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Abstract: A dielectric barrier discharge (DBD) reactor combined with a wet scrubbing tower was used
to carry out an experimental study on desulfurization and denitrification. The effects of the packing
type, packing height, spray density, mass fraction of the NaOH solution, discharge power in the DBD
reactor, and simulated flue gas flow rate on the desulfurization and denitrification efficiency were
analyzed, along with the influence weight of each factor, using orthogonal testing. The experimental
results showed that SO2 was easily absorbed by the scrubbing solution, while the desulfurization
efficiency remained at a high level (97–100%) during the experiment. The denitration efficiency was
between 12 and 96% under various operating conditions. Denitration is the key problem in this
system. The influence weights of the DBD power, simulated flue gas flow rate, mass fraction of the
NaOH solution, spray density, packing type, and packing height on the denitration efficiency were
56.96%, 18.02%, 11.52%, 5.02%, 4.33%, and 4.16%, respectively. This paper can provide guidance to
optimize the desulfurization and denitrification efficiency of this DBD reactor combined with a wet
scrubbing system.

Keywords: DBD; wet scrubbing; desulfurization; denitrification

1. Introduction

Ocean-going ships undertake more than 90% of the global cargo transportation tasks;
however, the pollutants in their exhaust emissions (such as NOx and SOx) also cause
serious air pollution and endanger human health [1,2]. NOx and SOx are important
components in the formation of photochemical smog in the atmosphere, the destruction
of the atmospheric ozone layer, and acid rain. In order to control exhaust emissions from
ships, the International Maritime Organization (IMO) revised Annex VI of MARPOL 73/78
convention to limit NOx and SOx emissions, as shown in Figure 1 [3]. Due to increasingly
stringent regulations, it is imperative to develop highly efficient desulfurization and
denitration technologies for ships.

Selective catalyst reduction (SCR) is the main method used to remove NOx, the denitra-
tion efficiency of which can reach more than 90%; however, SO2 in ship exhausts will cause
sulfur poisoning of the SCR catalyst and reduce the catalyst’s efficiency [4,5]. The effective
way to avoid sulfur poisoning is to place the SCR system behind the wet desulfurization
unit, although the SCR system will face the problem of low exhaust temperature.

Due to the high efficiency and technical maturity of the wet scrubbing gas desulfur-
ization (WFGD) system, it has been widely applied for ship desulfurization [3,6]. Wet-type
desulfurization and denitration technologies are easy to integrate with WFGD, reducing the
investment cost and floor space of the whole system; therefore, on the basis of ship WFGD,
wet-type desulfurization and denitration technologies will be important development
directions for ship exhaust gas treatment technology in the future [7].
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Figure 1. IMO emission regulation limits: (a) SOx emission limits; (b) NOx emission limits. 

The denitration efficiency of the WFGD system is insufficient [8]. This is because 
more than 95% of NOx in the exhaust exists in the form of NO, which is difficult to dissolve 
in water. The oxidation of NO to NO2 is an effective way to improve the denitration 
efficiency of the wet scrubbing system. At present, the methods used for NO oxidation 
mainly include the use of oxidants (such as KMnO4 [9], ClO2 [10], O3 [11–14], H2O2 [15,16], 
NaClO2 [17,18]), seawater electrolysis technology [19], and non-thermal plasma (NTP) 
technology [20]. Among them, NTP technology has the advantages of low investment and 
operation costs, and has become a research hotspot in terms of flue gas treatment [21,22]. 

Yu et al. built a DBD reactor combined with a seawater scrubbing system for a diesel 
engine, achieving removal efficiencies for NOx and SO2 of 70% and 90%, respectively [23]. 
Xie et al. investigated the effects of different scrubbing solutions (Na2SO3, FeSO4, Na2SO4) 
on the denitration efficiency using NTP oxidation combined with wet scrubbing [24]. 
Zhang et al. established a one-dimensional model for a plasma chemical reaction process 
involving desulfurization and denitration via corona discharge [25]. Chmielewski et al. 
built an electron beam (EB) combined with a seawater scrubbing system, and the effects 
of the EB dose and NO and SO2 concentrations on desulfurization and denitration were 
investigated [26]. Gui et al. proposed a DBD reactor combined with a wet electrostatic 
precipitator (WESP) system and studied the effects of the specific energy density (SED) 
and NO and SO2 concentrations [27]. Zwoli et al. used an EB combined with a wet 
scrubber for desulfurization and denitration, and the effects of the pollutant 
concentration, scrubbing solutions (NaCl, NaOH, H2O2, NaClO2), and gas flow rate were 
investigated [28]. Zhao et al. studied the effects of NaClO, NaClO2, and NaClO3 solutions 
on denitration using an EB combined with a wet scrubber [29]. In our previously studies, 
we discussed the effects of the DBD reactor structure on the oxidative removal of NO and 
SO2 [30,31]. 

