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analyzed. The PM2.5 emissions gradually increased with increasing distance from the nozzle in the plume. Elemental carbon emissions remained basically unchanged, organic car-
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bon and total carbon (TC) increased with increasing distance. The concentrations of SO4 2− ,
NO3 − and NH4 + (SNA) directly emitted by the vehicles were very low but increased rapidly
in the exhaust plume. The selective catalytic reduction (SCR) reduced 42.7% TC, 40% NO3 −

Emission plume

emissions, but increased 104% SO4 2− and 36% NH4 + emissions, respectively. In summary,

PM2.5

the SCR reduced 29% primary PM2.5 emissions for the tested diesel vehicles. The NH4 NO3

Components

particle formation maybe more important in the plume, and there maybe other forms of
formation of NH4 + (eg. NH4 Cl). The generation of secondary organic carbon (SOC) plays a
leading role in the generation of secondary PM2.5 . The SCR enhanced the formation of SOC
and SNA in the plume, but comprehensive analysis shows that the SCR more enhanced the
SNA formation in the plume, which is mainly new particles formation process. The incon-
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sistency between secondary organic aerosol (SOA) and primary organic aerosol definitions
is one of the important reasons for the difference between SOA simulation and observation.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Particulate matter pollution is not only a popular research
topic but also a societal focus due to the high frequency of
hazy days in China. Organic aerosols (OAs) are an important part of atmospheric particulate matter (Kanakidou et al.,
2005). The OAs directly emitted from sources such as motor vehicles are defined as primary organic aerosols (POAs),
and the OAs formed in the atmosphere from the oxidation
of gas-phase precursors are defined as secondary organic
aerosols (SOAs) (Robinson, et al., 2007). Field studies have
found that SOAs are the most important OAs in the atmosphere (Jimenez et al., 2009), especially during haze events
(Huang et al., 2014). Numerical simulations of OAs are associated with considerable uncertainty because of the lack of understanding regarding the formation, evolution, and measurement of OAs (Goldstein and Galbally, 2007). Traditional SOA
models can underestimate concentrations by a factor of 2 to
10 compared to the results of field measurements in contaminated areas (Huang et al., 2014). Motor vehicle emissions are
prominent contributors to observed concentrations of PM2.5
and OAs via both direct primary emissions and SOA precursors (Gentner et al., 2017; Drozd et al., 2019; Lu et al., 2018;
Zhao et al., 2015, 2016). Research results have indicated that
diesel exhaust oxidation reactions quickly generate a large
amount of SOAs, but SOA concentrations simulated on the basis of known precursor gas contents and reaction pathways
are less than 10% of the observed values (Robinson, et al.,
2007).
Between the source and a receptor, motor vehicle pollutants participate in atmospheric processes, which can be divided into plume processes and ambient environmental processes. These two process categories differ in both time and
space (Zhang and Wexler, 2004). Environmental processes are
longer and have greater spatial extent than plume processes.
Additionally, plume processes can be divided into tailpipe-toroad and road-to-ambient air processes. The plume processes
analyzed in this study are mainly tailpipe-to-road processes.
Nucleation and condensation may occur in the plumes
from motor vehicles (Wang and Zhang, 2012; Liu et al., 2019;
Simonen et al., 2019). The temperature of the exhaust gas
rapidly decreases due to dilution with the ambient air, which
can cause precursor gas supersaturation. The supersaturated gaseous compounds form new particles via nucleation
(Rönkkö et al., 2017) and generally condense onto any particle surface, including existing particle surfaces (Keskinen and
Rönkkö, 2010). Some researchers found that the mass or volume of hydrocarbons condensed on the surfaces of black carbon particles can reach 20%–80% of the particle mass or volume (Ristimaki et al., 2007). As a result of the pore structure of

black carbon particles, this condensation does not change the
quantity or particle size distribution of the particulate matter
(Ristimaki et al., 2007).
Chasing tests have been used to measure the particulate matter emission characteristics in vehicle plumes using mobile laboratories, however, researchers have focused on
only the particulate matter concentration, particle size distribution, and instantaneous mass concentration measurements in smoke plumes (Casati et al., 2007; Giechaskiel et al.,
2005; Rönkkö et al., 2006, 2007; Lemmetty et al., 2008). Additionally, these studies commonly used instruments such
as condensation particle counters (CPCs), electrical lowpressure impactors (ELPIs), and engine exhaust particle sizers (EEPSs), but the components of the particulate matter
in plumes cannot be measured by these instruments. Only
schneider et al. (2005) studied the size and components of particulate matter in vehicle exhaust.
In real-world field tests, on-road vehicles are chased by mobile laboratories, and mobile laboratories must maintain a certain distance from the tested vehicles due to safety considerations. Thus, the distance between the sampling point and the
exhaust nozzle is generally more than 5 m (Giechaskiel et al.,
2005; Rönkkö et al., 2007; Lemmetty et al., 2008; Kittelson et al.,
2008) and can reach 100 m (Casati et al., 2007). However,
German researchers designed a new device that can be installed on the back of a car, and the sampling point can be
adjusted within the range of 45–90 cm (Uhrner et al., 2007,
2011; Wehner et al., 2009). They observed nucleation-mode
particles in a plume less than 1 m away from the exhaust
nozzle. The number concentration of nucleation-mode particles simulated based on H2 SO4 -H2 O nucleation theory is
much smaller than the measured results, indicating the presence of nucleating materials other than sulfuric acid, such
as organics (Uhrner et al., 2007, 2011). Rönkkö et al. (2007,
2013) suggested that nucleation-mode particles are formed by
condensation of volatile compounds onto a nonvolatile core
and found that the geometric mean diameter of particles increased as the concentration of hydrocarbons in the exhaust
increased. Pirjola et al. (2015) obtained the best measurement
fit via prediction by the nucleation mechanism in which both
sulfuric acid and semi-volatile organic acids participate; they
found that the semi-volatile organic vapor mostly accounted
for the nucleation particle growth since gaseous sulfuric acid
alone was not sufficient.
A new multipoint sampling system suitable for studying
the exhaust plume near the exhaust gas discharge outlet was
established in this study. The variation characteristics of the
PM2.5 mass concentration and its components (including the
carbonaceous and ionic components) in the diesel exhaust
plume were analyzed.
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Table 1 – Test vehicle information and the distances from the exhaust pipe for sampling heads.
No.

