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Abstract The origins of atmospheric sulfate production have previously been explained by focusing
on air quality models and complex chemical reaction processes. Here, we first report direct observations
of sulfate production in stack plumes discharged from coal-fired power plants, industrial boilers, and
sintering plants equipped with wet desulfurization systems. Less than one third of the particulate SO,*~ in
plumes is attributed to dust-SO,*~ and SO; measured in stacks. The SO, aqueous-phase oxidation process
is critical in explaining the unknown sulfate formation in plume droplets with pH values ranging from 2.3
to 2.8. When the rapidly formed sulfate in wet plumes is included, a notable amount of underestimated
sulfate (~0.24 Tg in 2017) is emitted from industrial stacks in China and can partially explain the “missing
sulfate” on driving most particle pollution episodes. Policy-making targeting particulate emissions is
suggested to substantially reduce sulfate emissions for further air quality improvement.

Plain Language Summary Sulfate aerosols are well known as an important atmospheric
aerosol component, especially during haze periods. Their production pathway remains a mystery, and
they are also referred to as missing sulfate. We show that sulfuric acid droplets are readily produced

in wet plumes emitted from typical coal-fired stationary sources. The freshly formed sulfate originates
from the condensation and absorption of SO, and SO; emitted from stacks when the discharged flue gas
cools in ambient air. We discover that the fast-formed sulfate aerosols in the wet plumes from industrial
stacks account for ~31.4% of the directly emitted sulfate aerosols in China. This study advances our
understanding of industrial particulate emissions and their contribution to atmospheric sulfate.

1. Introduction

Sulfate (SO,*”) has been recognized as a key and major component of fine particulate matter (PM) with an
aerodynamic diameter of 2.5 um or smaller (PM,5) in the atmosphere, especially during severe haze events
(Cheng et al., 2016; Huang et al., 2014; Shah et al., 2018). S0, directly impacts the solar radiative balance
and the physicochemical properties of aerosols (Tsigaridis & Kanakidou, 2018). Ground-based observations
from 2005 to 2014 have revealed that the averaged proportions of sulfate in the atmospheric PM, s mass are
15% + 6% and 20% + 5% in northern and southern China, respectively (Zhang et al., 2017). The S0,* con-
centration has been intensively studied via modeling by mainly focusing on its formation through atmos-
pheric SO, oxidation (secondary formation) to determine a sufficient chemical production mechanism (R.
Zhang et al., 2015). However, a knowledge gap (also referred to as missing sulfate) remains in regards to
our understanding of the sources and formation pathways of high SO,*~ concentrations, especially during
Chinese winter haze periods (Huang et al., 2014; Shah et al., 2018; Y. X. Wang et al., 2014; Zhang et al., 2017,
Zheng et al., 2020).

Atmospheric sulfate sources, except secondary formation, have also recently been reported to be direct-
ly attributed to primary emissions from combustion sources, such as coal combustion in households and
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industry (Dai et al., 2019; Ding et al., 2019; Z. Li et al., 2017; B. Wu et al., 2018). A source apportionment
study has revealed that ~37% of the particulate sulfate during winter haze periods is directly emitted from
coal combustion in Xi'an and Beijing (Huang et al., 2014). Coal combustion is also the major anthropogenic
source of sulfate precursor (SO, and SOs;) emissions (Geng et al., 2017; Tang et al., 2019). However, the
particulate sulfate, and SO, emission amounts have been dramatically reduced by the implementation of
ultralow emission (ULE) standards over the past decade in China, especially regarding coal-fired power
plants (CFPPs) (Karplus et al., 2018; Tang et al., 2019; Tong et al., 2018). China's annual CFPP emitted SO,
and PM dropped by 65% and 72%, respectively, between 2014 and 2017 (Tang et al., 2019).

Although the concentration of SO, is strictly controlled by the integrated system of wet flue gas desulfuri-
zation (WFGD) and wet electrostatic precipitation (WESP), SO, is still the predominant soluble gas in the
wet plumes (also known as white plumes) (Seigneur et al., 2011; Wu et al., 2020), which surrounded by
saturated water vapor will immediately condense into solid and liquid particles in the elevated stack plumes
(Feng et al., 2018). The favorable conditions for SO, to dissolve in droplets and generate Sy include (1) a
large number of microdroplets, (2) a high SO, uptake coefficient at a low temperature, (3) a long uptake re-
sponse time provided by the large stack space, and (4) a relatively uniform distribution of droplets and SO.,.
The highest Sy concentration and instantaneous microdroplet amount in a fresh plume may be generated
when the flue gas column leaves the stack outlet along with a dramatic decrease in the flue gas temperature.
Aircraft field measurements have identified that sulfate may be formed during the aging process of CFPP
plumes via aqueous-phase SO, oxidation (Dittenhoefer & De Pena, 1980; Green et al., 2019; Kim et al., 2017;
Luria et al., 2001). However, direct evidence for the sulfate emission and formation in real-world plumes is
still lacking.

