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Based on the fundamentals of heterogeneous nucleation, a method to eliminate sulfuric acid aerosol associated with water
recycling in the process of limestone-gypsum desulfurization was investigated.*e supersaturated environment was achieved in a
heat exchanger. Numerical calculation shows that high temperature drop and relative humidity are conducive to the formation of
supersaturated vapor environment, and vapor heterogeneous condensation can improve the removal efficiency of sulfuric acid
aerosol. Experimental results indicate that the critical supersaturation degree of the sulfuric acid aerosol is found in inverse
proportion to their sizes and the removal efficiency of sulfuric acid aerosol could be increased by about 20%. *e theoretical and
the actual condensable water mass values have been also studied in detail. *e mass of condensed water produced by the
experiment system is 0.0440 kg/(Nm3·h) as the temperature drop is 5°S, and themost suitable temperature drop is about 1∼2°S for
water scarce area. High temperature and humidity reveal a huge potential to recycling water.

1. Introduction

Air pollution has drawn human increasing attention all over
the world. It has been reported that the pollution from coal
combustion in the coal-fired power plant is one of the prime
reasons [1–3]. In the coal-fired power plant, the emission of
NOx, SO2, and dust is under the effective control in the
development of pollutant control technology. However, the
emission of sulfuric acid aerosol in the discharged flue gas is
still a problem, which should be further investigated [4].
During the combustion of coal in boilers, most sulfur in coal
is oxidized to SO2 while partial SO2 (0.5%∼1.5%) would be
oxidized to SO3 at high temperature condition [5]. In ad-
dition, 0.5∼2.0% SO2 is oxidized to SO3 by SCR catalyzer
[6, 7]. *erefore, the concentration of SO3 is comparatively
high at the outlet of SCR. Meanwhile, with the decreasing of
flue gas temperature, most SO3 would convert into gaseous
H2SO4 at the outlet of air preheat (APH) [8]. When the
temperature of flue gas is lower than 200°C and water
content is 8% [9], 99% SO3 would convert into gaseous

H2SO4. Hence, SO3 exists as gaseous H2SO4 in the flue gas at
the inlet of the desulfurization tower. In the desulfurization
process, the gaseous H2SO4 condenses when the flue gas
temperature decreases to the sulfuric acid dew point,
resulting in the formation of sulfuric acid mist [10, 11].

A great number of methods have been investigated and
developed to control the emission of SO2 in coal-fired power
stations [12–14]. *e wet flue gas desulfurization (WFGD) is
widely applied in the past 30 years due to high efficiency, low
operating cost, and reliability in operation [15]. However,
some new problems have been generated with the appli-
cation of WFGD, such as gypsum rain and the generation of
secondary particle [16]. Simultaneously, the water con-
sumption amount of WFGD is huge because of the high
relative humidity, low temperature desulfurized flue gas, and
the water entrained by desulfurization slurry. *e flue gas is
nearly saturated and contains a lot of water after the de-
sulfurization process, leading to the nucleation of fine
aerosol after discharging into the atmosphere. *e moisture
loss brought away by the discharged flue gas would be huge,
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and thus, efficiency of a boiler would decrease without ef-
fective measures [17]. In addition, the removal effect of
sulfur trioxide by WFGD is not ideal even though the re-
moval of sulfur dioxide may be effective. *erefore, devel-
oping an innovative approach contributed to preventing the
formation of the sulfuric acid mist and reducing the water
consumption of desulfurization cooperatively should be
performed.

Combining pretreatment method with traditional dust
removal equipment is more effective and efficient to control
the emission of aerosol particles [18]. Heterogeneous vapor
condensation is considered a promising pretreatment
technology to eliminate the emission of aerosol in the coal-
fired power plant [19, 20]. *e mass and size of particles can
be sufficiently enlarged via heterogeneous vapor conden-
sation and then separated by inertial impaction. Researches
have attempted to separate fine particles based on hetero-
geneous condensation [21–23]. Heidenreich and Ebert [24]
investigated the fundamentals of droplet growth theory and
found that submicron particles could be enlarged to droplets
with a high growth rate at the effect of water vapor con-
densation. Chen et al. [25] found that the SiO2 and TiO2
particles could be activated and grown up in the supersat-
urated water vapor environment. However, these results are
not suitable for coal-fired flue gas. Bao et al. [26] indicated
that the removal of fine particles could be promoted by
adding stream during wet flue gas desulfurization process.
Wu et al. [27] proposed that the fine particles were separated
efficiently with heterogeneous vapor condensation. How-
ever, they did not focus on the promotion of sulfur trioxide
removal and water conservation.

