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Inhalation of exogenous Ti-containing nanoparticles (NPs) can have adverse effects on human health.

However, few studies have considered industrial emissions, which contribute significantly to atmospheric

levels of Ti-containing NPs. In this study, we quantified Ti-containing NP emissions in samples of fine

particulate matter (particle sizes: 40–120 nm) collected from 132 full-scale industrial plants. Coal-fired

power plants emitted the highest particle number concentrations of Ti-containing NPs (1.7 × 1010 particles

per g), followed by solid waste incineration (7.7 × 109 particles per g) and blast furnace pig iron steelmaking

(5.5 × 109 particles per g); coking plants and iron-ore sintering were also significant contributors to Ti-

containing NPs emissions. Collectively, these five sources accounted for 99.9% of the annual atmospheric

emissions of Ti-containing NPs from 13 industrial sectors in China (total ≈ 9.8 × 1022 particles). Moreover,

these industrial emissions increased the atmospheric concentration of Ti-containing NPs by 1.7 × 107

particles per m3, therefore leading to the general population's lifetime average daily dose (LADD) of inhaled

Ti-containing NPs being 2.4 × 106 particles per day per kg. The findings presented herein highlight the

importance of assessing NP emissions and advancing sustainable global industrial development.

1. Introduction

Industrial activities are a cornerstone of human production and
development. Despite the implementation of advanced pollution
control measures, widespread industrial activities inevitably
release fine particulate matter (PM) and toxic substances into the
atmosphere, leading to adverse effects on the global environment
and human health.1–7 It has been demonstrated that inhaling

fine PM can cause cardiovascular damage upon entering the
bloodstream.8 Additionally, exogenous PM can breach the blood–
brain barrier to enter brain tissue.9 The most significant and
abundant components in fine PM are nanoparticles (NPs).10,11

Exogenous anatase TiO2-NPs have been detected in human
cerebrospinal fluids. It has been reported12 that TiO2-NPs may
not penetrate the skin to reach other tissues, but rather, they
likely enter via the lungs and migrate to the brain or circulatory
system, whereby they can reach other organs (e.g., kidney, liver).
In vitro studies of the cytotoxicity of TiO2-NPs in human cells
indicate their potential to induce genetic toxicity,13 DNA
damage,13,14 oxidative stress, inflammatory responses,15 or
endoplasmic reticulum stress16 in cells and tissues. TiO2-NPs can
also be hazardous to the cardiovascular system, e.g., by causing
or exacerbating systemic inflammation, endothelial dysfunction,
lipid metabolism disorders, and atherosclerosis.17

3816 | Environ. Sci.: Nano, 2024, 11, 3816–3825 This journal is © The Royal Society of Chemistry 2024

a State Key Laboratory of Environmental Chemistry and Ecotoxicology, Research

Center for Eco-Environmental Sciences, Chinese Academy of Sciences, P.O. Box

2871, Beijing, 100085, China. E-mail: grliu@rcees.ac.cn
bUniversity of Chinese Academy of Sciences (UCAS), Beijing, 100049, China
c School of Environment, Hangzhou Institute for Advanced Study, UCAS, Hangzhou,