This study represents a first important step toward the quantitative estimation of the sulfate emissions from
coal-fired stationary sources based on systematic chemical analysis and real-world investigation of plumes
emitted from stack outlets. Freshly formed droplets along wet plume edges were collected using a modified
fog collector in the wintertime. Furthermore, the characteristics of flue gases before/after FGDs were also
comparatively investigated, as well as the freshly formed PM originating from white plumes. The sulfate for-
mation process in plumes was also examined to provide a key to uncovering the missing sulfate formation
pathway during winter haze periods.

2. Materials and Methods
2.1. Sampling Units

Field measurements were conducted at three types of representative stationary sources (including four
power plants, one industrial boiler, and two steel sinters, Figure S1). CFPPs and industrial boilers account
for the majority of coal consumption in China, and they are two of the major emission sources of atmos-
pheric SO, and PM. The installed capacities of the four tested ULE CFPPs range from 24 to 680 MW. The
air pollution control devices (APCDs) installed in these CFPPs occur in sequence with selective catalytic re-
duction (SCR) units, ESP units, WFGD units, and WESP units for further PM removal. A widely used lime-
stone-based WFGD system is installed in CFPPs #1, #2, and #3, while a seawater-based WFGD is employed
in offshore CFPP #4. A ULE retrofit was implemented in the tested industrial circulating fluidized bed
(CFB) boiler with a capacity of 75 t/h, and it contains the same APCDs, including a limestone-based WFGD
unit. The two tested sintering machines, iron ore smelting processes of with coal as fuel typical in the steel
industry, exhibit an area of 360 m” with installed ESP, limestone (sinter #1)/ammonia-based WEGD (sinter
#2), and WESP units. The tested utility/industrial boilers, sintering areas, installed APCDs and fuel proper-
ties are detailed in Table S1 and our previous studies (Ding et al., 2019, 2020; Liang et al., 2020).

2.2. Sampling Methods and Field Measurements

Droplet along plume edges were collected with a modified single-stage Caltech active strand cloud-water
collectors version 2 (CASCC2), which has been widely applied in the collection of atmospheric cloud-water
samples (J. Li et al., 2017; Rattigan et al., 2001). The modified CASCC2 instrument (Figure S2) drew drop-
lets at a flow rate of 5.8 m® min™". Droplets with diameters larger than 3.5 um were efficiently impacted on
Teflon filaments, while any escaped droplets and PM were filtered with a coupled Teflon filter (Whatman),
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I_CFPr #2, | WO l II cr (within 10 min) analyzed in the field via a portable pH meter (model
nesiens. W ca® 6350M, JENCO) and an ultraviolet-visible (UV) spectrophotometer at
@ Iircn':;foﬁz“ < | TR K* ) 570 nm, respectively. The droplet size distribution (0.5-2,000 ym) and
E ) ) I NH, velocity distribution at the plume edges were monitored online with a
_; Industl?:‘IeZ?;l:;,_ > | 1R ;?hcer Doppler phase interferometer (PDI-TK1).
B Sintering #1, | O pH PM, PM, s, and SO5/H,SO, were collected at both the WFGD inlets and
2 limestone N . . . s .
outlets in each tested plant with an ESC-5000 isokinetic sampling sys-
CFPPt#“,. |..<>.. I- tem (Environmental Supply Company) according to USEPA methods
. sea.wa il 201 and 8A. A single particle aerosol mass spectrometer (SPAMS, Hexin
sm;i:::grﬁi’- I _ Instrument Co., Ltd.) was employed in the field to analyze the chemical
Shanahil e s e composition of individual aerosols immediately (5~10 min) after direct
2 cghiné“ m -_ collection at the WFGD inlet, WFGD outlet, and stack outlet at CFPP
L;.., Jinan, | m _ #1 by utilizing a 10L vacuum quartz-glass bottle designed specifically
N China for particle sampling. The markers and ions used to identify 4 types of
£ o . . .
Mountain Tai, particles (accounting for 98.8% of the total sulfate particle number) are
il 7
China l_ detailed in Table S2. The SPAMS performance and data analysis process
0 2'5 5'0 7'5 100 are detailed in previous literature (Yang et al., 2017; Zhou et al., 2020).
Percentage in water-soluble component (%) A brief introduction of this instrument, chemical analysis of collected