*e desulfurized flue gas is nearly supersaturated,
allowing the supersaturation environment to form more
easily [28]. In this work, the removal of sulfuric acid aerosol
and water conservation based on heterogeneous conden-
sation was investigated. *e supersaturated vapor envi-
ronment was achieved by a fluorine plastic heat exchanger
installed at the outlet of the desulfurization tower. Addi-
tionally, the critical supersaturation degree of sulfuric acid
aerosol was studied numerically. Sulfuric acid aerosol
further nucleates and grows in this environment, and then
the sulfuric acid aerosol is removed by the gravity and
collision of droplets. *eoretical and actual values of
condensate water mass were also studied. Meanwhile, effect
of the characteristic parameters (temperature drop, initial
temperature, and relative humidity) of the desulfurization
flue gas on the removal efficiency of sulfuric acid aerosol
was also discussed in detail. As a result, the most suitable
parameters for the sulfuric acid aerosol removal and water
saving were proposed.

2. Experiment System

2.1. Experimental Setup. *e experimental apparatus,
depicted in Figure 1, consists of a flue gas generator system, a
buffer tank, an ESP, a WFGD system, a fluorine plastic heat
exchanger, and a measurement system. *e flue gas was
supplied by an automatic coal-fired boiler with the volume of
350 Nm3h−1. *e SO3 was provided by SO3 generator and

then injected into the flue gas to simulate the actual con-
dition of coal-fired power plants. A buffer tank was used to
maintain the uniform of the mixed flue gas. *en, the flue
gas went through the ESP, desulfurization tower, and heat
exchanger and subsequently discharged into the atmo-
sphere.*e coarse aerosol particle was separated by ESP.*e
desulfurization tower adapted spray tower and 3 levers’
spray. *us, the flue gas and the desulfurization slurry were
countercurrent contact. *e medium of the heat exchanger
was cold water, and the temperature drop of desulfurized
flue gas was controlled by regulating the flow rate of cold
water. *e bottom of the heat exchanger is a water tank,
which was used to collect condensate water during the
heterogeneous vapor condensation. *en, the mass of the
condensation water was obtained and reused in desulfur-
ization process. *e SO3 generator is shown in Figure 2,
where SO3 was produced by means of oxidation of SO2 by
O3. *e O3 and SO2 were provided by O3 generator and SO2
cylinder gas. *e amounts of SO2 and O3 were accurately
controlled through the mass flow meter.

2.2. Measurement Methods. In the experiment, isokinetic
sampling was adopted in the gas sampling and the SO3
concentration was measured based on controlled conden-
sation method according to the national standard [29, 30]. As
shown in Figure 3, the sampling system includes a sampling
probe, a sampling gun, a filter cartridge, a serpentine glass
collection tube, a thermostatic water bath, and a dust parallel
sampler. In actual power plants, the typically sulfuric acid dew
point ranges from 95 to 160°C [31]. *erefore, the flue gas
sample was heated to 180°C to prevent the condensation of
sulfuric acid in the sampling gun and then cooled down in the
serpentine glass collection tube. *e temperature of circu-
lating cooling water was set at 60°C. *e particles in the flue
gas could be separated by heating quartz filter before water
bath. After sampling, the serpentine glass collection tube was
flushed with deionized water.*en, the concentration of SO−2

4
in the collected condensed fluid was measured by an ion
chromatographic analyzer. As a result, the concentration of
the sulfur trioxide was obtained. In addition, a humidity
transmitter was used to measure the temperature and the
humidity of the flue gas. *e flue gas was sampled at the inlet
and outlet of the heat exchanger, respectively.

*e removal efficiency of sulfuric acid aerosol is de-
termined by

ηS �
C0 − Ct

C0
× 100%, (1)

where ηs is the removal efficiency of sulfuric acid aerosol
(100%) and C0 and Ct are the concentration of sulfuric acid
aerosol without and with a heat exchanger, respectively (mg/
m3).

