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Received: 9 January 2023

Revised: 15 February 2023

Accepted: 15 February 2023

Published: 21 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

atmosphere

Article

Characteristics and Oxidative Potential of Ambient PM2.5 in the
Yangtze River Delta Region: Pollution Level and
Source Apportionment
Yaojia Cui, Longwei Zhu, Hui Wang, Zhuzi Zhao, Shuaishuai Ma and Zhaolian Ye *

School of Resources and Environmental Engineering, Jiangsu University of Technology, Changzhou 213001, China
* Correspondence: bess_ye@jsut.edu.cn; Tel.: +86-519-86953801

Abstract: Fine particulate matter (PM2.5) is a major contributor to the degree of air pollution, and it is
associated with a range of adverse health impacts. Moreover, the oxidative potential (OP, as a tracer
of oxidative stress) of PM2.5 has been thought to be a possible determinant of its health impact. In this
study, the OP of 136 fine aerosol filter samples collected in Changzhou in two seasons (spring and
summer) were determined using a dithiothreitol (DTT) assay. Source apportionments of the PM2.5 and
DTT activity were further performed. Our results showed that the daily average ± standard deviation
of the DTTv (volume-normalized DTT activity) in the PM2.5 was 1.16 ± 0.58 nmol/min/m3 and
0.85 ± 0.16 nmol/min/m3 in the spring and summer, respectively, and the DTTm (mass-normalized
DTT activity) was 13.56 ± 5.45 pmol/min/µg and 19.97 ± 6.54 pmol/min/µg in the spring and
summer, respectively. The DTTv was higher in the spring compared to the summer while the
opposite was true for the DTTm. Most of the detected components (including the organic component,
element component, NH4

+, Mn, Cu, Zn, etc.) exhibited a moderately positive correlation with
the DTTv, but the opposite was found with the DTTm. An aerodyne high-resolution aerosol mass
spectrometer (HP-AMS) was deployed to probe the chemical properties of the water-soluble organic
matter (WSOA). Positive matrix factorization (PMF) coupled with multiple linear regression was
used to obtain the relative source contributions to the DTT activity for the WSOA in the PM2.5. The
results showed that the sensitivity sequences of the DTTv to the WSOA sources were oxygenated
organic aerosol (OOA) > biomass burning OA (BBOA) > hydrocarbon-like OA (HOA) in the spring
and HOA > nitrogen-enriched OA (NOA) > OOA in the summer. The PMF suggested the highest
contribution from traffic emissions to the DTTv of the PM2.5 in both seasons. Our findings point
to the importance of both organic components from secondary formation and transition metals to
adverse health effects in this region. This study can provide an important reference for adopting
appropriate public health policies regarding the detrimental outcomes of exposure to PM2.5.

Keywords: particulate matter; oxidative potential; high-resolution aerosol mass spectrometer; multiple
linear regression; positive matrix factorization

1. Introduction

Particulate matter (PM) is composed of a wide range of chemical components with
potentially varying toxicity, implying that mass concentration of PM cannot be used directly
to assess its health effects. For instance, some specific species of PM (e.g., polycyclic
aromatic hydrocarbons (PAHs), metals) could play a disproportionally large role in the
adverse health effects on human beings despite occupying a small mass fraction [1–4]. So
far, the mechanisms for explaining the linkage between PM mass and adverse health effects
have not been effectively established, but most researchers currently believe that it is related
to the particle’s ability to induce oxidative stress via the generation of reactive oxygen
species (ROS) within the affected cells [5–7]. The capability of ambient PM to generate ROS
is referred to as the oxidative potential (OP), which is an important evaluation index of the
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currently accepted PM-induced adverse health effects. Therefore, the OP of PM could be a
more relevant parameter to reflect PM toxicity in comparison to PM mass concentration.

Several different assays have been developed to quantify the OP of PM samples [8–10].
Among these, a dithiothreitol (DTT) assay was extensively used to measure the water-
soluble OP of ambient particles [11–16]. The OP of PM was influenced by chemical compo-
nents, although it is currently not possible to fully understand their influence mechanism
due to synergistic effects. Research on the relationship between PM chemical components
and OP is the hottest and most challenging scientific issue [17,18]. Specific redox-active
components in ambient PM, including transition metals (e.g., Mn, Fe, V, Ni, and Cu), humic-
like substances (HULIS), and quinones are known to influence the particle OP [19–21].
Several studies [22,23] have found a close link between PM chemical composition and
PM-induced ROS generation. For example, several reports even showed that PAHs most
strongly correlated with DTT loss [1,2,24]. Similarly, Chen et al. [17] reported high correla-
tions between the PM OP and water-soluble organic carbon (WSOC). Certain studies [20,25]
have revealed that transition metals contribute significantly to the ambient OP of PM.

Although a large number of studies have investigated the OP of PM2.5, to our knowl-
edge, studies on the contributions of different emission sources to the PM2.5 OP are
scarce [6,18,26,27]. For instance, a study in California [28] reported that vehicular-derived
particles had a greater mass-normalized OP (DTTm) than that of biomass-burning ones,
and another study [6] showed that the source contribution of the OP of the water-soluble
fraction in the PM2.5 from Shanghai was dominated by vehicle emissions. Recent studies in
Beijing [29,30] paid attention to the important role of anthropogenic organic aerosols by
measuring the DTT consumption rate and •OH formation rate and noted that reducing
WSOC can effectively decrease the OP of the PM2.5.

Overall, our understanding regarding the sources responsible for the OP (ROS gen-
eration) is very inadequate as sources vary greatly at different locations. It is therefore
necessary to conduct such analyses in order to efficiently reduce the adverse health effects
of ambient atmospheric particles.

The primary objectives of the current study were to determine the main ROS-related
sources of PM2.5 and its relative contribution to DTT activity at a suburban site in Changzhou,
which is one of the representative cities in the Yangtze River Delta region in China. The
PM2.5 mass concentration, concentrations of water-soluble ions, trace elements, and DTT
activity of the 136 collected PM2.5 samples were determined in two seasons (spring and
summer). The particulate species responsible for DTT oxidation were typically examined
by correlating the DTT activity with the PM composition. A positive matrix factorization
(PMF) analysis was conducted to determine the sources of the PM2.5 and its water-soluble
organic matter (WSOA). Then, a multiple linear regression (MLR) combined with identi-
fied PMF-WSOA factors was applied for the source apportionment to the associated DTT
activity of the WSOA in the PM2.5, which provided a comparison of the health effects
between different WSOA components. Such a comprehensive source apportionment study
of WSOA-related ROS-generation potential has not been previously reported.