There are many factors affecting the desulfurization and denitration efficiency of 
NTP combined wet scrubbing; however, studies have rarely analyzed the effects of the 
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The denitration efficiency of the WFGD system is insufficient [8]. This is because more
than 95% of NOx in the exhaust exists in the form of NO, which is difficult to dissolve
in water. The oxidation of NO to NO2 is an effective way to improve the denitration
efficiency of the wet scrubbing system. At present, the methods used for NO oxidation
mainly include the use of oxidants (such as KMnO4 [9], ClO2 [10], O3 [11–14], H2O2 [15,16],
NaClO2 [17,18]), seawater electrolysis technology [19], and non-thermal plasma (NTP)
technology [20]. Among them, NTP technology has the advantages of low investment and
operation costs, and has become a research hotspot in terms of flue gas treatment [21,22].

Yu et al. built a DBD reactor combined with a seawater scrubbing system for a diesel
engine, achieving removal efficiencies for NOx and SO2 of 70% and 90%, respectively [23].
Xie et al. investigated the effects of different scrubbing solutions (Na2SO3, FeSO4, Na2SO4)
on the denitration efficiency using NTP oxidation combined with wet scrubbing [24].
Zhang et al. established a one-dimensional model for a plasma chemical reaction process
involving desulfurization and denitration via corona discharge [25]. Chmielewski et al.
built an electron beam (EB) combined with a seawater scrubbing system, and the effects
of the EB dose and NO and SO2 concentrations on desulfurization and denitration were
investigated [26]. Gui et al. proposed a DBD reactor combined with a wet electrostatic
precipitator (WESP) system and studied the effects of the specific energy density (SED) and
NO and SO2 concentrations [27]. Zwoli et al. used an EB combined with a wet scrubber for
desulfurization and denitration, and the effects of the pollutant concentration, scrubbing
solutions (NaCl, NaOH, H2O2, NaClO2), and gas flow rate were investigated [28]. Zhao
et al. studied the effects of NaClO, NaClO2, and NaClO3 solutions on denitration using an
EB combined with a wet scrubber [29]. In our previously studies, we discussed the effects
of the DBD reactor structure on the oxidative removal of NO and SO2 [30,31].

There are many factors affecting the desulfurization and denitration efficiency of
NTP combined wet scrubbing; however, studies have rarely analyzed the effects of the
system structure and the influence weight of each factor. Additionally, it is difficult to
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achieve system optimization. In this paper, an experimental study on desulfurization
and denitration is carried out using a DBD reactor combined with a wet packed scrubber.
The effects of the packing type, packing height, spray density, mass fraction of the NaOH
solution, discharge power in the DBD reactor, and simulated flue gas flow rate on the
desulfurization and denitration efficiency are analyzed, along with the influence weight of
each factor, using orthogonal testing.

2. Experiment and Methods
2.1. Experiment Setup

The schematic diagram of the experimental setup is presented in Figure 2. It consists
of a gas feeding system, an NTP oxidation system, a discharge power measurement system,
a wet scrubbing system, and a fuel gas analyzer.
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Figure 2. The schematic diagram of the experimental setup.

In this setup, the marine diesel exhaust was simulated using a gas mixture of 10% O2,
7% CO2, 6.6% H2O, 200 ppm C3H6, 820 ppm NO, 320 ppm SO2, and N2 (balance). The
simulated flue gas temperature at the DBD reactor inlet was 115 ◦C.

