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ABSTRACT: Wet flue gas desulfurization (WFGD) system is the core equipment for
removing SO2 from coal-fired power plants, and it also has an important synergistic effect
on the removal of selenium. However, the removal efficiency of Se across WFGD systems is
not as expected, and it varies greatly in different coal-fired units (12.5−96%). In this study,
a mathematical model was established to quantitatively describe the selenium migration
behavior in WFGD spray towers, including the conversion of gaseous selenium to
particulate selenium and the capture of gaseous SeO2 and particles by droplets. The
calculation results show that the behavior of selenium in the spray tower can be divided into
three stages: preparation, condensation, and removal. The condensation stage significantly
affected the selenium distribution and its total removal efficiency. Furthermore, five factors
which may affect the selenium behavior were investigated. Among them, the inlet particle
size distribution and the droplet temperature had great impacts on the outlet selenium
concentration, which may be the reason for the unstable selenium removal efficiencies. This
study can help in understanding the migration process of selenium in WFGD spray towers
and provide some guidance for the development of specific selenium control technologies.

1. INTRODUCTION
Pollutant emissions from coal-fired power plants are of serious
concern because of their severe impact on human health and
ecological environment. Nowadays, primary pollutants from
coal burning, such as SO2, NOx, CO2, particulate matter (PM),
and Hg, have been intensively investigated, and a series of
control technologies or strategies have been proposed.1−5

Minor trace metals in coal increasingly attract academic
attention.6−8 Selenium is one of the trace metals in coal.
Owing to its high volatility, selenium is almost completely
released during the high-temperature burning process,9,10

which makes it easy to be exhausted into the atmosphere.
Excess discharge of selenium is a disaster for aquatic
ecosystems, which can cause deformity or even extinction of
fishes.11,12 The Environmental Protection Agency (EPA) of
U.S. government regulated the emission limit of selenium,
which was 5 × 10−2 lb/GW h for new-built coal-fired units.13

Thus, it is urgent to develop selenium control technologies for
coal-fired power plants.
Selenium in coal is first released out as selenium dioxide

under high-temperature condition,14 and it is called as gaseous
Se [expressed as Se(g)]. With the flue gas flowing and cooling
down, part of gaseous Se will condense on the fly ash or
associate with its Fe/Ca active sites.15,16 This part of selenium
is called as particulate-bound Se [expressed as Se(p)]. The
particulate-bound Se can be removed by existing dust
collection devices, such as electrostatic precipitators or fabric
filters.17−19 Owing to the similarities between SeO2 and SO2,
which are both acidic and water-soluble, wet flue gas

desulfurization (WFGD) devices have some synergistic
removal effects on SeO2.

20 WFGD devices are the key for
SO2 removal in coal-fired power plants. When the flue gas
flows through the WFGD scrubber, it comes in contact with
the dense alkaline droplets, and SO2 can be efficiently washed
out. The removal efficiency of SO2 by WFGD is stable and
usually varies from 92 to 98% or higher.21,22 However, the
removal of SeO2 by WFGD is not as expected. Based on our
survey of previous literature, the removal efficiency of selenium
by WFGD was found to be 12.5−82.12%.17−19,23−25 Senior et
al. provided some full-scale data in their research, and the
efficiency was 53−96%.26,27 The huge discrepancy of Se
removal efficiency among different coal-fired units may be due
to the unique characteristic of selenium. However, the
selenium behaviors in the flue gas across WFGD systems
have not been well understood.
One of the significant differences between SO2 and SeO2 is

condensation characteristic. Although the vapor pressure of
SeO2 is relatively high compared with other heavy metal
elements in coal,28 part of gaseous Se will condense when the
flue gas cools down. Generally, the gas temperature in the inlet
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of WFGD tower is about 90−110 °C, and it is about 50−60 °C
in the outlet. The saturation concentration of SeO2 decreases
rapidly with the flue gas cooling down. A field research was
conducted by Senior et al. on a 900 MW coal-fired power
plant, and they found the conversion of selenium from gas to
particles via physical condensation.26 The occurrence of
condensation may be the main difference between the
behaviors of SeO2 and SO2, and it may be the possible cause
for the unstable selenium removal efficiency.
Model research is a common method to investigate pollutant

behavior. A model was created by Senior et al. to calculate the
interactions between Se and fly ash, and both heterogeneous
condensation and surface reaction were considered.16 Zhu et
al. provided a concise model to describe the absorption process
of SO2 in the WFGD spray tower based on the two-film
theory.29 A one-dimensional model was established by Chen et
al. to predict the slurry temperature in the WFGD spray
tower.30

In this study, a mathematic model was established to
describe the selenium migration behaviors in the WFGD
tower. The conversion of gaseous Se to particulate-bound Se
by condensation was considered. This model presented
detailed migration paths of selenium among gaseous,
particulate, and liquid phases. Besides, the effects of several
key parameters on Se behaviors were investigated. This study
provides some theoretical guidance for selenium removal in
WFGD, and it can also contribute to the development of
specific selenium control technologies in the future.

