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Abstract

This study reported the chemical compositions of PM, 5 for seven kinds of China IV diesel trucks and three kinds of stage II
construction equipment. Filter samples were directly collected at the tailpipe with a dilution system. Twenty elements (Al, Si,
K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Cd, Sn, Sb, Ba and Pb), water-soluble ions (WSIs) including NH4+, K*, Ca%*,
ClI”, NO;™ and SO42_, and carbonaceous species were analyzed and characterized. The uncertainties of these species were
also estimated. Overall, the highest proportion of PM, 5 was contributed by carbonaceous matter (OC and EC), accounting
for 46.4 and 38.5% for trucks and construction equipment, respectively. The EC/OC ratios were higher than 1, with lowest
in light-duty diesel trucks (LDDTs) as 1.4 + 0.2 and highest in excavators as 5.1 + 0.3. Similarities and differences were
compared among source profiles using the residual (R)/uncertainty (U) ratios. Also Pearson’s correlation coefficients among
the chemical compositions were analyzed to determine the relationships between the various chemical components. In addi-
tion, the source profiles of diesel trucks and construction equipment in our study were compared with those reported by other
studies in recent years from China. Variations were observed in the results due to uncontrolled factors such as operating
conditions, fuel quality and sampling measurements. To assess these uncertainties, better knowledge of local source profiles

and more elaborate measurements are needed for future research.
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1 Introduction

Fine particulate matter (PM, 5) pollution has been a great
concern due to its adverse influence on environmental prob-
lems, including haze formation (Wang et al. 2016; Huang
et al. 2014) and climate change (Wang et al. 2014), as well
as public health such as cardiovascular disease and cancer
(Brook et al. 2010; West et al. 2016). Previous studies have
shown that mobile sources contributed 12.6—44% to PM pol-
lution, which is predominantly from diesel exhaust (Huang
et al. 2015; Cai et al. 2016; Cui et al. 2017; Reff et al. 2009).
In China, diesel vehicles are responsible for 99% of vehicle
emissions although they only account for 15.2% of on-road
vehicles (Deng et al. 2016). In addition, the non-road die-
sel mobile source plays an important role in economic and
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social development. Compared with the motor vehicles, it
has higher emissions due to inefficiency of the supervision
and management in China (Ma et al. 2017). The non-road
diesel exhaust becomes another important source to the
regional air pollution.

China started to implement the vehicle emission con-
trol programs in 1990s, lagging more than 20 years behind
developed countries (Wang and Yu 2017; Yue et al. 2015).
A series of emission standards (from the China I to China V)
have been promulgated for on-road diesel exhaust since then.
For the non-road diesel exhaust, the first emission standard
was adopted in 2007 (stage 1), 7 years later than that in the
US. The stage III was adopted in April of 2016, following
the new amended Air Pollution Law (Wu et al. 2017).

PM, 5 emitted by diesel exhaust consists of a mixture of
chemical constituents. For instance, organic and elemental
carbon is the byproduct of incomplete fuel combustion,
which contribute to light-absorbing and radiation budget
(Wang and Yu 2017); water-soluble ions (WSIs) are formed
by inorganic contaminants in fuel and engine wear, con-
tributing to the acidity of aerosols (Mkoma et al. 2014);
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Elements such as Cu, Ba, Sn and Sb are important compo-
nents which are related to brake wear and lubricant oil (Pant
et al. 2015).

Source profiles (fingerprints) are essential for source
apportionment research (Watson and Chow 2001; Watson
et al. 2001). The fingerprints of diesel exhaust are needed
as input data for receptor models and source-oriented mod-
els (Zhang et al. 2017; Simon et al. 2010). Diesel exhaust
emissions have been investigated by different approaches,
including tunnel tests, roadside tests, classic dynamometer
measurements and on-road tests using portable emission
measurement system (PEMS) (Zhang et al. 2016; Chen et al.
2017; Cheng et al. 2010; Cui et al. 2016, 2017; Wang et al.
2003; Wu et al. 2016). For example, USEPA SPECIATE
database contains speciation profiles for a comprehensive
list of emission sources. The latest version (SPECIATE 4.5)
identified many mobile source emissions that contain diesel,
gasoline and future fuels (e.g., low sulfur diesel, biodiesel)
(Hsu et al. 2016). Watson et al. (2001) collected the vehicle
exhaust samples near the diesel bus terminals in Colorado
and found that carbon fraction accounted over 95% in PM, s.
Popovicheva et al. (2017) tested a heavy diesel engine in
different driving conditions using alternative diesel fuels.
Cheng et al. (2010) measured tunnel and roadside PM emis-
sions of on-road vehicles in Hong Kong during 2003, and
calculated emission factor (EF) of diesel and non-diesel-
fueled vehicles. Wu et al. (2016) analyzed emission charac-
teristics of diesel truck emissions in Beijing, and compared
differences between profiles of vehicle emission standard
of China III and those of China IV. Cui et al. (2016) char-
acterized PM, 5 emitted in two urban tunnels in Yantai and
drafted the source profiles of gasoline and diesel-fueled
vehicles. Cui et al. (2017) tested non-road and on-road diesel
vehicles of a wide range of emission standards and operation
modes (pre-stage 1 to stage 2; China II to China IV) using
an improved PEMS.

