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Abstract 

Background  In recent decades, there has been an increasing global preoccupation with atmospheric volatile 
organic compounds (VOCs). Given the significant impact of VOCs as pollutants and essential precursors of ozone 
(O3) in urban and industrial areas, it is imperative to identify and quantify the sources of their emissions to facilitate 
the development and implementation of effective environmental control strategies.

Methods  A mobile laboratory vehicle equipped with a single-photon ionization–time-of-flight mass spectrometer 
(SPI–TOFMS) and a navigation system was employed to establish the traceability of VOCs that contribute to the forma-
tion of ozone in Suzhou Industrial Park. The method exhibited a favorable detection limit of 0.090 ppbv, accompanied 
by a mass resolution of 1500 for the instrument and a correlation coefficient ≥ 0.990. A positive matrix factorization 
(PMF) model was utilized to determine the source appointment of the VOCs.

Results  The study tentatively traced and identified the VOCs emissions source and their contribution to ozone forma-
tion in Suzhou. Using the PMF model, the sources of VOCs were profiled: three primary sources of VOCs were identi-
fied, namely, vehicular emissions, an industrial solvent, and biofuel combustion. Alkanes groups were found to be 
the most abundant VOCs species, accounting for 60% of the total VOCs, followed by aromatics and alkenes. Maximum 
incremental reactivity (MIR) quantifies the impact of photochemical reaction mechanism on the potential ozone 
formation.

Conclusions  The findings of this study complement existing knowledge on the pollution status of atmospheric 
VOCs and highlight the correlation with ozone formation potential in Suzhou. The aforementioned sources were 
identified as the primary factors responsible for the pollution in Suzhou. The successful implementation of SPI–TOFMS 
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has demonstrated a promising methodology that is well-suited for the real-time and online monitoring of VOCs 
in the atmosphere. In addition, a library for identifying VOC fingerprints from the same plant was established. This 
library serves as a comprehensive resource for establishing on-site VOC traceability, estimating source apportionment, 
and evaluating their impact on ozone formation.

Keywords  Volatile organic compounds, Single-photon ionization, Time of flight, Mass spectrometry, Positive matrix 
factorization, VOC fingerprint

Background
The swift industrialization and urbanization in China 
have had significant implications for air quality and 
ecological stability and have led to notable challenges 
in environmental pollution [1–4]. The emission of vola-
tile organic compounds (VOCs) into the atmosphere 
is undergoing rapid and exponential growth, emerging 
as a significant contributor to atmospheric pollution in 
China [5, 6]. In recent years, numerous research studies 
have been conducted throughout China to investigate the 
sources of VOCs emissions [7–9]. A significant propor-
tion of VOCs consist of anthropogenic chemicals uti-
lized in various manufacturing industries, such as paints, 
pharmaceuticals, and refrigerants. These compounds also 
originate from vehicle emissions [2, 3]. A notable propor-
tion of VOCs are known for their unpleasant odors and 
present significant health hazards, leading to both acute 
and chronic illnesses, including respiratory diseases, 
premature mortality, lung cancer, and childhood asthma 
[10–16].

VOCs play a crucial role in atmospheric photochemical 
processes as key precursors to O3 formation and other 
secondary organic aerosols [17]. Research investigating 
the correlation between O3 and its precursors suggests 
that the formation of O3 is limited in urban as well as 
industrial areas [18, 19]. Industrial-related emissions of 
VOCs, including benzene, toluene, and xylenes, promi-
nently contribute to O3 formation and the generation 
of secondary organic aerosols [20]. Tracing, identifying, 
and quantifying the sources of VOCs and other pollutant 
emissions are essential prerequisites for the analysis and 
development of strategies for controlling air pollution. 
Consequently, the development of an effective technique 
for managing the photochemical process, tracing VOCs 
emission sources, and quantifying their relationship with 
O3 formation becomes imperative.

The reactivity-based approach, as proposed by [21], 
combines the positive matrix factorization (PMF) model 
with an observation-based model (OBM). This method-
ology was exclusively applied within the confines of non-
urban interior zones. Since its establishment, the PMF 
model has been widely utilized for the purpose of identi-
fying and quantifying VOCs in various regions across the 
globe [21–23].

In the present study, the PMF model is employed to 
delineate the primary sources of VOCs and to assess their 
contributions to the photochemical formation of O3. 
The OBM, grounded in the carbon bond 4 mechanism, 
provides a valuable tool for scrutinizing the relation 
between O3 and its precursors at specific geographical 
locations. These precursor compounds include VOCs, 
nitric oxide (NOx), and carbon monoxide (CO) [23–25]. 
Unlike models that rely on emissions, the OBM incor-
porates observed ambient concentrations of O3 and its 
precursors to simulate the photochemical formation and 
destruction of O3. This approach helps to mitigate uncer-
tainties associated with emission inventories [21, 26, 27].