310024, China

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4en00347k

Environmental significance

Exogenous anatase TiO2-NPs have been detected in human cerebrospinal fluids. It has been reported that TiO2-NPs may not penetrate the skin to reach
other tissues, but rather, they likely enter via the lungs and migrate to the brain or circulatory system, whereby they can reach other organs (e.g., kidney,
liver). In vitro studies of the cytotoxicity of TiO2-NPs in human cells indicate their potential to induce genetic toxicity, DNA damage, oxidative stress,
inflammatory responses, or endoplasmic reticulum stress in cells and tissues. TiO2-NPs can also be hazardous to the cardiovascular system, e.g., by causing
or exacerbating systemic inflammation, endothelial dysfunction, lipid metabolism disorders, and atherosclerosis. Industrial activities are a cornerstone of
human production and development. Despite the implementation of advanced pollution control measures, widespread industrial activities inevitably
release fine particulate matter (PM) and toxic substances into the atmosphere, leading to adverse effects on the global environment and human health.
Therefore, it is important to assess the emissions of Ti-containing NPs (e.g., TiO2-NPs) from various industrial activities and identify the primary
contributor.
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The toxicity of NPs depends primarily on their particle size
and particle number concentration (PNC),18 rather than their
mass concentration. Similarly, toxicological and epidemiological
studies19,20 indicate that PNCs of ultrafine particles may exhibit
more accurate correlations with health endpoints than their mass
concentrations. To date, several studies21–23 have determined the
PNCs of Ti-containing NPs in environmental media, particularly
in water environments. Relatively few studies have examined the
emission sources of TiO2 NPs. One study,24 however, quantified
and characterized the release of TiO2 NPs from paint and stain
under natural weathering scenarios, reporting concentrations of
6.8 × 1015 NPs per kg-paint and 2.9 × 1013 NPs per kg-stain.
However, few studies25,26 have investigated Ti-containing NPs
originating from industrial production activities, which are
considered the primary source of these NPs. Currently, there is a
lack of comprehensive quantitative information about the PNC of
Ti-containing NPs emitted from industrial activities. Wu et al.25

determined that Ti-containing NPs are the main metal-NPs in
coal fly ash emissions from coal-fired power plants, with
concentrations ranging from 2.5 × 1010 to 1.7 × 1011 particles per
g. Thus, it is crucial to evaluate Ti-containing NP emissions from
various industrial activities. However, there is limited information
available regarding atmospheric emissions of Ti-containing NPs
from different industries, resulting in insufficient understanding
of the health risks to the general population in China who may
inhale those Ti-containing NPs. Addressing these knowledge gaps
is vital for sustainable global industrial development.

It is difficult to compile a comprehensive emissions inventory
because there is limited monitoring data from many industrial
plants releasing Ti-containing NPs into the atmosphere. In this
study, we collected field samples from 132 full-scale plants across
13 industrial sectors, culminating in one of the largest sample
sizes in such research to date. Fine PM samples were collected
during industrial production processes, and the particle size
distribution (PSD) characteristics of Ti-containing NPs were
analyzed. The Ti-containing NP concentrations were quantified
using single particle inductively coupled plasma time of flight
mass spectrometry (SP-ICP-TOF-MS), and emission factors (EF)
were derived for each industrial category. The atmospheric
emissions of Ti-containing NPs in mainland China were
estimated, and their spatial distributions were mapped
(nationally) based on the computed EFs and industrial
production activities. We also conducted a comparative analysis
of Ti-containing NP emissions from various industrial sectors
across different provinces in China. This is crucial to identify and
prioritize sources for developing effective control strategies. This
research provides practical insights for promoting sustainable
industrial development worldwide.

2. Methods
2.1 Sample collection

We collect fine PM from 132 industrial production sites
spanning 13 source categories.27 This collection was conducted
according to modification of the stationary source sampling
methods.28,29 Details about the sampling sites and industrial

PM samples are provided in Fig. S1 and Table S1,† respectively.
For each industrial source, samples were collected from at least
five production facilities. For coal-fired power plants (CFPPs),
waste incineration (WI) and other pollution sources closely
associated with production and daily life, samples were
gathered from at least twelve factories each. The sampling sites
was at the outlet of the bag filter, marking the end of each
production cycle. Each sample comprised a composite
meticulously obtained through sampling at various time points.
The samples were then mixed to ensure representativeness and
to reflect the overall production status during the three-day
collection period. To maintain sample integrity, they were
promptly transferred to the laboratory for analysis.

2.2 Sample pretreatment

The 132 industrial PM samples were subjected to pretreatment
using the extraction method described by Li et al.30 and Tou
et al.31 These studies investigated the extraction of NPs in
complex matrices, thus providing a valuable reference for the
present investigation. The detailed pretreatment procedure is
outlined as follows: 20 mg of industrial PM is weighed into a
centrifuge tube, and 50 mL of Milli-Q water is added.
Ultrasonication is carried out for 20 min (ultrasonic power =
285 W), while maintaining a temperature range of 15–25 °C
using ice. The sedimentation method is then employed to
separate NPs from large particles. Following Stokes' law, the
optimal sedimentation time was determined to be 3.25 hours.
Then, 1 mL of the supernatant of the extract (containing
particles <1 μm in diameter) was collected and diluted with
Milli-Q water (18.2 MΩ) to 50 mL (i.e., a 50-fold dilution), and
then further diluted to 500-fold, 5000-fold, and 50000-fold.
Before the next processing step, the samples underwent another
round of ultrasonication.