T01
T02
T03
T04
T05
T06
T07
T08
T09
T10
T11∗
T12∗
T13∗
T14∗
T15∗
T16∗
T17∗
T18∗
T19∗
T20∗

Vehicle type

LDDT
LDDT
LDDT
HDDT
HDDT
LDDT
LDDT
MDDT
HDDT
HDDT
LDDT
MDDT
HDDT
HDDT
HDDT
HDDT
LDDT
LDDT
LDDT
HDDT

Model year

2013
2009
2008
2009
2009
2011
2009
2008
2012
2009
2013
2013
2013
2012
2015
2015
2015
2015
2016
2015

Emission standard

China III
China III
China III
China III
China III
China III
China III
China III
China III
China III
China III
China III
China III
China III
China IV
China IV
China IV
China IV
China V
China V

Odometer (km)

15617
197959
200000
129332
103626
138429
216000
120000
83600
144140
154381
177997
188641
130080
53784
84425
75347
47230
57982
50836

Total mass (ton)

4.4
4.3
4
15.6
12
4.4
4.3
8
15.9
13.5
4.3
5.7
15.9
15.9
14.5
13.6
4.3
4.3
4.5
13.5

ED (L)

2.78
2.77
2.50
4.75
4.75
3.17
2.69
4.75
5.90
4.75
2.59
3.86
4.04
4.75
4.75
4.04
2.77
2.77
2.78
3.76

Test time

2013-06
2013-06
2013-06
2013-06
2013-06
2013-12
2013-12
2013-12
2013-12
2013-12
2017-04
2017-04
2017-04
2017-04
2017-04
2017-04
2017-04
2017-04
2017-04
2017-04

DFEP (cm)
2
3

4

15
37
31
110
50
15
20
18
31
50
40
36
40
50
38
57
14
33
11
46

105
177
164
240
206
199
160
120
166
206
153
106
160
150
138
153
113.5
117
47
127

45
93
84
160
100
55
56
45
68
100
92
78.5
107
100
98
107
45
94
32
97

ED: engine displacement; DFEP: the distances from the exhaust pipe; MDDT: middle duty diesel truck; ∗ each vehicles was tested two times
under different driving cycles (highway and no-highway); No after-treatment device was installed on the China III trucks. A selective catalytic
reduction (SCR) device was installed on the China IV diesel trucks and China V HDDTs (heavy duty diesel trucks). A diesel particulate filter (DPF)
was installed on the China V LDDTs (light duty diesel trucks).

1.

Materials and methods

pling system can be found in our previous study (Shen et al.,
2017).

1.1.

Sampling methods

1.2.

A new multipoint sampling system for vehicle exhaust
plumes was constructed in this study. The system has five
sampling heads: sampling heads #1 to #4 are located at different distances from the exhaust pipe, and sampling head
#5 is positioned opposite the emission direction and away
from the eliminator to collect air samples for establishing
background values. The system includes a particulate matter multichannel filmter sampling system, a CO2 /CO analyzer
system, a particulate matter real-time analyzer system, and
sensor interfaces. The vehicle exhaust near the exhaust nozzle can be sampled at multiple locations simultaneously. Additionally, the system can be used to measure and analyze
variations in the fine particulate matter, including the carbonaceous and ionic components in the plume near the exhaust nozzle. The PM2.5 samples were collected on 47 mm
quartz filters (2500QAT-UP, PALL, USA), which were preconditioned at 650°C for 8 hr to eliminate organic pollutants
and were used to analyze organic carbon (OC) and elemental carbon (EC). A 1-cm2 punched circle was cut from the
quartz filter and analyzed using a Thermal/Optical Carbon
Aerosol Analyzer (DRI Model 2001A, Atmoslytic Inc., USA) according to the NIOSH 5040 reference method. The material
on the remaining quartz filters was ultrasonically extracted
using distilled de-ionized water to determine the water soluble ions (SO4 2− , NO3 − and NH4 + ) via ion chromatography
(IC; ICS2100, Thermo, USA). Detailed information about the
construction and application of this new multipoint sam-

Test fleet, fuels and test routes

Nine light-duty diesel trucks (LDDTs), nine heavy-duty diesel
trucks and two middle-duty diesel trucks (MDDTs) were
tested. All of the tested trucks were rented from a logistics
company. These vehicle types were tested because they are
popular models in Beijing, China. Detailed information on
the tested vehicles is provided in Table 1. The fuel used in
all tested trucks was general commercial diesel (sulfur content ≤50 mg/kg), which is consistent with real-world usage.
The driving route for the on-board measurement was designed to simulate real traffic conditions and included highway and non-highway roads to reflect the emission characteristics of different driving cycles. There were three different
driving routes in this study, and detailed information on the
test routes and driving speed is provided in Fig. 1. The designed test routes ensured a sampling time greater than 45
minutes. The sampling periods are usually from 10:00 to 20:00.