However, some researchers tend to emphasize the 
contribution of specific VOCs to O3 formation, often 
neglecting the influence of others. Such an approach may 
lead to inadequate analysis of the data. To overcome this, 
we adopt a comprehensive stance, considering each indi-
vidual VOC, and study the source contribution to the O3 
formation.

Various analytical techniques have been documented 
in the existing literature to identify and trace the source 
of VOCs in the atmosphere. These analytical techniques 
encompass various methods, such as spectroscopy and 
inductively coupled plasma–mass spectrometry (ICP–
MS) [28], laser-induced breakdown spectroscopy, port-
able modular biological mass spectrometry (MoBiMS) 
[29], proton transfer reaction–mass spectrometry (PTR–
MS) [30, 31], and membrane inlet–mass spectrometry 
(MI–MS) [32]. While these traditional techniques are 
used for monitoring both atmospheric organic and inor-
ganic volatile compounds, as well as volatile organo-
halogen compounds (VOHCs) in the gaseous phase 
[29, 33–37]. However, their scope of application is con-
strained due to inherent limitations such as poor quan-
tification capacity, limited detection range, intricate and 
costly procedures, and the need for highly skilled per-
sonnel [29, 38]. Consequently, there exists a compelling 
demand for the development of a rapid and straightfor-
ward analytical method capable of furnishing a standard-
ized and accurate approach to tracing VOCs sources in a 
given area of interest across all concentration levels in the 
atmospheric environment. This technique aims to over-
come the above limitations observed in VOCs analysis, 
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improve the detection capability, and minimize the analy-
sis time of VOCs. This provides an effective way of moni-
toring the air quality of the atmospheric environment.

In this study, we utilized a mobile laboratory navigation 
vehicle mounted with a portable self-developed device 
based on time-of-flight mass spectrometry (TOFMS) 
coupled with vacuum ultraviolet–single-photon ioniza-
tion (VUV–SPI). This configuration facilitates real-time 
detection and monitoring of atmospheric pollution while 
concurrently tracing VOCs emission sources across the 
entire concentration range. In addition, we compile a 
comprehensive VOCs fingerprint library for distinct 
sources in Suzhou, Jiangsu Province, China. The ease of 
spectral interpretation is enhanced through the use of 
hyperspectral imaging, soft ionization sources, and the 
ability to ionize molecular ions, particularly for analytes 
in complex matrices [39]. TOFMS has been extensively 
utilized in the field of environmental air monitoring and 
inspection of industrial pollutions, as evidenced by its 
widespread application [40–42]. The method demon-
strated excellent performance besides its good detection 
and quantification limits (LOD and LOQ) and a small 
range of relative standard deviation (RSD).

Methodology
Vehicle platform
The Puwei AQM-100 atmospheric navigation vehicle, 
modified by Suzhou Weimu Intelligent System Co., Ltd., 
utilizes an IVECO car from Navico, Ltd., Nanjing, China, 
for online atmospheric air monitoring. This platform 
is capable of capturing real-time concentration distri-
butions of diverse VOCs. The system is equipped with 
various instruments to facilitate continuous monitoring 
operations for 24  h. These include an SPI–MS instru-
ment (TMS-400) and a mass analyzer, a meteorological 

monitoring sensor (PSG04175 Leeds, LS12 2QQ, Eng-
land), and an uninterrupted 6  kW high-power supply 
generator (DXGN6000, EM POWER, Florida US) are 
installed. Figure  1 illustrates the setup. Furthermore, a 
global positioning system (GPS receiver) (NV08C-CSM, 
Montlingen, Switzerland) to provide geographical data. 
The meteorological sensor is responsible for monitoring 
various meteorological parameters, including wind speed 
and direction, temperature, humidity levels, and atmos-
pheric pressure. Real-time air pollution data are visual-
ized on an electronic map through the utilization of the 
Air Scan System Software.

The vehicle comprised three distinct components: a 
front driver seat area similar to standard vehicles, a mid-
dle operating room that houses the GPS receiver for the 
purpose of monitoring geographical data, and a rear 
instrument compartment.

Experimental site
In this study, the geographical locations of the sampling 
sites are depicted in Fig. 2. The sites were located 100 km 
east of Shanghai and 200 km from Nanjing, with an aver-
age elevation ranging from 3.5 to 5 m above sea level. The 
sampling sites experience a subtropical monsoon climate 
characterized by four distinct seasons, similar to the cli-
mates of Shanghai, Hangzhou, and Nanjing cities [9]. To 
understand the spatial distribution and seasonal vari-
ations of VOCs concentration in Suzhou, Jiangsu Prov-
ince, China (31° 18′ 14.69″ north latitude and 120° 35′ 
43.37″ east longitude), the details of the sampling navi-
gation routes are shown in Additional file 1: Fig. S1a, b. 
The monitoring experiment on atmospheric VOCs was 
conducted using an online mobile laboratory instrument 
during morning rush hours (8:00–9:00 a.m.) and in the 
evening (5:30–6:30 p.m.) from February 2022 to January 

Fig. 1  Schematic diagram and photograph of the vehicle
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2023 along the industrial park. In this study, the overall 
average atmospheric VOCs concentration was deter-
mined by calculating the average concentration for each 
sampling period under specific weather conditions. Six 
samples were collected each for winter (December to Jan-
uary), and summer (July to August), both during morning 
rush hours and in the evening. The average concentration 
was computed for each category as follows: the average 
concentration of VOCs for each of the four subgroups, 
namely, morning rush hours and evening during winter 
and summer. Subsequently, after obtaining these sub-
group averages, the overall average concentrations during 
the monitoring period were determined.

