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ABSTRACT: SO3 in coal-fired flue gas causes equipment
corrosion and sulfuric acid mist emissions. As the flue gas
temperature decreases, SO3 converts to gaseous H2SO4 and
condenses with H2O via binary heterogeneous condensation.
Here, based on thermodynamic equilibrium theory, a model for
H2SO4−H2O binary heterogeneous condensation is developed and
verified by comparing the calculated planar acid dew point
(TADP,plane) with the previously reported experimental data. The
equilibrium parameters of condensation on both planar and
particle surfaces are investigated. On planar surface, TADP,plane
increases with the gas concentration, while the equilibrium sulfuric
acid mass fraction (ωPE,plane) increases with H2SO4 concentration
and decreases with H2O concentration. For H2SO4 concentrations of 0.5−50 ppm and H2O concentrations of 0.5%−15%, TADP,plane
ranges from 356.37 to 426.67 K and the equilibrium sulfuric acid mass fraction (ωPE,plane) ranges from 71.922% to 91.058%. The
equilibrium parameters on micrometer particle surfaces are similar to those on planar surfaces, while on submicrometer particle
surfaces, the acid dew point (TADP,particle) decreases and the equilibrium liquid film sulfuric acid mass fraction (ωPE,particle) increases
with decreasing particle diameter (dp) due to the Kelvin effect. We found that TADP,particle/TADP,plane and ωPE,particle/ωPE,plane are barely
unaffected by pv,i and can be considered as a function of dp. Based on the numerical results, formulas with good prediction accuracy
for TADP,particle and ωPE,particle are proposed. The results provide predictive models for acid dew points on particle surfaces, which are
crucial for guiding strategies to mitigate corrosion and reduce sulfuric acid mist emissions in coal-fired power plants.

1. INTRODUCTION
The sulfur element in coal is oxidized during combustion
forming sulfur oxides (SOx), which mainly consist of SO2 and
contains about 0.75%−1.5% SO3.

1,2 After passing through the
Selective Catalytic Reduction unit, about 0.5%−2% of SO2 is
oxidized to SO3 by vanadium-based catalysts.

3−7 Depending on
the sulfur content in coal and the performance of the energy-
saving and emission-reduction units, the SO3 content in coal-
fired flue gases can range from several to tens of mg/Nm,3

while the SO3 content in flue gas from power plants using high-
sulfur coal can exceed 100 mg/Nm3,8 which far exceed the
sulfuric acid mist emission standards proposed by developed
countries and regions.2,9

In the flue gas system, as the flue gas temperature decreases,
gaseous SO3 begins to convert to gaseous H2SO4 at
approximately 500 °C10 and then completely transforms into
H2SO4 at around 205 °C.11 As the temperature further
decreases, gaseous H2SO4 begins to undergo binary con-
densation with H2O. The condensation process of H2SO4−
H2O can be classified into homogeneous condensation and
heterogeneous condensation based on whether they adhere to
existing condensation nuclei.12,13 It is reported that homoge-
neous condensation occurs only when the concentration of the
condensable components is high enough and there are few or

no existing condensation nuclei.14,15 In the flue gas system, due
to the existence of abundant condensation nuclei provided by
the surfaces of heat exchangers and fly ash particles, the
condensation of H2SO4 with H2O mainly occurs heteroge-
neously. The sulfuric acid liquid film formed on the equipment
surfaces can cause corrosion, threatening the safety and stable
operation of power generation systems.16 When H2SO4