3. Numerical Study

3.1. Critical Supersaturation of the Sulfuric Acid Aerosol.
Two basic conditions need to be fulfilled for the occurrence
of nucleation. One is the formation of a supersaturation
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vapor environment and the other is that the supersaturation
degree of environment is higher than the critical super-
saturation degree of the aerosol particles [32]. *e physi-
cochemical characteristics of the aerosol particles, such as
the size, the surface structure, and the wetting properties
with regard to the liquids, determine the critical supersat-
uration degree of the aerosol particles. Generally, the critical
supersaturation degree for hydrophobic aerosol particles
would be relatively lower when hydrophobic aerosol par-
ticles are covered by a liquid film. *e critical supersatu-
ration degree of sulfuric acid aerosol is low because of the
hydrophilic property, proving that the sulfuric acid aerosol
could nucleate and enlarge more easily compared with the
hydrophobic particles in the same size. *e critical super-
saturation degree of the sulfuric acid aerosol Scr can be
defined as

Scr �
Pv

Ps(T)
� exp

2σMW

RGTρWr
 , (2)

where Pv is the surface vapor pressure of the sulfuric acid
aerosol (Pa), T is the temperature of flue gas (K), Ps(T) is the
saturation vapor at temperature T (Pa), σ is the surface
tension (N/m), Mw is the molar mass (kg/mol), RG is the gas
constant (J/(mol·K)), ρw is the density of the liquid (kg/m3),
and r is the radius of the sulfuric acid aerosol (m).

Figure 4 presents the critical supersaturation degree as a
function of the sizes of the sulfuric acid aerosol. *e tem-
perature of the flue gas is 55°C during the numerical cal-
culation based on equation (2). As seen in Figure 4, the
critical supersaturation degree of the sulfuric acid aerosol is
in inverse proportion to its size. *e bigger the size of the
sulfuric acid aerosol, the lower the critical supersaturation
degree of the sulfuric acid aerosol. *ereby, sulfuric acid
aerosols with larger size (more than 0.1 μm) are easier to be
nucleated and enlarged, whereas the sizes in the range of
0.01∼0.1 μm require higher vapor supersaturation for the
heterogeneous condensation. It can also be seen that the
highest critical supersaturation degree is 1.19 for the sulfuric
acid aerosol with 0.01 μm.

3.2. Establishment of the Supersaturation Environment of the
Desulfurized Flue Gas. *e supersaturation degree S re-
quired for vapor heterogeneous condensation is given by

S �
P(T, x)

Px(T, x)
, (3)

where P(T, x) is the actual vapor partial pressure at tem-
perature T (Pa) and Px(T, x) is the saturated vapor partial
pressure at temperature T (Pa).

*e condensable water vapor amount M is defined by

M � ms − m, (4)

wherems is the moisture content at the ideal supersaturation
degree S (g/Nm3) and m is the moisture content at the
saturation degree (g/Nm3).

Figure 5 presents the effect of three main parameters (the
relative humidity, temperature drop, and initial temperature

of desulfurized flue gas) on the formation of supersatu-
ration environment in desulfurized flue gas. Figure 5(a) is
under the condition that the initial temperature was 55°C. It
can be seen that the supersaturation degree increases
rapidly with the increase of temperature drop, when the
initial relative humidity is constant. Specifically, the su-
persaturation degree increases from 0.90 to 1.5 as the
temperature drop increases from 0°C to 10°C at the relative
humidity of 95%. Meanwhile, the supersaturation degree
shifts to higher values as the relative humidity increases,
when the temperature drop is constant. *e supersatura-
tion degree increases from 1.14 to 1.27 with the relative
humidity shifting from 90% to 100%, when the temperature
drop is 5°C. *us, it can be concluded that the relative
humidity and temperature drop contribute significantly to
the establishment of the supersaturation degree, and the
temperature drop of desulfurized flue gas has a greater
influence in this work. Figure 5(b) shows that the super-
saturation degree value increases with the increase of initial
temperature at constant temperature drop. However, the
increase amplitude of supersaturation degree is smaller.
For the temperature drop 5°C, the supersaturation degree
varies from 1.20 to 1.24 as the initial temperature decreases
from 60°C to 40°C. Clearly, the amplitude variation of
supersaturation degree is smaller. *erefore, the decrease
of initial temperature has a little influence on the formation
of supersaturation environment.