SPI–TOFMS instrument
In the present study, a self-made integrated single-pho-
ton ionization–time-of-flight mass spectrometry (SPI–
TOFMS) was employed to trace the source of VOCs. 
The system consists of several components, including 
a membrane inlet, an ionization system, a data acquisi-
tion system, a vacuum system, an electrical system, and a 
reflection TOFMS. The schematic diagram of the instru-
ment is illustrated in Fig. 3. The dimensions of the SPI–
TOFMS instrument are 50 cm × 50 cm × 50 cm, and it has 
an approximate weight of 50 kg. The device is equipped 
with a battery and a mechanical pump, allowing for its 
utilization in vehicles and mobile operations.

The pumping system comprises a scroll dry pump 
(SH110, Varian, Palo Alto, CA, USA) with a flow rate 
of 1 Lmin−1 and a molecular turbo pump (V301, Var-
ian, Palo Alto, CA, USA) with an operating speed of 
300 Ls−1. This ensures the requisite air pressure and 

optimal functionality. The dry pump operates at a pres-
sure of approximately 200  Pa, which is supplied by the 
primary vacuum system. In addition, the molecular 
pump achieves a vacuum level that exceeds 2.1 × 10–3 Pa, 
thereby meeting the analytical specifications. The instru-
ment demonstrates a rapid response speed in frac-
tions of seconds and is capable of detecting 10 spectra 
per second. In addition, the SPI–TOFMS instrument is 
equipped with a high-speed data acquisition card, specif-
ically the 1 GS/s Keysight U5309 (Keysight Technologies, 
USA), which enhances the efficiency of data processing 
and enables an extended collection period.

Membrane inlet system
The portable TOFMS is equipped with an inlet system 
consisting of a membrane inlet (MI) and a capillary inlet 
(CI). In the present study, the VOCs were gathered and 
underwent filtration using a silicon sheet membrane 
made of 90% polydimethylsiloxane (PDMS) from (Tech-
nical Production, Inc., St. Louis, MO, USA). The mem-
brane had an effective diameter of 20 mm and a thickness 
of 50  µm. VOCs were introduced into the ionization 
region using a vacuum pump with a pumping speed of 1 
Lmin−1.

Single‑photon ionization (SPI)
The SPI system comprises essential components, includ-
ing a vacuum ultraviolet (VUV) lamp, an ionization 
chamber, a derivation electrode, a focus electrode, an 
output electrode, and a lens, as shown in Fig.  3. VUV 
lamps (low-pressure Krypton discharge lamps) are 
sourced from MgF2 (Heraeus, Germany), are used to 

Fig. 2  Map of the study area: Suzhou China
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initiate the ionization process and generating photons 
at 10.6  eV. Notably, it is worth mentioning that only 
VOCs molecules possessing an ionization potential (IP) 
below 10.6 eV can be ionized into molecular ions with-
out undergoing fragmentation. Gases like H2, O2, N2, and 
Ar remain impervious to ionization. The focus electrode 
directs ionized molecules towards the mass analyzer. 
The transmission path is sealed and kept short to main-
tain high gas sample flow at 1000 mLmin−1, allowing for 
more ionization to occur. When the VUV lamp is ignited 
with a voltage of 1100 V, the intensity of ions produced is 
directly proportional to the current flowing through the 
lamp and it can be regulated to a value of 1 mA. Lenses 
play a crucial role in the optimization of ion beam perfor-
mance by facilitating the concentration of ions, thereby 
improving ion transmission efficiency, enhancing detec-
tion signal sensitivity, and mitigating the risk of mechani-
cal misalignment.

Time‑of‑flight mass spectrometer (TOFMS)
The configuration of the SPI–TOFMS system consists 
of several distinct components, including a double-
pulse acceleration region, a drift tube, a reflector, and 
an ion detector, as illustrated in Fig. 3. The development 
of TOFMS was initially based on an apparatus designed 
by Dodonov [43]. When ions with the same energy 
level but different mass-to-charge ratios traveling at a 

specific speed, they experience uniform acceleration in 
an electrostatic field with the measurement scan fre-
quency of 10 kHz. This acceleration results in the ions 
having the same kinetic energy, and they subsequently 
reach the detector by passing through the drift tube. 
Lighter ions arrive earlier than the heavier ions, and 
their spectra are subsequently recorded. Determin-
ing the time of flight of each ion facilitates subsequent 
analysis. Peak integration and data acquisition were 
conducted using the Xcalibur® software (version 2.2 
SP1.48; TFS, San Jose, CA, USA), which is embedded 
in the instrument system. The duration of each scan 
is approximately 100 ms, as determined by the experi-
mental conditions, and can be adjusted to meet specific 
requirements.

