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Abstract
Baoji is a typical heavy industrial city in northwest China. Its air quality is greatly impacted by the emission from the fac-
tories. Elements in fine particulate matter  (PM2.5) that are greatly emitted from anthropogenic sources could pose diverse 
health impacts on humans. In this study, an online AMMS-100 atmospheric heavy metal analyzer was used to quantify 30 
elements in  PM2.5 under the weak and strong anthropogenic disturbance scenarios before the city lockdown period (from 
January  9th to  23rd) and the lockdown period (from January  26th to February  9th) due to the outbreak of COVID-19 in 2020. 
During the lockdown period, the average total concentration of total quantified elements was 3475.0 ng/m3, which was 28% 
and 33% lower than that of the week and strong anthropogenic disturbance scenarios during the pre-lockdown period. The 
greatest reductions were found for the elements of chromium (Cr), titanium (Ti), manganese (Mn), and Zinc (Zn), consist-
ent with the industrial structure of Baoji. The mass concentrations of most elements showed obvious reductions when the 
government post-alerted the industries to reduce the operations and production. Dust, traffic sources, combustion, non-
ferrous metal processing, and Ti-related industrial processing that are the contributors of the elements in the pre-lockdown 
period were apportioned by the positive matrix factorization (PMF) model. Substantial changes in the quantified elements’ 
compositions and sources were found in the lockdown period. Health assessment was conducted and characterized by appor-
tioned sources. The highest non-carcinogenic risk (HQ) was seen for Zn, demonstrating the high emissions from the related 
industrial activities. The concentration level of arsenic (As) exceeded the incremental lifetime carcinogenic risk (ILCR) in 
the lockdown period. This could be attributed to the traditional firework activities for the celebration of the Chinese New 
Year within the lockdown period.
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Introduction

PM2.5, particulate matter with an aerodynamic diameter of 
less than 2.5 micrometers, is an important component for air 
quality assessment. It is necessary to understand its chemi-
cal compositions and their associated roles in atmospheric 
chemistry.  PM2.5 mainly consists of inorganic ions, elements, 
and organic constitutes (Yin et al. 2019). Even though ele-
ments occupy relatively small mass proportions in  PM2.5, 
they pose great harm to human health. For example, vana-
dium (V) and chromium (Cr) play a key role to induce the 
oxidization of DNA, and exposure to high concentrations 
of arsenic (As) can damage the nervous system (Teníaset 
et al. 2010). The elements of Cr, cadmium (Cd), cobalt (Co), 
mercury (Hg), nickel (Ni), lead (Pb), and selenium (Se) 
are listed as carcinogens by the United States Agency for 
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Toxicology and Disease Registry (ATSDR) (Sorensen et al. 
2005; Thomas et al. 2009). Presently, elements in  PM2.5 
were mostly studied from the particle collections on the fil-
ter matrix and then analyzed by an X-ray fluorescence ana-
lyzer (XRF) (Han et al. 2015; Zhou et al. 2020), inductively 
coupled plasma mass spectrometer (ICP-MS) (Hwang et al. 
2018; Hana et al. 2020), or atomic absorption spectrom-
eter (AAS) (Shah et al. 2012). However, offline sampling 
has some disadvantages such as low time resolution, large 
manpower consumption, and delay in reporting analytical 
results from stepwise data processing. In comparison, the 
online measurement not only reduces these shortcomings 
but also effectively determines the correlations between the 
elemental concentrations and short-term changes in mete-
orological parameters and pollution sources. However, only 
limited studies have applied the online approach to quantify 
the particulate-bound elements. Wang et al. (2018) deter-
mined the concentration of 18 metals in  PM2.5 using an 
ambient continuous multi-metals monitor. The minimum 
detection limits (MDLs) of elements ranged from 0.063 ng/
m3 for arsenic (As) down to 100 ng/m3 for aluminum (Al). 
The instrument could automatically use three metals (i.e., 
Cr, Cd, and Pb) with a built-in probe for internal calibra-
tion each day and offer an allowable deviation range of 5%. 
Zhang et al. (2021) compared the 1 h time resolution data 
for 28 elements in  PM2.5 in Tianjin, China, using an online 
heavy metal analyzer and the offline filter sampling coupled 
with the XRF analysis, respectively. They observed that the 
annual online means were higher than those of the offline 
data, but there was no solid conclusion on the discrepancy. 
Much possible explanation is the unavoidable loss of parti-
cles from the filter matrix during handling.