To date, source profiles of diesel exhaust are still limited
in China. Many studies use non-local source profiles when
local profiles are unavailable (Zheng et al. 2013; Mei et al.

2014; Pirovano et al. 2015; Taiwo et al. 2014) and mostly
only focused on the on-road diesel exhaust. However, the
non-road mobile source, such as construction equipment,
should not be overlooked due to its low technical level, long
service life and poor fuel quality (Ma et al. 2017). Cai et al.
(2016) have reported that the source apportionment model
results were subject to the uncertainties from using non-
local source profiles, resulting in a great variabilities in the
model results even in the same city (Zhang et al. 2017).
Thus, developing local source profiles are crucial for accu-
rate source apportionment and modeling assessment.

Our research aims to: (1) characterize the chemical com-
positions of diesel-fueled truck and construction equipment;
(2) establish the source profiles for receptor modeling to
guide the pollution control strategy. The knowledge on
source profiles is intended to be beneficial in improving
chemical component emission inventories and the source
apportionment models.

2 Methodology

The primary PM, 5 emissions were measured from seven on-
road China IV diesel trucks and three Stage II construction
equipments. The tested diesel trucks were divided into two
groups based on the vehicle weights: three light-duty diesel
trucks (LDDTs, less than 4.5t) and four heavy-duty diesel
trucks (HDDTs, more than 12t). Three sets of common con-
struction equipment were selected including crane, loader
and excavator. Detailed information for the tested vehicles
is shown in Table 1.

Two kinds of filters were used to collect PM, 5 samples
directly at the tailpipe with a dilution system, with three par-
allels. These filters were used for PM, s weight measurement
and chemical analysis at laboratory. Teflon-membrane filters
were analyzed by inductively coupled plasma mass spectrom-
etry (ICP-MS) for twenty elements including Al, Si, K, Ca,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Cd, Sn, Sb, Ba and Pb.
Quartz-fiber filters were analyzed for NH,*, K*, Ca’*, CI™,

Table 1 Information of the

. 1D Vehicle type Model year Emission standard Power (KW) Weights (kg)

tested trucks and construction

equipment 1 LDDT 2011 China IV 80 4495
2 2013 China IV 68 3150
3 2014 China IV 88 4495
4 HDDT 2011 China IV 101 15,400
5 2013 China IV 115 13,590
6 2013 China IV 121 15,360
7 2012 China IV 101 15,360
8 Crane 2009 Stage 11 162 28,170
9 Loader 2009 Stage I1 184 25,000
10 Excavator 2008 Stage I1 169 13,800
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NO;™ and SO42_ using ion chromatography. OC and EC were
analyzed following the IMPROVE thermal/optical reflectance
(TOR) protocol. Detailed information can be referred to Ren
et al. (2014). The measurements were blank corrected using
field blanks that were handled and stored in the same manner
as the samples. The data quality control methodology applied
in this study is same with Liu et al. (2017). The composite
source profiles were obtained by determining the component
mass fractions of PM, s in samples for each vehicle type. The
standard deviations (SD) were also calculated for the parallel
samples. Overall uncertainty can be illustrated as the sum of
population and measurement uncertainty (Chen et al. 2017;
USEPA 2013). The uncertainties in this study were estimated
by the equation below:

2 05
Uc=Fcl<MMDL> +CV2] ,
C

where U, refers to the uncertainty of measured component
c in source profile; F, is mass fractions of the component c;
M, is the measured mass of each component. MDL is the
method detection limit (MDL) of the analysis instruments;
CV refers to the coefficient of variation, which is SD/F..