2. Methods
2.1. PM2.5 Sample Collection

The PM2.5 samples were collected at a campus site at the Jiangsu University of Tech-
nology in Changzhou (31.7◦ N, 119.9◦ E) from March to August 2021, which was set as
spring (March and April, 48 samples) and summer (June, July, and August, 88 samples).
The sampling duration was 23 h, from 6:00 p.m. to 5:00 p.m. of the next day. The site was
located in a suburban area and its surroundings were described in detail elsewhere [31]. A
total of 136 ambient PM2.5 samples were collected onto the quartz filters (20.3 × 25.4 cm,
Whatman QMA), which were prebaked at 500 ◦C for 4 h to eliminate possible organic
matters using a high-volume sampler (KB-1000, Qingdao Jinsida Co., Ltd., Qingdao, China)
with a flow rate of 1.05 m3/min.
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The filters were weighed with a precision balance before and after sampling (accuracy
of 0.01 mg) to obtain the quantity of the samples, and then they were divided by the
sampled air volume to calculate the mass concentration of the PM2.5. The collected samples
were wrapped in prebaked aluminum foil packages separately and were stored in a freezer
at −20 ◦C until analyzed.

Concentrations of the gas-phase species including SO2 and NO2 were monitored by
the air quality monitoring station inside the campus, which was about 500 m away from
the site.

2.2. Oxidative Potential (OP) Measurement Using DTT Assay

We followed the procedure of previous DTT assays [7] with minor modifications. In
brief, one-sixteenth of each filter was extracted in 30 mL of Milli-Q water (>18.2 MΩ/cm) in
polypropylene vials (Nuggen) by sonication for 30 min by partly immersing the tube in an
ultrasonic cleanser bath. The extracted samples were filtered using syringe filters (0.45 µm
PTFE membrane, Advantec MFS, Pleasanton, CA, USA) to obtain the aqueous PM2.5
extracts. Then, small aliquot (200 µL) extracts were transferred into a 10 mL tube, mixed
with 1 mL of 0.1 mM phosphate buffer (pH = 7.4), and 50 µL of 2.5 mM DTT thoroughly.
The samples were placed in the water bath at a controlled temperature (37 ± 1 ◦C) for
incubation. Subsequently, 100 µL of 5 mM DTNB (prepared in 0.1 mM phosphate buffer)
was added to each sample five different times (15, 30, 45, 60, and 90 min). The quick
reaction between the DTNB and remaining DTT formed the colored 2-nitro-5-thiobenzoic
(TNB), which could be quantified using a UV-vis spectrometer at 412 nm of wavelengths
within 30 min. Therefore, we could obtain the DTT consumption over time by quantifying
the remaining DTT concentration.

The consumption rate of the DTT is generally expressed in two ways: one is vol-
ume standardization, representing the DTT consumption rate per cubic meter of atmo-
spheric volume (namely the volume-normalized oxidative potential DTTv), and the other
is quantity standardization, representing the DTT consumption rate per microgram of
PM (namely the mass-normalized oxidative potential DTTm). The DTTv is directly re-
lated to the health impact of human exposure, while the DTTm characterizes the intrinsic
OP of PM [32]. Meanwhile, blank filter samples were tested using the identical method
to correct the real PM2.5 samples. The averaged DTTv and DTTm of the blank samples
were 0.045 ± 0.004 nmol/min/m3 and 0.030 ± 0.003 pmol/min/µg, respectively, which
we obtained by using ten blank samples test.

The final DTT activity of the water-soluble PM2.5 was calculated as follows [4,27,33]:

DTTv =
Rs − Rb

Vt × Ah
At

× Vs
Ve

(1)

DTTm =
Rs − Rb

Mt × Ah
At

× Vs
Ve

(2)

Here, Rs and Rb are the DTT consumption rate of the sample and the blank, respectively
(nmol/min); Vt and Mt are the total atmospheric sampling volume (m3) and PM2.5 mass
(g), respectively; Ah and At are the used area of the DTT experiment and the total area
of the sampling filter (cm2), respectively; and Vs and Ve are the sample volume and the
extraction volume (mL) involved in the DTT reaction, respectively. Each PM2.5 sample was
analyzed in triplicate, and the standard deviation of the parallel sample was less than 5%.

2.3. Chemical Analysis on PM Filters
2.3.1. Water-Soluble Ions (WSIs)

The PM2.5 samples were extracted in Milli-Q water and filtered for the OP analysis.
The extracted samples were subsequently transferred to a PolyVial tube and analyzed for
water-soluble ions via an ion chromatograph (IC, Thermo Electron Corporation, 81 Wyman
Street Waltham, MA, USA). The cations including Na+, NH4

+, K+, Mg2+, and Ca2+ were
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measured with an IC equipped with a CS12A separation columnand a CSRS II suppressor
with an eluent of methane sulfonic acid (22 mmol/L) at a flow rate of 1.0 mL/min. Another
IC (ICS-2000, Dionex, USA) equipped with an AS11-HC separation column and an ASRS
300 suppressor with an eluent of KOH (30 mmol/L) at a flow rate of 1.0 mL/min were used
to measure the anions (F−, Cl−, NO3

−, SO4
2−). During the measurement, the standard with

known concentrations of WSIs was tested for every 10 samples to ensure the measurement
accuracies and reproducibility.

2.3.2. Trace Elements Analysis

The concentrations of the trace elements collected on the PM2.5 quartz-fiber filters
were determined with Energy Dispersive X-Ray Fluorescence (ED-XRF) spectrometry
(Epsilon 5, PANalytical, The Netherlands) [34,35]. The X-ray source was a side window
X-ray tube with a gadolinium anode; the instrument operated at an acceleration voltage
between 25 and 100 kV and a current of 0.5 to 24 mA. The characteristic X-ray radiation
was detected with a PAN 32 germanium detector. For quality assurance/quality control
(QA/QC) procedures of the ED-XRF measurements, NIST Standard Reference Material
(SRM) 2783 was employed to validate the accuracy. The relative errors for all the measured
elements were well within the required range of error (<6% between SRM 2783 and ED-XRF
results). A replicate analysis of one quartz-filter sample (five times) yielded an analytical
precision below 10%. Details of the ED-XRF measurements were described in a previous
publication [36].