condenses onto fly ash particle surfaces, it may deposit along
with the particles onto the equipment surfaces in the flue,
leading to corrosion17−19 or it may be emitted into the
atmosphere as sulfuric acid mist, threatening environment and
human health.20,21 Therefore, investigating the H2SO4−H2O
binary heterogeneous condensation is of great significance for
corrosion prevention and control of acid mist emissions in flue
gas systems.
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Previous studies have primarily focused on the binary
condensation of H2SO4−H2O on planar surfaces such as heat
exchangers, oriented to address the low-temperature corrosion
resulting from H2SO4 condensation on heat transfer
surfaces.22,23 The temperature at which gaseous H2SO4 and
H2O begin to condense is termed the acid dew point.
Numerous experimental observations on flue gas acid dew
points have been conducted, and various empirical formulas for
acid dew point were proposed. Former Soviet scholars
obtained the acid dew point by correcting the water dew
point considered fuel sulfur content and excess air
coefficient.24 Muller25,26 and Halstead27 proposed formulas
to solve the acid dew point using condensable component
concentration in flue gas as the variable, but their formulas
only consider the concentration of SO3/H2SO4 and neglect the
influence of gaseous H2O on the condensation process. The
Japan Institute of Electric Power Industry provided formulas
for calculating the acid dew point at specific H2O vapor
concentrations of 5%, 10%, and 15%.24 Haase and
Borgmann,24 Verhoff and Banchero,28 Bapahoba,24 and
Okkes29 proposed different formulas for the acid dew point
considering both H2SO4 and H2O vapor concentrations.
Significant deviations exist between the results calculated
using different formulas due to the differences in experimental
observation methods and the interpretation of acid con-
densation signals.30,31 Among the formulas mentioned above,
the formulas proposed by Verhoff and Banchero, and Okkes
are considered to better match experimental results. However,
the Verhoff and Banchero formula still overestimates by 4 °C
or more at an acid dew point of 120−140 °C, while the Okkes
formula underestimates the acid dew point at low water vapor
concentrations.32 In recent years, Xiang et al.33 and Bahadori34

have proposed semiempirical formulas based on experimental
data. ZareNezhad and Aminian35 used neural network
algorithms to calculate the acid dew point. These methods
provide new insights for calculating the acid dew point, but
understanding and calculating the acid dew point from the
perspective of condensation process theory still require further
exploration.
In coal-fired flue gas, binary condensation of H2SO4−H2O

may also occur on particle surfaces with a high curvature.
Yan36 directly observed the phenomenon of particle surface
roughening at temperatures below the acid dew point in
experiments using SEM. Previous studies37−40 with field tests
found that dust removal equipment exhibits significant

synergistic removal effects on SO3, indicating that some
sulfuric acid deposits on particles are removed. Huang41 and
Wu42 pointed out that in WFGD, due to higher water vapor
concentration, sulfuric acid mist is prone to form and be
synergistically removed. The wESP device downstream of
WFGD is considered the most effective device for sulfuric acid
mist removal9 because the electric force can significantly
enhance the aggregation and growth of sulfuric acid mist
droplets,43 thereby enhancing its removal efficiency. The above
studies all suggest that gaseous H2SO4 can condense and
adhere to particles in the flue gas system units. Researchers
also conducted numerical simulations to study the binary
condensation of H2SO4−H2O on particle surfaces.44 The
adopted condensation models often set a specific value of
nucleation rate as the criterion for the initiation of H2SO4−
H2O condensation.45 However, there is currently no agree-
ment on the selection of this value, and different values can
lead to significant differences in the condensation initiation
conditions and processes. Based on thermodynamic analysis,
the large curvature of particle surfaces yields a large saturation
vapor pressure of condensable components on sulfuric acid
liquid film surfaces, resulting in small acid dew points under
the same gas-phase concentration conditions compared to
those on the planar surface. Therefore, the formulas of the acid
dew point proposed for binary condensation on planar surfaces
are not applicable to particle surfaces. Further research is
needed on the conditions of binary condensation of H2SO4−
H2O on particle surfaces, and corresponding predictive
formulas remain to be proposed.
To address the above issues, this study establishes a phase

equilibrium model for binary condensation of H2SO4−H2O on
both planar and fly ash particle surfaces based on
thermodynamic theory and investigates the corresponding
phase equilibrium states of H2SO4−H2O binary condensation.
From the perspective of thermodynamic analysis, the physical
meaning of the planar acid dew point is clarified. Based on this,
a more accurate predictive formula over a wide range of gas-
phase parameters is proposed, along with a predictive formula
for the concentration of equilibrium liquid film sulfuric acid.
The phase equilibrium states of acid condensation on particle
surfaces of different sizes are studied, and predictive formulas
for the phase equilibrium parameters of the binary
condensation process of H2SO4−H2O on particle surfaces
are established. The results can provide guidance for the

Figure 1. Schematics illustrating the binary equilibrium of H2SO4−H2O at a (a) planar surface and a (b) curved surface.
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prevention of low-temperature corrosion in flue gas and
reduction of sulfuric acid mist emissions.