The NTP oxidation system consisted of a coaxial cylindrical DBD reactor and an AC
high-voltage power supply. A stainless steel rod with a diameter of 14 mm was used as
the inner electrode of DBD reactor. A quartz tube with an outer diameter of 18 mm, an
inner diameter of 15 mm, and a length of 450 mm was used as the dielectric layer. The
quartz tube was wrapped with copper foil as the outer electrode with a length of 100 mm.
The CTP-2000K system (Nanjing is plasma Co., Ltd., Nanjing, China) was used as a power
supply for the NTP. The discharge frequency was fixed at 10 kHz and the discharge power
in DBD reactor was controlled by adjusting discharge voltage.

The packed scrubber was placed after the DBD reactor with an inner diameter of
25 mm and a height of 150 cm. The packing equipment used in the experiment included
Cannon rings, Pall rings, and Dixon rings, as shown in Figure 3. The concentrations of NO,
NO2, O2, CO2, and SO2 were measured using a flue gas analyzer (TESTO Pro.350), with
the information from TESTO Pro.350 shown in Table 1.
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Figure 3. The packing equipment used in the experiment. (a) Cannon rings; (b) Pall rings; (c)
Dixon rings.

Table 1. The information obtained from TESTO Pro.350.

Sensor Range Accuracy Resolution Response Time

NO 0–2000 ppm 5 ppm (0–99 ppm)
±5% of the measured value (100–2000 ppm) 1 ppm 30 s

NO2 0–500 ppm 5 ppm (0–99 ppm)
±5% of the measured value (100–2000 ppm) 0.1 ppm 40 s

SO2 0–2000 ppm ±5% of the measured value 1 ppm 30 s
O2 0–25 Vol% ±0.2 Vol% 0.01% 20 s

CO2 0–25 Vol% ±0.3 Vol% + 1% of the measured value 0.01% 20 s
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2.2. Data Processing

The discharge voltage and current waveforms are shown in Figure 4a. There were
many micro discharge channels in the gas gap of the DBD reactor. It is difficult to measure
the discharge power using the integral of voltage and current product; therefore, the
discharge power in DBD reactors is usually measured using the Q-V Lissajous figure,
which requires a capacitor (Cm) in series in the DBD circuit. Figure 4b shows the Lissajous
figure measured during the experiment. The discharge power is calculated by:

P = f CmKxKyKA (1)

where f is the discharge frequency in Hz; Kx is the X-axis sensitivity, V/grid; Ky is the
Y-axis sensitivity, V/grid; K is the voltage decrease ratio, 1000:1; A is the area enclosed by
the Lissajous figure.
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The removal efficiency of NOx is calculated using the following formula:

Removal efficiency of NOx =
[NOx]inlet − [NOx]outlet

[NOx]inlet
× 100% (2)

where [NOx]inlet and [NOx]outlet are the concentrations of NOx (ppm) measured at the inlet
and outlet of the DBD reactor, respectively.

The removal efficiency of SO2 is calculated using the following formula:

Removal efficiency of SO2 =
[SO2]inlet − [SO2]outlet

[SO2]inlet
× 100% (3)
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where [SO2]inlet and [SO2]outlet are the concentrations of SO2 (ppm) at the inlet and outlet
of the DBD reactor, respectively.

The oxidation degree of NOx is defined as follows:

α0 =
ϕ(NO2)

ϕ(NOx)
× 100% (4)

where α0 is the oxidation degree of NOx; ϕ(NO2) is the concentration of NO2 in ppm;
ϕ(NOx) is the concentration of NOx(NO + NO2) in ppm.

3. Results and Discussion
3.1. The Packing Types

The packing is the core component of the packed scrubber, the configuration of which
is directly related to the gas–liquid mass transfer efficiency. The surface of packing is the
basis of gas–liquid mass transfer in the scrubbing tower [32]. During the experiment, the
simulated fuel gas was preoxidized by the DBD reactor and the discharge power was fixed
at 19.5 W. The effects of different packing on desulfurization and denitration efficiency
were investigated and the results are shown in Figure 5. The experimental results show
that the denitration efficiencies of the Dg 10 mm Pall ring, Dg 6 mm Pall ring, Dg 6 mm
Dixon ring, and Dg 6 mm Cannon ring are 62.6%, 66.6%, 70.8%, and 65.6%, respectively,
while the desulfurization efficiencies are more than 99.3% for all packings.
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Figure 5. Desulfurization and denitration efficiencies of various packing types (operating conditions:
gas flow rate = 5 L/min, scrubbing solution = 1% NaOH solution, spray density = 7.6 m3/

(
m2·h

)
,

packing height = 80 cm).