Positive matrix factorization (PMF) model
Positive matrix factorization (PMF) is a robust multivari-
ate factor analysis technique used to decompose a matrix 
of sample-specific data into two matrices: factor contri-
butions and factor distribution. An analyst conducts an 
analysis of the matrices to ascertain the sources that are 
represented, using observations from receptor sites [44]. 
In this study, Eq.  1 depicts the concentration of the jth 
chemical species in the ith samples, which is influenced 
by p independent sources:

Fig. 3  Schematic diagram of the SPI–TOFMS-instrument
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where xij is the jth species concentration measured data 
matrix in the ith sample variable, gik is the species con-
tribution of the kth source to the ith sample, fki is the jth 
species fraction from the kth source, eij is the residual 
for each species, and p is the total number of independ-
ent sources. where i = 1,…, m species, j = 1,…, n samples, 
k = 1,…, p sources.

In relation to the input for the PMF model, it is not 
necessary to utilize all of the collected data. This is 
because the PMF model operates under the fundamen-
tal assumption of non-reactivity and mass conservation 
[45]. Without prior knowledge of the sources of VOCs, 
the technique generates source profiles and time series 
matrices that depict the contribution of each source to 
the overall VOCs emissions. In the PMF, it is a require-
ment that the sources possess species values that are 
non-negative. In addition, it is not permissible for any 
sample to have a negative contribution originating from 
a source.

To solve the PMF equation, enabling the examination 
of the distribution for each species and evaluation of the 
solution, stability, an objective function can be mini-
mized by considering the inherent uncertainties associ-
ated with each observation, as indicated in the following 
equation:

where sij represents the uncertainty estimate of a data 
point corresponding to the jth species measured in the 
ith sample. The analysis was conducted using software 
version 5.0, and Eqs. 3 and 4 were utilized to compute the 
uncertainties associated with the input data sets. When 
the concentration of VOCs falls below the MDL, Eq. 3 is 
applied; conversely, Eq. 4 is utilized for VOCs concentra-
tions that exceed the MDL. However, in cases where val-
ues fell below the detection limit, they were replaced with 
half of the detection limit. The overall uncertainty for 
these substituted values was determined to be 5/6 of the 
detection limit, as indicated in the following equation:

where MDL represents the detection limit, and the error 
fraction can be adjusted within the range of 5–20% 
depending on the concentration level [46]. In this study, 
the Error fraction was determined through empirical 

(1)xij =
∑p

k=1
gik fkj + eij

(2)Q =

∑m

i=1

∑n

j=1

[

eij/sij
]2

(3)Unc =
5

6
xMDL

(4)
Unc =

√

(Error fraction × Conc.)2 + (0.5 × MDL)2

means, specifically set at 10% [47], based on their previ-
ous experience.

The selection of appropriate species for the PMF analy-
sis was determined by considering the following: (1) the 
selected VOCs species have the highest photochemical 
reactivity; (2) they serve as the fundamental tracer for 
the target industrial byproduct around the study area; (3) 
they were detected in significant amounts; and (4) highly 
reactive species with rapid atmospheric reactivity were 
also omitted. Finally, species that serve as effective indi-
cators for identifying pollution sources were appropri-
ately selected and used for the analysis.

Results and discussion
Performance verification of SPI–TOFMS
The integrated SPI–TOFMS instrument was character-
ized using a standard mixture comprising typical 48 
VOCs from the Photochemical Assessment Monitor-
ing Station (PAMS-48), as presented in Additional file 1: 
Table S1. Figure 4 illustrates the linearity and sensitivity 
parameters of benzene standard solutions within a con-
centration range of 1, 5, 10, 20, and 50 ppbv. The perfor-
mance curves demonstrated a high level of linearity, with 
an R2 value of 0.99. This indicates that the SPI–TOFMS 
technique demonstrates excellent sensitivity and repeata-
bility for VOCs detection. The determination of the MDL 
and MQL was conducted through the measurement of 
the signal-to-noise ratio. MDL was defined as an S/N 
ratio of 3, while MQL was determined with an S/N ratio 
of 10. The MDL and MQL were determined to be 0.090 
ppbv and 0.300 ppbv, respectively. The MDL presents 
the remarkable sensitivity of the technique, with a rela-
tive standard deviation (RSD, n = 4) of 4%. Moreover, the 
mass resolution surpassed a value of 1500. This suggest 
that the SPI–TOFMS instrument demonstrates analytical 
reliability and stability when used for the detection and 

Fig. 4  Calibration curve of benzene from 1, 5, 10, 20, and 50 ppbv
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monitoring of VOCs and other atmospheric pollutants in 
complex atmospheric environments, offering acceptable 
precision and exhibiting a high level of sensitivity.