Baoji is a typical heavy industry city in northwest China 
with a long history. It has been at the leading position in 
gross production and is supported by governmental policies 
(Zhang 2004, 2007). In 2021, there are 224 industries, cov-
ering 35 industrial categories, while the numbers of indus-
trial enterprises are more than 6200 households. In between, 
there are 795 enterprises above the designated size, and the 
total industrial output value of the city exceeds 300 billion 
yuan per year, with an annual growth rate of 15% (Li 2021). 
The main industries mainly include non-ferrous metal pro-
cessing and smelting, auto parts processing, manufactur-
ing of heavy-duty trucks, numerical control machine tools, 
petroleum equipment, and rail transportation. More than 60 
products such as machine tools, steel pipes, and oil drill-
ing equipment occupied the Chinese market. Specifically, 
the sales volume of titanium (Ti) products such as drill-
ing equipment, computer numerical control machine tools, 
and other related products rank at the top of the industry in 
China. As a titanium valley, the output of titanium products 
accounts for 85% of the national market and even 22% of 
the world market (Zhang et al. 2021). However, there is still 

a lack of awareness for the enterprises to develop an effi-
cient governance system that controls and minimizes heavy 
metal pollution to the environment. In fact, the government 
has launched a local system to alert the pollution status for 
public health protection. When the system forecasts potential 
high pollution occurred, a warning would be given to the key 
industries, and the emission would be thus reduced under a 
series of an emergency plan. It is identified as a weak anthro-
pogenic disturbance period. The other time is then defined 
as a strong anthropogenic disturbance period.

The intensities of human activities are typically propor-
tional to anthropogenic pollution sources and the degrees of 
impact on the air quality. During the outbreak of COVID-19, 
most anthropogenic emission sources were greatly reduced 
(Wang et al. 2020; Nguyen et al. 2021). For an industrial 
dominated city, the pollutant emission from most industrial 
enterprises largely diminished during the lockdown period 
of COVID-19, providing a unique natural condition to iden-
tify the human disturbance on the air quality. Owing to the 
merits of using the online method, an online AMMS-100 
atmospheric heavy metal analyzer has been used to acquire 
high-resolution element data. The objectives of this study 
are to (1) quantify the important elements in  PM2.5 using 
the online method, (2) interpret and elaborate on the pol-
lution sources and characteristics at different intensities of 
anthropogenic pollution in Baoji, and (3) conduct the health 
assessment and provide a relevant theoretical basis.

Methodology

Sampling site

The monitoring was conducted from January  9th to Febru-
ary  9th, 2020. According to the notice issued by the People’s 
Government of Shaanxi Province (http:// www. shaan xi. gov. 
cn/), the study period could be divided into two major stages, 
the pre-lockdown (January  9th to January  23rd 2020) and the 
lockdown (January  26th to February  9th 2020) with minimal 
anthropogenic, particularly industrial, and anthropogenic 
disturbances. The pre-lockdown could be further divided 
into strong anthropogenic disturbance (occurred in warning 
inactivated) and weak anthropogenic disturbance (occurred 
in warning activated) scenarios. Most anthropogenic and 
commercial activities were usual during the warning inacti-
vated periods, but the activities of the industrial sector and 
vehicular usage were strongly regulated or forbidden when 
the warning was activated, according to documents released 
by the Shaanxi Province Government Office (http:// zjj. baoji. 
gov. cn/ art/ 2020/1/ 9/ art_ 2141_ 10252. html, and http:// sthjj. 
baoji. gov. cn// art/ 2020/1/ 14/ art_ 3678_ 477481. html, in Chi-
nese) (Table 1).
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The observation site is on the roof of a hotel 
(107°14'9"E, 34°21'29"N) in the Baoji High-tech Zone 

(Fig. 1), ~100 m above the ground level. No building was 
found nearby. The Weihe River is to the north, adjacent 
to a commercial street in the south. The residential area 
is to the west, and the Panlong Bridge with a large traffic 
flow is 100 m to the east. Five industrial parks are in Baoji, 
including the Yongqing Industrial Park (~2.5 km to the 
southeast), the Baoji Titanium Industrial Park and Gaoji-
aya Village Industrial Park (~4 and ~5 km away, respec-
tively), the Chenjiaya Industrial Park of Qianhe (7.8 km to 
the northwest), and the processing zone of the Baoji High-
end Equipment Industrial Park (3.5 km to the southwest).

Table 1  Warning hosted in the study year 2020

Date Time (LT) Warning

January 8th 18:00 Orange warning for heavy pollution
January  14th 14:00 Orange warning has been lifted
January  17th 10:00 Orange warning for heavy pollution
January  24th 15:00 Orange warning has been lifted

Fig. 1  Maps of Baoji city in 
China (a) and the distribution of 
the five industrial parks nearby 
the sampling site (b)
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Instrumentation

The online AMMS-100 atmospheric heavy metal analyzer 
(Jvguang, Hangzhou, China) was used to determine the  PM2.5 
bound elements. The instrument consists of five parts: sam-
pling, motion, XRF, control, and remote transmission subsys-
tems. The working principle is that the air is filtered, and the 
particles are enriched on the filter membrane by a sampling 
probe and a dust cutter at a flow rate of 16.7 L/min by a pump. 
The collection cycle is set to 1 h. Then, the filtration mem-
brane moves to the analytical area by rotating on a conveyor. 
The particles on the filter membrane are determined with XRF 
technology for qualitative and quantitative analysis of the ele-
ments. A mass flowmeter is equipped to record the sampling 
volume. The next sample is collected at the same time while 
the previous sample is being analyzed.