3 Results and Discussion
3.1 Chemical Compositions

The main compositions of diesel trucks and construction
equipment are shown in Table 2 and Fig. 1. The measured
masses were 44.9 + 7.9, 59.3 + 12.8, 45.8 + 11.2% of
PM, 5 for tested LDDTs, HDDTs and construction equip-
ment, respectively. The discrepancy of mass fractions may

@) be attributed to the engine model, fuel quality, unmeasured
species and analytical errors such as distribution of OC and
EC by the TOR method (Cui et al. 2017; Chow et al. 2015).
Table 2 .The main. chemical Vehicle type LDDT HDDT Crane Loader Excavator
compositions of diesel trucks
and construction equipment Species F, U, F, U, F, U, F, U, F, U,
oC 1645 2.64 16.91 4.72 12.53 1.88 8.69 1.71 6.81 2.37
EC 23.63  2.66  30.81 5.82 2354 374 2281 359 3503 5.10
ClI~ 028  0.02 1.68  0.79 0.91 1.04 1.08  0.65 1.39 1.23
SO, 1.11 0.51 1.14  0.63 1.98 1.14 225 1.13 2.36 1.82
NO;~ 0.06  0.03 042  0.15 0.89  0.63 027 023 043  0.51
NH,* 0.04  0.02 0.19  0.87 0.17  0.13 032  0.11 0.12  0.09
K* 0.05 0.01 029  0.12 0.15  0.04 0.08  0.06 0.14  0.07
Ca?* 0.07  0.01 0.82  0.19 0.08  0.05 0.10  0.05 0.75  0.30
Al 0.66  0.18 1.17 053 055 0.29 0.16  0.72 135 022
Si 0.64 025 0.91 0.33 0.33  0.08 057 0.21 0.85 0.38
K 0.08  0.01 043 041 0.21 0.05 0.16  0.03 0.20  0.07
Ca 033  0.08 045 057 033  0.58 0.18  0.13 026  0.13
Ti 0.21 0.09 0.54 046 034  0.09 0.31 0.03 0.52 049
Sr 0.00  0.00 0.04 0.05 0.00  0.00 0.00  0.00 0.04  0.01
v 0.00  0.00 0.04 0.04 0.01 0.00 0.01 0.00 0.03  0.01
Cr 0.03  0.02 0.05 0.03 0.06  0.02 0.01 0.00 0.03  0.00
Mn 0.01 0.01 0.03  0.02 0.01 0.00 0.00  0.00 0.01 0.00
Fe 1.17  0.30 2.95 1.71 229 037 198  0.16 337  0.89
Co 0.00  0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00  0.00
Ni 0.00  0.00 0.01 0.01 0.02  0.00 0.00  0.00 0.01 0.00
Cu 0.05  0.04 0.07  0.11 0.03  0.02 0.02  0.01 0.04  0.00
Zn 0.03  0.01 0.15 021 0.04 0.02 0.02  0.00 0.05 0.01
As 0.00  0.00 0.01 0.01 0.00  0.00 0.00  0.00 0.01 0.01
Cd 0.00  0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00  0.00
Sn 0.00  0.00 0.02  0.03 0.00  0.00 0.00  0.00 0.00  0.00
Sb 0.00  0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00  0.00
Ba 0.00  0.00 0.08  0.07 0.01  0.01 0.01 0.00 0.09  0.02
Pb 0.00  0.00 0.05  0.07 0.00  0.00 0.00  0.00 0.01 0.00

F_ is the mass fractions of component ¢, U, is the related uncertainties
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Fig. 1 Major components of PM, 5 source profiles for light-duty die-
sel trucks (LDDT), heavy-duty diesel trucks (HDDT), crane, loader
and excavator. Error bars of the column represent the total propagated
error calculated from the uncertainties for each chemical component.
The rhombs represent the ratios of EC/OC

As shown in Fig. 1, carbon fractions (OC and EC) were
the dominant component in source profiles of diesel exhaust.
OC abundances were 10.6-36.3% while EC abundances
were 20.3-40.8%. The results were consistent with previ-
ous studies. For example, Zhang et al. (2015) measured the
real-world PM, 5 emissions of HDDTs (pre-stage and stage
I) using a portable emissions measurement system (PEMS),
reporting that carbon fractions contributed 89% of PM,
mass. Cui et al. (2017) reported that OC and EC proportions
ranged from 18.1 to 84.6% in PM measured from five trucks
and six excavators. The relationship between EC and OC
concentrations can be used to evaluate the sources of car-
bonaceous aerosols (Tao et al. 2014; Turpin and Huntzicker
1995) In vehicle exhaust research, it can also indicate the
effectiveness of the diesel oxidation catalysts (DOC), which
remove the OC fraction via oxidation (Cheng et al. 2015). In
this study, EC/OC ratios were performed to characterize the
emissions of diesel exhaust. The EC/OC ratios were higher
than 1 and ranged from 1.4 + 0.2 for LDDTs to 5.1 + 0.3 for
excavators. The results were similar with Wu et al. (2016),