Analysis of the navigation monitoring data
The VOCs commonly found in the atmospheric environ-
ment were identified and listed in Table 1 and Additional 
file  1: Table  S2. A total of 41 VOCs constitute 99.8% of 
the total mass of the detected VOCs species during mul-
tiple series of navigation monitoring experiments con-
ducted throughout the experimental period. These VOCs 
serves as a typical tracer for different sources of environ-
mental emissions. The VOCs that are commonly found 
include n-pentane, styrene, hexane, and toluene. Alkanes 
and aromatics constituted the primary VOCs species 
that were assessed during the field detection experiments 
conducted for monitoring purposes.

Source profile identification and PMF analysis 
In the present study, the PMF technique was employed to 
analyze the measured VOCs at various monitoring sites, 
leading to the identification of seven distinct factors. 
These factors profiles are presented in Fig.  5 and Addi-
tional file 1: Table S3. The major group of VOCs detected 

Table 1  Measured concentrations selected for PMF model 
simulation

a MIR denotes maximum incremental reactivity, and updated MIR values are 
obtained from [68]
b [VOC] × MIR, ppbv

VOCs species Concentrations 
(ppbv)

MIRa O3 
formation 
(ppbv)b

Ethane 12.81 0.321 4.112

n-Butane 3.57 1.33 4.748

Methylchloride 2.4 0.042 0.101

Xylene 3.33 7.17 23.876

Propane 3.2 0.56 1.792

n-Pentane 4.05 1.56 6.318

i-Pentane 6.01 1.65 9.916

Benzene 2.99 0.78 2.332

Hexane 3.88 1.55 6.014

Toluene 2.75 4.02 11.055

Trimethylbenzene 0.37 32.7 12.099

n-Octane 3.82 1.15 4.393

Styrene 6.08 1.7 10.336

n-Heptane 2.31 1.37 3.164

Ethene 6.3 8.64 54.432

Fig. 5  Factor profiles derived from the PMF models used to predict the VOCs sources in the Suzhou industrial park
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during the monitoring experiment were alkane, aromat-
ics, and alkenes. Alkanes were found to be the most prev-
alent group of compounds detected, with their primary 
sources being vehicle exhaust and industrial processes. 
This makes them a significant source of VOCs in urban 
atmospheres [48, 49].

Factor 1 reveals a high abundance of n-butane, ethane, 
propane, and i/n-pentane, along with smaller amounts 
of heptane, hexane, and methyl chloride. n-butane and 
ethane were identified as dominant VOCs species, col-
lectively constituting 60% of the overall VOCs within the 
source profile. Ethane, propane, and butane are natural 
gases [50], constituting 20% of the total VOCs detected 
in this source profile. These serve as tracers for vehicle 
emissions, specifically those originating from diesel com-
bustion engines. Based on the PMF analysis, Factor 1 has 
been identified as diesel vehicular emissions. In Factor 
2, the presence of styrene accounts for 70% of the total 
identified VOCs species in the profile. In addition, a sig-
nificant amount of butane and ethane compounds were 
also identified in the profile. Styrene and butane, has been 
identified as fundamental tracers for industrial solvents, 
as stated by Gabriel [51]. Furthermore, Borbon et al. [52] 
assert that styrene, butane, and ethane are frequently 
employed as solvents in the painting, printing, and tex-
tile industries. Hence, Factor 2 is associated with paint 
and varnish, primarily for coating and ink applications 
in the rubber painting, printing, and textile industries in 
Suzhou [53, 54]. Factor 3 profile suggests ethane as the 
highest contributor to the VOCs accumulation, consti-
tuting approximately 80% of the total VOCs. In addition, 
compounds such as butane, heptane, and octane were 
identified in this profile, collectively accounting for 15% 
of the total VOCs species present. For a more precise 
elucidation of this source, it should be noted that these 
VOCs are primarily emitted from biomass burning, spe-
cifically biofuel, as well as certain vehicular emissions, 
such as those from diesel combustion engines. Vehicu-
lar emissions are linked to a certain proportion of other 
VOCs species, such as pentane, benzene, trimethylben-
zene, and xylene, which were not detected in this particu-
lar factor. Furthermore, the significant presence of ethane 
suggests that Factor 3 has been identified as biomass/bio-
fuel burning [55].

Factor 4 is predominantly characterized by the pres-
ence of trimethylbenzene, which constitutes 65% of the 
total VOCs species in this source profile. In addition, 
significant amounts of xylene, benzene, and styrene are 
also detected. These compounds are frequently released 
as by-products of industrial processes that involve the 
use of organic solvents, such as painting, printing, and 
coating [52]. With regard to factor 5, the highest propor-
tions of butane, ethene, methyl chloride, and xylene were 

observed. These species have a close association with 
vehicular emissions, particularly those resulting from 
diesel engine combustion. This process releases signifi-
cant amounts of butane, ethane, and xylene [56]. Thus, 
Factor 5 was refer to as a diesel engine vehicular emis-
sion. Factor 6 is characterized by a significant presence 
of lower alkanes, such as ethane, pentane, and heptane, 
along with notable concentrations of benzene, styrene, 
and xylene. The presence of a significant proportion of 
lower alkanes and some certain aromatic compounds has 
been identified as the reliable tracer of emissions from 
vehicles powered by gasoline [57]. Therefore, Factor 6 is 
associated with gasoline evaporation. The seventh fac-
tor profile, which is factor 7, is predominantly influenced 
by a significant quantity of octane. Octane is frequently 
utilized as a solvent in various industries such as paint, 
adhesives, and liquid process photocopiers [57].