The main absorption process for the packed scrubber occurs in the part filled with
packing. For the micro tower height dh, the mass of the solute transferred between gas
and liquid phases in this section per unit time can be calculated using the following
formula [32]:

X = NAaSdh (5)

where X is the mass of solute transferred between gas and liquid phases in the micro tower
section per unit time in kmol/s; NA is the gas–liquid mass transfer rate in kmol/(s·m2); a
is the gas–liquid mass transfer area per unit volume in m2/m3; S is the cross-sectional area
of the scrubber in m2.

The packings with a larger specific surface area can provide a larger gas–liquid mass
transfer area (a) and achieve a greater X. The specific surface areas of the four types of
packings used in the experiment are shown in Table 2. Due to the larger specific surface
area of the Dg 6 mm Dixon ring, it obtains a higher gas–liquid mass transfer efficiency
and denitration efficiency. SO2 is easily absorbed by aqueous solution, while its removal
efficiency depends more on the SO2 absorption capacity of the scrubbing solution; therefore,
the packing types have little effect on the desulfurization efficiency.
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Table 2. Packing parameters.

Type Diameter (mm) × Height (mm) Specific Surface Area (m2/m3)

Dg 10 mm Pall ring 10 × 10 482
Dg 6 mm Pall ring 6 × 6 905

Dg 6 mm Dixon ring 6 × 6 950
Dg 6 mm Cannon ring 6 × 6 910

3.2. Packing Height

The height of the packings determines gas–liquid mass transfer area and residence
time of fuel gas in the packings, which has an important effect on the removal of pollutants.
Figure 6 shows the desulfurization and denitration efficiency of the system at various
packing heights. As the packing height increases from 40 cm to 80 cm, the denitration
efficiency increases rapidly from 58.4% to 70.8% and the desulfurization efficiency increases
from 99.1% to 100%. When the packing height is in the range of 80–120 cm, the denitration
efficiency gradually increases from 70.8% to 71.8%.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 7 of 16 
 

denitration efficiency. SO2 is easily absorbed by aqueous solution, while its removal 
efficiency depends more on the SO2 absorption capacity of the scrubbing solution; 
therefore, the packing types have little effect on the desulfurization efficiency. 

Table 2. Packing parameters. 

Type Diameter (mm) × Height (mm) Specific Surface Area (𝐦𝟐/𝐦𝟑) 
Dg 10 mm Pall ring 10 × 10 482 
Dg 6 mm Pall ring 6 × 6 905 

Dg 6 mm Dixon ring 6 × 6 950 
Dg 6 mm Cannon ring 6 × 6 910 

3.2. Packing Height 
The height of the packings determines gas–liquid mass transfer area and residence 

time of fuel gas in the packings, which has an important effect on the removal of 
pollutants. Figure 6 shows the desulfurization and denitration efficiency of the system at 
various packing heights. As the packing height increases from 40 cm to 80 cm, the 
denitration efficiency increases rapidly from 58.4% to 70.8% and the desulfurization 
efficiency increases from 99.1% to 100%. When the packing height is in the range of 80–
120 cm, the denitration efficiency gradually increases from 70.8% to 71.8%. 

 
Figure 6. Effect of packing height on desulfurization and denitration efficiency of scrubber 
(operating conditions: discharge power = 19.5 W; gas flow rate = 5 L/min, scrubbing solution = 1% 
NaOH solution, spray density = 7.6 mଷ/(mଶ ∙ h), packing type = Dg 6 mm Dixon ring). 

With the increases in packing height, the gas–liquid mass transfer area and mass 
transfer time are extended. The desulfurization and denitration efficiency increases with 
the increase in packing height. For NOx removal, when the filler height exceeds 80 cm, the 
remaining NOx is mainly NO; however, NO has low solubility in water and does not react 
with NaOH; therefore, the denitration efficiency increases slowly with the increases in 
packing height in the range of 80–120 cm.  

