the main contributor to high MW OMMs on Qb. Then methods C1 and 
C2 overestimated the gas-phase concentrations of OMM with o,*

LE p  < 10−10 atm. However, the average log 
m
p,OME K  values of n-C21–n-C26 for method C3 had larger deviations from log t

p,OME K  than those for methods C1 
and C2. Thus, method C3 might be more suitable for the separation of gas-phase and particle-phase OMMs 
only at o,*

LE p  < 10−10 atm.

To understand the influence of artifact correction on the calculation of m
p,OME K , log m

p,OME K  of six n-alkanes 
and six PAHs with o,*

LE p  varying from <10−10 to >10−5 atm were linearly regressed over their log t
p,OME K  for 

each artifact correction method (Figures S4 and S5). Due to the overestimation of particle-phase OMMs at 
o,*
LE p  > 10−5 atm, the scatter of n-C14 data clustered right above the 1:1 line for all the three artifact correction 

methods (Figures S4a–S4c). Only when method C2 was applied, the n-C18 scatters fell along a relatively 
continuous line with a significant correlation (r = 0.71, p < 0.01; Figures S4d–S4f). Log m

p,OME K  values of 
n-C22 and n-C25 were strongly correlated with their log t

p,OME K  (r = 0.78–0.90, p < 0.01; Figures S4g–S4l), 
and the regression slopes are closer to unity for methods C1 and C2. But a better agreement between log 

m
p,OME K  and log t

p,OME K  was obtained for n-C26 and n-C27 when method C3 was utilized (Figures S4m–S4r). 
These results support the growing importance of evaporation loss with decreased o,*

LE p . To our knowledge, 
there was a relative dearth of evidence on the effect of negative artifacts of filter-based sampling on gas/
particle partitioning of low volatile OMMs.

Unlike n-alkanes, no artifact correction method showed a noticeable advantage in improving the agreement 
between log m

p,OME K  and log t
p,OME K  for PAHs. In Figures S5a–S5f, the 1-methylnaphthalene (1-MeNAP) and 
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2,6-dimethylnaphthalene (2,6-DMN) data gathered above the identity line. Except phenanthrene (PHE), 
t
p,OME K  values of fluoranthene (FLT), pyrene (PYR), and benzo[a]anthracene (BaA) were more than one 

order of magnitude greater than their m
p,OME K  (Figures S5j–S5r), which was possibly caused by the underes-

timation of o,*
LE p  using the EPA T.E.S.T tool. Figure 4 compares log m

p,OME K  and log t
p,OME K  of PHE, FLT, and 

BaA to those of n-alkanes with similar o,*
LE p  (n-C19, n-C24, and n-C26) in pairs. According to Equation 3, the 

t
p,OME K  values should be the same for compounds with identical o,*

LE p , so the linear regressions of log t
p,OME K  for 

the three pairs of OMMs nearly overlapped the identity line (Figure 4). However, log m
p,OME K  values of PHE, 

FLT, and BaA were significantly (p < 0.01) lower than those of n-C19, n-C24, and n-C26, respectively, sup-
porting the fact that PHE, FLT, and BaA should be more volatile than predicted. Furthermore, o,*

LE p  values 
of selected OMMs in this work were compared with those estimated using the group contribution methods 
(Hilal et al., 1995; Pankow & Asher, 2008) in Table S7. We found that the predicted o,*

LE p  varied by less than 
one order of magnitude for n-alkanes, but more than 1–2 orders of magnitudes for most PAHs and oxy-
PAHs. Therefore, less uncertain o,*

LE p  values are needed to improve the prediction of Kp,OM in future studies.

Figure 3. Comparisons of average log m
p,OME K  versus log o,*

LE p  for (a–c) n-alkanes and (d–f) polycyclic aromatic hydrocarbons (PAHs)/oxy-PAHs. Particle- and gas-
phase organic molecular makers are separated by using methods C1, C2, and C3, respectively. Regressions of average log t

p,OME K  versus log o,*
LE p  are also plotted 

(black dashed lines), and the blue triangles represent averages of log t
p,OME K  that can be paired with log m

p,OME K .
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3.5. PMF Source Apportionment

3.5.1. Overview of PMF Results

In this study, a 4-factor solution was finally determined for the PMFtotal data set due to its most physically 
meaningful factors and acceptable error estimation diagnostics. Descriptions of the error estimation results 
for 3-factor to 8-factor solutions were provided in Text S2 and Table S8. Normalized factor profiles of the 
4-factor solution in Figure 5 are calculated as






 1

kj
kj p

k kj

F
F

F (6)

where 
kjE F  denotes the weighting of species j in factor k relative to all other factors. Figures 6 and S6 present 

the contribution time series of individual factors to the sum of all input species and total OMMs, respective-
ly, and the sum of factor contributions reproduce their concentrations very well (Figure S7). The four factors 
were identified as heavy n-alkanes, hopanes/steranes, light SVOCs, and heavy PAHs factors, and their con-
tributions to total input species were 56.5%, 30.1%, 13.0%, and 0.53%, respectively. To illustrate the influence 
of gas/particle portioning of OMMs to PMF source apportionment of carbonaceous aerosols, 3-factor to 
8-factor solutions were also tested for the PMFparticle data (Text S2 and Table S9). The factor profiles and 
contributions of the 4-factor PMFparticle solution are plotted on Figures 5 and 6 for comparison.