2.3.3. Carbonaceous Components

The concentrations of organic carbon (OC) and elemental carbon (EC) on the quartz
filters were determined using a Desert Research Institute Model 2001A OC/EC carbon
analyzer (Atmoslytic Inc., Calabasas, CA, USA) following a thermal/optical reflectance
protocol [37]. Details of the bulk OC and EC analysis were given in elsewhere [31]. The
sample concentrations (OC and EC) were corrected by subtracting the average blank
concentrations. To ensure the accuracy of the measurement, a known concentration of
CH4 was used to calibrate the analyzer daily. One-tenth of the samples were used for
reproducibility measurements, and the relative standard deviation from the replicate
analysis was found to be below 5% for the OC and EC. The method detection limits (MDLs)
for the OC and EC were 0.05 µg/m3 and 0.04 µg/m3, respectively.

2.4. HR-AMS Data Analysis

An offline HR-AMS was applied to analyze the ion group and elemental ratios of
the extracted WSOA. The HP-AMS data were processed using the Igor-based software
toolkit SQUIRREL (version 1.56D) and PIKA (version 1.15D). The HR-AMS instrument
was calibrated for ionization efficiency (IE) and relative ionization efficiency (RIE), and
this was conducted at the beginning of the measurement by using 350 nm NH4NO3 and
(NH4)2SO4 particles. Standard RIEs of 1.4, 1.1, 3.7, and 1.3 were used for the organics,
nitrate, ammonium, and sulfate, respectively. The details of the analyses were described
elsewhere [38,39]. In brief, the extracts were nebulized with Ar gas by an atomizer (TSI,
Model 3076), and the mist was dehumidified using a diffusion dryer filled with silica
gel. The dried particles were sent to the HR-AMS, evaporated at 600 ◦C, and ionized
by electron impact (70 eV). Finally, the positively charged ions were analyzed by mass
spectrometry, and high-resolution mass spectra (HRMS) were obtained. Elemental analyses
were performed to determine the atomic ratios (the oxygen-to-carbon (O/C), hydrogen-to-
carbon (H/C), nitrogen-to-carbon (N/C)), and organic-mass-to-organic-carbon (OM/OC)
ratio). The N/C ratio was derived according to Aiken et al. [40], and the O/C, H/C, and
OM/OC ratios were derived according to the improved-ambient method recommended by
Canagaratna et al. [41]. The time series of the elemental ratios are presented in Figures S1
and S2 in the Supplementary Materials.
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2.5. Chemical Analysis on PM Filters
2.5.1. Source Apportionment of DTTv by PMF Coupled with MLR

The PMF Evaluation Toolkit v 2.06 [42] built-in Igor software was applied to the HRMS
for the WSOA source apportionment. The data pretreatment and PMF operation followed
the procedure presented by Ulbrich et al. [42], and a summary of the key diagnostic plots
is presented in Figure S3 (spring) and Figure S4 (summer). In short, multiple solutions
(1–7 factors) were generated with a rotational forcing parameter (f peak) from −1 to 1 with
an increment of 0.1. The most satisfactory solution was obtained after carefully examining
the scaled residuals, factor correlation with tracer species, and characteristic signatures in
the mass spectrum, following the protocol described by Zhang et al. [43]. After an overall
evaluation of the PMF results, the 3-factor solution with f peak = 0 (Q/Qexp = 1.92) appeared
to make sense (Figure S3a). The 3-factor solution was capable of reconstructing the total
WSOA mass (Figures S3b and S4b) and its temporal profile very well (Figures S3c and S4c).
The fitting residuals in terms of both the time series and mass profiles showed near-normal
distributions, indicating that the solution was robust and representative and was not
strongly influenced by a few outlier runs or m/z’s. For clarification, the MS of the 3-factor
and 5-factor solutions are presented in the Supplementary Information (Figures S5 and S6).

Next, the source allocation of DTT activity was quantified by MLR using the WSOA
source distribution as the dependent variable, which involved the following equation:

y = β1x1 + β2x2 + . . . + βixi (3)

where y represents the DTTv, subscripts 1 to i represent the different emission sources of
the WSOA, independent variables x1 to xi denote the concentration from different WSOA
sources, and β1 to βi indicate the regression coefficients corresponding to the individual
independent variables. The details can be found in previous work [14,26].

2.5.2. PMF Analysis for PM2.5 Sources

As is known to all, the PMF model is a traceability data analysis method that does
not require a source spectrum. Thus, the PMF model (EPA PMF 5.0 software) was used to
identify the source allocations by the PM2.5. Then, we could obtain each source contribution
of the PM2.5 to the DTTv according to the PMF results. This method has been introduced
in previous work [31]. Briefly, the following species were input into the PMF software for
the model calculation: PM2.5, WSOC, OC, EC, SO4

2−, NO3
−, NH4

+, Cl−, K+, Mg2+, and
Ca2+, as well as the major elements (Pb, As, Zn, Cu, Fe, Mn, Cr, and V). However, due to
the relatively low concentrations in most samples, the species such as Sc, Ti, Co, Ga, Ba, Se,
and Sr were excluded from the PMF model. When the measured concentration was higher
than the MDLs, the uncertainty for individual species was set as 10% of the concentration.
Referring to the study of Wang et al. [44], we applied 5/6 MDLs to the uncertainty and
replaced the concentration with 1/2 MDLs accordingly if the concentration was below the
MDLs. Furthermore, the detailed QA/QC procedures linked with the PMF were provided
in the report of Tao et al. [31] in our group. Two-to-eight solutions were examined to obtain
a minimized Q value in the model. Finally, the 4-factor solution was selected as the optimal
result by performing 100 bootstrap runs with a lower value of Qrobust/Qtrue = 0.96–1.2. As
shown in Figure S7, a high correlation was found between the apportioned PM2.5 (spring
r = 0.96, summer r = 0.98) and the measured PM2.5 concentrations. However, it should be
noted that the PMF model has some limitations, for instance, the choice of factors retained
is subjective since there are no objective criteria for choosing the ideal solutions.