Before the sampling campaign, flow calibration, blank fil-
ter band detection, and standard diaphragm calibration were 
performed according to the standard operation procedures 
(SOPs). To ensure the accuracy of the data, the filter mem-
brane was changed, the sampling head and cutter were cleaned, 
and the airtightness of the instrument was checked regularly. A 
total of 30 elements were able to be quantified in this work. In 
this paper, fourteen elements (including Sc, Tl, Pd, Te, Cd, Co, 
Ga, Hg, Cs, Ni, Sb, Ag, Sn, and V) that had loadings at least 
50% below their MDLs were excluded in our elaborations. The 
MDLs for the elements at a time resolution of 1 h ranged from 
0.15 to 55.8 ng/m3 (Table 2).

Data analysis methods

Positive matrix factorization

Positive matrix factorization (PMF), first proposed by Paatero 
and Tapper (1994), is a method of particle source analysis 
based on the least square method. The largest advantage of 
this method is that, on the premise of unknown source spectral 
information, the source type can be inferred by combining the 
calculation and markers of the source, so it is widely used in 
gas source analytical research (Dai et al. 2020; Hao et al. 2018; 
Manousakas et al. 2017). PMF decomposed the data of sam-
ple concentration into factor contribution (g) and factor com-
ponent spectrum (f) and identified factor quantity and factor 
contribution through the multi-linear multi-iteration algorithm 
(Liu et al. 2015). The formula is as follows.

where Xij is the concentration of the j chemical component in 
the ith sample, and the unit is μg/m3; gik is the contribution 
of the k-type source in the ith sample, and the unit is μg/m3; 
fkj is the mass percentage of the j chemical component in the 
k source; and eij is the residual of the j chemical component 
in the ith sample. The object function of the model is Q. The 
uncertainty uij and non-negative matrix elements gik and fkj 
were given as the restriction conditions. Q can be further 
analyzed only when Q converges. The smaller value of Q is 
selected for multiple runs to continue the analysis, and the 
specific calculation is as follows.

where uij represents the uncertainty of species j in sample i, 
and the uncertainty calculation method.

When the concentration of chemical components was 
less than the MDL, the uncertainty (Unc) was calculated 
as follows.

When the concentration of chemical components was 
higher than MDL. Unc was calculated as below.

Among them, the sampling and analysis time of the 
online analyzer is 60 min. MDL in this study is subject to 
1 h. Error fraction refers to the error of each element, and 
the error of the online instrument was set to 10% (Chang 
et al. 2018). C refers to the measured concentration of each 
element.

The overall uncertainty of the model is usually set 
between 1% and 20%. According to the size of the element 
signal-to-noise ratio (S/N), select the data required for the 
actual simulation of the model. If S/N > 1, set it to “strong.” 
If 1 ≥ S/N ≥ 0.5, set it to “weak.” If S/N < 0.5, set it to 
“bad.” In the output results, all values of Q(Robust) are 
close, which indicates that the model runs stably. All values 
of Q(True) are yes, and the Q(Robust)/Q(True) tends to 1, 
the higher the fitting degree is.

(1)Xij =
∑p

k=1
gikfkj + eij

(2)Q =
�n

i=1

�m

j=1

�

Xij −
∑p

k=1
gikfkj

uij

�2

(3)Unc =
5

6
×MDL

(4)Unc =

√

Error Fraction × C2 + (0.5 ×MDL)2

Table 2  The MDLs for the 
elements accounted with a time 
resolution of 1 h (unit: ng/m3)

Element Se As Br Cr Mn Ca Pb Zn

MDL 0.07 0.15 0.16 0.16 0.19 0.22 0.23 0.29
Element Ti Mo Ba Cu Fe K Si Al
MDL 0.31 0.34 0.36 0.69 1.44 2.83 4.52 55.8
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Health risk assessment

Health risk assessment is a health risk assessment model 
proposed by the United States Environmental Protection 
Agency (U.S.EPA. 2010), which is mainly used to calculate 
the harm degree of heavy metals to an adult male, adult 
female, and children. Life average daily dose (LADD) and 
average daily dose (ADD) of each heavy metal to a specific 
population are calculated as follows.

where c is element mass concentration, IR is respiration rate, 
EF is exposure frequency, ED is exposure years, BW is body 
weight, and AT is average exposure time. The calculation 
method of AT is different between non-carcinogenic and 
carcinogenic effects. For ADD, AT evaluates the non-carci-
nogenic harmful effects of pollutants according to the expo-
sure cycle of the population. For LADD, AT considers the 
lifetime exposure hazards of the population, so the lifetime 
carcinogenic risk of pollutants is assessed according to the 
average life expectancy of the population (The Ministry of 
Environmental Protection 2013). Table 3 lists the parameter 
values for the calculations.