2. MATHEMATICAL MODEL
The main physical processes considered in this model are
shown in Figure 1. The upstream flue gas carrying gaseous Se,

particulate-bound Se, fly ashes, and SO2 enters the spray tower
from its bottom. With the flue gas flowing upward, the SO2 and
fly ashes are absorbed or captured by droplets. For the
behaviors of gaseous Se, two paths are hypothesized: path 1 is
the direct absorption by droplets; path 2 is condensation on fly
ashes to form particulate Se and then being captured by
droplets. The occurrence of gaseous Se condensation depends
on its concentration and the flue gas temperature. The
selenium migration behavior (SeMB) model is built to
describe the above physical processes, which is comprised of
five submodels, including droplet motion, heat transfer, mass-
transfer absorption, PM capture, and condensation.

2.1. Assumptions. The physical and chemical process in
the actual WFGD spray tower is extremely complicated,
involving multiphase flow, breakup or coalescence of droplets,
wall rebound, and so forth. Although some of these issues can
be solved by the available computational fluid dynamics
method, the calculation process is time-consuming and
expensive. The goal of our study is to obtain the migration
behaviors of selenium and its primary affecting factors, instead
of precise concentration data. Therefore, a one-dimensional
model is adopted in this study. Several necessary assumptions
to simplify the calculation are listed below.

1 The movement of flue gas is regarded as ideal plug flow.
2 The droplet is considered as a rigid ball in shape and
falls vertically. The effects of breakup, coalescence, and
wall rebound on droplets movement are ignored.

3 At each given height, the gas components, particles, and
droplets are evenly distributed across the cross-section.

4 For the condensation of gaseous SeO2, only the
heterogeneous condensation via the fly ash surface is
considered. The explanation is presented in Section 3.2.

2.2. Droplet Motion Submodel. The droplets fall under
the influence of gravity, buoyance, and drag.29 The equation of
droplet motion is obtained from a balance of above forces

d
u
t

d g C d
u

6
d
d 6

( )
4 2l

2
l

l
l
3

l g D g l
2 r

2π ρ π ρ ρ ρ π= − −
(1)

where dl is the diameter of the droplet, ul is the velocity of the
droplet, ur is the relative velocity of the droplet and the flue
gas, and t is the time of droplet falling. CD is the drag efficiency.
The detailed formulas of model parameters are listed in Table
S1.
The vertical space of the absorption zone is discretized into

N cells based on the same time interval Δt. The height of zone
i (Δzi) is calculated as

z u td
t

t t

i l
i

i∫Δ =
+Δ

(2)

2.3. Heat-Transfer Submodel. After the upstream flue
gas enters the spray tower, it exchanges heat with the droplets
via heat convection. The heat balance equation is

haV T T Lc T Qc T( )g l l l l g g gρ ρ− = Δ = Δ (3)

where h is the convective heat-transfer coefficient, a is the
specific surface area of droplets, V is the volume of zone i, L is
the volumetric liquid flow rate, and Q is the volumetric gas
flow rate. cl and cg are the specific heat capacities of liquid and
flue gas, respectively.
The convective heat-transfer coefficient h is obtained by

Ranz−Marshell equation31

Nu Re Pr
hd
k

2 0.6 0.5 0.33 l= + =
(4)

where k is the heat-conduction coefficient.
2.4. Mass-Transfer Absorption Submodel. The mass-

transfer absorption process of SO2 by droplets has been well
studied, and the two-film theory is widely accepted to describe
its absorption process.32−34 Considering the similarities of
SeO2 and SO2, the SeO2 mass-transfer absorption submodel is
established with reference to SO2.
The mass-transfer equation of SeO2 is

Figure 1. Physical process of selenium migration in the WFGD spray
tower.
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G K a P P D z Q c L x( )
4g SeO ,g SeO ,l