Fig. 2 Elemental profiles of 10'

who reported that EC/OC mass ratios were 0.20-3.06 for
the China III whereas 2.52-6.94 for the China IV diesel
trucks. Cui et al. (2017) reported the OC/EC ratios of differ-
ent operation modes for excavators; the average ratios were
1.57,0.57 and 2.38 during idling, moving and working.

The WSIs fractions ranged from 0.9 to 7.8% and domi-
nated by SO,*~ and NO;™. The highest WSIs abundances
were found in source profiles of excavator (averaged 5.2%)
while the lowest in LDDTs (averaged 1.6%). For the LDDTs,
SO,*~ was the most abundant ions, contributing 70.0% of
the WSIs. For the HDDTs, CI~, SO,*~ and Ca*" contributed
36.9, 25.2, and 18.1% of the WSIs, respectively. Wu et al.
(2016) reported that the WSIs fractions emitted from China
11T and China IV diesel trucks were dominated by SO,
NO;~ and Ca®*; the result is consistent with our results. It
is notable that SO,>~ abundances emitted from construction
equipment were 1.7-2.1 times higher than that from diesel
trucks. This may be attributed to the insufficient quality of
non-road diesel fuel. The quality standards for non-road die-
sel fuels are formulated separately in China, lagging behind
the on-road ones (Wu et al. 2017). The actual sulfur content
in construction equipment fuels may be higher than that in
truck fuels tested in this study.

Elements are important components in source profiles
and can be used as tracers although they only account for
a small fraction of the PM, 5 mass emissions. For vehicle
exhaust, Cu, Zn, Ba and Br have been widely applied as
trace compositions in source apportionment studies (Pant
et al. 2015; Zhang et al. 2017). The relatively dominant ele-
ments were Fe, Cu, Zn, Ba and Cr. Previous studies have
reported that Cu and Zn were related to tire wear, brake
wear and lubricating oil; Ba and Cr derived from the brake
wear; Fe accounted for large proportion of elements in die-
sel fuel (Pant et al. 2015; Adamiec et al. 2016; Godoy et al.
2009; Salvador et al. 2007). In this study, Pb abundances
(0.05 + 0.07%) had large variations from HDDTs and rela-
tively higher than that in other vehicles. The proportion of
Pb emitted from vehicles is still remarkable although its
direct emissions have been forbidden since 2003 in China.
Figure 2 shows the elemental profiles from diesel exhausts.
These profiles are usually applied to identify specific sources
in receptor models such as CMB and PMF.

PM, s for light-duty diesel

trucks (LDDT), heavy-duty 104
diesel trucks (HDDT), crane, &
loader and excavator. Error bars § 10
of the column represent the 8
uncertainties for each chemical =
species § 1074
10”4
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3.2 Correlations Among PM, ; Species

Pearson’s correlation analysis for chemical species in source
profiles has been conducted in previous studies (Mkoma
et al. 2014; Pei et al. 2016; Shen et al. 2016). In this study,
Pearson’s correlation coefficients (R) were calculated for
chemical compositions of diesel exhaust, with the p value
threshold of 0.05. As shown in Table 3, EC, SO42_, NO;™,
K* and C1~ abundances showed moderate correlations with
0.5 < R<0.8, mainly derived from the fuel combustion. OC
and EC were not strongly correlated for construction equip-
ment while they were correlated for trucks, with R = 0.63.
Pb was strongly correlated with Sr and Cd with the R values
of 0.92 and 0.88, which was consistent with the research
of Wu et al. 2016. Similarly, Ca, Ba and V had significant
correlations (0.81 < R<0.85), while V was also correlated
with Fe (R = 0.83). Al and Si showed correlations with V,
As and Fe, whereas weak correlations with Cr, Mn, Sb and
Pb. Wu et al. (2016) had observed that most of elements,
including Ti, V, Cr, Mn, Co, Ni, Cu, Ga, As, Sr, Pb, and U,
were well correlated for emissions of China III and China
IV diesel trucks.