Non-carcinogenic risk (HQ) and carcinogenic risk (ILCR) 
through the respiratory pathway were calculated as below.

where RFD is the reference dose, SF is the slope factor of 
cancer risk of elements by breathing, and the values of the 

(5)ADD = (c × IR × EF × ED)∕(BW × AT)

(6)LADD = (c × IR × EF × ED)∕(BW × AT)
)

(7)HQ = ADD∕RFD

(8)ILCR = LADD × SF

two factors are shown in Table 4. When HQ ≤ 1, the non-
carcinogenic health risk can be ignored. When HQ > 1, there 
is a non-carcinogenic risk. When ILCR <  10−6, the carci-
nogenic risk could be ignored. When ILCR is between  10−6 
and  10−4, there is a certain risk of cancer. When ILCR > 
 10−4, there is a higher risk of cancer.

Results and discussions

Elemental pollution characteristics

Table 5 lists the concentrations of elements measured in the 
two periods. The average mass concentration of the total 
quantified elements at the lockdown period was 3475 ng/
m3, exhibiting a moderate reduction of 30.6% from the pre-
lockdown period (5008 ng/m3). To verify the potential influ-
ences of meteorological factors on the elements, the evalua-
tions were carried out with and without their considerations 
according to the circulation coefficient used by Mishra et al. 
(2021). The results showed that meteorological conditions 
had no obvious influence on the inorganic elements. There-
fore, the influences of the meteorological factors were not 
considered in this study. However, few elements showed 
reverse observations. The abundance of elements K, Ba, 
and Br increased at the lockdown period. As known, K and 
Ba could be emitted by household fireworks for the tradi-
tional celebration during the Chinese Spring Festival) (Rai 
et al. 2020; Yao et al. 2019). Except for K, Ba, and Br, the 
mass concentrations of other elements showed declines in 
the lockdown period. The largest reductions were seen for 
Cr, Ti, Mn, and Zn at 86.1%, 83.0%, 80.8%, and 77.6%, 
respectively, demonstrating that anthropogenic activities had 
a particularly great impact on these elements. Other ele-
ments declined at rates were >15%, possibly attributed to 
the city lockdown as well.

In terms of the degree of anthropogenic disturbances, 
the total quantified elements for the weak and strong dis-
turbances scenarios during the pre-lockdown period were 

Table 3  Exposure parameters used for different age groups

a C is concentration of element
b IR is respiratory rate
c EF is exposure frequency
d ED is exposed fixed number of years
e BW is weight
f AT is average exposure time

Parameter Unit Child Male Female

ca mg/m3

IRb mg/d 8.6 16.6 13.5
EFc d/a 365 365 365
EDd a 6 30 30
BWe kg 15 67.3 57.3
AT (non-carcinogenic)f d 365×ED 365×ED 365×ED
AT (carcinogenic) d 365×18 365×72.4 365×77.4

Table 4  Dose-response parameters of selective heavy metals

a RFD is reference dose
b SF is slop factor of cancer risk of elements

Element RFDa [mg/(kg·d)] SFb (kg·d/mg)

Pb 3.5×10−3 -
Ba 2.0×10−1 -
Mn 1.4×10−5 -
Zn 3.0×10−1 -
Cu 4.0×10−2 -
As 3.0×10−4 15.1
Cr 2.8×10−5 8.4
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4829 and 5187 ng/m3, respectively, which were 28% and 
33% higher than that of the lockdown period. The results 
prove that air pollution control could reduce atmospheric 
element pollution to a certain extent. To compare the con-
centration of the lockdown period, the top four elements had 
the greatest reductions in descending order of Cr (88.4%), 
Ti (80.3%), Mn (79.4%), and Zn (79.2%) for the strong dis-
turbance scenario; while the sequence was Ti (85.0%), Cr 
(82.3%), Mn (82.1%), and Zn (75.8%) for the weak distur-
bance scenario. The findings conclude that the significant 
contributions of Cr, Ti, Mn, and Zn from the anthropogenic 
sources in Baoji city on regular days. More specially, Ti and 
Mn showed larger reductions of 24.0% and 13.4%, respec-
tively, under the weak than the strong anthropogenic dis-
turbance scenarios. However, Cr and Zn showed a reverse 
trend. Their concentration levels reductions were 53.2% 
and 16.2%, respectively, higher for the strong than the weak 
anthropogenic disturbance scenarios. This represents the 
current pollution measures were more efficiently to control 
the elements of Ti and Mn.