2. MODELS AND NUMERICAL METHODS
2.1. Theoretical Model. This study investigates the phase

equilibrium parameters for the binary condensation of
H2SO4−H2O on the surfaces of planes and particles with
different diameters in flue gas with gas-phase component
partial pressures of pv,Hd2SOd4

and pv,Hd2O. At the microscopic level,
the fundamental difference between the evaporation and
condensation processes lies in the magnitudes of the interfacial
mass fluxes Iv−l and Il−v across the gas−liquid interface. As
illustrated in Figure 1, the conditions for binary condensation
of H2SO4−H2O depend on the relationship between the
intensive variables of each condensing component when phase
equilibrium (equal interfacial mass fluxes, Iv−l = Il−v) is
achieved. Here, we assume that the surfaces of planes and
particles are coated by a thin film of sulfuric acid solution, as
indicated by the blue region in the figure. The gas phase with a
condensable component concentration of pv,i is shown as the
yellow region, where i represents different condensable
components (H2O or H2SO4). Following Gibbs,

12 we define
the red dotted line in the sketches as a gas−liquid dividing
surface, on which we have the thermal equilibrium, mechanical

equilibrium, and phase equilibrium between the phases,
respectively shown in eqs 1−3.

= =T T Ti iv, l, (1)

+ =p p pi iv, l, (2)

=i iv, l, (3)

where T, p, and μ represent the temperature, pressure, and
chemical potential, and the subscript “v” and “l” represent the
vapor and liquid phases. pv,i = ptotal × Vi, where ptotal is the total
pressure of the environment and Vi is the volume fraction of
component i in the gas phase. Δp = 2σ/r, representing the
Laplace pressure across the gas−liquid interface, where r is the
radius of curvature of the gas−liquid surface, which is assumed
to equal to the particle radius here. σ is the surface tension of
the sulfuric acid solution, which can be calculated as46

= +
i

k
jjjjjjj
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jjjjjj
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zzzzzza b T
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1.256

(4)

= +
+

a x x x
x x

0.2358 0.529 4.073 12.6707

15.3552 6.3138

2 3

4 5 (5)

Figure 2. Graphical solution for determining the phase equilibrium of (a) H2SO4, (b)H2O and (c) binary equilibrium point. Here, cv,Hd2SOd4
= 20

ppm, cv,Hd2O = 10%.
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= + +
+

b x x x
x x

0.14738 0.6253 5.4808 17.2366
21.0487 8.719

2 3

4 5 (6)

= + +T x x x x647.15(1 ) 900.0 3156.186 (1 )p
2 2

(7)

where x is the mole fraction of sulfuric acid in the solution, and
Tp is the pseudocritical temperature of the binary solution.
We can derive the binary Kelvin equation through explicit

thermodynamic equilibrium analysis. For each component i (i
= H2O,H2SO4), the chemical potentials in vapor (v) and liquid
(l) phases must satisfy chemical potential equality (eq 3); the
equality ensures no net mass transfer across the gas−liquid
interface (Iv−l = Il−v).
Assuming the vapor behaves as an ideal gas, the chemical

potential of component i in the vapor phase can be expressed
as

= +T RT p p( ) ln( / )i i v i i,v
0

, ,0 (8)

where μi0(T) is the standard chemical potential of pure
component i at temperature T and reference pressure pi,0,
defined as the saturation vapor pressure over a flat surface. R is
the universal gas constant and pv,i is the partial pressure of
component i in the vapor phase.
For the liquid phase, the chemical potential incorporates

both the nonideal behavior of the solution and the curvature-
induced pressure difference (Laplace pressure). The chemical
potential of component i in the liquid film is given as

= + +T RT V p( ) lni i i i,l
0

m, (9)

where α is the activity of component in the solution, Vm,i is the
partial molar volume of component i, which is also affected by
the sulfuric acid mass fraction ω of the solution. Based on data
from Perry’s Chemical Engineers’ Handbook,47 we fitted the
following linear regression equation based on mass fraction for
calculation purposes

= ×V 53.3 20.0m,H SO2 4 (10a)

= ×V 18.0 10.0m,H O2 (10b)

Equating the vapor and liquid chemical potentials (eqs 8 and
9) yields

= +RT p p RT V rln( / ) ln (2 / )v i i i i, ,0 m, (11)

Rearranging eq 11 provides the generalized Kelvin equation
for binary condensation

