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n of calcium sulfite in flue gas
desulfurization by pore-type surface dielectric
barrier discharge

He Guo, a Nan Jiang,*ab Jie Li,ab Xianjun Zhao,a Yi Zhang,c Chao Chen,c

Hong Zhao,c Changmin Hanc and Yan Wuab

Herein, a new pore-type surface dielectric barrier discharge (PSDBD) reactor was first used for the oxidation

of calcium sulfite in flue gas desulfurization. The comparison of oxidation efficiency of calcium sulfite using

air only oxidation, loop surface dielectric barrier discharge (LSDBD) oxidation, and PSDBD oxidation was

carried out to account for the superiority of PSDBD oxidation. The feasibility of calcium sulfite oxidized

by discharge plasma was first investigated, and then, the effect of energy density, power frequency, air

flow rate, initial slurry concentration, slurry temperature, and slurry pH was explored. The results showed

that it was feasible to oxidize calcium sulfite by discharge oxidation as compared to that by air only

oxidation. Furthermore, the oxidation efficiency of calcium sulfite in a PSDBD reactor is higher than that

in an LSDBD reactor. Higher frequency power, higher energy density, and higher air flow rate were

beneficial for the oxidation of calcium sulfite. Higher oxidation efficiency could be obtained at a lower

initial slurry concentration, higher slurry temperature, and lower slurry pH, which could reach the highest

values of 62.5%, 79.8%, and 73.4% in the PSDBD reactor, respectively. The mechanism analysis illustrated

that O3 played a major role during calcium sulfite oxidation.
1. Introduction

In recent years, people have suffered the deleterious effects of
air pollution, and excessive emission of sulfur dioxide is one of
the primary causes of this issue. Flue gas desulfurization tech-
nology, such as wet desulfurization, dry desulfurization, and
semi-dry desulfurization, is becoming mature gradually at
present.1–3 Among them, wet desulfurization is one of the most
widely used methods for ue gas desulfurization, whose prin-
ciple is to utilize limestone or lime slurry for assimilating sulfur
dioxide from gas fume and then form calcium sulte.4–6 The
formed calcium sulte is further oxidized, which then leads to
the production of gypsum (calcium sulfate) that can be crys-
tallized ultimately. The crystallized gypsum has high economic
and nutritional value such as in building materials, paper-
making, paving, etc. However, if calcium sulte cannot be
oxidized completely, sulfur dioxide can overow again; this
leads to secondary pollution. Furthermore, if the purity of
gypsum is lower, the gypsum is unable to crystallize normally;
this nally decreases the efficiency of desulfurization. There-
fore, not only further oxidization of calcium sulte from ue gas
ology, Dalian University of Technology,

lut.edu.cn

niversity of Technology, Dalian 116024,

Co., Ltd., Wuhan 430223, China
desulfurization can prevent the second overow of sulfur
dioxide, enhancing desulfurization efficiency, but also
economically benecial gypsum can be obtained.