VOCs source contribution and fingerprint in Suzhou 
compare with other cities
Over the past three decades, Suzhou has undergone 
rapid economic growth, urbanization, and industrializa-
tion, resulting in a marked escalation in vehicular traffic. 
According to the PMF analysis results, the primary emis-
sion sources contributing to the total VOCs and predom-
inant anthropogenic activities in the city are vehicular 
emissions; industrial activities such as coating, painting, 
and printing; and biofuel burning. These sources are sim-
ilar to those observed in Nanjing city [58]. Figure 6 shows 
the percentage contribution of the source profile of 
anthropogenic VOCs in the city. Li et al. [59] conducted a 
comparison of total VOCs emissions and their concentra-
tion levels in Suzhou with those of major cities in China, 
such as Beijing, Tianjin, and Shanghai. As an industrial 
hub of Jiangsu Province, Suzhou has the most concen-
trated industrial enterprises and the densest population 
with the highest car population, making it the only city 
in Jiangsu Province with a population of more than 12 
million [60]. Among the various sources of atmospheric 
VOCs in the city, vehicular emissions play a significant 
role. Specifically, vehicular diesel emissions contribute to 
27% of total VOCs emissions, while gasoline evaporation 
accounts for 15% of the total VOCs emissions. Consider-
ing gasoline evaporation and diesel vehicular emissions 
as part of vehicular emissions, this is marked as the pri-
mary source of atmospheric VOCs in the city, compris-
ing over 40% of the total ambient VOCs detected by 
the SPI–TOFMS and categorized using the PMF model. 
Industrial processes and solvent usage involve the use 
of organic solvents by industries and daily life activities 
(including coating, painting, and printing, while daily life 
activities encompass building, decoration, and cleaning) 
in daily production and manufacturing processes, leading 
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to the large-scale production of various varieties of VOCs 
into the atmosphere. During our navigation experiment, 
SPI–TOFMS was able to detect various VOCs related to 
dyeing, printing, coating, and painting industries (includ-
ing styrene, butane, ethane, trimethylbenzene, xylene, 
and benzene). These VOCs are responsible for 36% of the 
total VOCs detected by the instrument, thereby estab-
lishing them as the second most significant source as 
determined by the model. Biofuel burning was identified 
as the third major source of VOCs emissions in the city, 
following vehicular emissions and industrial solvents. 
contributing 22% to the total detected ambient VOCs. 
Therefore, vehicular emissions can be considered a sig-
nificant contributor to VOCs in the city.

In general, the concentration of VOCs follows the 
order of roadside, industrial sites, and residential areas, 
which can be attributed to the increasing number of vehi-
cles in Suzhou [61]. Several studies conducted in vari-
ous Chinese cities consistently show that motor vehicles 
are the main contributors to ambient VOCs [62, 63]. For 
instance, research conducted in Shanghai has confirmed 
that motor vehicles play a substantial role in VOCs 
emissions [63]. Considering the predominant industrial 
activities in Suzhou, which encompass painting, coating, 
dyeing, and textile production, it can be deduced that the 
principal emissions arising from these sectors are organic 
solvents employed in their routine operations.

VOCs profiling in wastewater treatment
VOCs are the primary constituents of the odor emitted 
from wastewater and sewage sludge composting plants, 
and they are generally associated with odorous nuisances 

and health risks. In our navigation experiment around 
the wastewater treatment plant, we selected four major 
treatment units of the composting plant as monitoring 
locations, namely, the dewatered unit, dewatered sludge, 
fermentation workshop, and product units. The product 
units exhibited the highest concentration of VOCs emis-
sions at 13.367 ppbv, followed by the fermentation work-
shop and dewatered sludge, with emissions of 9.290 ppbv 
and 3.240 ppbv, respectively, as presented in Table S4 in 
the supporting information. The detected VOCs fami-
lies included halogenated hydrocarbons, aldehydes, and 
aromatic compounds. Halogenated hydrocarbons, par-
ticularly bromodichloromethane, were the most abun-
dant compounds in all samples detected by SPI–TOFMS 
in this area. The product units differed from the other 
sampling units, as their typical compounds were toluene, 
benzene, and styrene, all of which were the products of 
the latter stages of composting. Among the treatment 
units, the fermentation workshop units had the high-
est halogenated hydrocarbon (bromodichloromethane) 
concentration. Acrolein, bromodichloromethane, and 
benzene were the major contributors, contributing to 
the increased atmospheric VOCs and ozone formation 
potential in the surrounding air.