samples, and quality control in this study are provided in the supporting

Figure 1. Water-soluble compositions and pH of the sampled droplets information Text S1.

in the plumes discharged from the stack exits into ambient air. The stack
plume samples are collected from typical stationary combustion sources,

including coal-fired power plants, industrial boilers, and steel sintering 3. Results and Discussion
plants equipped with wet desulfurization systems. The data on three haze-
fog events in China (Li et al., 2011, J. Li et al., 2017; X. Wang et al., 2014) 3.1. Acid Droplets Emitted From Stacks as White Plumes

are shown for comparsion.
Figure 1 shows the measured acidity and water-soluble composition of

the collected droplets along typical stack plume edges discharged from
the tested CFPPs, industrial boilers, and steel sintering plants. The pH of the stack plume water ranged from
2.3 to 5.6. The seawater WFGD shows less acidic, possibly owing to the excess seawater spray in the tower
and a much lower temperature after desulfurization, leading to relatively low condensable PM (CPM) emis-
sions. Ammonia functions as a neutralizer in the ammonia WFGD system, which is thus less acidity. When
the saturated flue gases (46°C~58°C) originating from the limestone WFGD systems are discharged into
the ambient air (—12°C~8°C), the formed droplets are extremely acidic with pH values ranging from 2.3 to
2.8, which are more acidic than those emitted from the plants equipped with the other two WFGD systems.
The dominant ions are SO,2~, C1~, and NH," with volume-weighted mean concentrations of 1,245 + 1,058,
181 + 129, and 683 + 837 mg/L aq, respectively, which cumulatively accounted for 81%~96% of the total
determined ion concentrations. Except for the dust emitted from stacks directly contributing to the dom-
inant ions, a large amount of soluble gaseous species (including SOx, HCI, and NH;) quickly condenses
and/or dissolves into the plume droplets, and thus contributes to the water-soluble components. In the ex-
tremely acidic plumes emitted from the limestone WFGD systems, SO,*~ even accounts for more than half
(53%~77%) of the water-soluble components. Both SO,*~ and acidity levels of the plume droplets are 2~3
orders of magnitude higher than those of the cloud water observed during the haze-fog events in China (X.
Wang et al., 2014; Xue et al., 2016).

The absolute water content (AWC) increased by 22%~209% in the limestone WFGD systems with the mass
concentrations in the WFGD outlets ranging from 94~167 g/Nm’, equivalent to 12%-16% of the flue gas
volume (Table S3). Owing to the much lower temperature of ambient air, especially during the winter
period, the saturated wet flue gases formed in WFGD towers could generate droplets upon discharge into
ambient air, resulting in so-called white plume. The mean values of the droplet number widely ranged from
2.9 X 10° to 4.1 X 107 #/cm™>, while their sizes ranged from 0.2 to 17.8 um with the median value of 2.1 um
(Figure S3).
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Figure 2. Average mass spectra of the single particles at the (a) WFGD inlet, (b) WFGD outlet, and (c) stack outlet in CFPP #1. The single particles emitted
from the CFPP contain four major type particles, including dust-sulfate (Dust-S), sulfate-calcium (S-Ca), sulfate-elemental and organic carbon (S-ECOC), and
sulfate-rich (S-rich) particles. The number shown in the inserted pie part indicates the relative contribution of the S-rich particles to the total particle count.

3.2. Formation of SO,>~ From Wet FGD and Aqueous Absorption

PM precursors can be converted into the particulate phase and thus affect the aerosol chemical composition
during the cooling processes of flue gases, including at WFGD inlet, WFGD outlet, and stack outlet, as in-
dicated by the SPAMS results depicted in Figure 2. In regard to the single sulfate-containing particles at the
WEGD inlet (129°C), Dust-S particles contributed 54.8% of the total sulfate-containing particles, followed
by S-rich (20.0%), S-Ca (10.3%), and S- elemental and organic carbon (ECOC) (9.1%) particles, as shown in
the pie charts. When the flue gas temperature decreased to 48°C at the WFGD outlet and further decreased
to the ambient temperature (5°C) at the stack outlet, the abundance of the S-rich particles continuously
increased, and they became the major component, accounting for 52.1% of the total sulfate-containing
particles at the stack outlet, while the relative contributions of the Dust-S, S-Ca, and S-ECOC particles
continuously decreased.