There are many methods, such as forced oxidation, catalytic
oxidation, and plasma oxidation, for oxidizing calcium
sulte.7–9 However, forced oxidation is affected by gas liquid
mass transfer of oxygen, and lower utilization of oxygen, longer
oxidation period, and limited lower concentration of calcium
sulte have restricted the development of this technology.
Furthermore, the cost of equipment and energy consumption
are higher. As for most catalysts, it is not easy to separate the
catalyst from the slurry; thus, the constant addition of catalysts
is required. Therefore, the solidication of catalysts becomes
a key research topic.10–12 Fan and Fan have utilized ammoniacal
leaching and ammonia chloride leaching to separate and
recycle Zn2+ in a desulfurization slurry and obtained highly
reactive ZnO.10 Liu utilized the chemical precipitation method
to separate Cd2+ in a desulfurization slurry.11 Brennan et al.
adopted a process for removing catalyst nes from the wax
product produced in a slurry Fischer–Tropsch reactor
comprising removal of the wax product from the reactor and
separation of the catalyst nes by passing the wax product
through a high-gradient magnetic eld. The separated catalyst
nes can be returned to the reactor by backwashing the lter
element.12 However, if the solidication of catalysts is consid-
ered, the whole catalytic oxidation process is complex and
would increase the cost of desulfurization.
This journal is © The Royal Society of Chemistry 2018
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Discharge plasma is one kind of advanced oxidation tech-
nology, with the generated active specials such as O3, H2O2,
cOH, and cO, which have powerful oxidation ability to oxidize
calcium sulte faster and efficiently.13–16 The utilization of
discharge plasma for calcium sulte has been researched by our
team.9,17,18 Xia et al. have explored plasma to oxidize calcium
sulte that not only can improve the oxidation efficiency of
calcium sulte but can also decrease the aeration rate and area
of the slurry pond.9 Air activation for calcium sulte oxidation
by surface discharge was studied by Yao et al., and the oxidation
efficiency of calcium sulte by surface discharge was 1.5–1.7
times that of calcium sulte treated by sole air oxidation.18 The
method can reduce equipment investment and operation cost,
which is of great signicance for the improvement of the
desulfurization process.

In the dielectric barrier discharge (DBD) process, different
reactors can induce the injection of energy and the variation of
physical effect and chemical effect such as electron energy,
starting voltage, and the amount of active substances. Many
researchers have introduced the LSDBD reactor for ozone
generation and air pollution treatment.19–21 The advantage of
this reactor is that discharge can occur in two areas with one
electrode structure. The ue gas can be treated via two areas;
this extends the discharge treatment time and enables ue gas
treatment. However, there is only one low voltage electrode, and
the high voltage electrode is set close to the inside wall of the
quartz glass tube, which decreases the discharge intensity and
leads to a lower concentration of the active substance.
Furthermore, the area of the traditional reactor is larger in the
case of same discharge length; this enhances the working area
for treating calcium sulte. Therefore, a new pore-type surface
dielectric barrier discharge (PSDBD) was designed to investigate
the oxidation of calcium sulte in the study. The superiority of
PSDBD on oxidizing calcium sulte as compared to that of loop
surface dielectric barrier discharge (LSDBD) and sole air
oxidation was rst investigated. Then, the effect of electric
parameters (energy density, power type, and air ow rate) and
slurry parameters (initial concentration, temperature, and pH)
were explored. Finally, the mechanism of calcium sulte
oxidation was explored. The study is of great importance in
Fig. 1 The schematic of the experimental system.

This journal is © The Royal Society of Chemistry 2018
reducing the area of the reaction facility and enhancing desul-
furization efficiency and gypsum quality.

2. Experimental
2.1 Experimental apparatus

The schematic of the experimental system is shown in Fig. 1. The
system consists of a high voltage power source, an electrical
detection system, a gas distribution system, a plasma reactor,
and a calcium sulte reactor; the operating frequency power and
high frequency power sources were made by the Institute of
Electrostatics and Special Power, Dalian University of Tech-
nology. The voltage is adjustable to 0–20 kV. The electrical
detection system is made up of an oscilloscope (Tektronix
TDS2024), a high-voltage probe (Tektronix P6015A), and a low-
voltage probe (Tektronix TPP0200). The gas distribution system
comprised an air pump (HaiLi, ACO-318) and a ow meter (Kere
LZB-6WB). The plasma reactor is shown in Fig. 2. Fig. 2(a) shows
the pore-type surface reactor. The high voltage electrode is the
aluminum foil with a round hole, the thickness and hole diam-
eter of which are 0.05 mm and 70 mm, respectively. The round
hole of the aluminum foil is sealed by an insulating material to
ensure discharge in the round hole. The dielectric material is
a glass pane with a thickness of 1.5 mm. The ground electrode is
the aluminum foil, which is attached closely to the glass surface.
The whole discharge area is cylindrical, and the high of the
cylinder is the high of gas region. Fig. 2(b) shows the loop surface
reactor. The high electrode is a stainless spring, whose wire
diameter and screw pitch are 0.5mm and 1.7m, respectively. The
dielectric material is a glass tube with a thickness of 1.5 mm and
an inner diameter of 12 mm. The low electrode is the aluminum
foil, which is attached tightly around the glass surface. The
discharge length is 200 mm. An organic glass and an aeration
sand head constitute the calcium sulte reactor. The inner
diameter is 50 mm, and the height of the organic glass is 1500
mm.