For other elements, their concentration levels were all 
higher under the strong than weak anthropogenic distur-
bances. Under the weak anthropogenic disturbance sce-
nario, the production limit for the electrolytic manganese 
enterprise is 30% of regular value, while a much lower of 
20% is set for the copper smelting processes and furnace 
productions. The elements of Cu, Al, and other non-ferrous 

metals that are used in industrial furnace production must 
be reduced to 20%. In addition, the limit for Pb smelting 
furnace production is 30%. The coking enterprises that 
applied coke oven and blast furnace gases as the main energy 
sources must be reduced at least 80%, expectedly for the 
reduced emissions of Se and As. This is consistent with the 
elaboration in Lu et al. (2009a) that industry emission is the 
important source of As in Baoji. It should be noted that the 
elements of Si, Ca, Mo, Cr, Zn, Fe, and Ba under the strong 
anthropogenic disturbance scenario did not show relatively 
higher abundances than those of the weak anthropogenic 
disturbance scenario. These elements are potentially origi-
nated from the dusts that long-range transported under favor 
meteorological conditions (e.g., wind speed and direction) 
(Yonemochi et al. 2021). Unfortunately, such natural sources 
could not be efficiently regulated by any means of control 
policies. Therefore, it is necessary to consider the origin 
sources of the elements when a warning signal would be 
hosted to particular or all industrial sectors for restraining 
their production during the episode period.

A high score ratio analysis was performed for elements 
that changed significantly between the two periods. Figure 2 
illustrates the time series of selected elements. Compared 
with the pre-lockdown (139.2 ng/m3), the average concentra-
tion of Zn decreased exponentially in the lockdown period 
(31.2 ng/m3). The time series showed bi-modal peaks for 
Zn in the pre-lockdown period, but such the observation 

Table 5  Concentrations of elements and their variations in the pre-lockdown and lockdown periods (unit: ng/m3)

*Descending rate for no vs strong = ([no disturbance]] – [strong disturbance])/[strong disturbance]; descending rate for no vs weak = ([no dis-
turbance] – [weak disturbance])/[weak disturbance]; descending rate for weak vs strong = ([weak disturbance] – [strong disturbance])/[strong 
disturbance]

Pre-lockdown Lockdown Rate of descent/%*

Element Strong disturbance Weak disturbance Average No disturbance No vs strong No vs week Week vs strong

Pb 55.8 47.9 51.9 31.5 −43.5 −34.2 −14.2
Se 3.6 3.4 3.5 2.9 −19.4 −14.7 −5.6
Al 2939.5 2642.5 2791.0 2059.2 −29.9 −22.1 −10.1
Si 501.9 564 532.9 385.3 −23.2 −31.7 12.4
As 8.4 5.9 7.2 5.8 −31.0 −1.7 −29.8
Ca 258.4 271.6 265.0 113.2 −56.2 −58.3 5.1
K 697.4 554.4 625.9 632.0 −9.4 14.0 −20.5
Mo 15.7 16.6 16.1 9.8 −37.6 −41.0 5.7
Br 10.3 9.6 9.9 10.2 −1.0 6.3 −6.8
Cr 20.3 31.1 25.7 3.6 −82.3 −88.4 53.2
Zn 128.8 149.7 139.2 31.2 −75.8 −79.2 16.2
Cu 28.6 28.5 28.5 21.6 −24.5 −24.2 −0.3
Fe 351.9 367.4 359.6 127.4 −63.8 −65.3 4.4
Mn 62.1 53.8 57.9 11.1 −82.1 −79.4 −13.4
Ti 91.6 69.6 80.6 13.7 −85.0 −80.3 −24.0
Ba 12.8 13.3 13.0 16.8 31.3 26.3 3.9
Sum 5187.1 4829.3 5008.1 3475.0 −33.0 −28.0 −6.9
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Fig. 2  High-resolution time 
series of selective elements 
during the epidemic in the 
pre-lockdown (a, c, e, g, i) and 
lockdown periods (b, d, f, h, j)

LockdownPre-lockdownA B

C D

E F

G H

I J
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was much minor in the lockdown period. The first peak 
(06:00–08:00 LT) in the morning rush hours could be related 
to the brake and tire wear of motor vehicles as well as the 
emissions from zinc smelting and recycling industries. In 
urban areas, Zn could be more impacted by traffics than the 
industries (Querol et al. 2007). Another peak was seen at 
22:00–02:00 LT when heavy-duty trucks mostly transported 
goods at nighttime. It is worth noting that the peak value in 
the daytime (285.7 ng/m3) is approximately twice the night-
time (125.4 ng/m3), potentially attributed to the traffic flow 
density.