3.3. Spray Density 
The spray density is composed of the scrubbing solution spray per unit time and unit 

tower cross-sectional area, which affects the wetting degree of packings. The effects of the 
spray density on the desulfurization and denitration efficiency levels are shown in Figure 
7. The experimental results show that when the spray density increases from 1.8 m3/(m2∙h) 
to 7.6 m3/(m2∙h), the desulfurization efficiency of the system increases from 99.1% to 100% 
and the denitration efficiency increases from 64.8% to 70.8%. In the range of 7.6–10.8 
m3/(m2∙h), the desulfurization and denitration efficiency levels remain basically 
unchanged. 

Figure 6. Effect of packing height on desulfurization and denitration efficiency of scrubber (operating
conditions: discharge power = 19.5 W; gas flow rate = 5 L/min, scrubbing solution = 1% NaOH
solution, spray density = 7.6 m3/

(
m2·h

)
, packing type = Dg 6 mm Dixon ring).

With the increases in packing height, the gas–liquid mass transfer area and mass
transfer time are extended. The desulfurization and denitration efficiency increases with
the increase in packing height. For NOx removal, when the filler height exceeds 80 cm,
the remaining NOx is mainly NO; however, NO has low solubility in water and does not
react with NaOH; therefore, the denitration efficiency increases slowly with the increases
in packing height in the range of 80–120 cm.

3.3. Spray Density

The spray density is composed of the scrubbing solution spray per unit time and
unit tower cross-sectional area, which affects the wetting degree of packings. The effects
of the spray density on the desulfurization and denitration efficiency levels are shown
in Figure 7. The experimental results show that when the spray density increases from
1.8 m3/(m2·h) to 7.6 m3/(m2·h), the desulfurization efficiency of the system increases
from 99.1% to 100% and the denitration efficiency increases from 64.8% to 70.8%. In the
range of 7.6–10.8 m3/(m2·h), the desulfurization and denitration efficiency levels remain
basically unchanged.
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conditions: discharge power = 19.5 W, gas flow rate = 5 L/min, scrubbing solution = 1% NaOH
solution, packing type = Dg 6 mm Dixon ring, packing height = 80 cm).

For the packed scrubber using the NaOH solution, when the liquid/gas ratio reaches
2 L/m3, the desulfurization efficiency reaches more than 99% [33]. In this experiment, the
spray density of 1.8 m3/(m2·h) means that the liquid/gas ratio reaches 3 L/m3; therefore,
further increases in spray density have little effect on the desulfurization efficiency. The
increases in spray density have a greater impact on denitration efficiency, indicating that
the demand for gas–liquid mass transfer area for NOx removal is higher.

On the one hand, increases in spray density will mean the packings will be wetter
and the actual gas–liquid mass transfer area will be larger; on the other hand, if the spray
density is too high, the liquid film on the packing surface will thicken and flooding will
occur, resulting in a sharp pressure drop in the scrubber and a sharp decrease in the
gas–liquid mass transfer efficiency [34].

The flooding point is the operating limit of packed scrubber, while the flooding velocity
is generally calculated using the Eckert general association diagram [32]. The abscissa can
be calculated with the following formula:

x =
GL
GV

(
ρV
ρL

)
0.5

, (6)

where GL is the mass flow rate of scrubbing solution in kg/(m2·s); GV is the mass flow
rate of the gas in kg/(m2·s); ρL is the density of the scrubbing solution in kg/m3; ρV is the
density of the gas in kg/m3.

After the abscissa is calculated, the ordinate y value is obtained according to the flood-
ing point line. The flooding velocity can be calculated according to the following formula:

y =
u2ψφ

g
× ρV

ρL
µL

0.2, (7)

where u is the gas flow rate of the empty tower in m/s; ψ is the ratio of the density of
the water to the density of the scrubbing solution; φ is the packing factor in 1/m; g is the
gravitational acceleration in 9.8 m/s2; µL is the viscosity of the scrubbing solution in mPa·s.