2.3 Instrumental analysis and data processing

Single particle analysis of the 132 diluted industrial PM extracts
was conducted using ICP-TOF-MS (TOFWERK icpTOF 2R/
CETAC Iridia-Bio, Switzerland) to determine the PNC and PSD
of Ti-containing NPs. Element-specific instrument sensitivities
were calibrated using a multi-element solution mixture derived
from a multi-element standard solution (0, 0.05, 0.1, 0.2, 0.5, 1
μg L−1 for multi-element standard [QC21, NIST SRM, SPEX,
USA] diluted in 1% HNO3 from Beijing Institute of Chemical
Reagents, China). The transport efficiency (TE) was determined
via the known size approach, employing both AuNPs with a
certified particle size of 40 nm (NCRM-Au 40 nm, National
Centre for Nanoscience, China) in Milli-Q water and Au ionic
standard solutions (GSB 04-1726-2004, National Nonferrous
Metals and Electronic Materials Analysis and Testing Centre,
China) of 0, 0.05, 0.1, 0.2, 0.5, and 1 μg L−1 (diluted in 1%
HNO3). The linear correlation coefficient (R) of the Ti ion
standard curve was 0.999, and that of the Au ion standard curve
was 0.997 (Fig. S2a and b,† respectively). Before analysis, the
ICP-TOF-MS mass spectra were calibrated with a standard
tuning solution based on 23Na+, 80Ar2+, and 208Pb+ target
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isotopes using TofDaq Viewer (Version, TOFWERK). We applied
the kinetic energy discrimination (KED) mode with a collision
cell gas comprising 4.5% hydrogen gas in helium to mitigate
multi-atomic interference. Each sample was collected over 180
s, and the pipeline was washed with Milli-Q water between each
set of samples.

The particle detection threshold was calculated according to a
compound Poisson distribution using the expression in eqn (1),

threshold = mean + (3.29σ + 2.71) (1)

where mean and σ are the mean and standard deviation of the
background signal in the analysis window of 100 data points.

The PNC of Ti-containing NPs was determined according
to eqn (2):

PNC particles per gð Þ ¼ number of detected NPs × dilution factor × extraction volume
acquisition time × liquid flow × transport efficiency × industry PM mass

(2)

The data obtained from the single-particle experiments were
analyzed using the time-of-flight single-particle investigator
(TOF-SPI), which is an in-house LabVIEW program (LabVIEW
2018, National Instruments, TX, USA). Specifically, TOF-SPI is
an open-source software written by Alexander Gundlach-
Graham (https://github.com/TOFMS-GG-Group) and designed
to process SP-ICP-TOF-MS data combined with liquid
calibrations. In the data processing for this study, the element-
specific backgrounds, critical values, absolute sensitivities,
particle intensities, and elemental masses (in grams) per
particle were all determined using this software.

2.4 Estimation method and uncertainty

We used the EF methodology recommended by EMEP/EEA32

and UNEP33 to estimate the emission inventory of Ti-containing
NPs from 13 industrial sectors. This prevalent estimation
method involves integrating data about the occurrence of
human activities (i.e., activity data; AD) with coefficients that
quantify emissions or removals per activity unit, i.e., EFs,
according to the expression, Emission = AD × EF.

Therefore, in this study:

Ti-containing NP emission (particles)
= production (103 t)① × EF (3)

EF of Ti‐containing NPs particles per t‐productð Þ¼ pollution discharge coefficient
103 g

t of product

� �

×PNC of Ti‐containing NPs particles per gð Þ
(4)

Pollution discharge coefficient
103 g

t product

� �
¼ pollutant‐producing coefficient

103 g
t product

� �
②

× 1 − average removal efficiency of end‐treatment technology %ð Þf g③
(5)

Note that ① AD are sourced from official websites of
international organizations and institutions, as well as the
China Statistical Yearbook released by the National Bureau of
Statistics of China (for details, see our previous research27);
② and ③ are specified by the Method and Coefficient Manual
of Industrial Source Pollution Discharge Accounting34 (see
our previous research27).