3. Results and Discussions
3.1. PM2.5 Mass and Bulk Chemical Components

The summary of the statistics of the PM2.5 mass concentration, water-soluble ions, EC
and OC in the PM2.5 during the two seasons are shown in Table 1. The concentration of the
PM2.5 ranged from 43.62 to 157.35 µg/m3 and the mean ± standard deviation of the mass
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concentrations was 91.44 ± 27.18 µg/m3 in the spring, which was higher than the limited
value (daily limit of 75 µg/m3 from GB 3095-2012), while the concentration of the PM2.5
ranged from 17.36 to 95.67 µg/m3, with an average concentration of 46.26 ± 15.80 µg/m3

in the summer, which was lower than the daily limit. It can obviously be seen that the
air pollution of the PM2.5 in the spring was more serious than it was in the summer. The
analysis of nine water-soluble ions in the PM2.5 samples showed that the contributions of the
total WSIs to the PM2.5 were 49.25% and 45.40% in the spring and summer, respectively, with
no significant difference. These values were within the general range (20–70%) previously
reported for atmospheric aerosols [4,45], and they were higher than those of Xi’an in 2017
(30.6%) [26], but lower than those observed during Hangzhou and Nanjing (~60%) [4,46].
Secondary inorganic aerosols (SIAs) including SO4

2−, NO3
−, and NH4

+ were the main
ions, accounting for 78.4% of the total WSIs in the spring and 75.7% in the summer, which
was similar to what was found in Nanjing [46]. Among the inorganic ions, NO3

− was the
most abundant species, followed by SO4

2− and NH4
+ in the spring, whereas SO4

2− was
the most abundant species in the summer. As we know, the SIA was transformed from the
gaseous precursors SO2, NH3, and NOx in the air, and was generally used to reflect the
secondary transformation of aerosols. Figure S8 shows the time series of the gaseous SO2
and NO2 for the two seasons. As can be seen, the average NO2 concentration was higher in
the spring than that in the summer, but there was a slight difference for SO2. The higher
precursor concentration of NO3

− might be the main reason for the higher concentration of
NO3

− in the spring than in the summer.

Table 1. Concentration range and mean ± standard deviation concentrations of PM2.5 and its
chemical components.

Items Units
Spring Summer

Mean ± Standard Range Mean ± Standard Range

PM2.5 µg/m3 91.44 ± 27.18 43.62~157.35 46.45 ± 15.79 17.36~95.67
OC µg/m3 10.99 ± 3.80 4.33~21.13 7.54 ± 3.07 2.32~15.39
EC µg/m3 1.92 ± 0.50 1.15~3.23 1.37 ± 0.34 0.60~2.23

OC/EC / 5.65 ± 1.00 3.55~8.27 5.35 ± 1.33 2.54~7.80
WSOC µg/m3 6.15 ± 1.56 3.22~10.69 4.99 ± 1.99 2.03~10.78

F− µg/m3 0.16 ± 0.04 0.07~0.24 0.21 ± 0.06 0.16~0.55
Cl− µg/m3 1.48 ± 0.34 0.59~2.16 0.48 ± 0.22 0.27~1.80

SO4
2− µg/m3 10.49 ± 4.05 4.66~20.22 7.41 ± 2.86 2.45~16.38

NO3
− µg/m3 16.03 ± 6.24 5.65~29.16 4.88 ± 3.32 1.00~12.96

PO4
3− µg/m3 2.46 ± 0.64 1.19~4.28 0.68 ± 0.12 0.31~0.93

Na+ µg/m3 2.42 ± 0.49 0.64~3.23 0.47 ± 0.34 0.11~1.72
NH4

+ µg/m3 8.90 ± 3.72 3.44~17.66 3.94 ± 2.14 0.83~11.46
K+ µg/m3 0.58 ± 0.15 0.30~1.03 1.17 ± 0.79 0.14~4.25

Mg2+ µg/m3 0.20 ± 0.05 0.12~0.37 0.44 ± 0.26 0.04~0.90
Ca2+ µg/m3 1.41 ± 0.68 0.25~2.78 1.02 ± 0.48 0.20~2.64
SIA µg/m3 35.42 ± 13.81 15.46~65.08 16.24 ± 7.89 5.19~39.89

total WSIS µg/m3 44.13 ± 13.83 21.42~72.20 20.71 ± 8.09 8.82~44.00
SIA/WSIs % 78.44 ± 6.80 62.93~90.52 75.70 ± 9.41 52.45~90.88

WSIs/PM2.5 % 49.25 ± 11.12 29.01~76.47 45.40 ± 11.05 22.81~69.72
DTTm pmol/min/µg 13.55 ± 5.45 3.69~30.22 19.97 ± 6.54 4.76~38.36
DTTv nmol/min/m3 1.16 ± 0.58 0.55~2.73 0.85 ± 0.16 0.17~1.06

The decreased profile of the SIA indicated that the secondary precursor control was
effectively implemented. Clearly, the ratio of the OC to EC (OC/EC) was nearly 5.5,
indicating the probable formation of the secondary organic aerosol for two seasons [47].

The averaged DTTv level in the spring and summer was 1.16 ± 0.58 nmol/min/m3

and 0.85 ± 0.16 nmol/min/m3, respectively. The DTTm in the spring and summer was
13.56 ± 5.45 pmol/min/µg and 19.97 ± 6.54 pmol/min/µg, respectively. Our measure-
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ments of DTT activity were in the range of the typical levels observed for ambient particles
(e.g., 5–170 pmol/min/µg for the DTTm) [48].