= =
i
k
jjjj

y
{
zzzz

i
k
jjjj

y
{
zzzzp p

V

rRT
p

V

rRT
exp

2
exp

2
i i i

i
i

i
v, ,0

m,
s,

m,

(12)

where ps,Hd2SOd4
and ps,Hd2O are the saturated vapor pressure of the

condensable component, determined by the sulfuric acid mass
fraction ω and the temperature T of the solution. We use the
data reported in Perry’s Chemical Engineers’ Handbook47 to
obtain the value of ps,i via interpolation. Based on the
aforementioned data, the solute−solvent interactions reflected
by the activity are simplified. The exponential term quantifies
the enhancement of the vapor pressure over curved surfaces.
According to the Gibbs phase rule, a binary, two-phase

system has 2 independent intensive variables in equilibrium. In
this study, the concentrations of gaseous H2SO4 and H2O are
known, constituting 2 independent intensive variables, which

are sufficient to determine the phase equilibrium state. The
temperature (acid dew point, TADP) and the mass fraction of
the solution (equilibrium liquid film sulfuric acid mass fraction,
ωPE) at equilibrium can be solved by combining eq 12 and the
relationship between ps,i and ω, T obtained from Perry’s
Chemical Engineers Handbook (with the variables to be solved
being: TADP, ωPE, ps,Hd2SOd4

, ps,Hd2O). The detailed calculation
method is described below.

2.2. Numerical Methods. For the binary condensation on
a planar surface, eq 12 simplifies to pv,i = ps,i. We use the
graphical solution in MATLAB 2022a to determine TADP,plane
and ωPE,plane, and the calculation steps are sketched in Figure 2.
The blue surface represents the ps,i obtained through two-
dimensional cubic spline interpolation based on the data in
Perry’s Chemical Engineers’ Handbook,47 with solution
sulfuric acid mass fraction ω and temperature T as two
variables. The red plane represents the vapor component
partial pressures (pv,i). The sketches for the calculation of
sulfuric acid and water components are shown in Figure 2a,b,
respectively. When the blue surface intersects with the red
plane, the condensable component satisfies ps,i = pv,i, and the
intersection lines yield the corresponding T and ω through
graphical methods. Projecting the two intersection lines in
Figure 2a,b onto the T−ω plane, we obtain the green and blue
curves in Figure 2c, respectively. The intersection point
indicated by the red point in the figure represents the
equilibrium conditions for the binary condensation of H2SO4
and H2O. The acid dew point (TADP,plane) and the equilibrium
liquid film sulfuric acid mass fraction (ωPE,plane) on the planar
surface are then obtained as the temperature and mass fraction
corresponding to the intersection point in Figure 2c.
For particles with a large surface curvature, the Kelvin effect

cannot be ignored, and eq 12 is solved iteratively. Given the
gas-phase component concentrations (pv,i), assume an initial
liquid film temperature T(0) = TADP,plane, and mass fraction ω(0)

= ωPE,plane to start the calculation. Using the iteratively
computed liquid film temperature (T(k−1)) and mass fraction
(ω(k−1)) as inputs (where k ≥ 1 represents the iteration step),

based on eqs 4−7, = i
k
jjj y

{
zzzp p /expi

k
i

V

rRTs,
( 1)

v,
2 k k

k

( 1)
m
( 1)

( 1) is solved. It

should be noted that σ and Vm both vary with the sulfuric acid
mass fraction (ω) inside the liquid film as intermediate
variables for the iteration. Then, using the graphical method
employed in the previous section, the liquid film temperature
and mass fraction corresponding to the saturation vapor
pressure combination are determined, yielding T(k) and ω(k).
This process constitutes a single iteration step. Convergence is
achieved when (T(k) − T(k−1))/T(k−1) < 0.001 and (ω(k) −
ω(k−1))/ω(k−1) < 0.001. The corresponding liquid film
temperature T(k) and mass fraction ω(k) are then considered
as the particle acid dew point (TADP,particle) and equilibrium
liquid film sulfuric acid mass fraction (ωPE,particle) on the surface
of a particle of diameter dp at gas-phase component
concentration pv,i.
In the calculation of the binary condensation of H2SO4−

H2O on the plane, the H2SO4 vapor concentration ranges from
0.5 to 50 ppm and the H2O vapor concentration ranges from
0.5% to 15%, covering 3000 operating conditions. For the
calculation of the binary condensation of H2SO4−H2O on
particle surfaces, the main operating conditions selected are
shown in Table 1, with particle diameters ranging from 1 nm
to 100 μm.
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3. RESULTS AND DISCUSSION
3.1. Equilibrium State of Sulfuric Acid Binary