3.3 Similarities and Differences Between Source
Profiles

Previous studies commonly compare the profiles with each
other by calculating the coefficient of divergence (COD)
to determine whether any two profiles could be considered
to be similar (Zhang et al. 2014; Chen et al. 2017; Kong
et al. 2014). However, the COD values were insufficient,
as only chemical abundances are considered in the calcula-
tion. Uncertainties in the source profiles are needed to be
considered as well.

Statistical measures used in this part were same as Chow
et al. (2003), who established a profile-compositing meth-
odology to evaluate similarities and differences for geologi-
cal sources from San Joaquin Valley. Pearson’s correlation
coefficient (p < 0.05) quantifies the strength of statistical
relationship between chemical abundances of paired pro-
files. R/U ratios (the distribution of weighted differences,
R/U = (F, — F,)/(U? + U2,)") were applied to deter-
mine the differences between certain species from paired
profiles. Chemical abundances with R/U higher than three
times of standard deviations (30) were considered to be dif-
ferent. The correlation coefficient, R/U ratios and its 3¢ of
each species between profiles were summarized in Table 3.
Ten paired source profiles were compared. All the correla-
tion coefficients exceed 0.9, indicating good linear depend-
ent between species of paired profiles. For the HDDTs
profile, R/U ratios exceeded 36 for Ca** compared with
other profiles. Ca* fractions (0.82 + 0.19%) emitted from
HDDTs were relatively high. The significant difference of

OC abundances was found between construction equipment
and truck exhaust, with R/U ratios ranged from 2.46 to 4.54.
Chemicals with R/U ratios > 3 in one or more of the com-
parisons were Sr, V, Co, Ni, Mn and Pb. The R/U ratios
could have been affected by both measured uncertainty and
natural variability in abundances from different samples. It
could be used to quantify the similarities and differences
among source profiles and to select input chemicals for CMB
model.

3.4 Comparison of Source Profiles for Diesel
Exhaust with Other Studies

Table 4 summarizes the composite profiles of diesel trucks
and construction equipment in our study, as well as profiles
reported by other studies in recent years in China.

For the diesel trucks, total carbon fraction was the domi-
nant component, accounting for 36.8-87.1%. EC fraction
tested in this study was consistent with that reported by Cui
et al. (2017). WSIs abundances ranged from 1.3 to 11.7%.
NO;™ and S0,*" levels from tunnel were higher tested by
Cui et al. (2016). The tunnel with a lot of traffic has undoubt-
edly more extensive high-temperature anthropogenic emis-
sions of the precursor gas such as NO, and SO,. As a result,
the ions are likely to be primarily emitted from fuel burning
and derived from gas-to-particle conversion (Mkoma et al.
2014). Element fractions contributed 0.5-7.6% of the PM, 5
and dominated by Fe, except for the tunnel test study. Ca
was the most abundant species in tunnel test profile, which
essentially attributable to soil/mineral dust dispersal.

To date, there was only one study about the source pro-
files of non-road diesel vehicle (excavators) exhaust in China
(Cui et al. 2017). The PM, 5 emitted from construction
equipment was dominated by carbon fraction, followed by
WSIs and elements. The OC abundance tested in this study
was lower than that reported by Cui et al. (2017), while the
Fe abundance was higher. The differences could be attrib-
uted to several factors such as fuel quality, test condition and
so on. Besides, the source profiles of construction equipment
established in this study were comprehensive by composit-
ing different vehicle types of crane, loader and excavator.

The USEPA SPECIATE database is currently the most
comprehensive collection of source profiles available, con-
taining over 3000 PM profiles from the literature, and update
to version 4.5 in September 2016. The diesel exhaust source
profiles of SPECIATE 4.5 database were also extracted. These
profiles were averaged (compute the median) together based
on source category to create a composite profile, following
the method of Reff et al. (2009). The detailed information of
these profiles can be found in our previous study (Liu et al.
2017). As shown in Table 5, it is worth noting that carbon frac-
tion in SPECIATE source profile is much higher than that in
this study. This may be attributed to the quality of PM source
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profiles of diesel exhaust (over 90% were established before
2008) in SPECIATE,; the fuel, lubricating oil and engine tech-
nology have been updated in recent years.