VOCs tag identification library
Pollution leakage accidents can occur abruptly. To 
enhance the efficacy of pollution control techniques, it 
is imperative to promptly identify the distinct charac-
teristics of VOCs that contribute to pollution and trace 
their emission sources. Therefore, it is imperative to 
establish a comprehensive database library that includes 

Fig. 6  Source contributions to ambient VOCs in Suzhou
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a representative VOCs tracer for each emission source. 
This library will serve as a valuable resource for efficiently 
tracking different sources of emissions during the control 
process.

Additional file  1: Table  S5 provides a comprehensive 
comparison between our navigation experimental SPI–
TOFMS and traditional techniques, specifically GC–MS, 
portable GC–FID, and GC–MS. The comparison spans 
various critical aspects, including the detection of spe-
cific VOCs, sorbent phase, qualitative/quantitative mode, 
sample types, and overall performance. Our navigation 
experimental setup, enabled by SPI–TOFMS, facilitates 
real-time and on-site monitoring, capturing the dynamic 
nature of VOC emissions in diverse environmental set-
tings. This stands in contrast to traditional techniques 
that may provide delayed or less flexible measurements.

Table  2 displays VOCs tracers used to identify differ-
ent sources. Acrolein, bromodichloromethane, and ben-
zene serve as tracers for sewage treatment, while toluene 
and heptane are utilized as tracers for printing and dye-
ing. Butane, octane, and xylene are employed as trac-
ers for oil-spraying plants. These results are consistent 
with previous studies, which have shown that toluene is 
the predominant pollutant from the printing and dye-
ing industries [52–54]. Similar to the findings of Ravina 
et  al. [64], it was observed that benzene and bromodi-
chloromethane serve as the primary pollutants in sew-
age treatment plants. These findings demonstrate the 
stability and reliability of our instrument for emergency 
monitoring.

According to the real-time navigation monitoring 
results of SPI–TOFMS in Suzhou, a wide range of VOCs 
were detected. Furthermore, several emission sources, 
including wastewater and sewage sludge, printing and 
dyeing plants, and oil spraying plants, were identified 
and analyzed using VOCs tracers associated with these 

sources. Attributes characterizing the VOCs species are 
shown in Table 2. SPI–TOFMS is a promising technique 
for real-time detection at gas leakage accident sites, pro-
viding an accurate reference for emergency detection and 
monitoring VOCs emission sources.

Ozone formation potential (OFP)
The ozone formation potential (OFP) serves as a sig-
nificant index for quantifying and elucidating the role 
and contribution of individual VOCs in the formation 
of ozone in the atmosphere. Theoretically, controlling 
the NOx emission and VOCs in the atmosphere will 
lead to a reduction in atmospheric ozone. The relation-
ship between ozone formation and precursor concentra-
tion is not solely characterized by a linear correlation. 
The quantity of ozone in NOx conditions is contingent 
upon the level of radicals produced from the reaction of 
VOCs. According to Carter et  al. [65], the formation of 
ozone is limited at lower NOx concentrations lower. Pre-
vious studies have proposed various approaches to inves-
tigating the role of specific VOCs in the photochemical 
process [66, 67]. In this study, the concept of maximum 
incremental reactivity (MIR) is used to evaluate the 
ozone formation potential of the individual VOCs. The 
techniques and process employed to establish the MIR 
scale, as outlined in this study, are thoroughly described 
by Carter et  al. [68], and references therein, and those 
reports should be consulted for details. Briefly, the reac-
tivity scale is determined by calculating the relative 
ozone impacts, expressed as mass of additional ozone 
formed per mass of VOCs added to the emissions, for 
various compounds under various atmospheric condi-
tions, given a chemical mechanism for the compounds 
and other relevant atmospheric species, models for vari-
ous atmospheric conditions, and a modeling and reactiv-
ity assessment procedure. Incremental reactivity can be 
conceptualized as the result of two underlying factors: (1) 
kinetic reactivity, which refers to the proportion of emit-
ted VOCs that undergo chemical reactions in the specific 
pollution scenario under consideration and (2) mecha-
nistic reactivity, which quantifies the amount of ozone 
formed in relation to the amount of VOCs that have 
reacted. The significance of this concept is that this pro-
vides a means to factor out to a certain extent, the impact 
of a VOC’s reaction rate from all the other mechanistic 
aspects which affect reactivity. Since the only aspect of 
the VOC’s mechanism which affects kinetic reactivities 
is the VOC’s rate constants, which generally are known, 
the ability of a mechanism to predict kinetic reactivi-
ties are not considered to be particularly uncertain. MIR 
computes the OFP of individual VOCs by considering its 
reactivity mechanism, taking into account the impact of 
the different reaction mechanisms and VOCs and NOx 

Table 2  Emissions source and measured VOC at the navigation 
monitoring experiment site in Suzhou

Bold values signify the presence of higher concentration compared with others 
or signify the major tracer

VOCs species Sewage 
treatment 
plants (ppbv)