The calculation results show that when the spray density increases from 1.8 m3/
(
m2·h

)
to 10.8 m3/

(
m2·h

)
, the flooding velocity decreases from 0.88 m/s to 0.48 m/s. Here, the

actual empty tower gas velocity is 0.17 m/s, which is lower than the flooding velocity;
therefore, increasing the spray density during the experiment can improve the desul-
furization and denitration efficiency levels without causing flooding and reducing the
removal efficiency.
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3.4. Mass Fraction of NaOH Solution

The effects of the mass fraction of the NaOH solution on desulfurization and denitra-
tion efficiency levels are shown in Figure 8. When the mass fraction of the NaOH solution
increases from 0% to 1.0%, the desulfurization efficiency increases from 97.2% to 100% and
the denitration efficiency increases from 51.0% to 71.8%. With a further increase in the mass
fraction of the NaOH solution to 1.5%, the desulfurization efficiency is maintained at 100%
and the denitration efficiency slowly increases to 72.6%.
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NaOH solution (operating conditions: discharge power = 19.5 W, the gas flow rate = 5 L/min, spray
density = 7.6 m3/(m2·h), packing type = Dg 6 mm Dixon ring, packing height = 80 cm).

In the absorption process of NOx and SO2 from the gas phase to the liquid phase, the
total mass transfer resistance is the sum of the gas phase mass transfer resistance and liquid
phase mass transfer resistance [10,32]:

1
Ky

=
1
ky

+
m
kx
′ (8)

where 1
Ky

is the total mass transfer resistance; 1
ky

is the gas phase mass transfer resistance;
m
kx

is the liquid phase mass transfer resistance; m is the phase equilibrium constant.
When the absorption capacity of the scrubbing solution is weak, the phase equilibrium

constant (m) is large and the liquid phase mass transfer resistance m/kx � 1/ky. Under
this condition, the mass transfer resistance is mainly concentrated in the liquid film:

1
Ky
≈ m

kx
. (9)

When the scrubbing solution has strong absorption capacity for solutes in the gas
phase, m is small and the liquid phase mass transfer resistance m/kx � 1/ky. Under this
condition, the mass transfer resistance is mainly concentrated in the liquid phase:

1
Ky
≈ 1

ky
. (10)

The addition of NaOH in the scrubbing solution makes the desulfurization and
denitration process change from physical absorption to chemical absorption. The chemical
absorption involves a faster absorption rate. NaOH improves the selectivity and solubility
of the scrubbing solution to NOx and SO2. With the increase in the NaOH mass fraction in
the scrubbing solution, m gradually decreases and the liquid phase mass transfer resistance
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m/kx decreases. When the mass fraction of the NaOH solution exceeds 1.0%, the mass
transfer resistance is mainly concentrated in the gas phase; continuing to increase the mass
fraction of NaOH solution has little effect on the whole mass transfer process [33].

Table 3 shows the pH values of various mass fractions of NaOH solutions. It can be
seen that the pH value of the NaOH solution increases rapidly in the range of 0–1%, which
greatly promotes the chemical absorption of NOx and SO2 in the liquid phase and reduces
the mass transfer resistance in the liquid film. In the range of 1.0–1.5%, the further increase
in the NaOH solution mass fraction has little effect on its pH value and the growth of the
denitration efficiency slows down significantly.

Table 3. The pH values of various mass fractions of NaOH solutions.

Mass Fraction of NaOH Solution /% 0 0.5 1.0 1.5

pH Value 7.0 13.1 13.4 13.5

3.5. Discharge Power in the DBD Reactor

The discharge power in the DBD reactor has an important influence on the oxidation
of NO and SO2 [30,31]. The desulfurization and denitration efficiency levels of the system
at various discharge power levels are presented in Figure 9. The experimental results show
that the desulfurization efficiency is always maintained at 99.7–100%, while the denitration
efficiency increases significantly from 14% to 94.5% when the discharge power in the DBD
reactor increases from 10.9 W to 26.6 W. With further increases in the discharge power, the
denitration efficiency increases slowly.
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Figure 9. Effects of discharge power on desulfurization and denitration efficiency levels (op-
erating conditions: gas flow rate = 5 L/min, scrubbing solution = 1% NaOH solution, spray
density = 7.6 m3/(m2·h), packing type = Dg 6 mm Dixon ring, packing height = 80 cm).

