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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� PM2.5-bound unresolved complex mix-
tures (UCM) was characterized in the 
PRD region. 
� Missing UCM in hot months for 

enhanced partition into gas phase, 
photo-oxidation and lower organic 
matter. 
� UCM in cool months accounted for ~9% 

of PM2.5 with over 30% UCM from ve-
hicles exhaust. 
� Biomass burning contributed up to 28% 

of UCM at the rural site. 
� Ship emission contributed 29% UCM at 

the urban site and 17% UCM at the rural 
site.  
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A B S T R A C T   

Unresolved complex mixture (UCM) accounts for a substantial fraction of particulate organic matters and plays 
an important role in forming secondary organic aerosol (SOA), yet their abundance, sources and atmospheric 
processes are not well understood. In this study, filter-based ambient PM2.5 samples were collected concourrently 
at an urban site and a rural site in the Pearl River Delta (PRD) region, south China, to characterize semi-volatile 
UCM. Dust, urban tunnel exhaust, ship exhaust and biomass burning samples were also collected to characterize 
UCM from typical primary emission sources. No obvious UCM humps were found in total ion chromatograms 
(TIC) of the PM2.5 samples collected during July–October, while the determined UCM reached 6.51 � 4.92 μg/m3 

at the urban site and 6.75 � 4.78 μg/m3 at the rural site during November–May, accounting for ~9% of PM2.5 
mass at both sites. The missing UCM humps in the hot months were due to much large fraction of these semi- 
volatiles partitioning to gas phase and their much faster atmospheric oxidation. In addition, the lower organic 
matter (OM) was also a non-negligible factor contributing to less particulate UCM in summer. Five major sources 
for PM2.5-bound UCM were identified by positive matrix factorization (PMF) involving organic and inorganic 
molecular source tracers. Vehicle exhaust accounted for 44.4% and 30.3% of UCM at the urban and the rural site, 
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respectively. Biomass burning contributed more to UCM at the rural site (28.0%) than at the urban site (19.2%). 
Ship emission was found to contribute substantially to UCM (28.9% at the urban and 17.3% at the rural site) in 
the PRD harbor megacity. Coal combustion and dust altogether contributed much less at the urban site (7.5%) 
than at the rural site (24.4%).   

1. Introduction 

The unresolved complex mixtures (UCM), often appearing in total 
ion chromatograms (TIC) as raised baseline humps, mainly consists of 
many groups of aliphatic branched and cyclic hydrocarbon isomers that 
is unable to be separated by conventional gas chromatography (James 
et al., 1999; Robinson et al., 2007). The term UCM was first used by 
Farrington and Quinn (1973) to describe the unresolved portion in the 
extracts of Narragansett Bay sediments. Subsequently, a growing num-
ber of literatures reported UCM detected in sediments and atmospheric 
aerosol samples associated with petroleum pollution (Frysinger et al., 
2003; Ventura et al., 2007; Rogge et al., 2012; Chan et al., 2013; Nal-
lathamby et al., 2014). However, some studies have pointed out that 
biomass burning also contributed to the UCM in aerosols (Rogge et al., 
1998; Hays et al., 2004; Schmidl et al., 2008). 

Recently, there are new concerns about semi-volatile UCM as 
important precursors of secondary organic aerosol (SOA) (Robinson 
et al., 2007; Zhao et al., 2014). Traditionally, SOA has long been 
considered to be formed by complex atmospheric oxidation of biogenic 
and anthropogenic volatile organic compounds (Odum et al., 1997a,b; 
Claeys et al., 2004; Cai and Griffin, 2006; Kiendlerscharr et al., 2009; 
Deng et al., 2017). But recent chamber studies reported that SOA pro-
duction cannot be completely explained by these traditionally found 
VOCs, suggesting that unknown SOA precursors that are not included in 
their studies may in part fill this gap (Weitkamp et al., 2007; Deng et al., 
2017; Liu et al., 2017). Robinson et al. (2007) proposed that 
semi-volatile organic compounds (SVOCs), as a source of the missing 
SOA precursors, should be partly responsible for discrepancies between 
field observations and model predictions of SOA. SVOCs, defined as a 
class of organics that have effective saturation concentration between 
0.1 and 1000 μg/m3, can partition between gas and particle phase 
depending on environmental conditions (Robinson et al., 2007; Chan 
et al., 2016). They have higher SOA yields compared to traditional 
VOCs, and models that include atmospheric chemistry of SVOCs tend to 
have an improved prediction of SOA loading in ambient air (Pye and 
Seinfeld, 2010; Jathar et al., 2014; Zhao et al., 2016). Therefore, oxi-
dations of SVOCs are considered as an important source of SOA in 
ambient air (Hodzic et al., 2010; Woody et al., 2015). These SVOCs, 
however, could not be fully separated and identified by the traditional 
chromatography-mass spectrometry method, instead most of them ap-
pears as UCM in TIC. Chan et al. (2013) previously reported UCM can 
make up more than 80% SVOCs emitted by vehicle exhaust, therefore it 
might be an important source contributing to SOA formation especially 
in urban areas. 