3.2. Trace Elements

Although we have not yet obtained adequate information on the factors influencing
the DTT activity, both the OA and transition metals were verified to be the major factors
driving ROS generation by acting as catalysts [23,28]. An investigation by Charrier and
Anastasio [20] estimated that about 80% of DTT consumption in ambient PM samples
collected in San Joaquin Valley, California is due to transition metals (mainly soluble Cu
and Mn). These transition metals mainly originated from traffic emissions or combustion
processes. In this study, the total concentration of 17 measured metals in the PM2.5 was
2.18 ± 1.41 µg/m3 and 1.19 ± 0.52 µg/m3 in the spring and summer, respectively (Table 1).
Figure 1 depicts the daily average mass concentration of 17 metal elements for the two
seasons. As shown in Figure 1, Fe had the highest average concentration among all the
detected metals, representing nearly 50–70% of the total concentration of elements in this
study. According to the previous literature, the relative importance of various metals in
DTT consumption from atmospheric PM differs, with Cu dominating DTT loss, followed by
Mn. Previous studies showed [25,49] that despite the high concentration of Fe in the PM2.5
in most cases, Fe accounted for a small fraction of DTT loss (<4%) due to its hydrophobic
properties. The contribution of Fe to DTT consumption is verified in Section 3.3.2 via the
correlation analysis between DTT and Fe.

3.3. Oxidative Potential (DTT Measurements)
3.3.1. DTT Temporal Distribution

Several assays were utilized to quantify the oxidative potential of the PM samples,
such as the ascorbic acid assay and DTT assay [9]. This study only focused on the OP of
water-soluble components in the atmospheric PM2.5 samples via the DTT assay, although
insoluble species are also important. The time series of the DTTv and DTTm during the
observation period are depicted in Figure 2. It is not hard to find that the overall DTTv
levels of the summer PM2.5 samples were lower than the spring samples due to the lower
overall PM concentration. However, the corresponding DTTm in the PM2.5 samples in
the spring was lower than in the summer. This result indicated that although the PM
concentrations were higher in the spring, the DTT consumption rates of the unit mass PM
were relatively lower, illustrating that the OP is related to its chemical composition and
source. Due to the prevalent photochemical formation of the secondary organic aerosol
(SOA) in the summer, the unit PM2.5 exhibited high DTT activity [50,51]. Moreover, the
fluctuation in the DTTv with the sampling date was not distinct compared with the DTTm.
The differences in terms of the DTT between the spring and summer samples may have
been intrinsically linked to the different ranges of the PM mass concentration.

As shown in Figure 2, the DTTv covaried with the mass concentration of the PM2.5,
while the DTTm was correlated oppositely with the PM mass. This trend was already
documented previously by other authors for other regions [4,8]. The possible reason for the
PM2.5 DTTm decreasing with the increasing ambient PM2.5 concentration was attributed to
the higher percentage of inorganic components in the high PM2.5 concentration [8].

Table 2 summarizes the relevant studies on the PM2.5 oxidative potential in other cities in
China. In comparison to the DTT values in other cities, the DTTm (13.55 pmol/min/µgPM)
of the PM2.5 in the spring over Changzhou was comparable to that over Guangzhou (14.66
pmol/min/µgPM), but it was far lower than those in Jinzhou (27 pmol/min/µgPM), Tianjin (44
pmol/min/µgPM), Yantai (21 pmol/min/µgPM), and Nanjing (55 pmol/min/µgPM). Likewise,
the averaged DTTv at the two seasons (spring: 1.16 nmol/min/m3, summer: 0.85 nmol/min/m3)
was lower than the measured value in the neighboring city, Nanjing (2.1 nmol/min/m3), but
higher than that in Xi’an (~0.50 nmol/min/m3). One likely reason behind this difference in the OP
level might be the dissimilarity in the emission sources and the associated chemical composition
of the PM particles. Another reason might be the different added initial DTT concentrations for
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analysis between the different studies since the initial DTT concentration had some influence on
the measured DTT value [15].
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Table 2. Literature summary of DTTv and DTTm in atmospheric aerosol.

City Year Season DTTm
(pmol/min/µgPM)

DTTv
(nmol/min/m3)

Jinzhou 2016 spring 27 ± 13 4.0 ± 2.3

[32]

summer 23 ± 15 2.3 ± 1.3
Tianjin 2016 spring 44 ± 8 5.6 ± 2.1

summer 36 ± 15 4.2 ± 1.3
Yantai 2016 spring 21 ± 8 3.8 ± 1.8

summer 24 ± 14 2.6 ± 1.4
Guangzhou 2017 winter 13.47 ± 3.86 4.67 ± 1.06

[9]2018 spring 14.66 ± 4.49 4.45 ± 1.02
Xi’an 2017 spring 11.72 0.53

[26]summer 15.67 0.5
Nanjing 2020 year round 55 ± 24 2.1 ± 1.1 [52]

Changzhou 2021 spring 13.55 ± 5.45 1.16 ± 0.58 this study
summer 19.97 ± 6.54 0.85 ± 0.16

3.3.2. Correlation of DTT Activities with PM2.5 Chemical Components

To further identify the major sources for DTT, a correlation analysis was performed
between the DTTv, DTTm, and several selected chemical components of the PM2.5. Previous
studies [25,51] also showed that the DTTv was broadly associated with some species at
significance levels of p < 0.05, including BrC, WSOC, transition metals (e.g., Cu, Fe, Zn,
V, Ni, Mn), as well as mineral dust (Ca). Thus, correlation coefficients based on linear
regressions between the DTTv and some chemical species (Pearson’s r) were listed in
Table 3. Most detected chemical species exhibited significantly (moderately) positive
correlations with the DTTv (p < 0.01) but negative correlations with the DTTm. The DTTm
was appropriate for assessing the relative PM toxicity from different sources, while the
DTTv was important in the context of the overall public exposure. This is in contrast
to previous studies [51] showing rather modest-to-strong positive correlation between
the DTTm and many components. The negative correlation of the measured chemical
components with the DTTm may be explained by their lowered concentrations. The positive
correlation between the DTTv and chemical compositions showed that the increased
high concentration of the DTT in the unit volume enhanced the capability of the PM to
generate ROS.