1.3.

Relative factor

The PM2.5 concentration in the exhaust plume decreases due
to dilution and increases due to the generation of secondary
particles. The PM2.5 concentration in the exhaust alone does
not represent the generation of secondary particles in the
plume. The concentration of CO2 in the exhaust plume does
not change except for the decrease due to dilution. To characterize the variation characteristics of PM2.5 and its components in diesel vehicle emission plumes, this study introduces
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Fig. 1 – Driving cycle for different test routes. A: the test
route covered the Fucheng Road (Arterial roads) and the
Fushi Road (inter-city Highways), which located at the west
of Beijing and tested in 2013 for T01 to T10, the total length
of the route was approximately 22.5 km. B: the test route
covered the arterial roads and residential roads, which
located at the south of Beijing and tested in 2017 for T11 to
T20, the total length of the route was approximately 30 km.
C: the test route covered the Jing-Tai highway and south
sixth ring roads, which located at the south of Beijing and
tested in 2017 for T11 to T20, the total length of the route
was approximately 51 km.

Fig. 2 – Relationship between the dilution rate and distance.

exhaust plume was accurately sampled at all the sampling
points (Shen et al., 2017).
The growth ratio (GRi ), which refers to the ratio of the
growth of PM2.5 (or its components) to the PM2.5 (or its components) at the exhaust nozzle and is calculated by Eq. (5):
GRi = (RX−i − R0−i )/R0−i

the relative factor (R), which refers to the ratio of the PM2.5 concentration (or the concentration of its components) to the CO2
concentration in vehicle exhaust and is calculated by Eq. (1):
Ri = Ci /CCO2

(1)

where Ri (μg/g CO2 ) is the relative factor of PM2.5 or its components; i denotes PM2.5 , OC, EC, TC, SO4 2− , NO3 − , or NH4 + ; Ci
(μg/m3 ) is the concentration of PM2.5 or its components in the
vehicle exhaust; and CCO2 (g/m3 ) is the CO2 concentration in
the vehicle exhaust. To eliminate the error due to air dilution,
Ci and CCO2 at different distances in the exhaust plume were
calculated by Eqs. (2) and (3):
Ci = CX−i − CA−i (DX − 1)/DX

(2)

CCO2 = C0−CO2 /DX

(3)

(μg/m3 )

where CX−i
is the concentration of PM2.5 or its components in a diluted plume X meters away from the exhaust
nozzle; CA−i (μg/m3 ) is the concentration of PM2.5 or its components in air; C0−CO2 (g/m3 ) is the CO2 concentration at the
exhaust nozzle; and DX is the dilution ratio at different distances. The DX was calculated by Eq. (4):
 


DX = C0−CO2 − CA−CO2 / CX−CO2 − CA−CO2

(4)

where C0−CO2 (g/m3 ) is the CO2 concentration at the exhaust
nozzle; CA−CO2 (g/m3 ) is the CO2 concentration in air; and
CX−CO2 (g/m3 ) is the CO2 concentration in the diluted plume
X meters away from the exhaust nozzle.
DX was calculated based on the measured CO2 data, and
the relationship between the dilution rate and distance was
determined based on measured data, as shown in Fig. 2. The
dilution rate and distance are highly correlated, and were similar to the results of previous studies, showed that the entire
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(5)

where RX−i (μg/g CO2 or μg C/g CO2 ) is the relative factor of
PM2.5 or its components in a diluted plume X meters away
from the exhaust nozzle; R0−i (μg/g CO2 or μg C/g CO2 ) is the
relative factor of PM2.5 or its components at the exhaust nozzle.

2.

Results and discussion

2.1.

Variation characteristics of PM2.5

The relative factors for PM2.5 in the plumes from different
tested trucks are shown in Fig. 3. The relative factors for PM2.5
in the plume increased with increasing distance from the exhaust nozzle of the different tested vehicles, indicating that
new particles were generated and secondary aerosols were
produced during plume processes. The rate of increase was
positively correlated with the distance or dilution ratio and
ranged from 5% to 640%. The relative factors for PM2.5 at sampling heads #2 to #4 were 1.02 ± 0.72, 2.17 ± 1.45, and 3.43
± 1.66 times higher than those at sampling head #1. For the
same tested vehicle, more secondary particles are generated
farther from the exhaust nozzle within the test distance. The
increase in PM2.5 was not obvious very close (less than 30
cm) to the exhaust nozzle, potentially because at such close
proximity to the nozzle, the changes in exhaust temperature
and dilution ratio were not large, the exhaust gas temperature was high, and the sulfuric acid and semi-volatile organic
compounds in the exhaust were not yet supersaturated. The
nucleation and generation of particulate matter were not obvious. When the exhaust continued to be diluted, the exhaust
temperature and dilution ratio began to radically change, the
sulfuric acid and semi-volatile organic compounds in the
exhaust gradually reached oversaturation, and new particle
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Fig. 3 – Variation characteristics of the relative factors for
PM2.5 in the plumes from the tested trucks. The red squares
represent the average values of the measured results, and
the red line and shadow represent the variation trends.
T12L indicates that the T12 diesel truck was tested over a
no-highway driving cycle (B), T12H indicates that the T12
diesel truck was tested over a highway driving cycle (C),
and the other notations are similar. Detailed information
on the driving cycles is provided in Table 1.