Although it is almost impossible for a large number of complex 
constitutes in UCM band to be completely identified and quantified, 
estimation of the bulk UCM may help to achieve mass balance closure. 
However, till now even ambient levels of atmospheric UCM are rarely 
reported. Previous studies reported the concentration of atmospheric 
UCM could reach more than 1 μg/m3, accounting for large fractions of 
detected organic matter in aerosol (Tsapakis et al., 2002; Bi et al., 2008). 
Moreover, UCM has been considered as fingerprint of petroleum pollu-
tion (Frysinger et al., 2003; Rogge et al., 2012; Chan et al., 2013), but 
some researchers also found UCM in TIC of biomass burning aerosol 
samples (Hays et al., 2004). Until now, no quantifiable results of source 
contributions for UCM in field air environment are reported. In this 
study, ambient PM2.5-bound UCM in the Pearl River Delta (PRD) region 
were characterized based on field samples collected at an urban site and 
a rural site in order to estimate the ambient levels, seasonal variations, 

hump shapes and source contributions of PM2.5-bound UCM. 

2. Experimental sections 

2.1. Field sampling 

Fig. 1 shows the geographical locations of two sampling sites. Both 
sites are ambient air quality monitoring stations operated by local 
environmental monitoring centers. Urban SZ (23.13�N,113.27�E) is 
located in the city center with heavy traffic and dense population while 
rural JL (23.30�N, 113.57�E) in the northeast of Guangzhou is sur-
rounded by large area of forest. More detailed information about sam-
pling sites can be found elsewhere (Yu et al., 2017). A high volume 
sampler (Tisch Environmental, Inc., Ohio, USA) was used to collect 
PM2.5 samples at a flow rate of 1.1 m3/min with a quartz fiber filter (8 
inch � 10 inch, Whatman, America). Meanwhile, Teflon filters (47 mm 
in diameter, Whatman, USA) samples were also collected by a 
medium-volume sampler with a flow rate of 16.7L/min (Model PQ-200, 
BGI Inc., USA) to analyze heavy metal elements. 24-h PM2.5 sampling 
was conducted every five days from 23 July 2013 to 29 May 2014 at JL 
and from 26 August 2013 to 29 April 2014 at SZ to characterize 
PM2.5-bound UCM. Moreover, PM2.5 samples were extensively collected 
every day in August, November and December to capture typical 
pollution processes. In total, 101 and 84 PM2.5 filter samples were 
collected at JL and SZ, respectively. Prior to sampling, the quartz fiber 
filter was pre-baked at 450 �C for 8 h to eliminate any adsorbed organics. 
Field and laboratory blanks were collected and analyzed in the same 
manner as the PM2.5 samples during the whole experiment process. As 
shown in Fig. S1, all target compounds and UCM hump were not found 
or presented negligible level in blanks. 

In order to characterize the particulate UCM emitted by on-road 
vehicles and ships, tunnel PM2.5 samples and particulates in ship 
exhaust were also collected. The detailed sampling information can be 
found elsewhere (Zhang et al., 2015; Huang et al., 2017; Wu et al., 
2019). 

2.2. Laboratory analysis 

2.2.1. Sample preparation 
The more detailed description of sample preparation can be found 

elsewhere (Yu et al., 2017). Briefly, 1/4 of the sampled quartz fiber filter 
was spiked with internal standards including n-hexadecane-D24, n-tet-
racosane-D50, n-triacontane-D62 and levoglucosan-13C6 and was firstly 
ultrasonically extracted twice with 30 mL mixed solvent of Dichloro-
methane (DCM)/Hexane (1:1, v:v), and then twice with the 30 mL mixed 
solvent of Dichloromethane/Methanol (1:1, v:v). The extracts from the 
four-time ultrasonic extractions were combined, filtered, and concen-
trated to ~1 mL, which was further separated into two parts. One part 
for methylation was blown to dryness under a gentle nitrogen and added 
with 200 μL of DCM, 10 μL of Methanol, and 300 μL of freshly prepared 
diazomethane. The methylated extracts were used to analyze normal 
alkanes (n-alkanes), polycyclic aromatic hydrocarbons (PAHs), organic 
acids and hopanes. The other part for silylation was blown to dryness 
and added with 100 μL of pyridine and 200 μL of N, 
O-bis-(trimethylsilyl)-trifluoroacetamide plus 1% trimethyl-
chlorosilane at 70 �C for 1 h. The silylated extracts were used for 
analyzing biomass burning tracer, levoglucosan. 
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2.2.2. Determining organic compounds by gas chromatography-mass 
spectrometry 