To identify the most beneficial parameters in the
process of establishing supersaturation environment, a
prediction equation fitted by multivariate nonlinear re-
gression could be derived [33]. *e calculated results,
under the typical conditions in Table 1, were used to fit the
equation. *erefore, the prediction equation is only
suitable for these typical conditions, which can be de-
scribed as

S � 0.01471 · Δt0.22341
· φ1.00009

· t
− 0.11397

. (5)

Equation (5) can be locally calculated on a log-log
scale as
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Figure 4: *e critical supersaturation degree of sulfuric acid
aerosol with different sizes.
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ln S � ln 0.01471 + 0.2234

ln Δt + 1.00009 ln φ − 0.11397 ln t,
(6)

where Δt is the temperature drop of desulfurized flue gas
(°S), φ is the relative humidity (%), and t is the temperature
of desulfurized flue gas (°S).

We deduced the derivative of S with respect to Δt, φ, and
t, respectively. *e result reveals that the influence of
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Figure 5: Numerical calculation results of supersaturation degree. (a) Influence of desulfurized flue gas relative humidity and temperature
drop. (b) Influence of desulfurized flue gas temperature and temperature drop.

Table 1: Typical conditions of thermodynamic calculation.

Operating parameters Value of number (interval 1)
Desulfurized flue gas temperature 40°C∼60°C
Desulfurized flue gas relative
humidity 90%∼100%

Desulfurized flue gas temperature
drop 1∼10°C
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parameters on the establishment of supersaturation en-
vironment is Δt ˃ φ ˃ t. Obviously, higher temperature drop
and relative humidity of the desulfurized flue gas are
favorable to form the supersaturation environment, while
the initial temperature of desulfurized flue gas is
detrimental.

4. Results and Discussion

4.1. Influencing Factors on the Removal Performance of Sul-
furic Acid Aerosol. To study the effect of temperature drop
on the removal efficiency of sulfuric acid aerosol, the
experiment was carried out at the temperature of 55°C and
relative humidity of 95%. Figure 6 describes the rela-
tionship between the removal efficiency of sulfuric acid
aerosol and the temperature drop. *e removal efficiency
increases with the increase of temperature drop. As the
temperature drop increases from 2°C to 10°C, the removal
efficiency shifts from 59.4% to 74.2%. *is is mainly
because the degree of vapor supersaturation, necessary for
the nucleation of sulfuric acid aerosol, increases with the
decrease of temperature. It can be seen from Figure 5(a)
that the supersaturation degree increases to 1.5 from 0.9,
as the temperature drop increases from 0°C to 10°C with
instant initial temperature and relative humidity. As
shown in Figure 4, the highest critical supersaturation
degree for the sulfuric acid aerosol is 1.19. *us, more
submicron sulfuric acid aerosol would be activated and
nucleated and then grown up into larger droplets at the
effect of vapor heterogeneous condensation. *e con-
densable water amount also increases with the increase of
supersaturation degree, leading to higher condensable
water amount divided into each droplet. *e enlarged
droplets are removed more effectively and easily at the
coeffect of the high efficient demister and the gravity of
sulfuric acid aerosol. Correspondingly, the temperature
drop of desulfurized flue gas is controlled by the flow rate
of the cold water in the fluorine plastic exchanger. As a
result, the thermophoretic force and diffusiophoresis
force are strengthened due to the increase of temperature
gradient around the heat exchanger capillary, while the
function of Brownian motion decreases [34–36]. Addi-
tionally, lower temperature enhances both the nucleation
and growth rate of sulfuric acid aerosol [37]. Subse-
quently, sulfuric acid aerosols are removed to the surface
of the heat exchanger capillary and captured by the
condensate liquid film. Consequently, the removal effi-
ciency is greatly enhanced due to the temperature drop of
desulfurized flue gas.