2.2 Experimental process and analytical methods

Air was carried into the reactor by an air pump through the ow
meter. The humidity of air was adjusted by bubbling a certain
RSC Adv., 2018, 8, 4464–4471 | 4465
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Fig. 2 The schematic of the experimental system: (a) the PSDBD reactor and (b) LSDBD reactor.
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amount of vapor. The temperature of gas was controlled by
a thermostatic water bath. The air temperature, relative
humidity of air, and gas ow rate are 23 �C, 0, and 1 m3 h�1,
respectively. The concentration of ozone was measured using
the iodometric method.22 The slurry was prepared by deionized
water and calcium sulte, which was provided by the Tianjing
Bodi Chemical Co., Ltd. Before preparation, deionized water
was purged with argon to remove the dissolved oxygen. The
initial pH value of the slurry is adjusted with 0.1 mol L�1 NaOH
and 0.1 mol L�1 HNO3. H2O2 concentration wasmeasured using
the titanium sulfate method.16 The concentration of calcium
sulte was determined using the iodometric method.23 The
oxidation efficiency of calcium sulte is calculated as follows:

Xt ð%Þ ¼ ðC0 � CtÞ
C0

� 100% (1)

where Xt is the oxidation efficiency of calcium sulte; C0 is the
initial concentration of treated calcium sulte, mol L�1; and Ct

is the concentration of treated calcium sulte at a discharge
treatment time t, mol L�1.

The specic energy density (SED) was measured as follows:

SED ¼ P

V
� 60 (2)

where SED is the specic energy density, J L�1; P is the discharge
power, W; and V is the gas ow rate, L min�1.

All the chemical reagents used in the study are of analytical
pure grade. All data was tested two times, and the nal values
shown in the study are the average values.
3. Results and discussion
3.1 The feasibility of calcium sulte oxidized by discharge
plasma

To illustrate that SDBD is able to support the oxidation of
calcium sulte effectively, the efficiency of calcium sulte
oxidation by sole air aeration and surface discharge is
compared in this study. The power used in the study was the
operating frequency power with a frequency of 50 Hz. The
voltage was controlled at 19 kV, and the PSDBD and LSDBD have
the same energy density. The result is shown in Fig. 3(a). In
addition, to account for the advantage of PSDBD as compared to
that of LSDBD, the ozone generation efficiency and energy
4466 | RSC Adv., 2018, 8, 4464–4471
utilization of calcium sulte oxidation are given, shown in
Fig. 3(b) and (c), respectively.

In Fig. 3(a), it can be seen that the oxidation efficiency via the
three methods increases with an increase in oxidation time.
With an oxidation time of 60 min, the oxidation efficiency of
calcium sulte under sole air oxidation, LSDBD oxidation, and
PSDBD oxidation could reach 52.3%, 85.7%, and 92.4%,
respectively. The increasing effect of SDBD was evident as
compared to that of sole air oxidation; this illustrated that the
generated ozone and other activated specials by SDBD could
stimulate oxidation of calcium sulte. It can also be seen that
the oxidation efficiency in the PSDBD reactor is higher than that
in the LSDBD reactor; this accounts for the superiority of
PSDBD discharge on oxidizing calcium sulte.