2
2 2

πΔ = − Δ = Δ = Δ
(5)

where ΔG is the mass flux of SeO2, Kg is the globe mass-
transfer coefficient, D is the diameter of the tower, Δc is the
change of gas-side concentration of SeO2, and Δx is the change
of liquid-side concentration of SeO2.·PSeO2,g and PSeO2,l are the
partial pressures of SeO2 in the gas side and liquid side,
respectively.
Based on Henry’s law, for a low-concentration gas

component, its partial vapor pressure in the liquid phase is
in proportion to its liquid phase concentration, that is,

P HxSeO ,l SeO2 2
= (6)

where H is the Henry’s constant.35,36

According to the two-film theory,34 the mass-transfer
process involves both the gas-side film and the liquid-side
film. The globe mass-transfer coefficient Kg is expressed as

K k
H

Ek
1 1

g g l
= +

(7)

where kg is the gas-side mass-transfer coefficient, kl is the
liquid-side mass-transfer coefficient, and E is the enhancement
factor.
The absorption reactions in droplets are assumed to be at

equilibrium.32 The charge balance equation is expressed as

m m m m m m
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2
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2
3 3

2
3 3

2

3 3
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+ = + + +

+ + + +

+ + − − − −

− − − −

(8)

where m is the mole concentration and the subscripts devote
specific components.
2.5. PM Capture Submodel. The size distribution of PM

is set as the Rosin−Rammler expression,37 and its cumulative
distribution function is

F d
d

d
( ) 1 exp
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p= − −
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zzzzzz (9)

where dp is the size of PM, d̅ is the characteristic size which
reflects the overall particle size, and n is the uniformity index.
The initial PM size is classified into 20 stages from 0.2 to 11.6
μm.
Four mechanisms for PM capture are considered in this

submodel, that is, inertial impaction, thermophoresis, inter-
ception, and diffusion.38−42 The capture efficiency by inertial
impaction is43
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where ρp is the particle density, μg is the dynamic viscosity of
flue gas, and Cc is the Cunningham correction coefficient.
The capture efficiency by thermophoresis is39,41
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The capture efficiency by interception is44
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1
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ω
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k
jjj

y
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where ω is the ratio of ul and ug and H is the ratio of dp and dl.
The capture efficiency by diffusion is40

E
Ped

2
2

diff
l

=
(16)

The synthetical capture efficiency for a single droplet is
calculated as40

E E E E E(1 )(1 )(1 )(1 )tot im th in diff= − − − − (17)

The capture efficiency for the droplet group at the given
zone is

d
D

E nump
l

2

tot droη = × ×
i
k
jjj

y
{
zzz

(18)

where numdro is the number of droplets at the given zone.
2.6. Condensation Submodel. The supersaturation is an

important parameter for the condensation process, and it is
defined as

S
P

P T( )
v

v,
=

∞ (19)

where Pv is the partial vapor pressure and Pv,∞(T) is the vapor
pressure at the gas temperature T.
The condensation phenomenon can be divided into

heterogeneous condensation and homogeneous condensation.
When the supersaturation exceeds 1, the crystal nuclei of gas
molecules are formed on the solid surface and grow up, and
this process is called as heterogeneous condensation. As for
homogeneous condensation, the nuclei of molecules of
condensable components are formed spontaneously without
the support of the solid surface. It is reported that the critical
supersaturation for homogeneous condensation is about 2−
5.45 In this model, the gaseous SeO2 is unsaturated at the inlet
of the spray tower. With the flue gas cooling down, the vapor
pressure of SeO2 decreases and the supersaturation raises.
Once the supersaturation reaches 1, the heterogeneous
condensation occurs, leading to the decline of the super-
saturation. Thus, the supersaturation will remain slightly above
1 during the condensation process. It is reasonable to ignore
the homogeneous condensation, and this is confirmed in
Section 3.2.
The condensation flux of SeO2 to particles with the diameter

of dp,k is calculated based on Fuchs equation16,46
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where DSeO2
is the diffusivity of SeO2, PSeO2,∞ is the vapor

pressure of SeO2, dp,k is the diameter of PM at the stage of k,
MSeO2

is the molar weight of SeO2, and ψ is the
accommodation coefficient, taken as unity.16