A gas chromatography/mass spectrometer detector (Agilent, 7890 
GC/5975 MS) with a capillary column (Agilent HP-5 MS, 30 m � 0.25 
mm � 0.25 μm) was employed to analyze the prepared samples. 1 μL of 
each sample was injected in splitless mode at a constant flow rate of high 
purity helium (1.2 mLmin-1). The GC initial temperature was 65 �C, held 
for 2 min, then increased to 290 �C at 5 �C min� 1 and kept for 20 min. N- 
alkanes, hopanes, PAHs and levoglucosan were identified based on their 
retention times and fragment ions, and then quantified against the 
corresponding calibration curves with authentic standards. 

2.2.3. Organic carbon (OC) and elemental carbon (EC) analysis 
A punch of quartz filter with an area of 1.5 cm2 was taken to 

determine the concentration of OC and EC using the thermo-optical 
transmittance (TOT) method (NIOSH, 1999) by an OC/EC analyzer 
(Sunset Laboratory Inc., USA). 

2.3. Heavy metal elements analysis 

Each Teflon filter with area of 5.06 cm2 was used for the analysis of 
heavy metals. The elements were microwave digested with 5 mL HNO3 
and 2 mL HF under the conditions of high temperature and high pressure 
(Tao et al., 2014). After cooling, a heating apparatus (120 �C) was used 
to reduce the acidity of extracted solution. 17 elements (Na, K, Ca, Mg, 
Al, Fe, Zn, Pb, Mn, Ti, V, Cr, Ni and Cu) were determined by ICP-MS 
(Thermo, USA). 

2.4. Gas/particle partitioning of n-alkanes 

Because volatility of n-alkanes varies systematically with carbon 
number (Presto et al., 2012) and they were detected across the entire 
UCM band, n-alkanes were used as surrogates to evaluate the 

gas/particle partitioning of UCMs. With the particulate phase concen-
tration of n-alkanes determined as described above in section 2.2, con-
centrations of gas-phase n-alkanes were calculated based on the 
gas/particle partitioning theory by Pankow (1994), as below: 

Kp;OM ¼
Kp

fOM
¼

F=MOM

A
(1)  

Kp;OM ¼
RT

106MWOMξOMP0
L

(2)  

P0
L¼P0;*

L exp
�ΔH*

vap

R

�
1

298:15
�

1
T

��

(3)  

where particulate organic matter (OM) is assumed to be responsible for 
the absorptive uptake. Kp (m3/μg) is the G/P partitioning coefficient and 
fOM is the mass fraction of absorbing OM phase in total PM phase. F and 
A are the concentration (ng/m3) of each n-alkane in particle phase and 
gas phase, respectively. MOM (μg/m3) is mass concentration of OM in 
particle phase. In eq (2), R (8.206 � 10� 5 m3 atm mol� 1K� 1) is the ideal 
gas constant and T (K) is ambient temperature. MWOM (g/mol) is the 
average molecular weight of the absorptive OM phase. ξOM is the activity 
coefficient of each compound absorbed in OM phase and P0

L (atm) is the 
vapor pressure of each pure compound. In eq (2), P0,*L (atm) is the vapor 
pressure of each pure compound at 298.15 K ΔH*vap (kJ/mol) is the 
enthalpy of vaporization of the liquid at 298.15 K. The value of fOM, 
MWOM, P0,*L and ΔH*vap were taken from Xie et al. (2013, 2014). The 
values of F for each n-alkanes in this study were obtained from 
filter-based PM2.5 measurement. The MOM was estimated by multiplying 
the measured OC concentrations by a scaling factor of 2 (Chen and Yu, 
2007; Gao et al., 2015). The meteorological data including ambient 
temperature and solar radiation were monitored during the sampling 
campaign (Table S2). 

Fig. 1. Location of two sampling sites (PRD: the Pearl River Delta region in China).  