The analysis showed that the OC was positively correlated with the DTTv in the two
seasons. A certain positive correlation between the DTT activity and WSOC suggested that
the WSOA may have significantly contributed to the DTT activity. Similarly, significant
correlations between the DTTv and WSOC were also previously obtained by Wang et al. [26].
In addition, the DTTv was positively associated with the SIA during the two seasons,
similar to the results obtained in Wuhan [53]. It was found that the oxidative potential
of the atmospheric particles had a good correlation with transition metals, such as Cu,
Mn, etc. [25,50]. Some other transition metals (e.g., V, Zn, Ni, Cr, Co) could also generate
ROS and thus exhibit a certain correlation with the OP [23]. Moderate correlations with
the DTTv were observed for Cu, although the Pearson’s r in this work (0.2–0.5) was
lower (0.6–0.7) than the finding by Wang et al. [50]. This can be explained by the fact
that we measured the total elemental concentrations and that the other studies used
water-soluble transition metals. A good correlation showed that Cu was the dominant
contributor to DTT activity. Compared to Cu, Fe had a weak correlation with the DTTv
(r = 0.11) in part due to its lower water solubility (10%) [9], similar to the results reported
by Chen et al. [17]. The weak correlation between the DTTv and Na+ suggested that Na+

was nearly inactive in ROS generation. A certain positive relationship between the DTTv
(r = 0.37) and Mn suggested that vehicle emissions or combustion sources may have been
important contributors to the PM DTTv during the two seasons [17]. When comparing
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the two seasons, no apparent seasonal patterns for the correlations between the chemical
species and the DTTv were observed.

Table 3. A summary of correlation coefficients (Pearson’s r) between DTT activity and chemical
components in PM2.5.

Species
Spring Summer

Species
Spring Summer

rDTTm rDTTv rDTTm rDTTv rDTTm rDTTv rDTTm rDTTv

PM2.5 0.025 0.62 ** −0.77 ** 0.42 ** V −0.08 0.22 −0.11 0.08
OC −0.04 0.49 ** −0.56 ** 0.50 ** Cr 0.08 0.30 * −0.38 ** 0.19
EC 0.05 0.45 ** −0.46 ** 0.38 ** Mn 0.03 0.37 ** −0.51 ** 0.37 **

WSOC −0.01 0.41 ** −0.51 ** 0.50 ** Fe −0.16 0.21 −0.53 ** 0.33 **
Na+ 0.09 −0.04 0.09 −0.35 ** Co −0.04 0.28 * −0.35 ** 0.15

NH4
+ 0.13 0.49 ** −0.55 ** 0.27 * Ni 0.18 0.36 ** −0.47 ** 0.22 *

K+ 0.18 0.58 ** −0.14 0.23 * Cu 0.17 0.33 * −0.21 * 0.53 **
Mg2+ −0.13 0.26 0.19 0.08 Zn 0.14 0.32 * −0.42 ** 0.35 **
Ca2+ −0.22 0.18 −0.07 0.34 ** Ga 0.01 0.30 * −0.35 ** 0.23 *
F− 0.31 * 0.36 ** 0.07 0.03 As 0.10 0.44 ** −0.27 * 0.30 **
Cl− 0.31 * 0.36 ** −0.29 ** −0.06 Se 0.11 0.34 * −0.42 ** 0.45 **

SO4
2− 0.13 0.53 ** −0.57 ** 0.34 ** Br 0.32 * 0.40 ** −0.54 ** 0.27 *

NO3
− 0.12 0.50 ** −0.49 ** 0.22 * Sr −0.16 0.21 −0.43 ** 0.19

Sc −0.14 0.16 −0.33 ** 0.26 * Ba 0.05 0.34 * −0.30 ** 0.31 **
Ti −0.08 0.29 * −0.45 ** 0.26 * Pb 0.17 0.54 ** −0.30 ** 0.34 **

** All the particle samples are significant at p < 0.01, respectively; * All the particle samples are significant at
p < 0.05, respectively.

3.4. Contribution of WSOA Sources to DTT Activity
3.4.1. WSOA Sources via PMF Coupled with HR-AMS Data

To gain further insights into the organic matter characteristics of the PM2.5, we con-
ducted HR-AMS analyses on water-soluble PM2.5 samples. The averaged HRMS of the
WSOA was characterized by six ion categories and five elements (C, H, O, N, S), which
are shown in Figure 3. The inset pie charts represent the corresponding mass fraction.
As shown in Figure 3b, the CxHy

+ ion family accounted for 38.4% of the WSOA HRMS,
followed by CxHyO1

+(33.6%), CxHyO2
+ (18.1%), and CxHyNp

+ (5.3%) in the summer. On
the contrary, the CxHyO1

+ ion family occupied the largest proportion (36.7%) in the spring
(Figure 3a), and as a result, the O/C ratio (0.60) was slightly higher than the observed value
in the summer (0.49).

Overall, the mean elemental ratios of the WSOA at the sampling site were 0.49 for the
O/C ratio, 1.35 for the H/C ratio, 0.03 for the N/C ratio, and 1.80 for the OM/OC ratio
in summer, and 0.60 for the O/C ratio, 1.36 for the H/C ratio, 0.04 for the N/C ratio, and
1.96 for the OM/OC ratio in spring. C, H, O, and N accounted for 61.6% (58.3% in spring),
6.3% (6.3% in spring), 29.7% (32.5% in spring), and 2.7% (2.7% in spring) of the total OA in
the summer. S represented a negligible fraction (0.2%).

The PMF of the HR-AMS data resolved the WSOA into three factors: a traffic-
related factor (hydrocarbon-like OA, HOA), nitrogen-enriched OA (NOA), and oxygenated
OA(OOA) mixed with a biomass-burning OA (BBOA) in the summer (Figure 3), as well
as HOA, BBOA, and OOA in the spring (Figure S9). The time series of the three resolved
factors are also shown in Figure 4 (summer) and Figure S10 (spring) together with the
relevant tracer species.
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Figure 4. (a) High-resolution mass spectra and time series of WSOA components of 3-factor solution
from PMF (left panel), (b) triangle plots (f44 vs. f43) of WSOA, and (c) contributions of resolved
factors to WSOA in summer.