The variation trends of Mn show a similar bi-modal pat-
tern as Zn. During the pre-lockdown period, the concentra-
tion of Mn ranged from 8.10 to 42.3 ng/m3. However, the 
variation range was comparatively small during the lock-
down period. This proves that the atmospheric Mn level 
was less affected by the emission sources such as traffic, 
dissimilar to Zn.

The mean concentration of Ti in the pre-lockdown period 
was 61.9 ng/m3 but reduced by 83.0% to 19.3 ng/m3 in the 
lockdown period. The high concentration of Ti occurred at 
nighttime regularly. The ground temperature on the slopes of 
the Qinling Mountains declines faster, while the temperature 
at the bottom of the Qinling Mountains drops more slowly, 
resulting in great thermal differences and easy formation of 
mountain winds. The Qinling Mountains are in the south of 
the sampling site, where the mountain winds could bring 
the pollutants from the Ti-related industrial parks in the 
south to the sampling site. In addition, as the solar radia-
tion is reduced at night, air convection is weakened and the 
atmospheric boundary layer is reduced. These circumstances 
are non-conducive to the air pollutant diffusion, leading to 
the accumulation of air pollutants at night. The same obser-
vation was also found for the lockdown period. However, 
due to the control instructions, most industrial enterprises 
stopped production. Dust might be a more important con-
tributor to Ti.

During the pre-lockdown period, the concentration levels 
of Mo fluctuated among the daytime but obviously increased 
at nighttime, consistent with the observations on Ti. It was 
supposed that Mo from the upwind sites was also affected 
by the downwind and boundary layer, leading to its accu-
mulation at the downwind sites at night. During the lock-
down period, the concentration of Mo comparatively less 
fluctuated in the daytime, and no obvious peak was shown 
throughout the whole day. This represents the inactivated 
industrial activities greatly limited the emissions of Mo to 
the atmosphere.

The average concentration of Ba in the pre-lockdown 
period was 12.8 ng/m3, and with a small fluctuation in the 
daytime. However, during the lockdown period, a higher 
average concentration of 16.8 ng/m3 was seen. As foremen-
tioned, Ba is a component emitted from the firework. As the 

Spring Festival overlapped with the lockdown period, the 
traditional household firework activities would be the major 
source of Ba. It could be further supported by the higher 
concentration levels were seen at nighttime than daytime 
during the Spring Festival period.

Source analysis

PMF model was applied to apportion the sources of elements 
in  PM2.5 in the two periods of this study. Five major factors 
were characterized for the pre-lockdown period (Fig. 3), 
while six factors were identified for the lockdown period 
(Fig. 4).

For the pre-lockdown period, the contribution rate of 
factor 1 is 33.0%, with high loadings of Zn (83.8%), Mn 
(60.7%), and Al (44.1%), among which Zn is a tracer of 
traffic emissions (Srimuruganandam and Nagendra 2012). 
Lu et al. (2009b) also found that Zn concentrations were 
the highest in places with heavy traffic in Baoji city. Since 
methylcyclopentadiene manganese tricarbonyl (MMT, 
 C9H7MnO3) is usually added to unleaded gasoline to 
improve engine performance and reduce fuel consumption 
(Jiao et al. 2019), thus Mn is identified as a tracer for traffic. 
The wearing process of automobile pistons could produce Al 
(Kimura et al. 2006). While Al, Si, Fe, and Ca also occupy 
a certain proportion which may be affected by the ground 
dusts and the re-suspension during the operation of vehicles. 
Therefore, factor 1 is identified as the traffic source.

The contribution rate of factor 2 is 35.0%, with the load-
ings of Ca, Si, Al, and Fe of 78.2%, 52.2%, 38.6%, and 
24.7%, respectively. The four elements are the main com-
ponents of the crust (Viana et al. 2008). Ba also occupies a 
certain proportion of this factor which may come from dust 
(Hana et al. 2020). Therefore, it is inferred that this factor 
is the dust source. However, among them, Fe had the high-
est decreasing rate (64.6%) from the pre-lockdown to the 
lockdown periods, while Ca, Si, and Al had relatively small 
changes, suggesting that Fe was affected by not only dust 
sources but also possibly from other anthropogenic sources.

The contribution rate of factor 3 is 9.0%, and only ele-
ment Ti had the characteristic contribution of 79.7%. As 
forementioned, Baoji is known as the “Titanium Valley of 
China.” The particles that are produced through the process-
ing of Ti materials should be removed by cyclone and bag 
technique. However, the efficiencies of cyclone dust removal 
and the bag dust collector are 85% and 99.5%, respectively. 
This implies that the Ti-containing particle could not be 
efficiently eliminated before discharge to the environment. 
Other elements, including Cr (29.3%), Fe (12.3%), Mn 
(10.2%), and Si (6.7%), that could change the phase transi-
tion temperature of titanium alloy (Wang et al. 2017) also 
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account for certain proportions. This factor is thus referred 
to as the Ti-related industries.