To minimize variance in the PNCs of Ti-containing NPs
among industrial PM samples within each industry, we used
MS Excel data processing to remove extreme values and
outliers (outside the ±1.5 inter-quartile range). The zero value
was also removed. The remaining PNC values were averaged
to obtain the reported values.

In this study, the equation used to estimate the increase
in Ti-containing NPs (particles per m3) in the atmosphere of

China caused by emissions from the 13 industrial sources
was the following:

Ti-containing NPs (particles per m3)
= Ti-containing NP emission (particles)
÷ national territorial area (km2)①
÷ vertical height of PM2.5(m)② (6)

Note that ① the national territorial area (km2) was
determined from https://www.stats.gov.cn/zt_18555/ztsj/
hjtjzl/2006/202303/t20230302_1922569.html, and https://
www.cia.gov/the-world-factbook/countries/; and ② Ti-
containing NPs are mainly wrapped with PM2.5, where the
vertical height35 of PM2.5 aggregation is considered to be the
height of Ti-containing NPs released from industrial sources
into the atmosphere and distributed vertically in the air.

The lifetime average daily dose of Ti-containing NPs through
inhalation exposure (LADDinh) caused by 13 industrial sectors
could be assessed by using the eqn (7). Parameters utilized in
the eqn (7) are displayed in Table S2.†

LADDinh ¼ C ×EF
AT

×
inhRchild ×ED

BWchild
þ inhRadult ×ED

BWadult

� �
(7)

(2)

(4)

(5)
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3. Results
3.1 Particle number concentrations of Ti-containing NPs
from industrial activities

Toxicological and epidemiological studies19,20 have suggested
that the PNCs of ultrafine particles may be more closely
correlated with health endpoints than mass concentrations.
However, few studies25 have focused on Ti-containing NPs
emitted during industrial production activities. Fig. 1 and
Table S3† present the PNCs of Ti-containing NPs (particles
per g) across 132 industrial activities and 13 types of
industrial sources. Notably, the PNCs vary by one to two
orders of magnitude across the 13 industrial sectors.

The PNCs of Ti-containing NPs emitted from 13 industrial
sources ranged from 107 to 1011 particles per g. Coal-fired
power plants (CFPPs) emitted the highest PNC of Ti-
containing NPs into the air (mean = 1.7 × 1010 particles per g;
range = 6.8 × 108 to 4.2 × 1011 particles per g; median = 1.1 ×
1010 particles per g), consistent with Wu et al.'s findings25

that Ti-containing NPs emitted from CFPP sources ranged in
PNC from 2.5 × 1010 to 1.7 × 1011 particles per g. A possible
reason is that TiO2 may be doped in some mineral
components of coal.36 Waste incineration is a vital method
for disposing of both municipal solid waste (WI) and
hazardous waste (HWI). However, this approach emits high
concentrations of Ti-containing NPs into the air. Specifically,
for the WI process: mean = 7.7 × 109, median = 7.9 × 109,
range = 9.7 × 108 to 2.6 × 1010 particles per g; and for the
HWI process: mean = 2.2 × 109, median = 2.8 × 109, range =
6.7 × 108 to 4.2 × 1010 particles per g. This may result from
the extensive use of TiO2 (ref. 37–39) in pigments, coatings,
food additives, pharmaceuticals, cosmetics, and electronic
devices. High temperatures during waste incineration can

release Ti-containing NPs from these substances. Blast-
furnace pig iron steelmaking (BFI) represents the initial
steelmaking process, where iron ore is melted with coke in a
blast furnace to produce pig iron or molten iron for steel
refining. In contrast, electric-arc furnace steelmaking (EAF)
uses scrap steel and electrical energy to facilitate steel
recycling; this method is preferred in developed and rapidly
developing countries. However, both of these steelmaking
sectors emit relatively high PNCs of Ti-containing NPs, i.e.,
BFI: mean = 5.5 × 109 (range = 1.1 × 109 to 1.0 × 1010 particles
per g; median = 5.3 × 109 particles per g); and EAF: mean =
2.0 × 109 (range = 2.7 × 108 to 5.7 × 109 particles per g;
median = 5.7 × 109 particles per g). Co-disposing of solid
waste in cement kilns (CK) involves introducing waste into
the kiln, which yields cement clinker, while safely disposing
of waste. However, this process inevitably emits significant
PNCs of Ti-containing NPs into the atmosphere (mean = 1.9
× 109; range = 3.2 × 108 to 1.9 × 1010; median = 8.2 × 108