H. Fang et al.                                                                                                                                                                                                                                    



Atmospheric Environment 226 (2020) 117407

4

2.5. Quantifying PM2.5-bound UCM 

As shown in Fig. 2, UCM was a large hump that mainly consisted of 
branched and cyclic alkanes (Fraser et al., 1997; Schauer et al., 2002; 
Tkacik et al., 2012). Actually, the oxidations, like acids, do not appear as 
a hump in TIC. Fig. S3 displayed the chromatogram of methylated fatty 
acids in a sample with UCM, we can see that these acid, though some of 
which had very high response in GC, did not form a hump in TIC. In 
addition, based on mass spectrum of UCM, m/z 57, 71 and 85 (typically 
aliphatic alkanes) and/or m/z 55, 69, 83 and 97 (typically cyclic al-
kanes) were major ions demonstrated in the UCM range (Fig. S4), 
implying that they are largely primary hydrocarbons, consistent with 
previous studies (Chan et al., 2013; Nallathamby et al., 2014). Because 
n-alkane homologues were detected across UCM band range, they have 
been used as alternative standards for quantifying level of UCM in 
environment samples (Phuleria et al., 2006; Wang et al., 2012b; Nalla-
thamby et al., 2014; Zhao et al., 2014). In this study, the mass of 
PM2.5-bound UCM is calculated using the approach outlined in Doskey 
(2001), which is briefly introduced here. UCM hump areas are deter-
mined by subtracting the total area of all peaks and a blank-solvent 
chromatogram from the total area obtained by integrating a sample 
chromatogram along the baseline, and then the average response factor 
of respective n-alkanes (C14–C36) in co-eluting UCM band was applied to 
determine the levels of PM2.5-bound UCM (Doskey, 2001; �St’�avov�a at 
al., 2012). The detailed information of quantifying n-alkanes and UCM is 
provided in supporting information. 

2.6. Positive matrix factorization (PMF) 

USEPA PMF version 5.0 was employed in this study to resolve source 
contributions of measured UCM. The method is described in greater 
detail elsewhere (Paatero and Tapper, 1994; Paatero, 1997; Paterson 
et al., 1999). Briefly, data values below the method detection limits 
(MDLs) were substituted with MDL/2. The median concentrations were 
used for missing data values. If the concentration is less than or equal to 
the MDL used, the uncertainty is calculated using the equation of Unc ¼
5/6 � MDL. If the concentration is greater than MDL used, the uncer-
tainty is calculated by Unc ¼ [(Error Fraction � concentration)2 þ (0.5 
� MDL)2]1/2. 

2.7. Backward trajectory analysis 

The transporting paths of air masses during the campaign were 
investigated by Hybrid Single-Particle Lagrangian Integrated Trajectory 
model (HYSPLIT 4.0), which was developed by the National Oceanic and 

Atmospheric Administration (NOAA) (http://www.arl.noaa.gov/ 
ready/hysplit4.html). The model was run every 1 h and the cluster 
analysis was performed in Fig. S7, which was based on 48-h backward 
air trajectories with starting height at 500 m. 

3. Results and discussion 

3.1. The concentrations of PM2.5-bound UCM 

No obvious UCM humps were found in TICs for PM2.5 samples 
collected from July to October (Fig. 4). An explanation for missing UCM 
in these samples collected in the hot months is presented in section 3.2. 
In the other months (from November 2013 to May 2014), however, the 
average concentrations of determined PM2.5-bound UCM at urban SZ 
and rural JL were 6.51 � 4.92 μg/m3 and 6.75 � 4.78 μg/m3, respec-
tively. The UCM mass concentrations measured in this study were 
significantly higher than that measured in Guangzhou from June 2002 
to July 2003 (1.6 μg/m3 for annual average of UCM in TSP) (Bi et al., 
2008), in Xiamen during the same months in 2015 (0.25–0.40 μg/m3 for 
UCM in TSP) (Tao et al., 2017), in Santiago (0.84–1.37 μg/m3 for UCM 
in PM2.5 during the winter-spring season) (Tsapakis et al., 2002) and at 
nonurban sites in Europe (0.28 μg/m3 for maximum concentration of 
PM2.5-bound UCM in winter) (Oliveira et al., 2007). UCM on average 
accounted for 8.9 � 4.5% and 9.2 � 6.4% of PM2.5 masses at SZ and JL, 
respectively. These percentages were comparable to but at the high-end 
of those reported in previous studies (2.2–11.8%) (Schauer et al., 1999; 
Hays et al., 2004). 

Fig. 3 displays the temporal varation of UCM, PM2.5 and EC at two 
sampling sites. At both sites estimated UCM concentrations presented 
consistent temporal varations with EC, which is a component solely from 
primary emission. This is reasonable since UCMs are largely from pri-
mary emissions. PM2.5 and UCM, however, were not always positively 
correlated at the two sites as Fig. 3 demonstrated. This is also reasonable 
given that in ambinent PM2.5 about 50% or more are typically secondary 
inorganic and organic aerosols (Wang et al., 2012a; Huang et al., 2014). 
Nonethless, as showed in Fig. 3, there were peak values of UCM corre-
sponding to high PM2.5 levels (such as samples collected on 16 March 
2014 at SZ and on 12 December 2013 at JL), indicating that primary 
emission had a significant contribution to high PM2.5 pollution events. 