SO2 is very easily absorbed by the alkali solution, while WFGD alone can achieve
high desulfurization efficiency; therefore, the discharge power in the DBD reactor has little
effect on SO2 removal. The denitration efficiency is significantly affected by the discharge
power, as shown in Figure 9.

Figure 10 shows the effects of the discharge power on NO, NO2, and NOx concentra-
tions and the oxidation degree of NOx at the outlet of the DBD reactor. With increases in
DBD power, the concentrations of NOx and NO decrease significantly, the concentration
of NO2 increases, and the oxidation degree of NOx increases gradually. The preoxidation
of DBD means most of the is NO directly oxidized to HNO3 and HNO2, then neutralized
with the NaOH solution in the scrubber to be removed.
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Figure 10. Effects of discharge power on NO, NO2, and NOx concentrations and the oxidation degree
of NOx at the outlet of the DBD reactor.

In addition, some of the NO is oxidized to NO2 by DBD. NO2 is easily removed by
the NaOH solution and can react with NO to generate N2O3 and promote the removal of
NO, such as in Equations (11)–(18) [12,35]. When the DBD power increases from 10.9 W to
26.6 W, the oxidation degree of NOx increases rapidly from 2.4% to 41.0% and the removal
of NOx is greatly promoted. Previous research has shown that when the NOx oxidation
degree is 50% under anaerobic conditions, the absorption rate of NOx in NaOH solution
is the highest [34]. Under the oxygen enrichment conditions, the oxidation of NOx will
still occur in the packed scrubber; therefore, when the oxidation degree of NOx reaches
41%, high denitration efficiency can be achieved and further increases in the NOx oxidation
degree have little impact on the denitration efficiency.

2NO2 
 N2O4 (11)

2NO2 + H2O 
 HNO3 + HNO2 (12)

N2O4 + 2NaOH→ NaNO2 + NaNO3 + H2O (13)

NO + NO2 ↔ N2O3 (14)

N2O3 + 2NaOH→ 2NaNO2 + H2O (15)

NO + NO2 + H2O 
 2HNO2 (16)

NaOH + HNO2 
 NaNO2 + H2O (17)

NaOH + HNO3 
 NaNO3 + H2O (18)

3.6. Simulated Flue Gas Flow Rate

The flue gas flow rate determines the flow velocity and residence time in the scrubbing
tower. The effects of the simulated flue gas flow rate on the desulfurization and denitration
efficiency levels are shown in Figure 11. In this process, the gas flow rate increases from
3 L/min to 9 L/min, the desulfurization efficiency gradually decreases from 100% to 98.4%,
and the denitration efficiency decreases from 82.9% to 53.2%.

Due to the absorbability and low concentration of SO2, the flue gas flow rate has little
effect on the SO2 removal efficiency during the test. The influence of the flue gas flow rate
on the denitration efficiency is more significant. This is mainly for two reasons:

1. The increase in the flue gas flow reduces the gas–liquid mass transfer time of the flue
gas in the scrubber, resulting in decreased mass transfer efficiency;

2. The increase in the flue gas flow rate decreases the specific energy density (SED, the
energy obtained by unit volume of flue gas), the NO oxidation efficiency in the DBD
reactor is reduced, and finally the denitration efficiency is significantly reduced.
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Figure 11. Effects of simulated flue gas flow rate on desulfurization and denitration efficiency levels
(operating conditions: discharge power in DBD reactor = 19.5 W, spray density = 7.6 m3/(m2·h), scrub-
bing solution = 1% NaOH solution, packing type = Dg 6 mm Dixon ring, packing height = 80 cm).

3.7. Weight Analysis of Influencing Factors

From the above single-factor test, it can be seen that various factors have little impact
on the desulfurization efficiency of the DBD combined wet scrubbing system, while high
desulfurization efficiency is easy to achieve.

The denitration efficiency is the key problem in this system. In order to quantitatively
analyze the influence of various factors on the denitration efficiency and to optimize the
performance of this system, orthogonal tests were designed to analyze the weights of
various factors.

Each factor and its level division are shown in Table 4.

Table 4. The factors and levels involved in the denitration efficiency.