The bottom factor in the MS profiles was characterized by a higher signal of oxygenated
ion series CxHyO1

+ and CxHyO2
+ (Figure 3a). This factor was highly correlated with CO2

+

at m/z 44 (r = 0.95) and C2H4O2
+ at m/z 60 (r = 0.95) (Figure 4). Since C2H4O2

+ is often
used as a tracer of BB emission and CO2

+ and is associated with organics from oxygenated
sources, we defined this factor as OOA mixed with BBOA. The O/C ratio value (0.53) was
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also in the range of OOA (>0.6) and BBOA (~0.4). A series of strong signals of CxHyNp
+

fragments were found in the middle factor profile; hence, this factor was identified as NOA.
Further support for the presence of NOA is its good correlation with some NOA tracers,
e.g., CHN+(r = 0.68, Figure 5) and CN+ (r = 0.66, Figure 5). As seen in Figure 4, the HOA
factor was characterized by prominent hydrocarbon ions (CnH2n+1

+ and CnH2n-1
+) at m/z

29 (C2H5
+), m/z 39 (C3H3

+), m/z 41 (C3H5
+), m/z 55 (C4H7

+), and m/z 57 (C4H9
+), which are

typically related to combustion or vehicle exhaust [54]. Moreover, tight correlations with
HOA for C4H7

+ (r = 0.78) and C4H9
+ (r = 0.77) were found, which verified the probable

primary source. The relative intensity of CO2
+ was much lower than that in the OOA

source, and as a result, the O/C ratio of HOA was lower than the other two factors.
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The f 44 (mass fraction of m/z 44 to total OA) vs. f 43 (mass fraction of m/z 43 to the
total OA) suggested by Ng et al. [54] is considered to be a good indicator of the oxygenated
degree. As shown in Figure 4b, both the HOA and OOA factors fell within a well-defined
triangular region, while the NOA was located on the borderline. The mass contributions
of the three factors to the total WSOA were 42.5%, 25.7%, and 31.8% for OOA, NOA, and
HOA, respectively, in the summer. According to Fig.S9, the WSOA in the spring was
resolved to HOA, BBOA, and OOA, accounting for 30.5%, 34.0%, and 35.5%, respectively.

3.4.2. Relative Contribution of WSOA Sources to DTT Activity

Previous studies showed that OA contributed about 60% to the DTT activity [19], indi-
cating the importance of OA to health. To attempt to quantify the relative contributions of
different sources resolved by PMF to the WSOA DTTv, this study used the MLR technique.
The individual contributions from different sources of WSOA were linked with the time
series of the DTTv. Next, the MLR equation accounting for the contributions by different
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sources to DTT activity with the adjusted r2 = 0.831 and 0.936 in the spring and summer,
respectively, could be established as follows:

Spring: DTTv = 0.496 × Factor1 + 0.255 × Factor2 + 0.295 × Factor3 (4)

Summer: DTTv = 0.179 × Factor1 + 0.443 × Factor2 + 0.453 × Factor3 (5)

The MLR results are listed in Tables 4 and 5. The corresponding contributions of the
three identified WSOA sources to the DTTv are plotted in Figure S11. In general, the OOA
contributed nearly half (47.4%) to the DTTv in the spring, but the HOA contributed the
most (42.1%) to the DTTv in the summer. Another work by Verma et al. [49] also found
that low-volatility OOA contributed to DTT activity, though with less toxicity. Thus, our
results indicated that both less-oxidized HOA and more-oxidized OOA would contribute
significantly to DTT activity, independently of their oxygenated degree.

Table 4. Multiple linear regression between DTTv and individual source contribution resolved by
PMF to WSOA in spring.

Spring
Unstandardized Coefficients Standardized

Coefficients t-STAT p-Value
B Standard Error Beta

n = 48, r2 = 0.688, Adj.ar2 = 0.681
OOA (Factor 1) 0.221 0.022 0.829 10.18 0.000

n = 48, r2 = 0.802, Adj.r2 = 0.793
OOA (Factor 1) 0.157 0.022 0.589 7.299 0.000
HOA (Factor 3) 0.128 0.025 0.414 5.129 0.000

n = 48, r2 = 0.831, Adj.r2 = 0.820
OOA (Factor 1) 0.132 0.022 0.496 6.041 0.000
HOA (Facto 3) 0.091 0.027 0.295 3.425 0.001

BBOA (Factor 2) 0.076 0.027 0.255 2.808 0.007

Table 5. Multiple linear regression between DTTv and individual source contribution resolved by
PMF to WSOA in summer.

Summer
Unstandardized Coefficients Standardized

Coefficients t-STAT p-Value
B Standard Error Beta

n = 88, r2 = 0.798, Adj.ar2 = 0.796
HOA 0.223 0.012 0.893 18.429 0.000

n = 88, r2 = 0.925, Adj.ar2 = 0.923
HOA 0.142 0.01 0.568 14.071 0.000
NOA 0.145 0.012 0.482 11.942 0.000

n = 88, r2 = 0.936, Adj.ar2 = 0.934
HOA (Facto 3) 0.113 0.012 0.453 9.539 0.000
NOA (Factor 2) 0.133 0.012 0.443 11.456 0.000
OOA (Factor 1) 0.03 0.008 0.179 3.897 0.000

3.5. Source Apportionment of PM2.5 and Its Associated DTT Activity

As discussed above, the WSOA analysis indicated that both the primary OA (POA) and
SOA were important substances in the WSOA that contributed to DTT activity. However,
the sources that the PM2.5 included and how these sources contributed to the PM2.5 and its
associated DTT activity were unknown. So, the source apportionment for the PM2.5 and
DTTv were directly determined by using PMF. Through multiple simulation optimization
and comparative analyses, four factors were finally identified in the two seasons, namely
dust, vehicle emission, secondary aerosol, and coal combustion (spring) or biomass burning
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(summer). The results are shown in Figure 6a,b. Furthermore, Figures S12 and 6c,d
displayed the relative contribution of various resolved sources to the PM2.5 and DTTv. As
shown in Figure 6c,d, there were large differences in the seasonal contributions of different
sources to the DTTv.
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Figure 6. Profiles of four sources resolved by PMF model analysis in (a) spring and (b) summer, and
calculated contributions of different PM2.5 sources to DTTv in (c) spring and (d) summer.