It can be seen from Fig. 3(b) that the ozone generation effi-
ciency in the PSDBD system is higher than that in the LSDBD
system under the same voltage; this can prove the superiority of
PSDBD discharge on oxidizing calcium sulte. It can also be
found that with the increase in voltage, the ozone generation
efficiency decreases regardless of the PSDBD system or LSDBD
system. The highest ozone generation efficiency in the PSDBD
system and LSDBD system is 53.36 mg J�1 and 30.17 mg J�1,
respectively. The reason for this is that the increase in voltage
can induce an enhancement of the discharge power that leads
to an increase in the temperature. As a result, the higher
temperature can induce the decomposition of ozone, which is
not benecial for the generation of ozone. In practical appli-
cations, energy utilization is an index for evaluating the effi-
ciency of the system. The ozone production in the PSDBD
system is higher under the same energy utilization. Moreover, to
obtain a higher ozone production and ozone generation effi-
ciency at the same time, we found that a voltage of 19 kV could
achieve a better effect.

It can be seen from Fig. 3(c) that as compared to the case of
the LSDBD system, energy utilization of calcium sulte oxida-
tion is higher in the PSDBD system; this can illustrate the
advantage of PSDBD oxidation. The highest energy utilization in
the LSDBD system and PSDBD system can reach 7.22 g J�1 and
19.62 g J�1, respectively. In Fig. 3(c), it can be found that with an
increase in time, the energy utilization of calcium sulte
oxidation decreases; this is because there is plenty of calcium
sulte that can react with the active species generated by DBD in
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (a) Efficiency of air aeration and surface discharge-induced
calcium sulfite oxidation. (b) Generation efficiency of ozone by PSDBD
and LSDBD. (c) Energy utilization of calcium sulfite oxidation by PSDBD
and LSDBD.

Fig. 4 Effect of different SED on the oxidation efficiency.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ja

nu
ar

y 
20

18
. D

ow
nl

oa
de

d 
on

 1
2/

6/
20

25
 1

1:
05

:0
9 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the initial phase. As time goes by, there is not an excess of
calcium sulte consumed by active species; this accounts for
the lower energy utilization in the later period.
3.2 Effect of electric parameters on oxidation efficiency of
calcium sulte

3.2.1 Effect of energy density of discharge on the oxidation
efficiency of calcium sulte. Energy density under different
reactors can inuence the generation of ozone and other active
species and then lead to the variation of oxidation efficiency of
calcium sulte. Therefore, the effect of energy density on the
oxidation efficiency of calcium sulte is explored in the section.
The result is shown in Fig. 4. For comparison, the oxidation
efficiency of calcium sulte under sole air oxidation is given as
37%, as shown in our another study.24

As shown in Fig. 4, with an increase in the energy density, the
oxidation efficiency rst increases and then reaches a plateau;
This journal is © The Royal Society of Chemistry 2018
this is because the discharge intensity increases with the
increase in energy density; this can promote the generation of
more electrons, which induce more ozone production. The
process of ozone generation is as follows:

O2 + e� / cO + cO + e� (3)

O2 + cO / O3 (4)

The oxidation efficiency of calcium sulte under the two-
discharge oxidation is higher than that under the sole air
oxidation (37%). In the case of the same energy density, the
oxidation efficiency of calcium sulte under PSDBD oxidation is
higher than that under LSDBD oxidation. The oxidation effi-
ciency of calcium sulte under PSDBD oxidation and LSDBD
oxidation can reach up to 62.5% and 56.8%, respectively, when
the energy density is 8.4 J L�1. The reason for it was that the
generation efficiency of ozone in the PSDBD reactor was higher
than that in the LSDBD reactor, as shown in Fig. 3(b). Therefore,
more ozone can be generated in the PSDBD reactor, which can
account for the higher oxidation efficiency of calcium sulte.
Because of the xed mass transfer coefficient of ozone in the
slurry, a greater amount of generated ozone was unable to be
utilized efficiently and then overowed when the energy density
reached a certain value; this implied that the oxidation effi-
ciency of calcium sulte could not further increase at a higher
energy density.