The vapor pressure of SeO2 is obtained by Antonie
equation47
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For each zone, the condensation amount of SeO2 is
computed as

m F k n k M t( ) ( )
k

cond
1

20

SeO g2
∑= Δ

= (22)

where n(k) is the number of PM at the stage k and Δtg is the
residence time of flue gas at this zone.
The logical relationship among the above five submodels is

shown in Figure S1. The basic physical parameters are
obtained via droplet motion submodel and heat-transfer
submodel, such as flue gas temperature, droplet velocity, and
so forth. The mass-transfer submodel describes the absorption
process of gaseous SeO2 and SO2. The condensation submodel
describes the transfer of gaseous SeO2 to the PM surface,
which leads to the new formation of particulate-bound Se. The
PM capture submodel describes the removal process of PM
and also the particulate-bound Se. The input parameters of the
model are listed in Table S2. The model was computed using
MATLAB R2017b.

3. RESULTS AND DISCUSSION
3.1. Model Validation. The prediction results of the

SeMB model were compared with field results to validate its
reliability. Two sets of field experimental data were selected
which provided the information of Se(g), Se(p), and PM
concentrations at the inlet and outlet of the WFGD spray
tower.24,48 The calculation results are summarized in Table 1.

The prediction results were all close to the experimental
results. This indicated that the model could well describe the
selenium migration behaviors in actual WFGD spray towers.

3.2. Typical Selenium Migration Behavior. Figure 2
shows a typical selenium migration process in a WFGD spray

tower, and the main parameters are listed in Table S2. The
concentrations of Se(g) and Se(p) changed sharply at the
entrance section (0−1 m) and slowly decreased in the
remaining part of the tower. The behavior of selenium in the
entrance section is shown enlarged in Figure 2b. After the flue
gas enters the tower, the saturated concentration of Se(g)
[labeled as Se(g, sat)] dropped sharply because of the cooling
of flue gas. When the actual Se(g) concentration reached the
saturated concentration, it began to decrease and the Se(p)
concentration began to increase, indicating the conversion of
Se(g) to Se(p). It can be noted that the actual Se(g)
concentration is slightly higher than its saturation concen-
tration. The supersaturation of Se(g) is shown in Figure S2.
The maximum supersaturation was 1.19. Thus, the conversion
of Se(g) to Se(p) was mainly through heterogeneous
condensation, and the effect of homogeneous condensation
can be ignored.45

To clearly distinguish the migration path and destination of
selenium in the WFGD tower, the distribution ratios of
selenium in the three phases are calculated and are shown in
Figure 3. Based on its form and migration path, selenium was
divided into four types: “Se(g) in flue gas” referred to the
gaseous selenium existing in the flue gas, “Se(p) in flue gas”
referred to the particulate-bound selenium existing in the flue
gas, “Se(g) in droplet” referred to the gaseous selenium that
had entered the droplet by absorption, and “Se(p) in droplet”
referred to the particulate-bound selenium that had entered the
droplet with the capture of PMs. The latter two forms both
referred to the selenium existing in droplets, but they entered

Table 1. Comparison of Model Results and Reported
Experimental Resultsa

inlete outlete outletc units data source

PM 44 1 1.1 mg/m3 Cheng, et al.24

Se(g) 120 40 34.5 μg/m3

Se(p) 1.4 <1 2.5 μg/m3

PM 11 1 0.84 mg/m3 Meji, et al.48

Se(g) 62.3 38.2 41.6 μg/m3

Se(p) 1.8 1.6 1.4 μg/m3

aNotes: subscript “e” refers to experimental results obtained from the
literature; subscript “c” refers to calculation results obtained by the
SeMB model.

Figure 2. Typical selenium concentration curve in a WFGD spray
tower: (a) Whole tower and (b) entrance section (0−1 m).

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c04700
Environ. Sci. Technol. 2020, 54, 16128−16137

16131

http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c04700/suppl_file/es0c04700_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c04700/suppl_file/es0c04700_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c04700/suppl_file/es0c04700_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c04700/suppl_file/es0c04700_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c04700?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c04700?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c04700?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c04700?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c04700?ref=pdf


droplets via different paths. From Figure 3, it can be seen that
the boundary between “Se(g) in flue gas” and “Se(p) in flue
gas” changed significantly in the entrance section, indicating
that the gaseous Se was transformed to particulate-bound Se.
According to the state of this boundary line, the migration
process of selenium can be divided into three stages (shown in
Figure 3b):
Stage I was from point A to point B, and it could be called as