Condensation at Planar Surfaces. As a start, this section
focuses on the conditions for binary condensation of H2SO4−
H2O on a plane, and the reliability of the calculation method in
this study is validated through a comparison of the calculated
results to previously reported data. Figure 3a presents the
isothermal diagram of TADP,plane of the binary condensation
under different concentrations of H2SO4 and H2O. It can be
observed that as the concentrations of H2SO4 and H2O
increase, TADP,plane increases, with a slower increasing rate at a
higher component concentration. Table 2 shows the TADP,plane
corresponding to an H2O volume fraction of 8%−10% and an
H2SO4 volume fraction of 0.5/5/10/15/20/30/40/50 ppm.
Figure 3b presents the ωPE,plane under different concen-

trations of H2SO4 and H2O in the vapor phase. The ωPE,plane
increases with an increasing H2SO4 vapor concentration and a
decreasing H2O vapor concentration. Within the range of
condensable component concentrations (VHd2SOd4

= 0.5 ppm-50
ppm, VHd2O = 0.5%−15%) in this study, the sulfuric acid mass
fraction in the planar liquid film ranges from 71.922% to
91.058%. Zuo et al.24 found that the corrosion rate decreases
when the mass fraction of sulfuric acid solution exceeds 60%.
Moreover, the strong oxidation of concentrated sulfuric acid
forms metal oxides on the metal surface, creating a protective
layer that further mitigates corrosion. Therefore, the sulfuric
acid solution film formed near the acid dew point exhibits low
corrosivity to equipment due to its high concentration. This
partially explains why significant corrosion of heat exchange
surfaces typically occurs only at temperatures several degrees
below the acid dew point reported by previous studies.48

Figure 4 compares the TADP,plane calculated in this study with
the experimental results of ZareNezhad49 and Blanco32 under

the same H2SO4 and H2O vapor concentrations. In the plot,
under identical operating conditions, the x-axis of the data
points represents the results calculated by the model proposed
in this study, while the y-axis corresponds to the data from
previously reported experiments or models. The red dashed
line indicates the line of perfect agreement between the two
data sets. The data points we calculated have an average
deviation of +1.27 °C and a maximum deviation of +5.18 °C
compared to ZareNezhad’s experiments and an average
deviation of −2.67 °C and a maximum deviation of −4.62
°C compared to Blanco’s results. This indicates that TADP,plane
obtained using the thermodynamic phase equilibrium-based
calculation method we adopted is in good agreement with the
reported experimental data. Taking the TADP,plane calculated in
this study as a reference, several sets of empirical formulas that
consider the influence of both H2SO4 and H2O vapor
concentrations on the TADP,plane are evaluated, also as shown
in Figure 4. The calculation results of the Bapahoba formula
are generally lower compared with the numerical results in this
study, while the Verhoff formula yields higher values compared
with the numerical calculation results in this study. The
formula from the Japan Institute of Electric Power Industry for
a 10% H2O vapor concentration matches our numerical results
the best, with average deviations of −2.16 °C and +2.70 °C for
H2O vapor concentrations of 5% and 15%, respectively. The
Okkes formula exhibits the best agreement with our numerical
results at H2O vapor concentrations above 10%. However, as
indicated by the data within the blue dot-lined box in Figure 4,
at low H2O vapor concentrations, the TADP,plane calculated by
this formula is lower than the numerical results in this study,
consistent with a previous report that the Okkes formula
exhibits lower accuracy at low H2O vapor concentrations.32

In the condensation process, the thermodynamic equili-
brium state calculated in this study corresponds to the critical
state, where the sulfuric acid−water binary mixture formed can
be regarded as a thin liquid film but that has not yet undergone
significant condensation (otherwise, pv,i > ps,i). Therefore, the
planar acid dew point defined in this study represents the
highest upper temperature limit at which macroscopic
condensation is thermodynamically permissible. In actual
experimental observations of the planar acid dew point
temperature, the measurement by the dew point meter
requires the accumulation of a certain thickness of the sulfuric

Table 1. Parameters for Numerical Calculations of Binary
Condensation of H2SO4−H2O on Particle Surfaces

parameters values

diameter of particle, dp = 2r (μm) 100, 10, 1, 0.1, 0.01, 0.001
volume fraction of H2SO4 in vapor,
cv,Hd2SOd4

(ppm)
1, 2.5, 5, 7.5, 10, 15, 20, 25, 30,
40, 50

volume fraction of H2O in vapor, cv,Hd2O

(%)
2, 5, 7, 10, 13, 15

Figure 3. Equilibrium parameters for the binary condensation of H2SO4−H2O on the planar surface: (a) TADP,plane and (b) ωPE,plane.
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acid liquid film, resulting in significant variations in electrical
signals. The temperature recorded under such conditions
should therefore be lower than the onset temperature of acid
condensation, that is, the planar acid dew point temperature
TADP,planar defined in this study. Variations in measurement
methodologies, condensation criteria, and instrument precision
adopted by different researchers inevitably lead to discrep-
ancies in the experimentally measured acid dew points.
Employing electrical signal measurement devices with higher
sensitivity and stricter critical electrical signal thresholds can
yield results that more closely approximate the thermodynamic
equilibrium state of sulfuric acid condensation.