particles per g). Based on these PNC values, we propose that
it would be most effective to target the industrial sources that
release the highest concentrations of Ti-containing NPs, i.e.,
CFPP, WI, BFI, HWI, EAF, and CK, to achieve significant
emissions reductions.

The industrial sectors, iron-ore sintering (IOS), secondary
copper smelting (SCu), primary copper smelting (PCu),
coking plants (COP), secondary aluminum smelting (SAl),
secondary lead smelting (SPb), and secondary zinc smelting
(SZn) emit relatively lower PNCs of Ti-containing NPs into the
air (all approximately 108 particles per g). Specifically, the
average PNCs from highest to lowest were COP (8.8 × 108),
SCu (3.3 × 108), IOS (3.2 × 108), SAl (3.1 × 108), SPb (2.8 ×
108), PCu (1.4 × 108), and SZn (1.3 × 108) particles per g.

The PNCs of Ti-containing NPs released from these
industrial processes comprise important first-hand data from
a large-scale investigation of industrial activities. In
particular, sectors such as CFPP, WI, BFI, HWI, EAF, and CK
emit high PNCs of Ti-containing NPs and are therefore
crucial for understanding the current emission status of
many industries in China.

3.2 Particle size distributions of Ti-containing NPs from
industrial activities

The samples obtained from the industry sources have complex
compositions, including Ti-containing NPs (primarily TiO2 in
two crystal forms: rutile and anatase). Thus, the PSD of Ti-
containing NPs was calculated separately for rutile and anatase.
The particle sizes of Ti-containing NPs were determined based
on the mass and density of each type (ρrutile = 4.25 g cm−3;
ρanatase = 3.78 g cm−3; mass values listed in Table S4†). The PSDs
of Ti-containing NPs from various industrial sources were
determined using SP-ICP-TOF-MS (Fig. 2 and S3†). The PSDs of
Ti-containing NPs from similar industrial sources were
consistent across different factories. However, variations were
observed among different industrial sources. For example, BFI,
IOS, WI, HWI, and EAF predominantly have particle sizes

Fig. 1 PNCs of Ti-containing NPs (particles per g) released from 132
industrial activities. PNC = particle number concentration; NP =
nanoparticle; PCu = primary copper smelting; SCu = secondary copper
smelting; SAl = secondary aluminum smelting; SPb = secondary lead
smelting; SZn = secondary zinc smelting; EAF = electric-arc furnace
steelmaking; WI = municipal solid waste incineration; CK = cement kiln
co-processing of solid waste; IOS = iron-ore sintering; COP = coking
plant; HWI = hazardous-waste incineration; CFPP = coal-fired power
plant; BFI = blast-furnace pig iron steelmaking.
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ranging from 80–120 nm, whereas CFPP, CK, COP, and SCu
typically have particle sizes within the range of 40–80 nm.
Overall, most particles are less than 120 nm in diameter.

For CFPP, assuming all Ti-containing NPs are anatase, the
mean particle size ranged from 76.1 to 96.2 nm, with a
median size between 70.6 and 83.5 nm and an overall range
of 56.4 to 373.6 nm. This is consistent with Wu et al.'s
findings25 that the PSD for CFPP ranged from several
nanometers to 200 nm. For WI, Ti-containing NPs (anatase)
had mean particle sizes ranging from 83.8 to 127.3 nm and
median sizes ranging from 82.0 to 115.3 nm, with all
particles falling within the range of 70.6 to 418.2 nm. The
mean, median, and overall range of particle sizes of anatase
NPs emitted from the other industrial sources are presented
in Table S5.† Anatase-NPs from BFI and HWI had the larger
sizes: mean = 103.1–167.0 nm and 77.9–152.0 nm, and
median = 91.6–174.3 nm and 77.9–160.0 nm, with overall
particle sizes ranging from 68.9–488.6 nm and 70.4–318.8
nm, respectively.