the preparation stage. The flue gas temperature decreased
sharply but was higher than the dew point of SeO2, and the
condensation of SeO2 could not occur.
Stage II was from point B to point C, and it could be called

as the condensation stage. When the flue gas temperature
decreased to the dew point of SeO2, stage II started. During
this stage, the concentration of Se(g) was higher than its
saturation concentration. Part of Se(g) condensed on the
surface of PMs, causing significant changes of Se distribution in
flue gas.
Stage III was from point C to point D, and it could be called

as the removal stage. The flue gas temperature remained stable.
During this stage, the gaseous SeO2 was unsaturated. Stage III
occupied about 96.5% of the space in the spray tower, and the
removal of selenium from flue gas mainly occurred in this
stage. The specific information of these three stages is
summarized in Table S3.
The migration behavior of selenium in the WFGD tower can

be reflected via the SeO2 saturation concentration curve.
Figure 4 is the schematic diagram of the selenium migration
process. At the entrance of the WFGD tower (point A), the
concentration of Se(g) was assumed to be 200 μg/m3 and the
flue gas temperature was 100 °C. Point A was below the

saturation concentration line. With the temperature of flue gas
decreasing, the state of Se(g) reached point B, and
condensation (stage II) started. The flue gas temperature of
point B was about 70 °C, which was consistent with Senior’s
research.26 During the condensation stage, SeO2 in the flue gas
was supersaturated, and it rapidly decreased along the
saturation concentration line. When the flue gas temperature
reached the droplet temperature (point C), it remained nearly
unchanged. The remaining SeO2 continued decreasing owing
to the absorption by droplets, showing a vertical decline in
stage III. Point D was the exit of the WFGD tower.
Above results confirmed the two paths for Se(g) migration

shown in Figure 1. The removal process of selenium in the
WFGD spray tower involved not only the absorption of
gaseous species but also the capture of particles and the
conversion from gaseous form to particulate form. This
explains why the removal efficiency of Se varied greatly. It
must be pointed out that the above discussion of selenium
migration behavior is under a typical condition. When the state
of flue gas or the WFGD operation parameters change, there
will be some differences in the migration behavior of selenium,
and it will be discussed in detail in Section 3.3.

3.3. Factors on Selenium Migration. Finding out the key
factors on selenium migration behavior is helpful for the
development of selenium control technology. From the results
in Section 3.2, we can see that the condensation process of
Se(g) played an important role on its migration. PM was the
nuclei for heterogeneous condensation of selenium. Super-
saturation was the driving force for condensation, which was
decided by the Se(g) concentration and the flue temperature.
Thus, five factors including PM concentration, PM size
distribution, flue gas temperature, droplet temperature, and
initial Se concentration are explored in this section.

3.3.1. Effect of PM Concentration. The concentration of
PM in flue gas determined the surface area available for
selenium condensation. Figure 5 shows the selenium
distribution with different initial PM concentrations. The PM
size distributions were set as consistent, and the surface area of
particles was assumed to be proportional to the PM
concentration. With the decrease of PM concentration from
50 to 2 mg/m3, the condensation rate of Se(g) slowed down.
When the initial PM concentration was 2 mg/m3, stage II
ended at about 4 m away from the entrance. The outlet
concentration of Se and its removal rate is shown in Figure
S3a. When the inlet PM concentration was in the range of 10−
50 mg/m3, the total removal efficiency of Se was almost
unchanged. When the inlet PM concentration was further
reduced to 2 mg/m3, the condensation of Se(g) was hindered
because of the lack of surface area. The total removal efficiency
of Se decreased slightly. The PM concentration at the inlet of

Figure 3. Typical selenium distribution in the WFGD spray tower:
(a) Whole tower and (b) entrance section (0−1 m). (The colored
areas represent different selenium species existing in flue gas and
droplets, and the vertical height of the colored area represents the
proportion of each selenium species. The black lines represent the
boundaries of selenium species. The red dotted lines represent the
boundaries of selenium migration stages).