Printing and 
dyeing plants 
(ppbv)

Oil spraying 
plant (ppbv)

n-Butane 0.63 0.89 6.20
Xylene 0.58 0.76 5.21
Acrolein 8.08 0.48 0.70

Bromodichlo-
romethane

3.0 – 0.12

Benzene 4.67 0.122 0.72

Toluene 0.93 9.41 1.33

n-Octane 0.41 0.49 2.87
n-Heptane 0.86 2.47 –
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ratio, on the formation of ozone [24]. The ozone forma-
tion is determined by the multiplication of the concen-
tration of each VOCs species by its corresponding MIR 
coefficient as expressed by the equation:

where VOCs (i) represents the concentration of individ-
ual VOCs, and MIR (i) denotes the maximum incremen-
tal reactivity of VOCs species i.

The results presented in Table 1 highlight the primary 
factors that contribute to ozone formation in Suzhou. 
Ethane, trimethylbenzene, xylene, toluene, and styrene 
have been identified as the predominant substances con-
tributing to the formation of ozone in the city, collectively 
contribute for 67% of the total ozone production. Despite 
alkanes having the highest volume fraction among the 
total identified VOCs, their photochemical reactivity is 
comparatively low, leading to a diminished impact on 
ozone formation. On the contrary, aroma compounds, 
despite their lower percentage contribution to the total 
VOCs in comparison with alkanes, play a more signifi-
cant to the formation of ozone in Suzhou.

Dynamics analysis of NOx and O3 in Suzhou
The average concentration of NOx fluctuated between 
6.540 and 21.100 ppbv during winter and 3.950 to 
16.870 ppbv during summer, respectively. The trends of 
NOx concentrations in Suzhou were similar to those in 
Shanghai [69]. As illustrated in Fig.  7, the daily average 
concentration of NOx in Suzhou exhibited a bimodal 

OFP = VOCs(i) ×MIR(i)

distribution: the first peak appeared between 08:15 and 
08:45 a.m. in the morning, and the second peak occurred 
between 5:45 and 6:15 p.m. in the evening. Interestingly, 
the concentration of the second peak was significantly 
lower than the morning peak, possibly linked to higher 
emissions from diesel vehicles [70]. High concentrations 
were observed during the winter morning rush hours, 
while lower concentrations were recorded during sum-
mer nights. The seasonal patterns of NOx in our study 
align with those reported in other studies [71, 72]. In gen-
eral, NOx concentrations were higher in winter, and the 
change in the concentration trend was associated with 
meteorological conditions. The analysis suggests that 
NOx concentrations in the city are lower during summer 
than the winter period due to temperature inversions. In 
contrast, O3 concentrations are higher during summer 
than winter due to longer days and higher solar radia-
tion, leading to a higher rate of photochemical reaction. 
In addition, during summer, the reduction of NOx leads 
to an enhancement in OH radicals, resulting in higher O3 
production. This enhancement of summer O3 is offset by 
a decrease in VOCs.

Conclusion
The emissions sources of volatile organic compounds 
(VOCs) were traced and identified in China’s city 
Suzhou. The analysis of their contribution to ozone 
formation was conducted using a single-photon ioniza-
tion–time-of-flight mass spectrometer (SPI–TOFMS). 
The study utilized the positive matrix factorization 

Fig. 7  Daily average concentration of nitrogen oxide (NOx) in Suzhou
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(PMF) model to conduct an analysis of the apportion-
ment of VOCs sources. The results of the analysis iden-
tified three main sources of VOCs emissions: vehicular 
emissions (F1, F5, and F6), industrial solvents (F2, F4, 
and F7), and biofuel burning (F3). Alkanes were the 
most prevalent VOCs species, constituting 60% of the 
overall VOCs. Aromatic hydrocarbons and alkenes 
were also present, albeit in lower quantities. Aromat-
ics and alkenes were observed to make a substantial 
contribution to ozone formation, as evidenced by the 
results of the maximum incremental reactivity coeffi-
cient (MIR). The study suggests that efficient control of 
ozone formation in Suzhou can be achieved by reduc-
ing emissions of ethene, trimethylbenzene, xylene, 
styrene, and toluene originating from solvent-based 
industries, vehicles, and biofuel combustion. The pri-
mary contributors to the potential for ozone formation 
in Suzhou were identified as sources related to trans-
portation and industrial solvents. In addition, the uti-
lization of SPI–TOFMS facilitated the development 
of an identification library for emergency monitoring 
in the event of pollution accidents, thereby enabling 
the precise localization of emission sources. The study 
proposes that the use of SPI–TOFMS enables the rapid 
and direct monitoring and tracing of VOCs emission 
sources in the atmospheric environment. This method 
shows promise for efficiently inspecting and control-
ling air pollution. Furthermore, the development of 
targeted pollution control strategies requires collabora-
tion between researchers, policymakers, and industries. 
Implementing effective emission reduction measures, 
promoting sustainable practices, and adopting cleaner 
technologies are pivotal in mitigating ozone pollution.
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