3.2.2 Effect of operating frequency power and high
frequency power on oxidation efficiency of calcium sulte.
Power frequency can affect the energy input and in turn affect
the generation of active substances, causing the change in the
oxidation efficiency of calcium sulte eventually. The effect of
frequency was investigated, and the result is shown in Fig. 5.
The frequency and voltage of high frequency power were
controlled at 7 kHz and 6 kV, respectively. From Fig. 5, it can be
seen that over time, the oxidation efficiency of calcium sulte in
the reactor increases dramatically. The oxidation efficiency
exceeded 70% at an oxidation time of 10 min. As time went on,
the variation in the trend of oxidation efficiency became smooth
and slight. Almost all of the calcium sulte was oxidized at less
than 20 min of treatment time.
RSC Adv., 2018, 8, 4464–4471 | 4467
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Fig. 5 Effect of operating frequency power and high frequency power
on oxidation efficiency.

Fig. 6 Effect of air flow rate on oxidation efficiency.
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The reason for this was because the concentration of ozone
generated by the high efficiency power was far higher than that
generated by the operating frequency power; this made the
oxidation efficiency of calcium sulte increase rapidly.
Furthermore, the concentration of ozone in the slurry reached
saturation quickly; this led to the lower growth in the oxidation
efficiency of calcium sulte. Moreover, calcium sulte was
oxidized within a short time. It can also be seen from Fig. 5 that
as compared to the operating frequency power, the oxidation
efficiency of calcium sulte can improve rapidly when using
a high frequency power. However, the air temperature can
increase when a high frequency power is used; this leads to
ozone decomposition. As a result, the ozone generation effi-
ciency at a high frequency power was considerably lower than
that at the operating frequency power. Most of the energy was
removed as heat, which is proved in our other study.24 In
addition, a large amount of ozone was unable to be fully utilized
and then overowed from the slurry when a high frequency
power was used. Herein, the utilization of energy has to be taken
into account when high efficiency is employed in practical
applications.

3.2.3 Effect of air ow rate on oxidation efficiency of
calcium sulte. The air ow rate not only affects the generation
of active specials but also affects the retention time of gas in the
slurry. The effect of air ow rate on the oxidation efficiency of
calcium sulte was therefore inspected, and the selected air
ow rates were 0.7 m3 h�1, 1 m3 h�1, and 1.4 m3 h�1. As shown
in Fig. 6, the oxidation efficiency of calcium sulte by the three
methods increased to a certain extent. Compared to the case of
discharge oxidation, the increase in the velocity of the oxidation
efficiency by sole air oxidation is faster. At the same air ow rate,
the order of oxidation efficiency of calcium sulte in the three
methods is as follows: PSDBD oxidation > LSDBD oxidation >
sole air oxidation.

The reason for the result is that with regard to sole air
oxidation, with the increasing air ow rate, the slurry is stirred
sufficiently by gas andmore of the generated ozone takes part in
the oxidation of calcium sulte; this leads to an increase in the
oxidation efficiency. For the discharge oxidation, on the one
hand, when the air ow rate increases to a certain value, a lot of
4468 | RSC Adv., 2018, 8, 4464–4471
air molecules fail to react with the free radicals and move away
from the discharge area; this can induce a decline in the ozone
concentration. On the other hand, when the air ow rate is
higher, the gas–liquid in the slurry can be stirred without
direction, and part of the bubble condenses into a large bubble,
which can introduce a turbulent bubble phenomenon. The
process makes more ozone ow out and leads to a loss of ozone.
Therefore, the improvement of ozone generation was not
apparent for a certain period; this accounted for the weak
variation of the oxidation efficiency. It can also be seen that as
compared to the LSDBD oxidation, the oxidation efficiency in
the PSDBD reactor is higher, which illustrates the superiority of
PSDBD.
3.3 Effect of slurry parameter on the oxidation efficiency of
calcium sulte