Assuming all Ti-containing NPs are rutile leads to similar
PSDs to those of anatase. The detailed mean, median, and
overall range of particles size of rutile-NPs from the 13
industrial sources are presented in Table S6.† Herein, we
discuss a few industrial sources as examples. For CFPP, the
mean particle size of rutile-NPs ranged from 73.1 to 92.5 nm
(median = 67.9 to 80.3 nm, range = 54.2 to 359.3 nm). In
contrast, rutile-NPs from WI, BFI, and HWI were generally
larger: mean = 80.6–137.2, 99.1–160.6, and 75.3–146.2 nm;

median = 78.8–110.8, 88.1–167.7, and 75.3–153.8 nm; and
range = 67.9–402.2, 66.3–469.9, and 67.7–306.6 nm,
respectively. In this study, SP-ICP-TOF-MS was employed to
detect the PSDs of Ti-containing NPs emitted from industrial
sources. The data obtained are comprehensive and important
for increasing our understanding of emitted particle sizes.

3.3 Emissions factors of Ti-containing NPs from industrial
activities

An EF reflects the average pollutant emission per unit of
activity for a particular source. In this study, the EF was used
to quantify the Ti-containing NPs emissions per ton of steel,
copper, aluminum, lead, zinc, or disposed waste. It can also
be used to assess emissions from coal-fired power generation
of 1 terawatt hour (TW h). The EFs of Ti-containing NPs for
various industrial sources were determined using eqn (4)
(refer to the Method section).

The EFs for Ti-containing NPs across the 13 tested
industrial sectors ranged from 4.0 × 109 to 1.7 × 1013 particles
per t-product (Fig. 3 and Table S7†). The number of Ti-
containing NPs emitted by the production of one ton of
cement was the largest (up to 1.7 × 1012 particles), which
indicates that advanced bag filter systems are necessary for
CK sewage discharge control. The industrial sources with
relatively high EFs of Ti-containing NPs included COP (3.9 ×
1011), BFI (2.5 × 1011), EAF (2.1 × 1011), SPb (1.9 × 1011), SCu
(1.6 × 1011), and SAl (1.5 × 1011 particles per t-product); the

Fig. 2 PSDs of Ti-containing NPs released from CFPP and WI sources.
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industrial sources with relatively low EFs of Ti-containing
NPs included WI (7.6 × 1010 particles per t-disposal), SZn (6.7
× 1010 particles per t-product), PCu (3.8 × 1010 particles per t-
product), HWI (2.2 × 1010 particles per t-disposal), and IOS
(2.1 × 1010 particles per t-product). Notably, for every TW h
generated by a CFPP, 1.7 × 1016 Ti-containing NPs are emitted
into the atmosphere. These rarely-reported EFs provide a
valuable reference for estimating Ti-containing NP emissions
from industrial activities, both within China and worldwide.

3.4 Atmospheric emissions of Ti-containing NPs from
industrial activities

China is a rapidly advancing industrialized nation that
stands among the global leaders in terms of production
output across 13 key industrial sectors. Moreover, China
prides itself on possessing advanced technology and
industrial production equipment that are on par with those
of developed nations. Thus, examining the emissions of Ti-
containing NPs from these 13 industrial activities in China
can establish a valuable benchmark for developed nations to
assess their own emissions. This evaluation also carries
considerable weight in obtaining an initial estimation of the
total global emissions of Ti-containing NPs.

It is crucial to elucidate the sources and quantities of Ti-
containing NPs released from industrial activities to enable
effective source management. We applied the EF
methodology recommended by the European Monitoring and
Evaluation Programme (EMEP) of the European Environment

Agency (EEA)32 and the United Nations Environmental
Program (UNEP)33 to estimate the emission inventory.
Atmospheric emissions of Ti-containing NPs from different
industrial sources in China are presented in Fig. 4 and Table
S8† (organized based on geographical distribution).