4 Conclusions

This study reported the chemical compositions of PM, 5 source
profiles for six China IV diesel trucks and three stage II con-
struction equipment. The highest proportion of PM, 5 was con-
tributed by carbonaceous matter (OC and EC), accounting for
46.4 and 38.5% for trucks and construction equipment, respec-
tively. Similarly, WSIs accounted for 2.1 and 7.4%, and the
tested total elements accounted for approximately 4.4 and 3.6%
of the PM, 5. EC/OC ratios were performed to characterize the
emissions of diesel exhaust. The EC/OC ratios were higher
than 1 and ranged from 1.4 + 0.2 for LDDTs to 5.1 + 0.3 for
excavators.

Similarities and differences were compared among source
profiles using R/U ratios. Chemicals with R/U ratios > 3 in one
or more of the comparisons were Sr, V, Co, Ni, Mn and Pb.
The R/U ratios could be affected by both measured uncertainty
and natural variability in abundances from different samples. It
could be also used to select input chemicals for CMB model.

To understand the relationships between the various chemi-
cal components, Pearson’s correlation coefficients among the
chemicals were analyzed. Some chemical species showed cor-
relations. For example, EC, SO42_, NO;™ and CI™ were mod-
erately correlated. OC and EC were not strongly correlated
for construction equipment whereas they were correlated for
trucks. Pb showed strong correlations with Sr and Cd with the
R values of 0.91 and 0.88.

The composite profiles of diesel trucks and construction
equipment in our study was compared with that reported by
SPECIATE database and other studies in recent years from
China. However, variations were observed in the results due to
uncontrolled factors such as operating conditions, fuel quality
and sampling measurements. To assess these uncertainties,
better knowledge of local source profiles and more elaborate
measurements are needed for future research.

Acknowledgements This research is supported by the special fund
for basic work of Ministry of Science and Technology in China
(2013FY112700).

Compliance with Ethical Standards

Conflict of interest The authors declare no competing financial inter-
est.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

Adamiec E, Jarosz-Krzeminska E, Wieszata R (2016) Heavy metals
from non-exhaust vehicle emissions in urban and motorway road
dusts [J]. Environ Monit Assess 188(6):1-11

Brook RD, Rajagopalan S, Pope CA, Brook JR, Bhatnagar A, Diez-
Roux AV et al (2010) Particulate matter air pollution and car-
diovascular disease: an update to the scientific statement from
the American Heart Association. Circulation 121:2331-2378

Cai T, Schauer JJ, Huang W, Fang D, Shang J, Wang Y et al (2016)
Sensitivity of source apportionment results to mobile source
profiles. Environ Pollut 219:821-828

Chen P, Wang T, Dong M, Kasoar M, Han Y, Xie M et al (2017)
Characterization of major natural and anthropogenic source pro-
files for size-fractionated PM in Yangtze River Delta. Sci Total
Environ 598:135-145

Cheng Y, Lee SC, Ho KF, Chow JC, Watson JG, Louie PKK et al
(2010) Chemically-speciated on-road PM, s motor vehicle emis-
sion factors in Hong Kong. Sci Total Environ 408:1621-1627

Cheng M, Chen H, Young L, Yang H, Tsai YI, Wang L et al (2015)
Carbonaceous composition changes of heavy-duty diesel engine
particles in relation to biodiesels, after treatments and engine
loads. J Hazard Mater 297:234-240

Chiang H, Lai Y, Chang S (2012) Pollutant constituents of exhaust
emitted from light-duty diesel vehicles. Atmos Environ
47:399-406

Chow JC, Watson JG, Ashbaugh LL, Magliano KL (2003) Simi-
larities and differences in PM,, chemical source profiles for
geological dust from the San Joaquin Valley, California. Atmos
Environ 37:1317-1340

Chow JC, Lowenthal DH, Chen LWA, Wang X, Watson JG (2015)
Mass reconstruction methods for PM, 5: a review. Air Qual
Atmos Health 8:243-263

Cui M, Chen Y, Tian C, Zhang F, Yan C, Zheng M (2016) Chemical
composition of PM, 5 from two tunnels with different vehicular
fleet characteristics. Sci Total Environ 550:123-132

Cui M, Chen Y, Feng Y, Li C, Zheng J, Tian C et al (2017) Measure-
ment of PM and its chemical composition in real-world emis-
sions from non-road and on-road diesel vehicles. Atmos Chem
Phys 17:6779-6795