Figure 7 presents the influence of initial temperature
of desulfurized flue gas on the removal efficiency of
sulfuric acid aerosol. *e relative humidity and tem-
perature drop were set at 95% and 5°C, respectively. It can
be seen the tendency of the removal efficiency of sulfuric
acid aerosol increases when the initial temperature rises.
However, the variation is not significant. As depicted in
Figure 5(b), the supersaturation degree reduces to 1.20
from 1.22 with the increase of initial temperature. *e
highest critical supersaturation degree of sulfuric acid

aerosol is 1.19, as shown in Figure 4. *erefore, the de-
crease of the vapor supersaturation degree has no or only
minor effects on the removal of sulfuric acid aerosol.
Nevertheless, the thermophoretic force and Brownian
movement are enhanced during the increase of initial
temperature. *is is beneficial to the movement of sul-
furic acid aerosol with small size, resulting in more
sulfuric acid aerosol captured by the film. Hence, al-
though the supersaturation degree decreases when the
initial temperature increases, the removal efficiency of
sulfuric acid aerosol tends to be at a higher value. *is
illustrates that the method has a good adaptability to the
different initial temperature of desulfurized flue gas in
this work, and the removal efficiency is almost unchanged
with varying initial temperature.

Figure 8 shows the impact of relative humidity on the
removal efficiency. *e temperature drop was set at 5°C
and the initial temperature was set at 55°C. It can be seen
that the removal efficiency of sulfuric acid aerosol in-
creases when the relative humidity increases. *e removal
efficiency increases from 64.3% to 70.1% with the relative
humidity shifting from 90% to 100%.*e range of relative
humidity is less than 100%, while the desulfurized flue gas
will reach supersaturation level as there is a 5°C drop of
desulfurized flue gas. As seen in Figure 5(a), a higher
supersaturation environment is formed with an increase
in relative humidity, which plays a decisive role in the
nucleation, activation, and growth of sulfuric acid
aerosol. *en, more sulfuric acid aerosols with smaller
particle size are activated and nucleated. *e enlarged
sulfuric acid aerosol would be removed more efficiently
due to the collision and gravity of the sulfuric acid
aerosol. Simultaneously, the sulfuric acid aerosols are
easily captured by the liquid film on the surface of the
heat exchange tube due to the strong hydrophilicity,
inducing a higher removal efficiency of sulfuric acid
aerosol.

4.2. Water Saving Coupled the Removal of Sulfuric Acid
Aerosol. *e relationships of the mass of condensable water
changes with the initial temperature, temperature drop, and
the relative humidity were calculated, as shown in
Figures 9–11. Figure 9 shows the effect of initial temperature
on themass of condensable water.*e temperature drop was
set at 5°S and the relative humidity was set at 95%.*e mass
of condensable water increases with the increase of initial
temperature of flue gas. *is is because the water content is
higher as the flue gas temperature is high under the same
humidity. Figure 10 describes the relationship between the
mass of condensable water and the temperature drop. *e
higher the temperature drop, the higher the mass of con-
densable water. Figure 11 presents the influence of the
relative humidity on the mass of condensable water. *e
initial temperature was set at 55°S and the temperature drop
was set at 5°S. *e mass of condensable water increases
when the relative humidity increases. *is is because the
water content of the flue gas is high when the relative hu-
midity is high.
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*e mass of condensable water increases with the in-
crease of the initial temperature, temperature drop, and
relative humidity. It can be found that high temperature and
high humidity flue gas have a great potential to recover
water. Meanwhile, desulfurized flue gas is high humidity.
*erefore, it may be advantageous for saving water by

installing a heat exchanger after desulfurization. *e
desulfurized flue gas temperature reduces after entering into
the heat exchanger. Water vapor homogeneously condenses
into water droplets or heterogeneously condenses on the
tube wall or aerosol surface. *en the condensed water is
collected in the sink at the bottom of the heat exchanger.
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*us, the recovered condensation water volume could be
obtained. Table 2 is the mass of condensed water with the
heat exchanger under typical conditions. *e initial tem-
perature is 55°S and the relative humidity is 95%. *e
temperature drop increases from 1°S to 5°S. As seen in
Table 1, the condensed water mass increases from 0.0046 kg/
(Nm3·h) to 0.0349 kg/(Nm3·h). *e higher temperature
drop, the higher condensed water mass. When the

temperature is reduced by 1°S, the condensed water mass is
0.0046 kg/(Nm3·h). For a 300MW system, it is approxi-
mately equal to 29.3714 kg/(Nm3·h), revealing the better
water saving performance of the fluoroplastic heat ex-
changer. *e results show that the more temperature drop,
the more mass of condensed water. However, considering
the cold source, the most suitable temperature drop is 1°S to
2°S for the arid area.
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Table 2: Recovered mass of condensed water with the heat exchanger on.