Our assessment of these 13 industrial sources indicated
that annual atmospheric emissions of Ti-containing NPs in
China reach approximately 9.8 × 1022 particles. This level of
emissions could elevate the atmospheric concentration of Ti-
containing NPs in China by 1.7 × 107 particles per m3 (further
details in the Method section). Such an escalation in
concentration may lead to the general population's lifetime
average daily dose (LADD) of inhaled Ti-containing NPs being
2.4 × 106 particles per day per kg.

As shown in Fig. 4, CFPP (9.4 × 1022 particles), CK (3.6 ×
1021 particles), BFI (2.2 × 1020 particles), and COP (1.8 × 1020

particles) are the top industrial contributors of Ti-containing
NPs in China, collectively contributing 99.9% of the total
annual atmospheric emissions of the 13 investigated
industrial sources. Wide variations in Ti-containing NP
emissions are observed across provinces for several industrial
sources. For example, the disparities within SPb and HWI
span up to four orders of magnitude; those for CFPP, PCu,
SCu, and SAl reach three orders of magnitude, and those for
COP, CK, EAF, WI, BFI, IOS, and SZn are up to two orders of
magnitude.

We also roughly estimated the total global emissions of
Ti-containing NPs from the 13 categories of industrial
activities as 1.8 × 1023 particles (Table 1). China alone
accounts for 54.2% of these emissions, which validates the
broad importance of assessing the status of Ti-containing NP
emissions in China. Similar to the case in China alone, CFPP
(1.7 × 1023 particles), CK (7.4 × 1021 particles), BFI (3.3 × 1020

particles), COP (2.7 × 1020 particles), and EAF (1.2 × 1020

particles) are the most significant industrial contributors of
Ti-containing NPs globally. Collectively, these sectors
contribute 99.9% of the total annual atmospheric emissions
from the 13 investigated industrial sources. Thus, our first-
hand findings confirm the important industrial sources of Ti-
containing NPs both in China and globally.

Industrial development is vital for societal progress,
especially in densely-populated countries like China, because
it has a significant influence on national advancement and
can improve living standards. Evaluating Ti-containing NP
emissions through regional economic bodies helps with
policy formulation and promotes emission reduction efforts.
China's socioeconomic development is often evaluated by
region, i.e., eastern, central, western, and northeastern. The
proportions of Ti-containing NP sources across different
regions are shown in Fig. 5. The eastern regions are the top
emitters, followed by the western and central regions.
Therein, CFPP, WI, BFI, HWI, EAF, and CK are the sources
with significant potential for effective reduction, and
therefore, greater efforts are needed in these regions. In
addition, because CFPP, CK, BFI, and COP are important
industrial contributors, efforts should be concentrated in the

Fig. 3 Emission factors (particles per t or particles per TWh) of Ti-
containing NPs for 13 industry sectors (note: the emission factor is the
number of Ti-containing NPs emitted to the atmosphere by producing
one ton of steel, copper, aluminum, lead, or zinc; disposing of one ton
of waste; or producing one TWh).
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corresponding high-emission regions. In terms of CFPP
emissions, the eastern region is the largest contributor
(41.9%), followed by the western (30.9%) and central regions
(21.2%). Increased efforts toward emission reduction of CK
sources in eastern, western, and central China are therefore
required. In the case of BFI, the eastern region is the
dominant emitter, contributing 51.8% of the Ti-containing
NP emissions in China. For COP, the western region plays a
pivotal role, contributing 35.4% of Ti-containing NP

emissions, while the central and eastern regions contribute
33.2% and 23.5%, respectively.

3.5 Sustainable development and prioritizing industrial
sources for Ti-containing NP emissions reductions

China is a leading industrial powerhouse with advanced
technology, and therefore, it is pivotal to evaluate Ti-containing
NP emissions from its main industrial sources. This evaluation

Fig. 4 Total emissions (unit: particles) of Ti-containing NPs from thirteen industrial sources (the map is based on free vector data sourced from
the “Database of National Catalogue Service for Geographic Information [GS (2020)4619]” (https://www.resdc.cn/DOI/doi.aspx?DOIid=122) and
created using ArcGIS software). PCu = primary copper smelting; SCu = secondary copper smelting; SAl = secondary aluminum smelting; SPb =
secondary lead smelting; SZn = secondary zinc smelting; EAF = electric-arc furnace steelmaking; WI = municipal solid waste incineration; CK =
cement kiln co-processing of solid waste; IOS = iron-ore sintering; COP = coking plant; HWI = hazardous-waste incineration; CFPP = coal-fired
power plant; BFI = blast-furnace pig iron steelmaking.