Deng W, Hu Q, Liu T, Wang X, Zhang Y, Ding X, Sun Y, Bi X,
Yu J, Yang W, Huang X, Zhang Z, Huang Z, He Q, Mellouki
A, George C (2016) Chamber simulation on the formation of
secondary organic aerosols (SOA) from diesel vehicle exhaust
in China. Atmos Chem Phys Discuss. https://doi.org/10.5194/
acp-2016-50

Godoy MLDP, Godoy JM, Roldao LA, Soluri DS, Donagemma RA
(2009) Coarse and fine aerosol source apportionment in Rio de
Janeiro, Brazil. Atmos Environ 43:2366-2374

Hsu Y, Divita F, Dorn J (2016) SPECIATE Version 4.5 Database
development documentation. EPA/600/R-16/294

Huang R, Zhang Y, Bozzetti C et al (2014) High secondary aerosol
contribution to particulate pollution during haze events in China
[J]. Nature 514(7521):218

Huang W, Baumgartner J, Zhang Y, Wang Y, Schauer JJ (2015)
Source apportionment of air pollution exposures of rural
Chinese women cooking with biomass fuels. Atmos Environ
104:79-87

Kong S, Ji Y, Lu B et al (2014) Similarities and differences in
PM, 5, PM,, and TSP chemical profiles of fugitive dust sources
in a coastal oilfield city in China. Aerosol Air Qual Res
4(7):2017-2028

Liu Y, Zhang W, Bai Z, Yang W, Zhao X, Han B et al (2017) China
source profile shared service (CSPSS): the Chinese PM, 5 data-
base for source profiles. Aerosol Air Qual Res 17:1501-1514

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5194/acp-2016-50
https://doi.org/10.5194/acp-2016-50

60

Aerosol Science and Engineering (2018) 2:51-60

Ma D, Yi H, Huang Z et al (2017) The outlook and status of non-road
mobile source emission management in China [J]. Environ Sustain
Dev 42(2):36-40

Zheng M, Zhang Y, Yan C et al (2013) Establishing PM, 5 indus-
trial source profiles in Shanghai [J]. China Environ Sci
33(8):1354-1359

Mei Z, Yanjun Z, Caiqing Y, Xianlei Z, Schauer JJ, Yuanhang Z (2014)
Review of PM, 5 source apportionment methods in China. Acta
Scientiarum Naturalium Universitatis Pekinensis 50:1141-1154

Mkoma SL, Da Rocha GO, Regis ACD, Domingos JSS, Santos JVS,
de Andrade SJ et al (2014) Major ions in PM, 5 and PM,, released
from buses: the use of diesel/biodiesel fuels under real conditions.
Fuel 115:109-117

Pant P, Baker SJ, Shukla A, Maikawa C, Godri Pollitt KJ, Harrison
RM (2015) The PM10 fraction of road dust in the UK and India:
characterization, source profiles and oxidative potential. Sci Total
Environ 530-531:445-452

Pei B, Wang X, Zhang Y, Hu M, Sun Y, Deng J et al (2016) Emissions
and source profiles of PM, 5 for coal-fired boilers in the Shanghai
megacity, China. Atmos Pollut Res 7:577-584

Pirovano G, Colombi C, Balzarini A, Riva GM, Gianelle V, Lonati G
(2015) PM2.5 source apportionment in Lombardy (Italy): com-
parison of receptor and chemistry-transport modelling results.
Atmos Environ 106:56-70

Popovicheva OB, Shonija NK, Schwarz J, VojtiSek-Lom M, Focsa C,
Irimiea C et al (2017) Chemical composition of diesel/biodiesel
particulate exhaust by FTIR spectroscopy and mass spectrom-
etry: impact of fuel and driving cycle. Aerosol Air Qual Res
17:1717-1734

Reft A, Bhave PV, Simon H, Pace TG, Pouliot GA, Mobley JD et al
(2009) Emissions inventory of PM, 5 trace elements across the
United States. Environ Sci Technol 43:5790-5796

Ren L, Zhou Z, Zhao X et al (2014) Source apportionment of
PM,, and PM, 5 in urban areas of Chongqing [J]. Res Env Sci
27(12):1387-1394

Salvador P, Artifiano B, Querol X, Alastuey A, Costoya M (2007) Char-
acterisation of local and external contributions of atmospheric
particulate matter at a background coastal site. Atmos Environ
41:1-17

Shen Z, SunJ, Cao J, Zhang L, Zhang Q, Lei Y et al (2016) Chemical
profiles of urban fugitive dust PM 2.5 samples in Northern Chi-
nese cities. Sci Total Environ 569-570:619-626