3.2. Equilibrium State of Sulfuric Acid Condensation
on the Particle Surface. Regarding the condensation of
sulfuric acid on fly ash particles in flue gas, the large curvature
of particle surfaces prevents them from being approximated as
flat surfaces. We study the conditions of sulfuric acid
condensation on particle surfaces in this section, where the
particle is approximated as spherical. Figure 5 presents the acid
dew point (TADP,particle) on the surfaces of particles of different
diameters. The TADP,particle on particle surfaces increases rapidly
with the condensable component concentration, and the
growth rate gradually slows down. This trend is similar to that
observed in TADP,plane on flat surfaces in Figure 3a. However, it
can be observed that the TADP,particle curves for dp = 1 μm, 10
μm and TADP,plane curve overlap with each other. The
TADP,particle decreases with particle diameter for submicron
particles. This indicates that when the particle diameter is
relatively large, the influence of particle surface curvature can
be neglected, and the conditions for binary condensation are
similar to those on flat surfaces. Only when the particle
diameter is smaller than approximately 1 μm, the Kelvin effect

needs to be considered to account for the effect of particle
curvature.
Figure 6a illustrates the variation of TADP,particle on particle

surfaces with dp at different H2SO4 and H2O vapor
concentrations. It can be observed that particle size
significantly influences the TADP,particle, especially in the
submicron range. Taking the case with an H2SO4 vapor
concentration of 20 ppm and an H2O vapor concentration of
10% as an example, the TADP,particle for a 0.01 μm particle is
407.41 K, which is 5 K lower than that for a 1 μm particle
(412.40 K). This can be explained by eq 12. As the particle
diameter decreases, the Kelvin effect causes a decreasing ps,i as
well as a decreasing TADP,particle. Further analysis of the
exponent shows that the temperature and the mass fraction
of sulfuric acid in the equilibrium liquid film vary within a small
range of 360 to 430 K and 70% to 90% under different
environmental component concentrations in practice, respec-
tively (see Figure 3). On the other hand, the surface tension of
the solution (σ), controlled by the solution temperature and
mass fraction, does not undergo significant changes (eqs 4−7),
while the particle diameter (dp) can undergo significant
changes over several orders of magnitude, greatly influencing
the binary condensation conditions. For small particles, the
value of the exponent is >1 and decreases with increasing
particle size, leading to an increasing ps,i. The solution
equilibrium parameters on small particle surfaces cannot be
simplified, as we showed in Section 3.1, and the corresponding
formulas for predicting the TADP,particle need to be developed.
When the particle diameter is relatively large, the value of the
exponent approaches 1, and the binary condensation process is
similar to that on a flat surface. The differences in the
TADP,particle among particles of different diameters will
significantly affect the heterogeneous condensation character-
istics of dispersed particles in the flue gas system. Due to the
significantly lower TADP,particle of submicron particles compared
to micron-sized particles under the same environmental
component concentration conditions, condensation will
preferably occur on the surfaces of larger particles, which
consumes the condensable gases in the environment and
further reduces the TADP,particle of submicron particles. There-
fore, in flue gas systems employing dust collectors for the
synergistic removal of SO3, more attention should be placed on
the removal of larger particles, reinforcing the use of dust
removal devices based on principles such as inertia
separation.50

Figure 6b illustrates the variation of the mass fraction of
sulfuric acid in the equilibrium liquid film (ωPE,particle) on
particle surfaces with different dp values at various concen-
trations of gaseous condensable components. It can be
observed that in the submicron range, ωPE,particle decreases
significantly with increasing dp, while in the micron range,
ωPE,particle tends to plateau, barely affected by dp. ωPE,particle
increases with increasing H2SO4 vapor concentration and
decreasing H2O vapor concentration in the gas phase, a trend