3.3.1 Effect of initial concentration of slurry on the oxida-
tion efficiency and oxidation rate of calcium sulte. The effect
of the initial concentration of slurry on the oxidation efficiency
and oxidation rate of calcium sulte is shown in Fig. 7. The
selected initial concentrations are 0.01 mol L�1, 0.02 mol L�1,
0.05 mol L�1, and 0.07 mol L�1. Fig. 7(a) shows that the
oxidation efficiency reduces nonlinearly with the increasing
concentration of the slurry. The highest oxidation efficiency can
be obtained when the concentration is 0.01 mol L�1. The
oxidation efficiency of calcium sulte treated by sole air oxida-
tion, LSDBD oxidation, and PSDBD oxidation can reach about
37%, 57%, and 62.5% respectively.

In Fig. 7(b), we can nd that with the increase in the initial
concentration, the oxidation rate increases for the three
conditions. The reason for this can be that more active species
contained or generated under the three conditions can collide
and then react with calcium sulte upon increasing the initial
concentration of calcium sulte. The utilization rate of the
active species is higher, which can increase the oxidation rate.
However, the amount of active species is a xed value. When the
initial concentration increases to a certain condition, there are
not enough active species for oxidizing more calcium sulte;
this decreases the oxidation efficiency, as shown in Fig. 7(a).

Furthermore, calcium sulte is slightly soluble in water. A
higher concentration can induce calcium sulte to precipitate
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 (a) Effect of initial concentration of slurry on oxidation effi-
ciency. (b) Effect of initial concentration of slurry on the oxidation rate.

Fig. 8 Effect of initial slurry temperature on the oxidation efficiency.

Fig. 9 Effect of the slurry pH value on oxidation efficiency.
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out in the form of a suspension, causing the percentage of
calcium sulte oxidized to decline. It can also be seen that the
oxidation efficiency of calcium sulte rst declines rapidly and
then tends to atten whether sole air oxidation or discharge
oxidation is used in the study. It can be deduced that the
amount of calcium sulte oxidized in a higher concentration of
slurry is greater than that oxidized in a lower concentration of
slurry; this can be veried in Fig. 7(b). In addition, it was found
that the oxidation rate obtained by PSDBD oxidation was higher
as compared to that by LSDBD oxidation and sole air oxidation
under the same concentration of slurry. It can be illustrated that
the PSDBD oxidation can display superiority whether it is the
oxidation efficiency or the oxidation rate.

3.3.2 Effect of slurry temperature on the oxidation effi-
ciency of calcium sulte. The solubility and stability of calcium
sulte in a slurry can be inuenced by temperature. Thus, the
effect of slurry temperature on the oxidation efficiency of
calcium sulte was investigated in the section. The slurry
temperature was set as 23 �C, 40 �C, 50 �C, and 60 �C. The effect
of the initial slurry temperature on the oxidation efficiency is
shown in Fig. 8.

Fig. 8 indicates that a higher slurry temperature is benecial
for oxidizing calcium sulte. The oxidation efficiency of calcium
sulte can improve above 20% under different oxidation
methods when the temperature increases from 23 �C to 60 �C.
In the same case of temperature, the oxidation efficiency in the
PSDBD reactor is highest, which can reach about 80% at
This journal is © The Royal Society of Chemistry 2018
a temperature of 60 �C. However, the experiment also found
that large quantities of sulfur dioxide leaked when the
temperature exceeded 50 �C.