Simon H, Beck L, Bhave PV, Divita F, Hsu Y, Luecken D et al (2010)
The development and uses of EPA’s SPECIATE database. Atmos
Pollut Res 1:196-206

Taiwo AM, Harrison RM, Shi Z (2014) A review of receptor mod-
elling of industrially emitted particulate matter. Atmos Environ
97:109-120

Tao J, Zhang L, Ho K, Zhang R, Lin Z, Zhang Z et al (2014) Impact
of PM2.5 chemical compositions on aerosol light scattering in
Guangzhou—the largest megacity in South China. Atmos Res
135-136:48-58

Turpin BJ, Huntzicker JJ (1995) Identification, of secondary organic
aerosol episodes and quantitation of primary and secondary

@ Springer

organic aerosol concentrations during SCAQS. Atmos Environ
29:3527-3544

USEPA (2013) QA handbook for air pollution measurement systems,
vol II. Ambient air quality monitoring program, U.S. Environ-
mental Protection Agency, Office of Air Quality Planning and
Standards, Air Quality Assessment Division, RTP, NC 27711

Wang N, YuJZ (2017) Size distributions of hydrophilic and hydropho-
bic fractions of water-soluble organic carbon in an urban atmos-
phere in Hong Kong. Atmos Environ 166:110-119

Wang Y, Huang K, Li C, Mi H, Luo J, Tsai P (2003) Emissions of
fuel metals content from a diesel vehicle engine. Atmos Environ
37:4637-4643

Wang Y, Zhang R, Saravanan R (2014) Asian pollution climatically
modulates mid-latitude cyclones following hierarchical modelling
and observational analysis [J]. Nat Commun 5:3098

Wang G, Zhang R, Gomez ME, Yang L, Levy Zamora M, Hu M et al
(2016) Persistent sulfate formation from London Fog to Chinese
haze. Proc Natl Acad Sci 113:13630-13635

Watson JG, Chow JC (2001) Source characterization of major emission
sources in the Imperial and Mexicali Valleys along the US/Mexico
border. Sci Total Environ 276:33-47

Watson JG, Chow JC, Houck JE (2001) PM2.5 chemical source profiles
for vehicle exhaust, vegetative burning, geological material, and
coal burning in Northwestern Colorado during 1995. Chemos-
phere 43:1141-1151

West JJ, Cohen A, Dentener F, Brunekreef B, Zhu T, Armstrong B et al
(2016) What we breathe impacts our health: improving under-
standing of the link between air pollution and health. Environ Sci
Technol 50:4895-4904

Wu B, Shen X, Cao X, Yao Z, Wu Y (2016) Characterization of the
chemical composition of PM, 5 emitted from on-road China III
and China IV diesel trucks in Beijing, China. Sci Total Environ
551-552:579-589

Wu 'Y, Zhang S, Hao J, Liu H, Wu X, Hu J et al (2017) On-road vehicle
emissions and their control in China: a review and outlook. Sci
Total Environ 574:332-349

Yue X, Wu Y, Hao J, Pang Y, Ma Y, Li Y et al (2015) Fuel quality
management versus vehicle emission control in China, status quo
and future perspectives. Energy Policy 79:87-98

Zhang Q, Shen Z, Cao J, Ho K, Zhang R, Bie Z et al (2014) Chemical
profiles of urban fugitive dust over Xi’an in the south margin of
the Loess Plateau, China. Atmos Pollut Res 5:421-430

Zhang Y, Yao Z, Shen X, Liu H, He K (2015) Chemical characteriza-
tion of PM 2.5 emitted from on-road heavy-duty diesel trucks in
China. Atmos Environ 122:885-891

Zhang N, Zhuang M, Tian J et al (2016) Development of source profiles
and their application in source apportionment of PM, s, in Xia-
men, China [J]. Front Environ Sci Eng 10(5):17

Zhang Y, Cai J, Wang S, He K, Zheng M (2017) Review of receptor-
based source apportionment research of fine particulate matter and
its challenges in China. Sci Total Environ 586:917-929



	Chemical Compositions of PM2.5 Emitted from Diesel Trucks and Construction Equipment
	Abstract
	1 Introduction
	2 Methodology
	3 Results and Discussion
	3.1 Chemical Compositions
	3.2 Correlations Among PM2.5 Species
	3.3 Similarities and Differences Between Source Profiles
	3.4 Comparison of Source Profiles for Diesel Exhaust with Other Studies

	4 Conclusions
	Acknowledgements 
	References