Table 2. Acid Dew Points (TADP,Plane (K)) at Different Concentrations of H2SO4 with 8%−10% H2O

VHd2SOd4
VHd2O 0.5 ppm 5 ppm 10 ppm 15 ppm 20 ppm 30 ppm 40 ppm 50 ppm

8% 383.4 398.5 403.99 407.49 410.1 413.94 416.75 418.99
8.5% 384.17 399.19 404.65 408.13 410.73 414.56 417.37 419.61
9% 384.89 399.86 405.28 408.73 411.33 415.15 417.96 420.2
9.5% 385.58 400.5 405.88 409.31 411.89 415.71 418.52 420.76
10% 386.24 401.11 406.46 409.87 412.44 416.25 419.05 421.29

Figure 4. Comparison between TADP,plane calculated by this study and
the experimental results as well as the predicted results from empirical
formulas in the literature.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.5c00382
ACS Omega 2025, 10, 19625−19635

19630

https://pubs.acs.org/doi/10.1021/acsomega.5c00382?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00382?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00382?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00382?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c00382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


similar to that observed in the variation of ωPE,plane on flat
surfaces, as shown in Figure 3b. In the range of 1−50 ppm of
H2SO4 vapor concentration and 2−15%H2O vapor concen-
tration, ωPE,particle ranges from 73.26% to 89.03%.

3.3. Prediction Formulas for the Equilibrium State of
Sulfuric Acid Condensation. The calculation method in
Section 2.2 based on thermodynamic theory requires iterations
for TADP,plane and ωPE,plane, which is inconvenient for engineer-
ing applications. While several prediction formulas for the
TADP,plane have been proposed for the binary condensation on
the planar surface, they all exhibit larger deviations compared
to the numerically calculated results in this study. Additionally,
there is a lack of prediction methods for the ωPE,plane.
Therefore, this section first proposes a new prediction formula
with high precision for the TADP,plane in this study and

establishes a prediction formula for the ωPE,plane based on our
numerical results under various gas-phase component concen-
trations on the planar surface. Based on this, prediction
formulas for TADP,particle and ωPE,particle on particle surfaces are
further proposed.
As indicated in Section 3.1, among the existing TADP,plane

prediction formulas, the Okkes formula29 exhibits the highest
agreement with the numerical calculated TADP,plane in this
study. However, it tends to underestimate the TADP,plane at low
H2O vapor concentrations (<10%). Therefore, we calculated
the TADP,plane under 1%−9%H2O, using gas-phase condensable
component concentration pv,i as variables. Using the same
formula form as Okkes,29 we refitted the fitting parameters
using our data. The coefficients and obtained new formula are
shown as eq 13a. For TADP,plane at H2O vapor concentrations

Figure 5. Variation of TADP,particle with H2SO4 concentration in the vapor phase when VHd2O = (a) 2%, (b) 5%, (c) 7%, (d) 10%, (e) 13%, and (f)
15%.
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greater than 10%, the Okkes formula is still employed
(Equation 13b).

° = +

+ × +
<

T p p

p

V

( C) 11.07 20.72lg 0.2865lg
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Equation 13a shows a coefficient of determination of R2 =
0.9975, well describing our numerical results. In eqs 13a and
13b, the unit of the TADP,plane is °C, and the independent
variable, the concentration of condensable components in the
environment (pv,i) is in units of Pa.
Considering that ωPE,plane changes rapidly at first and then

slowly with the concentration of condensable components in
the gas, a logarithmic function was employed for fitting. The
fitted formula is presented in eq 14, with a coefficient of
determination of R2 = 0.9989.

= +p p1.073 0.07037lg 0.04698lgPE,plane v,H O v,H SO2 2 4

(14)

To the best of our knowledge, there are no prediction
formulas for the TADP,particle and the ωPE,particle on the particle
surface with high curvature. Considering that TADP,particle and
ωPE,particle of large particles tend to approach those of the plane,
we use TADP,plane, and ωPE,plane as reference values. We derive
the particle size-dependent coefficients ηT and ηω for
TADP,particle and ωPE,particle, respectively, as shown in eqs 15a
and 15b

=d
T d

T
( )

( )
T p

ADP,particle p

ADP,plane (15a)

= ·d
d

( )
( )

p
PE,particle p

PE,plane (15b)

We calculated the average values of ηT and ηω of the
particles with the same diameter at different gas component
concentrations, as shown in Figure 7. It can be observed that