Number Temperature drop (°S) Condensed water mass (kg/(Nm3·h))
1 2 0.0046
2 4 0.0160
3 6 0.0260
4 8 0.0349
5 10 0.0440
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5. Conclusions

An approach to remove the sulfur acid aerosol coupling with
water saving in the limestone-gypsum desulfurization sys-
tem was investigated. *e required supersaturation envi-
ronment was achieved by the heat exchanger after the
desulfurization. Numerical calculation of the supersatura-
tion degree and condensable water mass was carried out.
Attempts were made to probe the factors that affect the
removal efficiency of sulfur trioxide. *e results are dis-
cussed and summarized as follows:

(1) *e critical supersaturation degree of sulfuric acid
aerosol decreases with the increasing size. *e bigger
the size, the lower the critical supersaturation degree.
*e highest critical supersaturation degree for sul-
furic acid droplet is approximately equal to 1.2.

(2) *e removal of sulfuric acid aerosol is successfully
achieved by the effect of heterogeneous vapor con-
densation. Correspondingly, the temperature drop has a
strong impact on the separation of sulfuric acid aerosol.
However, the removal efficiency of sulfuric acid aerosol
changes little with the variation of the initial temper-
ature. *erefore, this method is suitable for different
initial temperature in the experimental conditions.

(3) *e relative humidity and temperature drop con-
tribute significantly to supersaturation degree and
the sulfuric acid aerosol removal efficiency, and the
temperature drop of desulfurized flue gas has a
greater influence.

(4) When the temperature is reduced by 1°S, the con-
densed water mass is 0.0046 kg/(Nm3·h). *is is
equivalent to about 29.3714 kg/(Nm3·h) water saving
for a 300MW system. *e more temperature drop,
the more mass of condensed water. However, con-
sidering the cold source, the most suitable temper-
ature drop is 1°S to 2°S for the arid area.
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[13] R. Karolin, E. Latõšov, and J. Kleesmaa, “Primary method for
reduction of SO2 emission in pulverized oil shale-fired boilers
at narva power plants: test 1—water injection after super-
heater,” Oil Shale, vol. 34, no. 1, pp. 70–81, 2017.

[14] J. Huang, F. Zhang, Y. Shi et al., “Investigation of a pilot-scale
wet electrostatic precipitator for the control of sulfuric acid
mist from a simulated WFGD system,” Journal of Aerosol
Science, vol. 100, pp. 38–52, 2016.

[15] S. Dragan and A. Ozunu, “Characterization of calcium car-
bonates used in wet flue gas desulphurization processes,”
Open Chemistry, vol. 10, no. 5, pp. 1556–1564, 2012.

[16] Q. Ma, Z. Wang, F. Lin et al., “Characteristics of O3 oxidation
for simultaneous desulfurization and denitration with lime-
stone-gypsum wet scrubbing: application in a carbon black
drying kiln furnace,” Energy & Fuels, vol. 30, no. 3,
pp. 2302–2308, 2016.

[17] Y. Li, M. Yan, L. Zhang et al., “Method of flash evaporation
and condensation—heat pump for deep cooling of coal-fired
power plant flue gas: latent heat and water recovery,” Applied
Energy, vol. 172, no. 15, pp. 107–117, 2016.

10 Journal of Chemistry



[18] J. Bao, L. Yang, W. Guo, S. Song, and J. Geng, “Improving the
removal of fine particles in the WFGD system by adding
wetting agents,” Energy & Fuels, vol. 26, no. 8, pp. 4924–4931,
2012.

[19] J. Xu, Y. Yu, J. Zhang, Q. Meng, and H. Zhong, “Heteroge-
neous condensation of water vapor on particles at high
concentration,” Powder Technology, vol. 305, pp. 71–77, 2017.

[20] H.Wu, D. Pan, J. Bao et al., “Improving the removal efficiency
of sulfuric acid droplets from flue gas using heterogeneous
vapor condensation in a limestone-gypsum desulfurization
process,” Journal of Chemical Technology & Biotechnology,
vol. 92, no. 1, pp. 230–237, 2017.