The contribution rate of factor 4 is ~10.0%, with the Cu 
and Mo loadings of 86.2% and 71.9%, respectively. The 
Gaojiaya Industrial Park is only 4.5 km away from the sam-
pling point in a straight line. The park mainly consists of 
non-ferrous metal processing enterprises, and their busi-
ness scope involved Mo processing. Mo is an alloying ele-
ment with a higher elastic modulus, higher strength, and 
better corrosion resistance than Ti (Fan and Ren 2017). The 
demand for Mo is thus high in Baoji as well. In addition, the 
porphyry copper-molybdenum deposit is the main source of 
Mo in China (Lu et al. 2021), so the Cu loading is synchro-
nous high; a previous study (Lu et al. 2010) also found that 
Cu mainly came from industrial emissions in Baoji. There-
fore, it can be inferred that the factor is non-ferrous metal 
processing.

The contribution rate of factor 5 is 13.0%, among which 
As (77.4%), Se (74.9%), Br (60.1%), and K (41.7%) had high 
loadings. Element As is mainly emitted from coal combus-
tion (Hana et al. 2020), Se is originated from the combustion 
processing (Amil et al. 2016), and K is mainly derived from 

biomass combustion (Yu et al. 2018). This factor is thus 
inferred from the combustion source.

Six factors were resolved for the lockdown period. The 
contribution rate of factor 1 is 41.0%, among which Se 
(67.3%), Br (46.2%), and K (36.5%) had high loadings. 
Hence, it is inferred as the combustion source. The con-
tribution rate of factor 2 is 27.0%; the loadings of Mn and 
Zn were 73.2% and 55.4%, respectively. It is inferred as the 
traffic source. The contribution rate of factor 3 is 20.3%, 
with high loadings of Ba (65.1%), Al (28.2%), K (25.6%), 
and As (25.0%), respectively. Ba is the tracer of fireworks 
discharge, while K is the main colorant in fireworks combus-
tion and a component of the fireworks flash effect (Tian et al. 
2014). Even the outliner lagged data associated with the dis-
charges from fireworks on January 26 (the Spring Festival) 
and February 9 (the Lantern Festival) were excluded, the 
small-scale household fireworks between these days could 
not be eliminated. Therefore, factor 3 is judged as the source 
of the fireworks. High Ti loading is seen for factor 4. It is 
therefore inferred as Ti-related industries. However, the con-
tribution rate of this factor is 0, demonstrating that the Ti-
related activities have been substantially affected due to the 

Fig. 3  a–e Source apportion-
ment results from the PMF 
model in the pre-lockdown 
period
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lockdown. For factor 5, the loading of Mo and Cu is high. 
It is inferred to be non-ferrous metal processing. Neverthe-
less, the contribution rate of this factor is 0 as well, indicat-
ing that non-ferrous metal processing enterprises were also 
shut down in this period. The contribution rate of factor 6 
is 12.0%. The loadings of Ca, Si, and Fe are 61.5%, 39.6%, 
and 39.4%, respectively. This is inferred as the dust source 
(Table 6).

Health risk assessment

The concentrations of different sources were calculated 
according to the concentration and proportion of elements 
in each factor resolved in the PMF model (Table 7); the non-
carcinogenic risk assessment for the particular elements (i.e., 
Zn, Mn, Pb, Cr, Cu, Ba, and As) between the two periods 

were calculated (Table 8), and the carcinogenic risk assess-
ment was conducted for Cr and As (Table 9).

Based on the limits established by U.S.EPA (1989), HQ 
less than 1 represents a low non-carcinogenic risk. The 
threshold of ILCR ranges from  10−6 to  10−4 that would sug-
gest potential carcinogenic risk. In terms of threshold, except 
Mn for traffic, the HQ of other elements are below 1, indi-
cating that their non-carcinogenic risks can be negligible. 
The ILCR of As that emitted from traffic, combustion, and 
fireworks, as well as Cr that originated from all sources dur-
ing the pre-lockdown period, and traffic during the lockdown 
period were exceed the thresholds, indicating they posed the 
carcinogenic risk. In terms of population distribution, both 
values of HQ and ILCR showed descending orders of chil-
dren > adult male > adult female, consistent with the results 
of other studies (Zhang et al. 2014). The HQ and ILCR for 
children are ~ 2.4 and 2.1 times higher than those of adult 

Fig. 4  a–f Source apportion-
ment results from the PMF 
model in the lockdown period
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females, indicating that the elements posed a great impact 
on the health of children.