Level

Factor A
(-)

B
(cm)

C
(m3/(m2·h))

D
(%)

E
(W) F (L/min)

1 Dg 10 mm Pall ring 40 1.8 0 10.9 3
2 Dg 6 mm Pall ring 80 5.4 0.5 19.5 5
3 Dg 6 mm Dixon ring 120 10.8 1 26.6 7

A = packing type; B = packing height; C = spray density; D = mass fraction of NaOH solution; E = discharge
power in the DBD reactor; F = simulated flue gas flow rate.

An orthogonal table (L18
(
37)) was selected to arrange the experiment. The six factors

considered in this paper are placed in the first six columns of the table (column 7 is not
required). Table 5 shows the specific arrangement and results of the orthogonal test.

Table 5. Arrangement and results of the orthogonal test.

NO. A B C D E F Results

1 1 1 1 1 1 1 12.17%
2 1 2 2 2 2 2 67.62%
3 1 3 3 3 3 3 81.65%
4 2 1 1 2 2 3 40.68%
5 2 2 2 3 3 1 95.62%
6 2 3 3 1 1 2 15.07%
7 3 1 2 1 3 2 76.02%
8 3 2 3 2 1 3 12.63%
9 3 3 1 3 2 1 79.88%

10 1 1 3 3 2 2 54.85%
11 1 2 1 1 3 3 53.41%
12 1 3 2 2 1 1 17.06%
13 2 1 2 3 1 3 10.94%
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Table 5. Cont.

NO. A B C D E F Results

14 2 2 3 1 2 1 65.76%
15 2 3 1 2 3 2 84.95%
16 3 1 3 2 3 1 92.98%
17 3 2 1 3 1 2 16.00%
18 3 3 2 1 2 3 36.56%

The range and variance of each factor in the orthogonal test can reflect its influence on
the experimental results. The greater the range and variance, the greater the influence of
the factor on the results. Generally, variance is used to evaluate the weights of the factors.
The larger the variance of a factor, the greater the weight. The weights of the factors can be
calculated using the following formula [36,37]:

SA =
1
α

m

∑
i=1

K2
i −

1
n

(
n

∑
k=1

xk

)2

, (19)

Ki =
α

∑
j

xij, (20)

wA =

√
SA

∑
√

S∗
, (21)

where SA is the variance of factor A; α is the number of tests at each factor level; m represents
the levels of factors; n is the total number of tests; Ki is the sum of the i-th level results of
the factor; xk is the test result of number k; xij is the result of the i-th level and j-th test of
the factor; wA is the influence weight of factor A;

√
SA is the standard deviation of factor A;

∑
√

S∗ is the sum of the standard deviations of each factor.
The influence weights of various factors on the denitration efficiency are calculated

from the orthogonal test results and are shown in Figure 12.
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The experimental results show that discharge power in the DBD reactor has the
greatest impact on the denitration efficiency, the weight coefficient of which is 56.96%. The
simulated flue gas flow rate and mass fraction of the NaOH solution also have important
effects, the weight coefficients of which are 18.02% and 11.54%, respectively. The spray
density, packing type, and packing height have little influence on the denitration efficiency,
the weights of which are 5.02%, 4.33%, and 4.16%, respectively.

4. Conclusions

In this paper, an experimental study on desulfurization and denitration was carried
out using a DBD reactor combined with a wet scrubber system. The effects of the packing
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type, packing height, spray density, mass fraction of the NaOH solution, discharge power
in the DBD reactor, and simulated flue gas flow rate on the desulfurization and denitration
efficiency levels were analyzed, along with the influence weight of each factor on the
denitration efficiency, using orthogonal testing. The main conclusions are as follows:

1. Various factors have little impact on the desulfurization efficiency of the DBD com-
bined wet scrubbing system, while high desulfurization efficiency is easy to achieve.
The denitration efficiency is the key problem in this system;

2. The influence weights of the DBD power, simulated flue gas flow rate, mass fraction
of the NaOH solution, spray density, packing type, and packing height on denitration
efficiency were 56.96%, 18.02%, 11.52%, 5.02%, 4.33%, and 4.16%, respectively.

This paper verifies the feasibility of using DBD combined with a wet scrubbing system
for flue gas desulfurization and denitration. The results of this paper will be helpful in
optimizing the performance of the system for practical applications in the future.
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