[21] X. Luo, Y. Fan, F. Qin, H. Gui, and J. Liu, “A kinetic model for
heterogeneous condensation of vapor on an insoluble
spherical particle,” �e Journal of Chemical Physics, vol. 140,
no. 2, Article ID 024708, 2014.

[22] R. Zhang, H. Wu, X. Si, L. Zhao, and L. Yang, “Improving the
removal of fine particulate matter based on heterogeneous
condensation in desulfurized flue gas,” Fuel Processing
Technology, vol. 174, pp. 9–16, 2018.

[23] H. Wu, L.-j. Yang, J.-p. Yan, G.-x. Hong, and B. Yang,
“Improving the removal of fine particles by heterogeneous
condensation during WFGD processes,” Fuel Processing
Technology, vol. 145, pp. 116–122, 2016.

[24] S. Heidenreich and F. Ebert, “Condensational droplet growth
as a preconditioning technique for the separation of sub-
micron particles from gases,” Chemical Engineering and
Processing: Process Intensification, vol. 34, no. 3, pp. 235–244,
1995.

[25] C. C. Chen, H. K. Shu, and Y. K. Yang, “Nucleation-assisted
process for the removal of fine aerosol particles,” Industrial
and Engineering Chemistry Research, vol. 32, pp. 11337–11347,
1993.

[26] J. Bao, L. Yang, J. Yan, G. Xiong, B. Lu, and C. Xin, “Ex-
perimental study of fine particles removal in the desulfurated
scrubbed flue gas,” Fuel, vol. 108, pp. 73–79, 2013.

[27] H. Wu, D. Pan, R. Zhang, L. Yang, Z. Peng, and B. Yang,
“Abatement of fine particle emissions from a coal-fired power
plant based on the condensation of SO3 and water vapor,”
Energy & Fuels, vol. 31, no. 3, pp. 3219–3226, 2017.

[28] J. Yan, L. Chen, Q. Lin, Z. Li, H. Chen, and S. Zhao, “Chemical
characteristics of submicron aerosol particles during a long-
lasting haze episode in Xiamen, China,” Atmospheric Envi-
ronment, vol. 113, pp. 118–126, 2015.

[29] J. Cheney and J. Homolya, Characterization of Combustion
Source Sulfate Emissions with a Selective Condensation
Sampling System, Environmental Protection Agency Indus-
trial Environmental Research Laboratory, Washington, DC,
USA, 1978.

[30] AQSIQ, Inspection and Quarantine of the People’s Republic of
China, AQSIQ, Beijing, China, 2008.

[31] R. Ebara, F. Tanaka, and M. Kawasaki, “Sulfuric acid dew
point corrosion in waste heat boiler tube for copper smelting
furnace,” Engineering Failure Analysis, vol. 33, pp. 29–36,
2013.

[32] J. Bao, L. Yang, S. Song, and G. Xiong, “Separation of fine
particles from gases in wet flue gas desulfurization system
using a cascade of double towers,” Energy & Fuels, vol. 26,
no. 4, pp. 2090–2097, 2012.

[33] A. Gifi, Nonlinear Multivariate Analysis, Wiley, Hoboken, NJ,
USA, 1990.

[34] S. K. Loyalka, “*ermophoretic force on a single particle-I.
Numerical solution of the linearized Boltzmann equation,”
Journal of Aerosol Science, vol. 23, no. 3, pp. 291–300, 1992.

[35] K. E. J. Lehtinen, J. Hokkinen, A. A. J. K. Jokiniemi, and
R. E. Gamble, “Studies on steam condensation and particle
diffusiophoresis in a heat exhanger tube,”Nuclear Engineering
and Design, vol. 213, no. 31, pp. 67–77, 2002.

[36] R. Simha, “*e influence of Brownian movement on the
viscosity of solutions,” �e Journal of Physical Chemistry,
vol. 44, no. 1, pp. 25–34, 1940.

[37] L. Tiszenkel, C. Stangl, J. Krasnomowitz et al., “Temperature
effects on sulfuric acid aerosol nucleation and growth: initial
results from the TANGENT study,” Atmospheric Chemistry
and Physics, vol. 19, no. 13, pp. 8915–8929, 2019.

Journal of Chemistry 11