3.2. Missing UCM humps in hot months 

As shown in Fig. 4, no obvious UCM hump was observed in TIC of 
PM2.5 samples collected during July–October. As reported by Nalla-
thamby et al. (2014), gas/particle partitioning could affect the collection 

Fig. 2. A diagram showing UCM in TIC.  
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of particulate UCM and SVOCs tend to be partitioning into gas phase 
under higher ambient temperature. Tao et al. (2017) reported that the 
concentration of UCM in TSP samples was significantly higher in cold 
months (0.3 μg/m3, the average value from November 2015 to April 
2016) than that measured in hot months (0.1 μg/m3, the average value 
from June to October, 2015) in Xiamen, China. As a matter of fact, this 
missing UCM during hot months were also reported by Simoneit et al. 
(1980) in the Lake Tahoe air basin or by Doskey and Andren (1986) in 
northern Wisconsin, where even the high-boiling UCM was barely 
detectable in particles collected during summer but was prominent in 
samples taken during winter. Although an explanation for the missing 
UCM in summer was not presented in previous studies, changes in 
source contributions should be excluded from the reasons for missing 
UCM in summer especially at the urban site SZ with heavy traffic in the 
neighborhood both in winter and in summer. 

N-alkanes can be used as surrogates to evaluate the atmospheric 
process of UCM given that their volatility varies systematically with 
carbon number (Presto et al., 2012) and they were detected across the 
entire UCM band. Based on gas-particle partitioning theory, gaseous 
n-alkanes were estimated (Table S4) with their counterparts in the 
particulate phase. N-alkanes with relative lower carbon number (<C20) 
mainly existed in gas phase while congeners > C32 that were nearly in 

particle phase. As semi-volatile compounds, the homologues between 
C20 and C32 partition between gas and particulate phase, and this par-
titioning is temperature dependent (Pankow, 1994). During July–Oc-
tober, the ambient air temperature was relatively higher, with an 
average of 28 � 0.98 �C, in contrast with an average of 18 � 3.64 �C 
during other months of sampling campaign (Table S1). The vapor phase 
concentrations of these n-alkanes were relatively higher during the 
period with high temperature, such as C21, ~80% of which existed in gas 
phase during hot months while ~50% of which existed in gas phase for 
the other months (Table S4). UCMs falling in between C20 and C32 had 
the similar volatility with these n-alkanes, resulting in consistent gas/-
particle partitioning behavior in ambient air. Therefore, substantial 
UCM compounds partitioned into gas phase during the period with high 
ambient temperature, which caused less collection of UCM based on 
quartz filters. Moreover, the sampling artifact was a common issue 
during the quartz filter sampling, resulting in absorption-induced posi-
tive bias or volatilization-induced negative bias. The volatilization and 
absorption processes are inherently coupled, making the artifacts un-
avoidable but extremely difficult to be corrected. The high temperature 
in summer would amplify the volatilization-induced artifacts during the 
24-h collection, causing some UCM in quartz filter evaporating into gas 
phase. This might also reduce the UCM collected by quartz filters. 

Fig. 3. Temporal varation of PM2.5, UCM and EC in SZ and JL from November 2013 to May 2014.  

Fig. 4. Typical chromatograms of PM2.5 samples of SZ and JL that collected in hot months (from July to October).  
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Wang et al. (2016) previously reported that the lower particle-phase 
concentrations of semi-volatile organic compounds in summer were 
partially caused by the lower mass concentration of organic matter (OM) 
though its effect was less important than temperature. Here, the indi-
vidual effects of temperature and OM were also discussed by using the 
Pankow theory (Pankow, 1994). The measured particle-phase concen-
tration of C24 n-alkane in JL in summer (OC ¼ 14 μg/m3, T ¼ 28 �C) were 
used to recalculate the particulate concentrations of C24 n-alkane when 
decreasing the temperature or increasing the OM mass concentration 
individually. Retaining the same total concentration (particle-phase and 
gas-phase) of C24 n-alkane (4.2 ng/m3, Table S4), particle-phase C24 
n-alkane was recalculated under the constant OM (OC ¼ 14 μg/m3) 
while decreasing the temperature (T ¼ 18 �C) and under the constant 
temperature (T ¼ 28 �C) while increasing the OM mass concentration 
(OC ¼ 16.4 μg/m3), respectively. The calculated particle-phase C24 
n-alkane concentration was 3.03 ng/m3 (OC ¼ 14 μg/m3, T ¼ 18 �C) and 
1.43 ng/m3 (OC ¼ 16.4 μg/m3, T ¼ 28 �C), respectively. Obviously, the 
effect of temperature was significantly greater than OM, which was 
consistent with results reported by Xie et al. (2013) and Wang et al. 
(2016). 