nucleation and growth occurred significantly; therefore, the
PM2.5 concentration increased obviously, and the change followed a trend similar to that in the models built by other researchers (Uhrner et al., 2007; Wang and Zhang, 2012). The
increase in the relative factor for PM2.5 gradually diminished
with increasing distance to the exhaust nozzle or with an increasing dilution ratio (more than 1.5 m) because the sulfuric acid and semi-volatile organic compounds in the exhaust
become less saturated as the dilution ratio increased, the nucleation and growth of particulate matter gradually stopped,
and the relative factor for PM2.5 no longer increased. The semivolatile organic compounds that condensed on the surface of

the particles may evaporate into the air as the dilution ratio
further increases, which may lead to a decrease in the relative
factors for PM2.5 . The results of Lipsky and Robinson (2006) and
Fujitani et al. (2012) illustrated this point.
The PM2.5 relative factors for diesel vehicles with selective
catalytic reduction (SCR) was 29% lower than those without after treatment device at the sampling heads #1, shown in Fig. 4.
There are two possible reasons. First, the diesel vehicles with
SCR have optimal combustion conditions to meet China IV or
China V emission standards. Second, the SCR can reduce the
soluble organic fraction (SOF, for example: PAH and heavy aromatic compounds) (Apicella et al., 2020). It should be noted
that the averaged dilution ratio for diesel vehicles with SCR
were similar or lower than those without after treatment device, but the PM2.5 growth ratio for diesel vehicles with SCR
were significantly higher than those without after treatment
device at sampling heads #2 to #4. The PM2.5 relative factors
for diesel vehicles with SCR was similar as those without after treatment device at sampling heads #4. It indicated that
the production and formation rate of secondary aerosols were
higher for diesel vehicles with SCR than those without after
treatment device. The PM2.5 emission reduction effect by SCR
installation needs to be reconsidered when considering the
sum of primary and secondary particulate matter emitted by
diesel vehicles.

2.2.
Variation characteristics of the carbonaceous
components of PM2.5
The carbonaceous components of PM2.5 include organic carbon (OC) and elemental carbon (EC), and the sum of OC and
EC is defined as the total carbon (TC). The OC at the exhaust
pipe is defined as primary organic carbon (POC), and the difference in the TC at different distances and at the exhaust nozzle is defined as secondary organic carbon (SOC). The variation characteristics of the relative factors for TC are shown in
Fig. 5. The relative factors for TC in the plume increased with

Fig. 4 – (1) PM2.5 relative factor and (2, 3, 4) PM2.5 growth ratio with or without selective catalytic reduction (SCR). “No” means
No after-treatment device for China III trucks; “SCR” means SCR device installed on the China IV diesel trucks and China V
HDDTs; 1-4 indicate sampling heads #1-#4.
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Fig. 5 – (1) TC (total carbon) relative factor (RTC ), EC (elemental carbon) relative factor (REC ) and (2, 3, 4) TC growth ratio with or
without SCR. “No” means No after-treatment device for China III trucks; “SCR” means SCR device installed on the China IV
diesel trucks and China V HDDTs; 1-4 indicate sampling heads #1-#4.

increasing distance from the exhaust nozzle of the different
tested vehicles, which indicates that there was SOC generation in the vehicle exhaust plume. The SOC ranged from 64.8
to 623.7 μg C/g CO2 , and the rate of increase was positively correlated with the distance or dilution ratio, as was the case for
PM2.5 . The relative factors for TC at sampling heads #2 to #4
were 1.27 ± 1.91, 1.94 ± 2.08, and 3.72 ± 4.09 times higher than
those at sampling head #1. The SOC/POC ranged from 0.37 to
25 (6.77 ± 5.71). Although the formation mechanism of SOC is
not well understood, it is generally believed that there are two
SOC generation processes: the condensation of organic matter with a low saturated vapor pressure to generate SOC when
the gas-phase organic compound concentration exceeds saturation, and the adsorption of gaseous organic matter onto the
surface of particulate matter to generate SOC via physical or
chemical reactions when the gas-phase organic compounds
are subsaturated (Liu et al., 2019).
The TC relative factors for diesel vehicles with selective
catalytic reduction (SCR) was 42.7% lower than those without
after treatment device, but the EC relative factors for diesel vehicles with SCR was similar as those without after treatment
device at the sampling heads 1#, shown in Fig. 5. The phenomenon indicated that the SCR significantly reduced the OC
but not for the EC, Apicella et al. (2020) also found that the SCR
did not cause a further soot reduction, whereas it was effective
in largely reducing PAH and heavy aromatics emissions, especially in the lower temperature condition. The TC growth ratio for diesel vehicles with SCR were significantly higher than
those without after treatment device at sampling heads #2 to
#4, and the TC relative factors for diesel vehicles with SCR was
similar as those without after treatment device at sampling
heads #4, as was the case for PM2.5 . The production and formation rate of SOC were higher for diesel vehicles with SCR
than those without after treatment device.
The variation characteristics of the relative factors for OC
and EC are shown in Fig. 6. The relative factors for OC in the
plume increased with increasing distance from the exhaust