Table 1 Industrial activity data and Ti-containing NPs emissions (units: particles) of 13 industrial sectors in China and globally

Industry
China production
(thousand tons)

Global production
(thousand tons)

Ti-containing NPs
emission in China

Ti-containing NPs
emission global

BFI 883 800 1 345 200 2.2 × 1020 3.3 × 1020

CFPP (TWh) 5468 10 041 9.4 × 1022 1.7 × 1023

CK 2129 512 4 360 000 3.6 × 1021 7.4 × 1021

COP 471 161 683 000 1.8 × 1020 2.6 × 1020

EAF 118 641 556 748 2.5 × 1019 1.2 × 1020

HWI 84 612 1 175 219 1.8 × 10 18 2.5 × 1019

IOS 1 105 517 2 560 000 2.3 × 1019 5.4 × 1019

PCu 6614 22 000 2.5 × 1017 8.4 × 1017

SAl 5504 74 700 8.0 × 1017 1.1 × 1019

SCu 2301 18 900 3.7 × 1017 3.0 × 1018

SPb 2198 6670 4.2 × 1017 1.3 × 1018

SZn 659 13 800 4.4 × 1016 9.2 × 1017

WI 117 892 271 960 8.9 × 1018 2.1 × 1019
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can inform developed nations about their emissions to promote
and guide global industrial sustainability. Emissions of Ti-

containing NPs differ significantly (by one to two orders of
magnitude) among Chinese provinces. We identified nine
provinces with the highest Ti-containing NP emissions and
assessed specific industrial sector contributions therein (Fig. 6),
thereby providing crucial insights for emission control
strategies.

These nine provinces (Shandong, Inner Mongolia, Jiangsu,
Guangdong, Xinjiang, Shanxi, Hebei, Anhui, and Henan)
collectively accounted for 5.7 × 1022 particles of Ti-containing
NPs (Fig. 6), corresponding to 58.3% of the total emissions
from the 31 provinces in mainland China. Shandong leads
with annual Ti-containing NP emissions of 9.1 × 1021

particles, followed by Inner Mongolia (8.4 × 1021 particles)
and Jiangsu (7.9 × 1021 particles). Consequently, residents in
these provinces may face elevated exposure risks. Focusing
on these nine provinces when formulating Ti-containing NP
emission reduction policies in China can lead to significant
emissions reductions.

Among the nine provinces with the highest emissions of
Ti-containing NPs (Fig. 6), four are situated in the eastern
region, three in the central region, and two in the western
region. This distribution is logical and can be attributed to
the intense industrialization and rapid economic growth in

Fig. 5 Proportions of Ti-containing NP emissions by industrial source
in the four economic regions of China. PCu = primary copper smelting;
SCu = secondary copper smelting; SAl = secondary aluminum
smelting; SPb = secondary lead smelting; SZn = secondary zinc
smelting; EAF = electric-arc furnace steelmaking; WI = municipal solid
waste incineration; CK = cement kiln co-processing of solid waste; IOS
= iron-ore sintering; COP = coking plant; HWI = hazardous-waste
incineration; CFPP = coal-fired power plant; BFI = blast-furnace pig
iron steelmaking.

Fig. 6 The distribution of Ti-containing NP emissions across the 31 provinces in mainland China and industrial sector-specific contributions in the
nine provinces with the highest Ti-containing NP emissions.
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the eastern and central regions of China. Significantly
reducing emissions requires addressing two key industrial
activities (i.e., CFPP and CK) within these nine high-emission
provinces. Additionally, provinces like Hebei should prioritize
improvements in BFI, while Shanxi should focus on
optimizing COP. Enhancing the efficiency of pollution
control devices will mitigate health risks substantially for
residents in provinces with high emissions.
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