3.5.2. Interpretation of the 4-Factor PMFtotal Solution

The heavy n-alkanes factor was characterized by the highest percentages of high MW n-alkanes (n-C27–
n-C35) with a weak odd-to-even carbon number predominance (Figure 5). This n-alkane pattern resembled 
that of tire wear particles (Rogge et al., 1993a). 20%–30% of heavy PAHs (MW ≥ 252), hopanes, and ster-
anes were also loaded on this factor, suggesting the contribution from on-road traffic. Furthermore, this 
factor dominated the contributions to bulk OC (60.7 ± 20.1%) and EC (55.0 ± 19.8%) and had a prominent 
elevation from mid-March to June (Figure 6a), when road dust tended to resuspend more frequently. Yu 
et al. (2020) performed the PMF analysis using hourly resolved data of elements and PM2.5 major compo-
nents (NH4

+, SO4
2−, NO3

−, OC, and EC) from downtown Nanjing. They identified an on-road traffic factor 
enriched with Cu, Ba, OC, and EC, which had similar average contribution to bulk carbon contents (54.6%) 
and temporal variation as those of the heavy n-alkanes factor in this work. These results suggested that road 
dust resuspension should be a significant emission source for carbonaceous components in the Nanjing city. 
However, due to the lack of specific OMMs for secondary organic aerosol (SOA), SOA contributions were 
misclassified into the four resolved factors.

Hopanes and steranes are constituents of crude oil- or coal-based fuels and lubricants (Kaplan et al., 2001). 
These compounds are mainly contributed by coal burning, heating oil combustion, and motor vehicle emis-
sions in ambient air (Oros & Simoneit, 2000; Rogge et al., 1993b, 1997). Besides hopanes and steranes, we 

Figure 4. Scatter plots comparing log m
p,OME K , log t

p,OME K  for (a) phenanthrene (PHE) versus nonadecane (n-C19), (b) fluoranthene (FLT) versus tetracosane (n-
C24), and (c) pyrene (PYR) versus hexacosane (n-C26).
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also observe substantial n-alkanes with chain lengths of 13–27 peaking at n-C18–n-C25 in Figure 5b, which 
is consistent with the n-alkane profile of the engine lubricating oil (Caravaggio et al., 2007). In addition, 
the hopanes/steranes factor exhibited elevated contributions mainly in summer (Figure 6b). So, this factor 
might be linked with both combustions and evaporations of lubricants.

The light SVOCs factor consisted mainly of low MW n-alkanes (n-C12–n-C20), PAHs (MW = 128–202), and 
oxy-PAHs (1-AEC and 9-FLO). The o,*

LE p  values of these compounds are all larger than 10−10 atm (Table S6), 
explaining their increased contributions during hot periods (Figures 6c and S6c). Furthermore, the n-al-
kane and PAH patterns of the light SVOCs factor reflected the composition characteristics of crude oil and 
petroleum products (e.g., gasoline, diesel fuel) (Schauer et al., 1999, 2002; Wang et al., 2003), and there were 
large-scale petrochemical industries ∼6 km to the northeast of the sampling site. Thus, the light SVOCs 
factor represented evaporation emissions of crude oil and petroleum products.

The heavy PAHs factor described 50.9%–72.7% of PAHs with MW ranging from 228 to 276 (Figure 5d). It also 
contributed significant fractions of medium n-alkanes (n-C22–n-C30) featured by obvious even-to-odd car-
bon number predominance. Unlike other factors, the heavy PAHs factor showed maximum  contributions 
in winter (Figure 6d). In Southern China, local fossil fuel combustions and regional transport of pollut-
ants from the north were the main cause of enhanced concentrations of PAHs during cold periods (Yan 
et al., 2019). So, the heavy PAHs factor was categorized as regional combustion emissions.