Fig. 6 – Relative factors for OC (organic carbon) and EC in the
plumes from the tested trucks. 1-4 indicate sampling heads
#1-#4; the box range extends to the upper 25% and lower
25%, each line in the boxes denotes the median, the circle
represents the mean and the whiskers represent the
outliers.

nozzle, but the relative factors for EC remained basically constant, so EC was used as a tracer to calculate the dilution ratio
at different distances (Rönkkö et al., 2006). The mean relative
factors for OC were 58.9 ± 62.6, 99.1 ± 81.8, 131.8 ± 99.2 and
219.6 ± 121.0 μg C/g CO2 at sampling heads #1 to #4, respectively. The relative factors for OC were increased by 70%, 120%
and 270% at sampling heads #2 to #4 compared with that at
sampling head #1.
Lipsky and Robinson (2006) studied the influence of the
dilution ratio on the emissions factor (based on fuel, g C/kg
fuel) of OC and EC from diesel engines using an artificial dilution system. Their results showed that the EC emissions factor remained basically unchanged, the OC emissions factor in-
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creased as the dilution ratio increased from 20:1 to 120:1 under
a medium load (55% rated power) and decreased as the dilution ratio increased from 20:1 to 50:1 under a low load (25%
rated power), and the dilution ratio increased from 120:1 to
350:1 under a medium load (55% rated power). The variation
characteristics of the carbonaceous components of PM2.5 can
be explained by the gas-solid conversion of organic matter.
Dilution does not change the total amount of organic matter
(gas + solid) but does change the gas-solid separation point of
organic matter. The nucleation, evaporation, and adsorption
of organic matter on the surface of black carbon and minerals can change the gas-solid separation point of organic matter (Pankow, 1994). The gas-solid distribution is affected by the
concentration of semi-volatile organic compounds, the saturated vapor pressure, and the concentration and composition
of adsorbents (black carbon and minerals) (May et al., 2013a,
2013b). The organic matter concentration and exhaust temperature were higher at low dilution ratios (less than 120:1) or
near the exhaust nozzle. The air temperature and the saturation vapor pressure decreased sharply during dilution, and
part of the semi-volatile organic compounds became supersaturated, which condensed on the surfaces of existing particles, especially accumulating soot, leading to PM2.5 and OC increasing with dilution near the exhaust nozzle. As the dilution
ratio increases, the temperature approaches the air temperature, the semi-volatile organic compounds in the exhaust become less saturated, and the nucleation and growth of particulate matter gradually cease. In addition, some organic compounds that have condensed and adsorbed on particle surfaces evaporate back to the gas phase. Therefore, Lipsky and
Robinson (2006) found that OC and PM2.5 showed slightly decreased as the dilution ratio increased from 120:1 to 350:1 under a medium load (55% rated power).

2.3.
PM2.5

Variation characteristics of the ionic components of

SO4 2− , NO3 − and NH4 + are the three main water-soluble inorganic ions in atmospheric particulate matter (Agarwal et al.,
2020). Therefore, this study focuses on these three ions and
studies their variation in exhaust plumes. The relative factors for SO4 2− , NO3 − and NH4 + in the plumes from the tested
trucks, shown in Fig. 7, increased with increasing distance
from the exhaust nozzle of the different tested vehicles, which
indicates that there was secondary inorganic particle generation in the vehicle exhaust plume. The mean relative factors for SO4 2− were 0.85 ± 0.47, 3.62 ± 2.41, 9.55 ± 6.14 and
23.1 ± 7.63 μg/g CO2 at sampling heads #1 to #4, respectively. The concentration of SO4 2- was very low, accounting for
0.69% ± 0.42% of the total particulate matter, at the exhaust
nozzle, indicating that the concentration of SO4 2- in PM2.5 in
vehicle exhaust is very low. The relative factors for SO4 2− at
sampling heads #2 to #4 were 5.3 ± 4.2, 13.1 ± 8.7 and 39.5 ±
27.8 times those at sampling head #1 and increased rapidly in
the exhaust plume, indicating that SO4 2− was mainly generated in the plume rather than emitted directly from the vehicle. The mean relative factors for NO3 − were 3.28 ± 2.08, 8.00 ±
2.35, 12.2 ± 4.56 and 30.2 ± 8.62 μg/g CO2 at sampling heads #1
to #4, respectively, and the mean relative factors for NH4 + were
0.92 ± 0.38, 4.11 ± 1.80, 7.85 ± 5.46 and 20.4 ± 7.45 μg/g CO2

Fig. 7 – Relative factors for NH4 + (RNH4 + ), NO3 − (RNO3 − ) and
SO4 2− (RSO4 2− ) in the plumes from the tested trucks with or
without SCR. No” means No after-treatment device for
China III trucks; “SCR” means SCR device installed on the
China IV diesel trucks and China V HDDTs; 1-4 indicate
sampling heads #1-#4.