In terms of types of pollution sources, among the traffic 
sources, the HQ for Mn associated with traffic to children 
was greater than 1 in the pre-lockdown period, indicating 
that traffic posed risks to children. Compared to those in 
the pre-lockdown period, the HQ of Pb, Zn, Mn, and Cr, 
and ILCR of Cr decreased in the lockdown period. For 
the dust sources, the HQ for the related elements showed 
declines, but the ILCR for As increased after the city lock-
down. For the Ti-related industrial sources, Cr had the 
highest HQ for all age groups. The HQ and ILCR of the 
elements related to non-ferrous metal processing sources 

were significantly reduced with the lockdown policies. The 
discharges from the fireworks only produced emissions 
during the lockdown period. As a result, the HQ for Cr, 
As, Pb, Ba, Cu, and Zn increased while greater ILCR was 
seen for As than Cr. The ILCR of Cr and the HQ of all 
elements in the firework could be ignored.

Conclusions

This study demonstrates the impacts of different degrees 
of anthropogenic disturbances of industrial activities on 
the atmospheric elements. Obvious reductions of ele-
ments (28–33%) were shown in comparison to those in the 
lockdown periods. Besides, the warming system showed 
remarkable benefits to reduce emissions of elements Pb, 
Se, Al, As, K, Br, Cu, Mn, and Ti in the pre-lockdown 
period. Dust, traffic sources, combustion, non-ferrous 
metal processing, and Ti-related industrial processing 
are the major contributors of the elements to the regular 
industrial activities in Baoji. The emissions from fireworks 
for the traditional celebration caused the elevations of the 
HQ for Zn, Cr, Mn, Pb, Cu, As, and Ba, as well as ILCR 
for As. The data provides a clear picture of the potential 
anthropogenic sources of the element in the atmosphere 
of this typical industrial city.

Author contribution Bianhong Zhou, Jin Wang, Qiao Feng, and Chun-
yan Li: writing–original draft; data curation. Suixin Liu, Tingting Wu, 
Yong Zhang, Jie Tian, and Steven Sai Hang Ho: writing–review and 
editing. Qiyuan Wang: supervision.

Funding This work was supported by the Key Research and Devel-
opment Program of Shaanxi Province (2018-ZDXM3-01), the Stra-
tegic Priority Research Program of Chinese Academy of Sciences 
(XDB40000000), the Basic Research Project of Shaanxi Provincial 
Natural Science (2019JM-120), and the Youth Innovation Promotion 
Association of the Chinese Academy of Sciences (2019402).

Table 6  Comparison of without and with considerations of meteoro-
logical factors on elements during the pre-lockdown and lockdown 
periods (unit: ng/m3)

Without consideration 
meteorology

With consideration mete-
orology

Elements Pre-lockdown Lockdown Pre-lockdown Lockdown

Pb 50.7 31.7 51.9 31.5
Se 3.4 2.9 3.5 2.9
Al 2750.5 2113.7 2791.0 2059.2
Si 567.7 418.7 532.9 385.3
As 7.1 5.7 7.2 5.8
Ca 292.2 118.2 265.0 113.2
K 886.7 886.4 625.9 632.0
Mo 16.2 9.8 16.1 9.8
Br 10.1 10.4 9.9 10.2
Cr 22.2 3.4 25.7 3.6
Zn 170.9 35.3 139.2 31.2
Cu 30.1 22.3 28.5 21.6
Fe 378.8 135.3 359.6 127.4
Mn 56.8 13.8 57.9 11.1
Ti 84.6 15.0 80.6 13.7
Ba 17.1 22.5 13.0 16.8

Table 7  The concentration of 
elements in different sources 
(unit: ng/m3)

Factor Pb As Zn Cu Mn Ba Cr

Pre-lockdown Traffic 18.1 1.1 121.1 1.7 33.9 3.4 2.4
Dust 5.3 0.0 2.3 0.9 0.0 3.6 2.7
Ti-related industries 1.8 0.1 7.2 1.4 5.7 0.0 8.3
Non-ferrous metal processing 5.3 0.3 0.0 24.6 16.2 5.6 7.4
Combustion 19.4 5.1 13.8 0.0 0.0 0.6 7.5

Lockdown Traffic 11.6 2.4 17.3 7.8 8.1 5.2 1.6
Dust 4.9 0.2 1.6 0.3 1.7 2.3 0.0
Ti-related industries 0.0 0.1 0.7 0.0 0.0 0.2 0.2
Non-ferrous metal processing 0.0 0.0 0.9 12.8 1.3 3.0 1.0
Combustion 10.5 1.6 9.4 0.0 0.0 0.0 0.1
Fireworks 4.5 1.5 1.4 0.7 0.0 19.9 0.7
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