Figure 5. Comparisons of normalized factor profiles between positive matrix factorization (PMF)total and PMFparticle solutions. PAHs, polycyclic aromatic 
hydrocarbons; SVOCs, semivolatile organic compounds.
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3.5.3. PMFparticle Versus PMFtotal Solutions

Filter-based measurements of OMMs coupled to receptor modeling were well established for source appor-
tionment of carbonaceous aerosols. The time series of species concentrations or resulting source contribu-
tions have been linked with health effects in epidemiological studies (Ito et al., 2006; Kim et al., 2012; Laden 
et al., 2000; Mar et al., 2005). The distinguishment of factor profiles and contributions by receptor modeling 
depends largely on the intersample variability of input species (Dall'Osto et al., 2013). If only particle-phase 
OMMs data are input for receptor modeling, the contribution time series of each output factor/source as 
well as its estimated health effects will be biased due to the influences of gas/particle partitioning (Xie 
et al., 2013, 2014b). As shown in Figure 5, each factor of the PMFparticle solution can be uniquely matched 
to a PMFtotal factor based on factor profiles, while remarkable differences were observed when comparing 
contribution time series of the light SVOC factor (Figures 6c and S6c). Since low MW OMMs were predom-
inately distributed in the gas phase, the hopanes/steranes factor of the PMFparticle solution did not have an 

Figure 6. Time series of factor contributions to the sum of input species for positive matrix factorization (PMF)total and PMFparticle solutions. PAHs, polycyclic 
aromatic hydrocarbons; SVOCs, semivolatile organic compounds.



Journal of Geophysical Research: Atmospheres

GOU ET AL.

10.1029/2020JD034080

14 of 18

n-alkane pattern resembling the composition of lubricating oils (Figure 5b). The average relative contri-
bution of the hopanes/steranes factor derived from the PMFparticle solution (51.8%) was much greater than 
that from the PMFtotal solution (30.1%). Due to the lack of gaseous OMMs data, the PMFparticle solution over-
attributed medium and high MW alkanes and PAHs to the light SVOCs factor; factor contributions of the 
light SVOCs factor were not correlated (r = −0.16, p = 0.16) between the PMFparticle and PMFtotal solutions.

Xie et al. (2013, 2014b) raised that the influence of gas/particle partitioning on PMF source apportionment 
could be removed by using the total OMMs data. Due to the lack of enough observations, Xie et al. (2014b) 
constructed PMFparticle and PMFtotal data sets using the same compounds, and n-C22 and fluoranthene (FLT) 
were the most volatile species among input OMMs. In this study, the involvements of low MW n-alkanes 
(n-C12–n-C21) and PAHs (MW = 128–178) accentuated the influence of gas/particle partitioning, and im-
proved the attribution of individual factors to specific emission sources. For example, the light SVOCs factor 
of the PMFparticle solution had elevated contributions only in winter, and thus could not be linked with fossil 
fuel evaporation; the hopanes/steranes factor from the PMFtotal solution might not be uniquely associated 
with the use of lubricant oil without referring to its n-alkane pattern. However, the impact of other atmos-
pheric processes like photochemical oxidations cannot be ruled out. Both high and low volatile OMMs are 
subject to oxidations on atmospherically relevant time scales (Lambe et al., 2009; Riva et al., 2015; Weitkamp 
et al., 2008), and the oxidation of OMMs in the gas phase is expected to proceed much more rapidly than 
that in the condensed phase (Donahue et al., 2013; Rudich et al., 2007). Saleh et al. (2013) demonstrated 
that the equilibration time scales of gas/particle partitioning were on orders of minutes to tens of minutes, 
supporting the assumption of instantaneous equilibrium employed in most chemical transport models. 
Then the fast gas-phase oxidation will induce evaporation of OMMs in the particle phase, accelerating the 
depletion of OMMs in the atmosphere. May et al. (2012) found that OMMs underwent accelerated oxidation 
even when only 5% of the amount was present in the gas phase. Thus, more work is warranted accounting 
for both gas/particle partitioning and chemical reactions in source apportionment using OMMs data.

4. Conclusions
This work investigated the ambient levels, gas/particle partitioning, and sources of nonpolar OMMs at a 
suburban site in northern Nanjing. Concentrations of n-alkanes and PAHs generally followed a decreas-
ing trend with the increase in MW. In comparison to urban Denver, the motor vehicle exhaust had more 
influence on ambient levels of low-volatile or nonvolatile species in northern Nanjing. Although the par-
ticle-phase fractions of OMMs were determined by their vapor pressures, they could be biased if sampling 
artifacts were not appropriately corrected. Concentrations of total and particle-phase OMMs exhibited dis-
tinct temporal patterns, indicating that the total OMMs data should be used instead of the particle-phase 
data for the receptor-based source apportionment and health risk analysis. The comparisons of both log 

m
p,OME K  versus log o,*

LE p  and log m
p,OME K  versus log t

p,OME K  for individual OMMs suggest that the evaporation loss 
is likely the main sampling artifact when o,*

LE p  is lower than 10−10 atm. To improve the prediction of absorp-
tive gas/particle partitioning coefficients of OMMs, a more refined method for o,*

LE p  estimation is needed. 
By comparing PMFtotal and PMFparticle solutions, more volatile species and gas-phase OMMs data should 
be included for source apportionment to remove the influence of gas/particle partitioning and reduce the 
ambiguity of resulting factors/sources.
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