Secondary reactions might be another factor that affected UCM 
hump in TIC (Nallathamby et al., 2014). Miracolo et al. (2010) 
demonstrated that the photo-oxidation of semi-volatile fraction of UCM 
would result in removal of the semi-volatile UCM. During the sampling 
campaign, the solar radiation in hot months was significantly higher 
than the other months (Table S2). UCM mainly consists of branched 
alkanes and cycloalkanes. Compared with linear alkanes, these aliphatic 
hydrocarbons are much easier to react with oxidants, such as hydroxyl 
radical, in the atmosphere (Finlayson-Pitts and Pitts, 2000). These 
semi-volatile hydrocarbon species are mainly removed by hydroxyl 
radical (OH) in ambient air with lifetimes that can be calculated 

τOH ¼
1

KOH � ½OH�
(4)  

where KOH is the OH reaction rate constant (cm3�molecule� 1�s� 1), 
obtaining from previous studies (Kwok and Atkinson, 1995; Zhao et al., 
2014). [OH] is the concentration of OH in ambient air (molecule�cm� 3). 
Based on the empirical equation (Ehhalt and Rohrer, 2000), the con-
centration of OH during the sampling campaign was estimated. The 
concentration of OH in hot months was significantly higher than in other 
months (Table S2). Since UCM consists of a large number of complex 
mixtures without known rate constants for reacting with ∙OH, here 
n-alkanes were used as surrogates to assess the fate of UCM in atmo-
sphere and the rate constants KOH for n-alkanes were obtained from 
previous studies (Kwok and Atkinson, 1995; Zhao et al., 2014). Average 
concentration of OH in hot months and other months were used to es-
timate atmospheric lifetime of n-alkanes in UCM band by using equation 
(4). During the hot months, as Table S5 presented, the atmospheric 
lifetime of n-alkanes was significantly reduced with the enhancement of 
OH concentration, close to half of that estimated in other months. 
Therefore, gaseous UCMs were consumed at significantly higher rates 
under the high OH concentrations during hot months, which could 
interfere with the gas/particle distribution equilibrium and enable more 
particulate UCMs to partition into vapor phase. This atmospheric pro-
cess significantly reduced atmospheric UCMs collected by quartz filters 
(Fig. S2). However, the oxidation products from UCM were less 
addressed in previous studies. As atmospheric UCM and the oxidation 
products are very complex and currently we even lack robust techniques 
to distinguish whether the oxidation products were formed from UCM or 
other precursors. Therefore, advanced techniques is needed to be 
developed in the future for resolving the UCM species and for charac-
terizing their oxidation products. 

To sum up, more particulate UCMs partitioning into vapor phase and 
much stronger photo-oxidation of gaseous UCMs were important factors 
that caused no obvious UCM hump in TIC of filter samples collected in 

the hot months. Meanwhile the lower organic matter in summer was also 
a non-negligible factor causing less UCM in aerosol phase though its 
effect was less significant than temperature effect. 