ηT is less than 1 and gradually increases with particle size,
tending to approach 1 in the micron range. On the other hand,
ηω is greater than 1 and decreases with increasing particle size,
gradually approaching 1 in the micron range. In Figure 7, the
upper and lower limits of each data point represent the
maximum and minimum values at different gas component
concentrations. As the particle diameter decreases, the
difference between the maximum and minimum values
gradually increases. Nevertheless, the maximum relative
deviations of ηT and ηω (for dp = 0.001 μm) are only 0.18%
and 2.13%, respectively. Therefore, we can conclude that ηT
and ηω are not significantly affected by the component
concentration but are mainly dependent on the particle
diameter (dp). Based on this, we can then establish prediction
formulas for the equilibrium parameters of binary condensa-
tion on particle surfaces.
Fitting the data points in Figure 7, we obtain equations for

ηT and ηω, as shown in eqs 16a and 16b.

Figure 6. Variation of (a) TADP,particle and (b) ωPE,particle with dp at different concentrations of condensable components.

Figure 7. Variations of the particle size-dependent coefficients ηT and
ηω with dp.
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= +d
d

( ) 1
32500.15p

p
1.021

(16b)

where dp is in units of μm, and the correlation coefficients R2
for eqs 16a and 16b are 0.9994 and 0.9997, respectively. It
proves that eqs 16a and 16b well describe our numerical results
as shown in Figure 7.
By combining eqs 13a−16b, one can determine TADP,particle

and ωPE,particle for the H2SO4−H2O binary condensation on
particle surfaces at different gas-phase condensable component
concentrations.

4. CONCLUSION
This study investigates the SO3 condensation process in flue
gas based on thermodynamic equilibrium theory, with a focus
on the heterogeneous condensation of SO3 with H2O on both
planar and particle surfaces. The numerical model is validated
by comparing the obtained acid dew points with previous
experimental results, and the influences of the condensable
component concentration and particle diameter on the acid
dew point and equilibrium sulfuric acid mass fraction are
analyzed.
On the planar surface, the acid dew point (TADP,plane)

increases rapidly at first and then more slowly as the gas
concentration increases, while the equilibrium sulfuric acid
mass fraction (ωPE,plane) increases with H2SO4 concentration
and decreases with H2O concentration. For H2SO4 concen-
trations of 0.5−50 ppm and H2O concentrations of 0.5%−
15%, TADP,plane ranges from 356.37 to 426.67 K, and ωPE,plane
ranges from 71.922% to 91.058%. Based on the numerical
results, a higher-precision predictive formula for TADP,plane is
proposed, and a prediction formula for ωPE,plane considering the
influence of gas-phase binary condensable component
concentration is also established.
In the sulfuric acid−water binary condensation on particle

surfaces, it is found that the acid dew point (TADP,particle) and
the equilibrium sulfuric acid mass fraction (ωPE,particle) of
micrometer-sized particles are similar to those of planar
surfaces, while those of submicrometer particles are signifi-
cantly influenced by particle size. As the particle diameter
decreases, the Kelvin effect becomes more pronounced, leading
to a decrease in TADP,particle and an increase in ωPE,particle. The
ratio of the condensation parameters on particle surfaces to
those on planar surfaces is primarily dependent on particle size,
and corresponding fitting formulas are derived based on the
numerical results. We further propose the prediction formulas
for TADP,particle and ωPE,particle for particles of different sizes
under various gas-phase condensable component concentra-
tions.
The predictive formulas for acid dew point and sulfuric acid

mass fraction proposed in this study can provide theoretical
support for predicting SO3 condensation conditions in coal-
fired plants, assisting in the development of strategies for low-
temperature corrosion prevention and sulfuric acid mist
reduction, thereby promoting the advancement of flue gas
treatment technologies.
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■ NOMENCLATURE

Symbol
cv volume fraction
dp particle diameter, μm
I interfacial mass flux, kg·m−2·s−1
p pressure, Pa
R universal gas constant, J·mol−1·K−1

r radius of curvature of gas−liquid interface, m
T temperature, K
Vm partial molar volume, m3·mol−1
α activity
μ chemical potential, J·mol−1
σ surface tension, N·m−1

ω sulfuric acid mass fraction
η particle size correction factor
Subscripts
ADP acid dew point
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H2O water
H2SO4 sulfuric acid
i component identifier (H2SO4 or H2O)
l liquid phase
PE phase equilibrium
plane planar surface
particle particle surface
s saturation state
v vapor phase.
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