The reason could be because the solubility of calcium sulte
was affected by temperature, and more calcium sulte could be
dissolved in solution and then be oxidized by oxygen and ozone.
In addition, thermodynamics involves temperature, which
leads to a higher oxidation rate at higher temperatures. The
synthetic effect of the abovementioned two aspects increased
the oxidation efficiency of calcium sulte rapidly with the
increasing slurry temperature. However, in the practical appli-
cation process, on the one hand, the higher temperature is able
to accelerate the decomposition of calcium sulte, which leads
to the overow of sulfur dioxide and the decline of desulfur-
ization efficiency; on the other hand, a higher temperature
requires heating equipment, which can raise the energy
consumption. Therefore, the slurry temperature should be
controlled at below 50 �C.

3.3.3 Effect of slurry pH on the oxidation efficiency of
calcium sulte. It is well known that the oxidation processes are
very sensitive to the pH of the aqueous solutions. Fig. 9 shows
the oxidation efficiency of calcium sulte at different pH values
of 3.5, 4, 4.5, 5, and 5.5. The oxidation efficiency of calcium
sulte declined nearly linearly with the increasing pH value
gradually, whereas the whole decrease was below 10%. Thus, it
RSC Adv., 2018, 8, 4464–4471 | 4469
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can be seen that the effect of slurry pH on the oxidation effi-
ciency of calcium sulte is weaker as compared to that of the
slurry temperature. The highest oxidation efficiency of calcium
sulte could be achieved at a pH of 3.5, and approximately
50.6%, 67.6%, and 73.4% of calcium sulte was oxidized by sole
air oxidation, LSDBD oxidation, and PSDBD oxidation. Obvi-
ously, calcium sulte was easiest to be oxidized by PSDBD
oxidation at the same slurry pH value.

The reason for the result was that the solubility of calcium
sulte was affected by the slurry pH value. A higher solubility of
calcium sulte and faster mass transfer could be achieved at
a lower pH value, promoting the oxidation reaction between the
active species and calcium sulte. However, a lower pH value
was conducive to the decomposition of HSO3

� and led to the
overow of sulfur dioxide, which decreased the desulfurization
efficiency. In this study, we found that an overow of sulfur
dioxide could appear when the pH value was about 4. To obtain
a higher oxidation rate and reduce the release of sulfur dioxide
as far as possible, the slurry pH ought to be controlled to about
5.0 in practical applications.
3.4 Reaction mechanism analysis

During the process of DBD in the gas phase, many active species
can be generated such as O3, cO, and cN. Among these active
species, O3 is long-lived, which can transport to a certain
distance. In this study, the generated O3 from the DBD reactor is
used to bubble into the slurry and oxidize calcium sulte.
During the oxidation, one the on hand, O3 can be involved in
the oxidation reactions directly. The reaction process can be
listed as follows:25

CaSO3$
1

2
H2OðsÞ/CaSO3ðaqÞ þ 1

2
H2O (5)

CaSO3(aq) / Ca2+ + SO3
2� (6)

H+ + SO3
2� / HSO3

� (7)

HSO4
� + 2O3 / SO4

2� + H+ + 3O2 (8)

SO3
2� + O3 / SO4

2� + O2 (9)

The solubility of calcium sulte in water is extremely low. At
a higher pH value, the concentration of SO3

2� provided by eqn
(6) is extremely low, and the oxidation rate is very slow. With the
decline in the pH value, the solubility of calcium sulte
increases quickly, the generation rate of HSO4

� becomes rapid,
and then, the concentration of HSO4

� increases further. In
practical oxidation, the oxidation process follows eqn (7). The
H+ generated by eqn (8) can participate in the reaction of eqn (7)
circularly and convert SO4

� to HSO4
�, which can prevent the

serious overow of SO2. Before the experiment, the pH value
was adjusted. Herein, the pH value did not decline any time
during the experiment. When the initial pH value is very low,
calcium sulte can decompose by itself, and the reaction of eqn
(7) is limited. Therefore, in practical applications, the pH value
should be controlled to about 5, which can maintain a higher
4470 | RSC Adv., 2018, 8, 4464–4471
solubility of calcium sulte and prevent its serious decompo-
sition at the same time.