Figure 4. Schematic diagram of selenium migration behavior.
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WFGD tower in actual coal-fired power plants is generally 10−
40 mg/m3.49,50 Besides, for the situation with low PM
concentration (<10 mg/m3), the fine particles dominate in
the actual flue gas, which means that the surface area of
particles should be greater than the assumption by this model.
It can be considered that in most cases, the concentration of
PM at the inlet of the WFGD tower is sufficient for Se(g) to
fully condense.
3.3.2. Effect of PM Size Distribution. PM size distribution

was another factor that affected selenium condensation
behavior. According to eq 20, the condensation rate of Se(g)
was linearly related to dp (while dp > 1 μm) or dp

2 (while dp < 1
μm). Figure 6 shows the selenium distribution with different
characteristic sizes d̅. The condensation process slowed down
with the increase of d̅. It indicated that with the same mass
concentration of PM, even though the condensation rate on
large particles was higher, the number of particles decreased
and the overall surface area for condensation decreased,
resulting in a reduction of the whole condensation rate.
Another phenomenon can be found in Figure 6, that is,

when the PM size increased, the proportion of Se(g) which

finally entered the droplet increased significantly. The inertial
impaction was the dominant mechanism for the capture of
supermicron particles.42,51 The trapping effect of inertial
impaction was enhanced for larger particles. Therefore, with
the increase of particle size, the particles and the particulate-
bound selenium were easier to be captured. This phenomenon
is consistent with Senior’s experimental results, who injected
large hydrated lime particles (with the mass mean size of 29
μm) before the inlet of WFGD tower, and the total removal of
selenium was enhanced.26

Figure S3b shows the outlet concentration and the total
removal rate of selenium. With the increase of d̅, the
concentration of Se(p) at the outlet decreased significantly
and the total removal efficiency increased. The difference of
inlet PM size distribution may be a key reason for the huge
divergence of selenium removal rate in different units.

3.3.3. Effect of Flue Gas Temperature. Figure S4a shows
the flue gas temperature curves at the entrance with various
initial flue gas temperatures. Because the specific heat capacity
and mass flow rate of the flue gas were much smaller than
those of the droplets, the flue gas cooled down rapidly once it

Figure 5. Selenium distribution ratio with different initial PM
concentrations: (a) CPM = 2 mg/m3, (b) CPM = 10 mg/m3, and (c)
CPM = 50 mg/m3.

Figure 6. Selenium distribution ratio with different PM size
distributions: (a) d̅ = 1 μg/m3, (b) d̅ = 2 μg/m3, and (c) d̅ = 5
μg/m3.
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entered the tower, while the droplet temperature did not
significantly change. The final equilibrium temperature of flue
gas was not determined by its initial state but was close to the
droplet temperature. Figure S4b shows the Se(g) concen-
trations at the entrance. There were minor differences between
the condensation processes of Se(g) under different flue gas
temperatures. The only difference was that the condensation of
Se(g) occurred slightly earlier at lower inlet flue gas
temperature because the dew-point temperature reached faster.
However, owing to the same droplet temperature, the Se(g)
concentrations at the end of stage II were the same. It can be
seen from Figure S3c that the initial flue gas temperature had
little effect on the concentration of Se at the outlet.
3.3.4. Effect of Droplet Temperature. Figure 7 shows the

selenium distribution with different droplet temperatures.

When the droplet temperature decreased, the proportion of
Se(g) in flue gas at the end of stage II dramatically reduced.
This is because the saturation concentration of Se(g) was
related to the flue gas temperature, and the flue gas
temperature was largely determined by the droplet temper-
ature. The flue gas temperature reached the droplet temper-

ature at the end of stage II, and the saturation Se(g)
concentration decreased accordingly, causing more Se(g) to
condense on the particles. When the droplet temperature was
40 °C, the saturation concentration of Se(g) was 3.9 μg/m3,
and thus almost all Se(g) was converted into Se(p). The outlet
concentration of Se and its removal efficiency are shown in
Figure S3d. The total Se removal efficiency increased with the
decrease of droplet temperature.

3.3.5. Effect of Initial Se Concentration. The Se
concentration in flue gas largely depends on the Se content
in coal. The Se content in coal worldwide varies from 0.2 to 4
μg/kg.52 The average concentration of Se in Chinese coal is
between 0.17 and 9.71 μg/kg.53 Besides, the control effects on
Se by upstream APCDs are different among various coal-fired
units. Therefore, the Se concentrations at the inlet of WFGD
towers are different. Figure 8 shows the concentrations of

Se(g) and Se(p) in the entrance section with various initial Se
concentrations (Cin). When the initial Se concentration was
100−500 μg/m3, Se(g) rapidly decreased to the same value,
which was its saturation concentration. However, when the Se
concentration was below 50 μg/m3, there was no conversion of
Se(g) to Se(p). This is because the Se(g) concentration was
lower than its saturation concentration at the corresponding
temperature, leading to the lack of driving force for
condensation. In this situation, the typical three-stage Se
migration process can be simplified to one removal stage, that
is, Se(g) and Se(p) were removed by droplets independently
and the condensation process can be ignored. Figure S3e
shows the outlet concentration of Se and its removal efficiency.
With the increase of the initial Se concentration, the outlet
Se(g) concentration remained unchanged and the Se(p)
concentration increased. The removal efficiency increased
from 62 to 74% and kept unchanged for higher initial Se
concentration.