at sampling heads #1 to #4, respectively. NO3 − and NH4 + followed the same trend as SO4 2− , and the concentration directly
emitted in vehicle exhaust was very low but increased rapidly
in the exhaust plume. NO3 − and NH4 + were also mainly generated in the plume rather than emitted directly from the vehicle. From sampling heads #3 to sampling heads #4, the averaged distance from the nozzle increased from 79.9 to 133.8
cm, the averaged dilution ratio increased from 17.3 to 40.3, the
SO4 2− , NO3 − and NH4 + had a fastest growth, indicates that
new particle formation rate is fastest during dilution ratio increased from 17.3 to 40.3.
The SO4 2− and NH4 + relative factors for diesel vehicles
with SCR was 104% and 36% higher than those without after
treatment device, but the NO3 − relative factors for diesel vehicles with SCR was 40% lower than those without after treatment device, shown in Fig. 7 at sampling heads #1. Increased
SO4 2− emissions have been reported in the past, and the increase was attributed to the oxidation of SO2 to form SO3 particulate sulfates by the oxidation catalyst (Liu et al., 2008). Increased NH4 + emissions may caused by the excessive injection of NH3 when the SCR operation (Amanatidis et al., 2014).
Decreased NO3 − may cause by a significant reduction in NOx
emissions during the SCR operation.
The amount of growth for SO4 2− , NO3 − and NH4 + from
diesel vehicles with SCR were significantly higher than those
without after treatment device at sampling heads #2 to #4, and
the SO4 2− , NO3 − and NH4 + relative factors for diesel vehicles
with SCR were higher than those without after treatment device at sampling heads #4, as was the case for PM2.5 . The production and formation rate of SNA were higher for diesel vehicles with SCR than those without after treatment device.
SO4 2− is formed mostly by oxidation of SO2 gas and usually
exists as (NH4 )2 SO4 , NH4 HSO4 , and H2 SO4 . SO4 2− can be produced by either a gas-phase reaction or aqueous-phase oxidation (Cao et al., 2017). The aqueous-phase reaction is more important because it is much faster than the gas-phase reaction
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(Pandis and Seinfeld, 1989), forming the majority of sulfate under most conditions (Cao et al., 2017). Previous studies showed
that the generation of nucleation particles was driven by sulfur (S) (Casati et al., 2007; Giechaskiel et al., 2005; Rönkkö et al.,
2006; Schneider et al., 2005; Kittelson et al., 2008; Uhrner et al.,
2007; Wehner et al., 2009; Karjalainen et al., 2014). Low temperature and high humidity promote the generation of nucleation particles (Du and Yu, 2006), which indicates that the nucleation particles may be related to the H2 SO4 generated from
SO2 in the liquid phase, where reaction rates are faster. Previous studies (Kittelson et al., 2008; Wang and Zhang, 2012) used
liquid-phase SO2 to generate H2 SO4 as the theoretical basis to
simulate the generation of nucleation particles in the plume.
The results of the present study also provide data support for
model simulations that assume that nucleation mainly occurs
via the transformation of gaseous SO2 into H2 SO4 .
NO3 − is mainly formed by gaseous nitric acid reacting with
ammonia to produce ammonium nitrate or with existing particles. Gaseous nitric acid is mainly formed from NO2 reacting
with OH, the reaction rate of which is approximately 10 times
faster than that of SO2 reacting with OH. However, NH4 NO3 is
unstable and can decompose into gaseous nitric acid and ammonia under high temperature and low humidity. NH4 + is the
most important cation in PM2.5 . It is formed by the reaction or
condensation of NH3 vapor on the surface of acidic particles
and is usually in the form of (NH4 )2 SO4 , NH4 HSO4 , NH4 NO3
and NH4 Cl. (NH4 )2 SO4 and NH4 HSO4 are generated from the
irreversible reaction between H2 SO4 and NH3 , while NH4 NO3
is highly volatile.
The mean molarity ratios of SO4 2− to NH4 + for diesel vehicles without SCR at sampling heads #2 to #4 were 0.162 ±
0.080, 0.245 ± 0.122 and 0.233 ± 0.201, respectively. The mean
molarity ratios of NO3 − to NH4 + for diesel vehicles without
SCR at sampling heads #2 to #4 were 0.769 ± 0.071, 0.635 ±
0.254 and 0.515 ± 0.231, respectively, had a trend of decline,
shown in Fig. 8. The data of the mean molarity ratio of SO4 2−
to NH4 + and of NO3 − to NH4 + in air in Fig. 8 span 1997 to 2016
with long-term (i.e., annual) and short-term (i.e., daily and
weekly) averaged concentrations measured at various sites,
including urban and suburban/rural areas in China (Cao et al.,
2017). These results show that NO3 − and NH4 + primarily exist
as NH4 NO3 in PM2.5 in the plume, possibly because the rates
of the reaction of NO2 with OH to generate gaseous HNO3
are faster than those of SO2 with OH. The molarity ratio of
SO4 2− to NH4 + increased with increasing distance from the
exhaust nozzle in the test plume, but the molarity ratio of
NO3 − to NH4 + followed the opposite trend. Both SO4 2− and
NO3 − had a tendency to the ratio in atmosphere, indicating
that increasing amounts of SO4 2- were generated and subsequently combined with NH4 + prior to dilution. This result may
be because (NH4 )2 SO4 and NH4 HSO4 are generated from the
irreversible reaction between H2 SO4 and NH3 , while NH4 NO3
is very volatile. Only when the concentration of the product of
gaseous NH3 and HNO3 in the tail gas exceeds the equilibrium
concentration of the product of the reaction will NH4 NO3 remain stable, but as the dilution ratio increases, some NH4 NO3
will undergo the reverse reaction.
The mean molarity ratios of NO3 − to NH4 + for diesel vehicles with SCR at sampling heads #2 to #4 were obviously lower
than those for diesel vehicles without SCR, may because SCR
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Fig. 8 – Mean molarity ratios of SO4 2− to NH4 + and of NO3 −
to NH4 + for diesel trucks with or without SCR. “SCR” means
SCR device installed on the China IV diesel trucks and
China V HDDTs; The boxes represent China III diesel trucks
without SCR and each box represents the interquartile
range. 2 - 4 indicate sampling heads #2 - #4; A: the mean
molarity ratio of SO4 2− to NH4 + and of NO3 − to NH4 + in air
from the literature (Cao et al., 2017) reviewed 226 sets of
data on SNA in PM2.5 collected from almost all studies
containing field measurements published on the topic
before 2012 (Meng et al., 2016; Deng et al., 2016; Zhou et al.,
2016; Niu et al., 2016; Wang et al., 2016; Xu et al., 2017;
Liu et al., 2017).