3.3. Characterization of the UCM hump in TIC 

Previous studies have reported that the appearance of sediment UCM 
hump that presented in TIC was related with initial sources (Ventura 
et al., 2007, 2008). Jeon et al. (2017) used the shape of UCM in TIC as an 
indicator to distinguish soils contaminated by different oil types. Nal-
lathamby et al. (2014) reported that UCM was characterized with 
bimodal, UCM-A and UCM-B in PM2.5 samples of Bakersfield. The 
UCM-A, consisting of compounds with lower carbon numbers, was from 
diesel emissions while the heavier UCM-B with the similar pattern to the 
samples containing crude oil or motor oil pollution was considered as 
urban source contributions including traffic. In this study, three types of 
source samples, including dust samples, tunnel samples and ship exhaust 
samples, were used to help characterize the UCM hump. The dust 
samples were NIST Standard Reference Material (SRM 1649b). 42 tun-
nel samples and 11 ship exhaust samples of were collected in Guangzhou 
(Zhang et al., 2015; Huang et al., 2017; Wu et al., 2019). Typical TICs for 
these sources are displayed in Fig. 5. Because the combustion of gasoline 
(<C12) and diesel oil (C12–C22) do not contribute these high weight 
molecular organics around n-C29 or n-C30, the late-eluting UCMs were 
attributed to emissions from the motor oil combustion (Zhao et al., 
2015, 2016; Alam et al., 2019). The retention time of UCM seemed to be 
vary to source types. The UCM presented in TIC of dust sample was 
similar to tunnel sample, representing vehicle emission, with UCM 
hump peak corresponding to high carbon number n-alkanes like n-C29 or 
n-C30. While UCM in TIC of biomass burning sample centered from n-C22 
to n-C24 (Schmidl et al., 2008). Furthermore, bimodal UCMs were found 
in TIC of ship exhaust samples. The peak of fore-eluting UCM ranged 
from n-C18 to n-C20 while the late-eluting UCM centered at n-C27 or 
n-C28. This kind of UCM is similar to the one reported by Nallathamby 
et al. (2014). Heavy diesel oil was commonly used as fuel for ships, 
which could contribute the fore-eluting UCM (Miracolo et al., 2010). 
Generally, it can be indicated that diesel oil combustion and biomass 
burning could have contributed to fore-eluting UCM while motor oil 
combustion could be a significant source of late-eluting UCM. In addi-
tion, UCM humps in our ambient PM2.5 samples were also characterized. 
As Fig. 6 displayed, UCM in Fig. 6a was characterized with two obvious 
peak, similar to the UCM reported by Nallathamby et al. (2014). Fig. 6b 
shows the unimodal UCM with late-eluting hump, which resembled the 
UCM features of dust and tunnel samples. The UCM hump presented in 
Fig. 6c was somewhat similar to ship exhaust samples, both had a wide 
UCM band. Moreover, no significant differences in the UCM retention 
time ranges between the two sampling sites were observed. This might 
be related to their source contributions. As indicated by source appor-
tionment results in section 3.4, vehicle exhaust, which contributed to the 
late-eluting UCM, was dominant source of UCM at both sites. Ship 
emission and biomass burning, which contributed to the fore-eluting 
UCM, were both among the top three sources at the two sites, only 
that biomass burning ranked the second at the rural site while ship 
emission ranked the second at the urban site. 

3.4. Source apportionment of PM2.5-bound UCM 

Early studies found UCM presented in fossil fuel products or that 
UCM contained in environmental samples was associated with petro-
leum pollution (Killops and Al Juboori, 1990; Gough and Rowland, 
1990; Hildemann et al., 1991). Subsequently, extensive researches 
developed UCM hump as an environmental fingerprint to identify the 
samples affected by fossil fuel (Frysinger et al., 2003; White et al., 2013). 
However, other studies proposed that biomass burning also contributed 
to UCM in atmospheric aerosols (Oros and Simoneit, 2001; Hays et al., 
2004; Schmidl et al., 2008). To further investigate the contribution of 
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Fig. 5. TIC of urban dust (a), tunnel sample (b) and ship exhaust (c).  

Fig. 6. Typical chromatograms showing different types of UCM among PM2.5 
samples collected at two sampling sites: (a) sample collected on December 8, 
2013 at JL; (b) sample collected December 12, 2013 at SZ; and (c) sample 
collected on March 11, 2014 at JL. 

Fig. 7. Sources profiles (% of the species) resolved by the PMF model.  
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different emission sources to ambient PM2.5-bound UCM, positive matrix 
factorization (PMF) model was used in this study. 35 species including 
UCM, EC, levoglucosan (LG), Kþ, 5 hopanes, 6 heavy metal elements and 
20 individual PAHs were input into the model. Finally, five sources were 
identified and their profiles were presented in Fig. 7. The first source was 
dominated by retene, LG and Kþ, considering as contribution of biomass 
burning (Ramdahl, 1983; van Drooge and Ballesta, 2009). The second 
source with high percentage of crustal elements including Al, Ca, Fe, and 
Ti was considered as dust (Tao et al., 2014). The third source is char-
acterized by high loading of V and Ni, which are related with emission 
from crude oil and are suggestive of ship emission (Zhang et al., 2013). 
The fourth source was identified as coal combustion by a significant 
presence of its marker picene and other PAHs with high molecular 
weight (Oros and Simoneit, 2001; Zhang et al., 2008). The fifth source, 
vehicle exhaust, is characterized by high contribution of hopanes, which 
is widely used as primary organic tracers of vehicle emission (Jaeckels 
et al., 2007; Ravindra et al., 2008; Wang et al., 2016). 