Figure 7. Selenium distribution ratio with different droplet temper-
atures: (a) Tl = 40 °C, (b) Tl = 50 °C, and (c) Tl = 60 °C.

Figure 8. Effect of inlet selenium concentration on selenium behavior:
(a) Concentration of gaseous selenium and (b) concentration of
particulate selenium.

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c04700
Environ. Sci. Technol. 2020, 54, 16128−16137

16134

http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c04700/suppl_file/es0c04700_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c04700/suppl_file/es0c04700_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c04700/suppl_file/es0c04700_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c04700/suppl_file/es0c04700_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c04700?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c04700?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c04700?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c04700?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c04700?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c04700?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c04700?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c04700?fig=fig8&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c04700?ref=pdf


The influence of the initial flue gas temperature, droplet
temperature, and Se concentration can be clearly reflected in
the Se(g) condensation schematic diagram, which is shown in
Figure S5. The initial flue gas temperature decided the
horizonal position of point A. The initial droplet temperature
decided the length from point B to point C. The initial Se
concentration decided the vertical position of point A.
The removal efficiency of selenium in WFGD towers is

closely related to its species in flue gas. Among the five factors
discussed in Section 3.3, the PM size distribution and the
slurry temperature showed significant effects on the migration
process of selenium. According to these results, two specific
methods are potential to enhance the selenium removal in
WFGD towers. The first one is to aggregate the particles at the
inlet of the tower and to make Se(p) easier to be captured. The
second one is to cool down the slurry to improve the
condensation of Se(g), and this method is suitable for WFGD
systems with high PM removal efficiency.
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■ NOMENCLATURE
a specific surface area, m2/m3

c specific heat capacity, J/(Kg·K), or gas-side concen-
tration, mol/m3

Cc Cunningham correction coefficient, dimensionless
CD drag coefficient, dimensionless
d diameter, m
d̅ characteristic size, m
D diameter of spray tower, m, or diffusivity, m2/s
E capture efficiency of PM by single droplet, dimension-

less, or enhancement factor, dimensionless
F(d) cumulative distribution fraction of particle with the

diameter of d, dimensionless
F condensation flux to particle of size dp,k, mol/(s·1)
g acceleration of gravity, m2/s
G mass flux, mol/s
h convective heat-transfer coefficient, W/(m2·K)
H Henry’s constant, Pa·m3/mol, or ratio of dp and dl,

dimensionless
k heat-conduction coefficient, W/(m·K), or mass transfer

coefficient, m/s
K globe mass transfer coefficient, m/s
Kn Knudsen number, dimensionless
L volumetric liquid flow rate, m3/s
m mole concentration of charge, mol/m3

M molar weight, g/mol
mcond mass flus of condensation, g
n uniformity index, dimensionless, or number
Nu Nusselt number, dimensionless
P partial pressure, Pa
Pe Peclet number, dimensionless
Pr Prandtl number, dimensionless
Q volumetric gas flow rate, m3/s
R universal gas constant, J/(mol·K)
Re Reynolds number, dimensionless
S supersaturation, dimensionless
St Stokes number, dimensionless
t time, s
T temperature, K
u velocity, m/s
V volume of calculated zone, m3

x liquid-side concentration, mol/m3

z height of calculated zone, m
α simplified coefficient in Eth calculation
η capture efficiency for the droplet group, dimensionless
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μ dynamic viscosity, Pa·s
ρ density, kg/m3

ψ accommodation coefficient, dimensionless
ω ratio of ul and ug, dimensionless
Dav thermophoresis capture efficiency proposed by Daven-

port
diff diffusion mechanism
dro droplet
g flue gas
i number of calculated zone
imp inertial impaction mechanism
in interception mechanism or inlet
k particle stage
l liquid or droplet
p particulate matter
r relative velocity
th thermophoresis mechanism
tot total capture efficiency
v vapor
∞ vapor pressure
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