The average mass spectra of the single particles at the WFGD inlet, WFGD outlet, and stack outlet of the
selected CFPPs further demonstrated that the relative content of sulfate (*°SO,") increased with increasing
flue gas cooling (Figure 2). High *Na™, **C;*, *Ca”, *Fe*, and *CsH;" intensities are shown in the positive
ion model at the WFGD inlet, while strong *>Cl~, *Al0~, ©°Si0,~, *C,~ (EC), and *°SO,” signals are detected
in the negative ion model (Figure 2a). These peaks indicate that the aerosols at the WFGD inlet are directly
formed during combustion in the CFPP boiler (fly ash), consistent with our previous study on CFPP emis-
sions (Ding et al., 2019). The fractions of the sulfate and sulfite clusters including *’HSO,", **SO, ™, *'HSO;",
and *°S0;~, were much higher in the negative ion spectrum at the WFGD outlet, while the signals of ""NH,*
and *°Ca* slightly increased owing to the conversion of NH; and WEGD slurries. The S-rich particles ex-
hibited a submicron size distribution at the WFGD outlet with a unimodal size distribution, while the peak
located at 0.6 um (Figure S4). The relative concentration of SO,*~ in PM increased from 7.8% at the WFGD
inlet to 13.6% at the WFGD outlet (Table S3). The characteristics of the ionic compositions during the cool-
ing processes agree well with the off-line sample analysis. The increase in sulfite species (*'HSO;~ and
50;7) through further cooling processing at the stack outlet potentially provides an additional explanation
for the measured relative high content of S-rich particles. A discussion of the stack-outlet particle analysis
is provided in the supporting information Text S2.

3.3. In-Plume SO, Oxidation Pathway

The conversion process of SO,*” from SO, and SO; in the stack outlet (plume edge) was examined at three
selected coal-fired stationary sources, as shown in Figure 3a. The contribution of fly ash containing SO,>~
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Figure 3. (a) Mass concentrations of the total SO,*” at the WFGD and stack outlets of the three typical coal-fired stationary sources; (b) schematic diagram of
fast sulfate production through oxidation of Sqv) by dissolved NO, and TMI-catalyzed oxidation in the stack plume. The mass concentrations of the total Nera
at the stack outlets include all sulfate particles and SOs; after the desulfurization systems.

(including dust-S, S-Ca, and S-ECOC particles), H,SO,/SO; condensation, and SO, oxidation are distin-
guished by the determination of the fly ash, H,SO,/SO3, and SO, concentrations, respectively, at the WFGD
outlets according to EPA method 8A. Fly ash containing SO,*~ originating from stacks may directly con-
tribute to the in-plume sulfate, while H,SO,/SO; could readily generate sulfuric acid aerosols upon flue gas
cooling. The relative contributions of H,SO,/SO; to the total in-stack sulfate at the WFGD outlet are 63%,
56%, and 12% in the CFPPs, industrial boilers, and steel sintering plants, respectively. Due to the low SO,
concentration emitted during the sintering process, its relative contribution is low. Compared to the in-
stack sulfate concentrations, the in-plume SO,*” concentrations increased by 1.8, 2.2 and 2.3 times in the
CFPPs, industrial boilers, and steel sintering plants, respectively. A notable significant increase was also
reported in many studies and explained as the condensation of emitted CPM and SO;. The concentration
of condensable sulfate in the CFPP stacks obtained by the dry impinger method (EPA method 202/201A)
varied widely within the range of 0.56~4.23 mg/m’® (Feng et al., 2018; G. Wang et al., 2020; Wu et al., 2020).
Most of these reported values obtained by the dry impinge method are commonly lower than the concen-
tration of the increased sulfate as measured in the CFPP plumes. Additionally, the WFGD-outlet SO; and
fly ash SO,>~ cumulatively account for less than one third of the in-plume SO,>~ for each wet stack in this
study. Many model studies suggested that in-cloud oxidation greatly contributes (60%-90%) to the total sul-
fate budget (Dovrou et al., 2019; Ervens, 2015; Harris et al., 2013). Thus the contribution of another sulfate
precursor, that is, SO,, is the key to explaining the fast formation of these unknown sulfates in stack plumes.