The predicted and measured UCM showed significant correlation (R2 

¼ 0.82) with a slope of 0.89 (Fig. S5), suggesting that the resolved 
factors could explain the main sources of PM2.5-bound UCM in the PRD. 
As displayed in Fig. 8, vehicle exhaust was a dominant source for PM2.5- 
bound UCM at two sites, accounting for 44.4% and 30.3% at SZ and JL, 
respectively. Biomass burning was another important source at rural JL, 
contributing 28.0% of measured UCM to this site. However, this source 
had relatively lower contribution at the urban site, accounting for 19.2% 
UCM at SZ. It is worth noting that at both sites, ship emission contrib-
uted substantially to PM2.5-bound UCM, especially at urban SZ with a 
share of 28.9% of measured UCM. A ratio of V/Ni higher than 0.7 was 
commonly used as an indicator for ship emission (Isakson et al., 2001; 
Viana et al., 2009). In this study, average ratios of V/Ni at SZ and JL 
were 3.02 and 2.95 (Fig. S6), respectively. These ratios were signifi-
cantly higher than those calculated in PM2.5 samples collected at Tuoji 
Island in Bohai Rim (V/Ni ¼ 1.54), a region significantly influenced by 
ship emissions (Zhang et al., 2013). A high ratio of V/Ni in our PM2.5 
samples and UCM hump in the TIC of ship exhaust samples provided 
strong evidence that ship emission was a significant source for UCM in 
the PRD region. Dust accounted for 15.3% UCM at JL while this source 
only contributed 2.3% UCM at SZ. Coal combustion contributed a minor 
part of UCM at both two sites (5.2% at SZ, 9.1% at JL). 

In addition, as demonstrated in Fig. S8, contributions to UCM by 
biomass burning and ship emission showed substantial monthly varia-
tion at the two sampling sites. Biomass burning contributed much more 
during November 2013–January 2014 than during February–April 
2014. This is consistent with the significantly reduced LG (tracer for 
biomass burning) concentrations and the LG/OC ratios from January 
2014 to April 2014 (Fig. S9). Contrarily, ship emission contributed less 

during November 2013–January 2014 than during February–April 2014 
when more oceanic air masses, as depicted by backward trajectories 
(Fig. S7), would bring more ship emission to the sampling sites. 

Given that semi-volatile UCM are a substantial part of organic mat-
ters in PM2.5 and they play an important role in SOA formation, the 
source apportionment results implicated that to reduce the particulate 
UCM, stricter control measures are needed on vehicle (mainly diesel) 
emissions, which are previously regarded the major sources of UCM. 
Apart from vehicle emission, biomass burning is still a significant source 
for PM2.5-bound UCM especially at the rural site, although regulations 
have been implemented by the Chinese governments to prohibit open 
burning of crops (Yan et al., 2006; Zhang et al., 2013). Our study also 
reveals that ship emission might be a very important source of UCM in 
harbor cities like Guangzhou. 

4. Conclusions 

PM2.5 samples were collected at two sites (one rural site and one 
urban site) to investigate the PM2.5-bound UCM. A semi-quantitative 
method was applied to estimate the ambient levels of the PM2.5-bound 
UCM. No obvious UCM hump was found in TIC of PM2.5 samples that 
collected from July to October since UCM SVOCs prefer partitioning into 
vapor phase and also they have much higher photo-oxidation rates in 
these hot months. Moreover, the lower organic matter in summer was 
also a non-negligible factor decreasing UCM in aerosol phase. The 
determined UCM mass concentration at urban SZ and rural JL were 6.51 
± 4.92 μg/m3 and 6.75 ± 4.78 μg/m3, accounting for 8.9 ± 4.5% and 
9.2 ± 6.4% of PM2.5 mass, respectively. 

Apart from comparing the PM2.5-bound UCM humps with the UCM 
humps for the dust, tunnel, ship exhaust and biomass burning samples to 
indicate sources of UCM, PMF involving typical organic and inorganic 
tracers in PM2.5 was applied for source apportionment of UCM. Vehicle 
emission contributed most to the PM2.5-bound UCM at both sites, ac-
counting for 44.4% at SZ and 30.3% at JL. Biomass burning was also a 
significant source of UCM at rural JL with a share of 28.0%. Ship 
emission, to our surprise, had substantial contributions to PM2.5-bound 
UCM with shares of 28.9% at urban SZ and 17.3% at rural JL. Dust 
accounted for 15.3% of UCM at rural JL but only a minor fraction at 
urban SZ (2.3%). Coal combustion contributed <10% of UCM, with a 
higher percentage at rural JL (9.1%) than urban SZ (5.2%). 

Sources and atmospheric processes of UCM are very complex in 
ambient environment, and in the future advanced techniques such as 
two-dimensional gas chromatography coupled with time-of-flight mass 
spectrometry (GCХGC-TOF-MS) (Alam et al., 2019) can be applied to 
improve the characterization of UCM for better understanding of their 
chemical compositions, atmospheric abundances, emission sources and 

Fig. 8. Contributions of identified sources to measured UCM at the two sampling site.  
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atmospheric processing. 
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