On the other hand, O3 can participate in the oxidation
reactions directly and initiate the free radical chain reaction.
The process of the free radical chain reaction is listed as follow:

O3 + OH� / HO2c + cO2 (10)

HO2c / O2
� + H+ (11)

O3 + cO2 / O3
�c + O2 (12)

O3
�c + H+ / HO3c (13)

HO3c / cOH + O2 (14)

cOH + cOH / H2O2 (15)

cOH + O3 / HO4c (16)

HO4c / HO2c + O2 (17)

HO4c + HO4c / H2O2 + 2O3 (18)

HO4c + HO3c / H2O2 + O3 + O2 (19)

HO4c + HO2c / H2O + O3 + O2 (20)

SO3
2�

�������!free radicals
SO3

� (21)

SO3
� + O2 / SO5

� (22)

SO5
� + SO3

� / SO4
2� + SO4

� (23)

SO4
� + HSO3

� / HSO4
� + SO3

� (24)

SO5
� + SO5

� / S2O8
2� + O2 (25)

During these reactions, eqn (21) is the chain-initiating step,
the eqn (22) is the chain-transfer step, and eqn (25) is the chain-
termination step. The free radicals, such as cO, cO2, and cOH are
produced from the soluble ozone generated by DBD. These free
radicals have a strong ability of oxidation, which can improve
the oxidation efficiency of calcium sulte.

To verify the role of O3 and cOH during the calcium sulte
oxidation, the concentrations of dissolved ozone in deionized
water and slurry were detected. The existence time of cOH is
extremely short, and cOH can form H2O2 quickly, as shown in
eqn (15). The production of H2O2 can indirectly represent the
amount of cOH.14 Therefore, the productions of H2O2 in
deionized water and slurry were detected to illustrate the effect
of cOH. The voltage is set as 19 kV. The variation of O3 and H2O2

concentration in deionized water and slurry is shown in Fig. 10.
In Fig. 10, it can be seen that as compared to that of O3, the

concentration of H2O2 is lower both in deionized water and
slurry; this indicates that O3 is the major active species in the
aqueous solution. The concentration of O3 in deionized water is
higher than that in the slurry; this can account for the oxidation
effect of O3. The consumption and utilization of O3 were
This journal is © The Royal Society of Chemistry 2018
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Fig. 10 The variation of O3 and H2O2 concentration in deionized
water and slurry.
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calculated as 161.77 mg L�1 and 53.68%, respectively. Similarly,
the concentration of H2O2 in deionized water is higher than that
in the slurry; this can account for the oxidation effect of cOH.
However, the consumption and utilization of H2O2 were calcu-
lated as 6.94 mg L�1 and 23.50%, which were much less than
161.77 mg L�1 and 53.68% of O3, respectively. Therefore, it can
be demonstrated that the direct oxidation of O3 plays a major
role during calcium sulte oxidation.

4. Conclusion

In the study, a new PSDBD reactor was designed to investigate
the oxidation of calcium sulte. It was benecial to oxidize
calcium sulte by adopting discharge oxidation rather than sole
air oxidation. The oxidation efficiency of calcium sulte in the
PSDBD reactor was higher than that in the LSDBD reactor; this
indicated the superiority of PSDBD oxidation. The oxidation
efficiency of calcium sulte rst increased and then plateaued
with the increasing energy density. A higher oxidation efficiency
of calcium sulte could be obtained with a high efficiency power
and a higher gas ow rate. A lower initial slurry concentration,
higher slurry temperature, and lower slurry pH contributed to
the oxidation of calcium sulte. The PSDBD reactor was bene-
cial for calcium sulte oxidation with respect to LSDBD under
the abovementioned operation parameters; this demonstrated
that the adopted PSDBD discharge was advantageous for
calcium sulte oxidation. Compared to free radical oxidation,
the direct oxidation of O3 played a major role during calcium
sulte oxidation.
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