Attainment of a comprehensive understanding of the oxidation path of Sy in plumes is a major challenge,
similar to that in atmospheric cloud-fog, which is attributed to multiple pathways of atmospheric SO, oxi-
dation in aqueous-phase systems, include reactions with dissolved O;, H,0,, NO,, and transition-metal ion
(TMI)-catalyzed O, (Gen et al., 2019; J. Wang et al., 2020). Due to the absence of photolysis in plumes, only
TMIs (Feqy/umn and Mngym) in the PM and NO, produced by combustion occur in the emitted plumes. The
rate of TMI-catalyzed Sqv) oxidation is independent of the oxygen concentration (Connick & Zhang, 1996);
therefore, the aqueous-phase Sy oxidation processes in the stack plumes can be classified as two pathways,
that is, oxidation by NO, and TMI-catalyzed O, oxidation (Figure 3b). Referring to the rate calculation equa-
tions summarized in Table S4, the Sy, oxidation rates in the stack plumes under the two pathways in the
CFPPs, industrial boilers, and steel sintering plants are listed in Table S5. The calculated total production
rate at pH <3 ranged from 0.02 to 0.39 mg/m?®/s with a mean value of 0.11 mg/m’/s in the stack plumes,
which is 10*~10° times higher than that estimated during the Chinese haze events with ~10 ug/m>/h level
(Dallosto & Harrison, 2006; Lei et al., 2020). The production rate of the steel sintering sector is much higher
than that of the other two sectors, because the flue gases from sintering plants contain a high TMI contents
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Figure 4. (a) Emission percentages of PM, s and sulfate across source
sectors, and (b) Reassessed emission percentages of PM, 5 and sulfate
(including the underestimated part for industrial wet stacks) in 2017

for the nationwide of mainland China. China’s anthropogenic PM, s
emissions (including 8 sectors, i.e., CFPP, industrial boiler, iron & steel,
cement, other industries, residential combustion, off-road, and road
transport) in 2017 are adopted from the framework of the Multiresolution
Emission Inventory for mainland China (MEIC, http://www.meicmodel.
org) (Zheng et al., 2018). Annual anthropogenic sulfate emission was
obtained by multiplying the primary PM, s emission values in the 8 sectors
with the corresponding mass fractions as listed in Figure S5. There are
uncertainties on estimating anthropogenic sulfate emissions mainly due
to the difference of temporal and spatial distribution coefficients, and

the difference in mass fraction values of each sectors in different regions
(Chen et al., 2021; Reff et al., 2009). The emissions from CFPP, industrial
boiler and iron & steel in the MEIC were respectively divided into with-
WEFGD and without-WFGD systems, while their apportion coefficients of
PM, 5 to their corresponding categories were adopted from our previous
study (Ding et al., 2020).

(Fe** and Mn**), whose pathway contributes the most (~99.5%) to the
total SO,*~ production rate (0.39 mg/m>/s). The TMI pathway contrib-
utes more than 96% to the overall sulfate production rate in all studied
plumes, while the NO, oxidation pathway contributes only a small frac-
tion to the overall sulfate production rate. The overall calculated sulfate
production rate under the above oxidation pathways agrees well with
the measurements, but the calculated results underestimate the sulfate
production rate in the studied CFPPs by ~ 44%. A detailed simulation
and analysis is required in the future, including the heterogeneous reac-
tion of SO, with slipped NH; from the denitration processes for reducing
NOx concentrations. The two oxidation pathways involved highlight the
possibility of rapid SO,*~ formation in plumes, which may enhance the
atmospheric SO, loading.