As shown in Figure 6a,b, Factor 1 for the two seasons was identified as the dust
source [14], which had a high percentage of Mg2+ and Ca2+ ions. This factor accounted
for approximately an 11% contribution to the DTTv (Figure 6c,d). Factor 2 in the spring
had a high loading of Zn, Mn, and Pb and was determined to be vehicle emissions [55].
Likewise, Factor 3 in the summer was also attributed to vehicle emissions due to the high
metal loading of the marker tracers (Fe, Cu, As, Pb, V, etc.). As for this factor, during the
two seasons, the contribution to the DTTv was the most significant (~40%). According to
previous findings that Cu is highly DTT active [56,57], a higher concentration of Cu in the
vehicle emission factors at two seasons is a good explanation for the highest contribution
to the DTTv.

Factor 3 (spring) and Factor 2 (summer) were dominated by three secondary ions
(SO4

2−, NO3
−, and NH4

+), which were therefore identified as secondary aerosol formation
sources [32] contributing 19.1% and 21.0% to the DTTv in the PM2.5, respectively. These
secondary ions do not play a direct role in ROS generation but can accelerate the formation
of other redox-active species that are responsible for ROS generation [50]. Factor 4 in the



Atmosphere 2023, 14, 425 15 of 19

spring was attributed to coal combustion since it had high a percentage of As and Cl [31].
Differently, Factor 4 in the summer was characterized by a predominant loading of K and
Cl ions; thus, it was considered as biomass burning, contributing 31.0% to the DTTv in
the PM2.5.

As seen in Figure S12, the PM2.5 sources for the two seasons had some differences. The
secondary aerosol had the highest average contributions to the PM2.5 (35.2%), while vehicle
emissions (41.2%) had the highest average contributions to the PM2.5 in the summer.

Furthermore, previous studies showed that the same emission sources exhibited
different contributions to the PM2.5 mass and DTT activity [18]. For instance, a study
conducted by Yu et al. [14] at an urban site in Beijing found that vehicular emissions were
responsible for only ~10% of the PM2.5 mass in the summer but resulted in more than half
of the contribution to the DTTv. In this study, some significant differences also existed in
the spring. For example, the secondary aerosols contributed the most to the PM2.5 mass
(35.2%, Figure S12), but vehicles were the major contributor to the DTTv in the spring
(40.8%, Figure 6c). On the contrary, the source’s contribution differences between the PM2.5
and DTTv appeared to be nonsignificant in the summer.

In conclusion, there are divergent profiles of the emission sources contributing to the
DTTv vs. PM2.5 mass. Moreover, primary sources contributed nearly 80% to the DTTv
during the two seasons, which was much higher than secondary sources.

4. Conclusions

In this study, 136 collected PM2.5 filter samples were analyzed via a suite of analytical
techniques. The DTTv was higher in the spring compared to the summer, while the opposite
was true for the DTTm. The DTTv was related to the PM2.5 mass concentration, while the
DTTm was correlated oppositely with PM mass. Good correlations with the DTTv were
observed for some transition metals (Mn, Cu, and Zn) and carbonaceous components
(WSOC, OC, and EC). Since more attention should be paid to the influences of atmospheric
PM2.5 on human health and on controlling the potential sources of ROS, we only selected
the DTTv to conduct a source apportionment analysis. We combined PMF and MLR to
quantify the WSOA emission sources contributing to the DTTv. Moreover, the source
apportionment of the DTTv was directly determined by PMF.

The PMF results during the two seasons indicated that The secondary aerosol had the
highest average contributions to the PM2.5, while vehicle emissions had the highest average
contributions to the PM2.5 in the summer. Furthermore, the same emission sources exhibited
different contributions to the PM2.5 mass and DTT activity, e.g., the contributions of vehicle
emissions, secondary aerosols, coal combustion, and dust to the PM2.5 mass of 29.8%, 35.2%,
13%, and 22%, respectively, compared to 40.8%, 19.1%, 29.6%, and 10.5% contributions
to the DTTv in the spring, indicating that considering some health-relevant emission
sources will become increasingly more important than only concerning the PM2.5 mass
concentration in the future. Such divergent profiles of the emission sources contributing to
the DTT vs. PM2.5 mass also demonstrate the need to consider the DTT-based OP in the
design of air-pollution-control strategies. It is not hard to see that vehicle emissions highly
contributed to the PM2.5 during the two seasons due to the large population of automobiles,
followed by secondary aerosols. The primary sources contributing to the DTTv (nearly
80%) outweighed the secondary sources during the two seasons.

This study provides a new method of studying the relative contribution of various
WSOA components to DTT activity via a combination of MLR with WSOA-PMF results;
as a result, we can establish some relationship between WSOA components with human
health damage in the future.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/atmos14030425/s1: Figure S1: Elementary ratios (H/C, O/C
and N/C) and organic matter to organic carbon ratio (OM/OC) in spring.; Figure S2: Elementary
ratios (H/C, O/C and N/C) and organic matter to organic carbon ratio (OM/OC) in summer.;
Figure S3: Summary of key diagnostic plots of the PMF results in spring: (a) Q/Qexp as a function of
number of factors (b) the box and whiskers plot showing the distributions of scaled residuals for each
m/z, (c) time series of the measured WSOA and the reconstructed WSOA.; Figure S4: Summary of key
diagnostic plots of the PMF results in summer: (a) Q/Qexp as a function of number of factors (b) the
box and whiskers plot showing the distributions of scaled residuals for each m/z, (c) time series of the
measured WSOA and the reconstructed WSOA.; Figure S5: Positive matrix factorization of AMS data
of WSOM in spring for (a) three-solution, (b) four-solution and (c) five-solution.; Figure S6: Positive
matrix factorization of AMS data of WSOM in summer for (a) three-solution, (b) four-solution
and (c) five-solution.; Figure S7: Correlations between PMF-predicted PM2.5 mass concentration
and measured PM2.5 mass concentrations for three factors.; Figure S8: Time series of gaseous SO2
and NO2 during sampling period.; Figure S9: (a) High resolution mass spectra and time series of
WSOA components of 3-factor solution from PMF, (b) Triangle plots (f44 vs. f43) of WSOA and
(c) contributions of resolved factors to WSOA in spring.; Figure S10: Correlation of resolved factors
from PMF with special tracers in spring.; Figure S11: Average mass contributions of identified sources
to DTTv of WSOM during (a) spring and (b) summer.; Figure S12: verage mass contributions of
identified sources to PM2.5 during (a) spring and (b) summer.
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