significantly reduces NOx emissions, but increases NH3 emissions due to NH3 leakage. The mean molarity ratios of NO3 −
to NH4 + for diesel vehicles with SCR were higher than the
mean molarity ratios of SO4 2- to NH4 + , similar as the diesel
vehicles without SCR, these results show that NH4 NO3 particle formation maybe more important in the plume. Two times
[SO4 2− /NH4 + ] (the mean molarity ratio of SO4 2− to NH4 + ) plus
[NO3 − /NH4 + ] (the mean molarity ratio of NO3 − to NH4 + ) is less
than 1 for diesel vehicles with SCR, indicated there maybe
other forms of formation of NH4 + , for example, the NH4 Cl
producted by reaction between hydrochloric acid and NH3
(Amanatidis et al., 2014).

2.4.
Analysis of secondary particle generation in the
plume
Both SOA generation and secondary inorganic aerosol (SIA)
generation occurred in the plumes from the tested diesel
trucks according to the analysis in the preceding sections. The
PM2.5 at the exhaust pipe is defined as primary particulate
matter (PPM), and the difference in SO4 2− , NO3 − and NH4 + between different distances and the exhaust nozzle is defined
as the SNA. The composition of secondary particles in the
plumes of the different tested trucks is shown in Fig. 9. For T03,
SOC contributed 92%, 56% and 65% and the SNA contributed
8%, 44% and 35% of the known secondary PM2.5 at sampling
heads #2 to #4, respectively. The other tested vehicles followed
a similar pattern. On average, the SOC contributed 78.7% ±
18.0%, 74.0% ± 16.7% and 69.3% ± 16.5% to the known secondary PM2.5 at sampling heads #2 to #4, respectively. And the
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Fig. 9 – Composition of secondary particles in the plumes from the different tested trucks. PPM: primary particulate matter;
SOC: secondary organic carbon; SO4 2− , NO3 − and NH4 + correspond to newly produced; 2-4 indicate sampling heads #2-#4.

SNA contributed 21.3% ± 18.0%, 26.0% ± 16.7% and 30.7% ±
16.5% of the known secondary PM2.5 at sampling heads #2 to
#4, respectively, shown in Fig. 10. The contribution of SOC to
the known secondary PM2.5 at sampling heads #2 to #4 for
the tested diesel vehicles with or without SCR were all significantly higher than the contribution of SNA. These results
indicated that the average contribution of SOC to the known
secondary PM2.5 was far greater than the contribution of SNA,
which shows that the generation of SOC plays a leading role
in the generation of secondary PM2.5 . The contribution of SOC
to the known secondary PM2.5 decreases but the contribution
of SNA increases as the distance from the gas tail pipe increases for all the tested diesel vehicles with or without SCR,
indicating that the formation rate of SNA may be higher than
that of SOC. The contribution of SOC to the known secondary

PM2.5 at sampling heads #2 to #4 for the tested diesel vehicles with SCR were slightly lower than those without SCR, but
the contribution of SNA had an opposite trend. The results in
Sections 2.2 and 2.3 show that the SCR enhanced the formation of SOC and SNA in the plume. Comprehensive analysis
shows that the SCR more enhanced the SNA formation in the
plume, which is mainly new particles formation process.

2.5.

Impact of variation characteristics

The OA directly emitted from sources such as motor vehicle are defined as primary organic aerosol (POA), and the OA
formed in the atmosphere from the oxidation of gas-phase
precursors are defined as secondary organic aerosol (SOA)
(Robinson et al., 2007). The results in this study show that part
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3.