3.4. Contribution of Sulfate Condensation to the Ambient Air

Figure S5 shows the average mass percentage of SO, in PM,s in the
stacks and fresh plumes, based on the assumption that all the discharged
microdroplets directly produce PM,s after the drying process for all
plants. Previous studies on fine particulate sulfate emissions from vari-
ous anthropogenic sources are included for comparison. The SO,*~ per-
centages in PM, s determined at the WFGD outlet are consistent with the
previously reported values. However, the particulate SO,>~ percentages
in PM, s formed via wet plume processes are notably higher than all the
reported results based in-stack measurements. The highest SO,*~ per-
centages contained in PM, s were detected in the CFPPs, mainly due to
the efficient removal of nonsulfate particles (fly ash, OC, and EC) by the
deployment of ULE APCDs in China. Because the sulfur content in coal
is much higher than that in biomass and most fuel oil (Lu et al., 2011), the
coal sector (including industrial and residential coal-fired sources) domi-
nates the PM, s-bonded SO,*~ emissions in China. Due to the lack of wet
plumes emitted from residential coal combustion, an accurate estimation
of sulfate was obtained via indoor simulation (Dai et al., 2019). Thus,
re-estimation of the sulfate emissions from industrial coal-fired sources
is crucial to evaluate the overall sulfate emissions.

Figure 4 shows the variation in PM, 5 and the contained SO,* emissions
across source sectors in 2017 in mainland China. The actual sulfate emis-
sions, including the plume formation process, are re-evaluated based on

the measured data at sites and the deployed proportion of the limestone WFGD technique for CFPPs, in-
dustrial boilers, and sintering plants in China. The actual emissions of PM, s and the contained S0,* in
2017 are estimated to be 8.07 + 0.38 Tg and 0.76 + 0.09 Tg in total, respectively. The power and industrial
sectors contribute ~55.8% to total PM, s emissions (Zheng et al., 2018); however, these two sectors contrib-
ute more than 80% to particulate sulfate emissions when sulfate formation in white plumes is included. An
underestimated amount of ~31.4% is attributed to direct SO,%>~ formation and the emissions from WFGD
applications. In the CFPP sector, contribution underestimations of 67.6% + 5.5% were found, owing to the
widely used limestone-WFGD systems (>90%) in China (B. Wu et al., 2018). The CFPP sector is the largest
contributor to the fine particulate SO,*~ emissions, with a relative proportion of ~35.1%.

The actual production of in-plume sulfate is closely related to the ambient temperature. Estimates of the
annual emissions in China based on winter observations may be overestimated due to the relatively low
ambient temperature outside stacks and the high operating capacities of the CFPPs in winter. The temporal
and spatial distributions of the in-plume sulfate emissions and the SO, oxidation mechanism in wet stack
plumes, which were difficult to clarify in this study, requires a more detailed study in the future. Due to
the difficulty of sampling and measurement in the real world, the number of effective plume samples is
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limited. However, the main results obtained through field measurements in this study can provide direct
evidence for the further control of flue gas pollution and a better understanding of sulfate formation in the
atmosphere.

4. Conclusions

We present the first measurement of freshly formed acidic droplets and sulfate aerosols along the plume
edges at the stack outlet in CFPPs, industrial boilers, and sintering plants equipped with WFGD systems.
The discharged plume samples after limestone WFGD are extremely acidic (pH = 2.3~2.8), and SO, ac-
counts for more than half (53%~77%) of the water-soluble components. Sulfate particles are likely formed
during the cooling process of flue gases emitted from WFGD systems and discharged into the ambient air.
The majority of the S-rich particles in the plumes are converted from gaseous species, that is, SOx. The
overall calculated sulfate production rates under the NO, and TMI-catalyzed oxidation pathways agrees
well with the measured data, where the TMI-catalyzed oxidation pathway contributes more than 96% to the
calculated sulfate production rate in all wet plumes. When the sulfate formation process in the fresh plumes
is considered, the major sulfate precursor (i.e., SO,) is converted into aerosols during the plume cooling pro-
cess, especially in CFPPs in winter. Additionally, the in-plume measurement suggests that the CPM results
obtained by the dry impinger method (EPA method 202/201A) is commonly underestimated since the fast
sulfate process cannot included in the sampling process. The experimental findings improve our basic un-
derstanding of the potential environmental impacts of the white plumes and suggest that emitted gaseous
pollutants can be converted into sulfate in white plumes ahead of sufficiently diffused in the ambient air. A
strategy for the further control of source emitted pollutants by the precooling technique (not a preheating
technique) might further reduce the sulfate emissions from industrial plants.

Data Availability Statement

The data sets used in this manuscript were available online (https://figshare.com/articles/dataset/Data_re-
sulting from_the_study_for_sulfate_explosive_growth_in_wet_plumes_emitted_from_typical_coal-fired_
stationary_sources/13688392).
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