Fig. 10 – Composition of secondary particles from the tested
trucks with or without SCR. No” means No after-treatment
device for China III trucks; “SCR” means SCR device
installed on the China IV diesel trucks and China V HDDTs;
SNA: sum of new-produced SO4 2− , NO3 − and NH4 + ; 2-4
mean the sampling heads #2-#4.

of organic matter is not direct emissions in particle state, but
transformed into particle state by nucleation and condensation effect in the plume near the exhaust nozzle, and there
was not atmospheric chemical reaction. In the strict sense,
this part of OA can neither be defined as POA nor SOA, but
this part of OA would be measured as part of OA in the atmosphere. There is no consensus on whether the gaseous organic
matter directly discharged into the particle state through condensation is POA or SOA. In most studies (Gentner et al., 2017;
Deng et al., 2020), the SOA was formed from the atmospheric
oxidation of gaseous precursors leading to the formation of
solid particles. In the study of Zhang et al. (2007), SOA was
formed through chemical transformation and condensation
of volatile and semi-volatile organic compounds.
There are two approaches to SOA simulation in traditional
models, one is the fixed SOA productivity approach, the other
is absorption distribution model. In both approaches, the SOA
generated by a chemical reaction between reactive organic gas
(ROG) and •OH, O3 . The SOA simulation process in traditional
models excluding organic matters directly discharged by pollution sources into particulate phase only through physical
adsorption/distribution.
At present, there is no method to completely distinguish
POA and SOA in atmospheric environment, the POA and SOA
are usually calculated based on indirect approaches. The POA
can be accurately resolved using the receptor model, such as
the chemical mass balance model (CMB) and the positive matrix factorization (PMF) (Guo et al., 2013; Wang et al., 2009),
and then use the difference between OA and POA to calculate SOA indirectly (Docherty et al., 2008), where SOA may include all or part of organic matter directly emitted by pollution
sources into particulate phase only through physical adsorption/distribution. So the inconsistency between SOA and POA
definitions is one of the important reasons for the difference
between SOA simulation and observation.
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Conclusions

Twenty diesel vehicles were studied using a new multipoint
sampling system that is suitable for studying the exhaust
plume near the exhaust nozzle. The variation characteristics
of fine particle matter (PM2.5 ) and its components in diesel vehicle exhaust plumes were analyzed. The main conclusions
were as follows:
The relative factors for PM2.5 at sampling heads #2 to #4
were 1.02 ± 0.72, 2.17 ± 1.45, and 3.43 ± 1.66 times higher
than those at sampling head #1. The PM2.5 emissions gradually increased with increasing distance from the nozzle in the
plume. The new particles were generated during plume processes. The rate of formation of new PM2.5 was low (less than
0.3 m to the exhaust nozzle), and then significantly increased
(0.3 to 1.5 m), finally approach to zero (more than 1.5 m). The
SCR reduced 29% primary PM2.5 emissions for the tested diesel
vehicles, but enhanced the formation of secondary aerosols in
the plume. The PM2.5 emission reduction effect by SCR installation needs to be reconsidered when considering the sum of
primary and secondary particulate matter emitted by diesel
vehicles.
The mean relative factors for OC were 58.9 ± 62.6, 99.1 ±
81.8, 131.8 ± 99.2 and 219.6 ± 121.0 μg C/g CO2 at sampling
heads #1 to #4, respectively. The relative factors for OC were
increased by 70%, 120% and 270% at sampling heads #2 to #4
compared with that at sampling head #1. The relative factors
for TC in the plume increased with increasing distance from
the exhaust nozzle for the different tested vehicles, which indicates that there was SOC generation in the vehicle exhaust
plume. Elemental carbon (EC) emissions remained basically
unchanged, and organic carbon (OC) and total carbon (TC) increased with increasing distance. The SCR could significantly
reduce the primary OC but not for the EC, and enhance the
formation of SOC in the plume.
The concentrations of SO4 2− , NO3 − and NH4 + (SNA) directly emitted by the vehicles were very low but increased
rapidly in the exhaust plume, there was secondary inorganic
particle generation in the vehicle exhaust plume. The SCR
reduced 40% NO3 − emissions, but increased the 104% SO4 2−
and 36% NH4 + emissions, respectively. And enhanced the formation of SNA in the plume. The molarity ratio of NO3 − to
NH4 + decreased with increasing distance from the exhaust
nozzle, but the molarity ratio of SO4 2− to NH4 + had the opposite trend. The mean molarity ratios of NO3 − to NH4 + for
diesel vehicles with SCR were higher than the mean molarity
ratios of SO4 2− to NH4 + , similar as the diesel vehicles without SCR, show that NH4 NO3 particle formation maybe more
important in the plume. There maybe other forms of formation of NH4 + , for example, the NH4 Cl producted by reaction
between hydrochloric acid and NH3.
On average, SOC contributed 78.7% ± 18.0%, 74.0% ± 16.7%
and 69.3% ± 16.5% and the SNA contributed 21.3% ± 18.0%,
26.0% ± 16.7% and 30.7% ± 16.5% of the known secondary
PM2.5 at sampling heads #2 to #4, respectively. The average
contribution of SOC to the known secondary PM2.5 for the
tested diesel vehicles with or without SCR were far greater
than that of SNA, which explains why the generation of SOC
plays a leading role in the generation of secondary PM2.5 . The
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SCR enhanced the formation of SOC and SNA in the plume, but
comprehensive analysis shows that the SCR more enhanced
the SNA formation in the plume, which is mainly new particles formation process.
The inconsistency between SOA and POA definitions is one
of the important reasons for the difference between SOA simulation and observation.
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