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Oxidation of Ammonium Sulfite Using Multi-Needle-to-Plate Negative DC
Corona Discharge Reactor
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Abstract—For ammonia flue gas desulfurization (FGD) process, the low oxidation rate of ammonium sulfite is a
problem that is required to be solved. An experimental study on the oxidation of ammonium sulfite to ammonium sulfate
was carried out in the multi-needle-to-plate negative DC corona discharge reactor. Corresponding oxidation rates of
ammonium sulfite under the different experimental conditions were investigated and the oxidizing mechanism was also
discussed. The results reveal that the oxidation rate of ammonium sulfite increases with the absolute value of discharge
voltage and increases first and then decreases as both the flow rate of the ammonium sulfite solution and the initial pH
value increase. The oxidation rate of ammonium sulfite can reach the highest under the optimal conditions that the flow
rate is 300 mL/min and pH is 7.00. The hydroxyl radicals play a key role in the process of plasma induced ammonium
sulfite oxidation. These results would be important for the process optimization of the (NH,),SO; to (NH,),SO, oxidation.
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1. INTRODUCTION

Flue gas is sometimes scrubbed with aqueous
ammonia to reduce their sulfur oxide content [1]. In
China, the ammonia-based wet FGD process has been
increasingly used in recent years because of high
efficiency, lower investment, less land occupied, rare
fouling, etc. Ammonium sulfite which can easily
decompose to SO, is obtained as a byproduct from the
ammonia-based wet FGD process, and ammonium sulfite
can be used as fertilizer after being oxidized to high-
stability ammonium sulfate. Thus, it is critical to oxidize
ammonium sulfite to ammonium sulfate for ammonia
flue gas desulfurization (FGD) process.

Non-thermal plasma processes are currently being
investigated intensively worldwide for a wide range of

air-pollution-control applications, such as SO,, NOy [2-4].

Many researches have demonstrated that the non-thermal
plasma process is an attractive end-of-pipe technology to
remove SO,. At present the dry-type and wet-type plasma
reactors were used for removal of SO,. In the wet-type
processes, water or alkaline solutions such as NaOH,
ammonia solution, etc were used as the absorbents and a
thin film on the inner wall of deSO, reactor was formed
to absorb SO, in flue gas, and SO, can be converted to
SO;* and SO,* in the liquid film. When plasma was
applied in wet deSO, process, gas-phase discharge
plasma could greatly enhance the liquid-phase oxidation
of SO;™ to SO,

Multi-needle-to-plate discharge reactor has been
used for wastewater treatment for many years,
demonstrating that it could induce an oxidation process
for organic contaminants degradation in aqueous solution
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[5-8]. In the multi-needle-to-plate discharge system, the
structure is simple and corona discharge can easily occur.

Negative corona discharges are superior for
industrial electrostatic precipitation because the spark
breakdown voltage is higher than that in the positive
corona, which exist in several forms, such as the Trichel
pulse corona, pulseless corona, glow corona, spark
discharge, etc [9, 10]. Experiments also indicate that the
ozone produced in the negative corona is one order of
magnitude higher than that in the positive corona. Ozone
is one kind of effective oxidants, so a multi-needle-to-
plate negative DC corona discharge reactor was
developed for oxidation of ammonium sulfite and the
oxidation mechanism of ammonium sulfite was also
discussed. This study can provide a theoretical basis for
further improving the oxidation rate of ammonium sulfite.

II. EXPERIMENTAL

The schematic diagram of the experimental setup for
the oxidation of ammonium sulfite is illustrated in Fig. 1.
The discharge reactor was made of organic glass with a
volume of 321 x 149 x 110 mm’. The HV electrode
which was placed in gas phase and was vertical to the
surface of ammonium sulfite solution was composed of
84 acupuncture needles, 0.53 mm in diameter. The
distance between adjacent needlepoint was 20 mm. The
distance from needlepoint to the surface of solution was
30 mm. The ground electrode was the solution of
ammonium sulfite. The power supply was negative DC
power supply with high voltage from 0 to -40 kV.

Fig. 2 shows the current—voltage characteristic curve
of the negative DC corona discharge. It can be observed
that the absolute value of discharge current increases
with the absolute value of discharge voltage. The
discharge inception voltage was -4.2 kV and the sparking
voltage was -25 kV.
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Fig. 1. Schematic diagram of the experimental setup.
1200 30
—m—no plasma
L 25+ _e—.
1000 2 . e—-144kV A
K Co -16.0kV v
800 o S20F . -
/ v—-22.4kV v
[ o s / 7
Wl ® v o
< 600l K =15 _—
2 g | ~
~ 4000 o’ =10 ~ o—
foo = L o ° e [
L i / ) —
200 oo"o S 5 P
0®?
e @ 1 1 1 1 0 I 1 I |
4 8 12 16 20 24 20 30 40 50
| VI/kV Treatment time (min)

Fig. 2. Current-voltage characteristics of the negative DC corona
discharge.

The used ammonium sulfite solution was prepared
via ammonium sulfite of analytical grade. In every batch
of discharge experiment, ammonium sulfite solution was

prepared using distilled water with the volume of 400 mL.

The initial pH of ammonium sulfite solution was adjusted
by adding hydrochloric acid. In all experiments, the air
flow rate was kept at 0.1 L/min. For liquid circulation,
ammonium sulfite solution in container was pumped into
the discharge reactor, and then was diffused into the
discharge region. Subsequently, the solution flowed back
into the container. The solution flow rate ranged from
150 to 450 mL/min. The treatment time was 50 min and
2.0 mL of the sample was taken out of the container at an
interval of 10 min. The concentration of sulfite ion was
determined by means of iodometric titration. Sulfites are
firstly oxidized by excessive iodine and then are titrated
back with sodium thiosulfate.

The oxidation rate of ammonium sulfite at anytime
(Xy) can be calculated from the following formula:

(¢ -C)

0

X, (%) = x100%

Fig. 3. Effect of discharge voltage on the oxidation rate of
ammonium sulfite.

Here X; is the oxidation rate of ammonium sulfite (%), C
is the initial concentration of ammonium sulfite (mol/L),
C, is the concentration of ammonium sulfite (mol/L).

III. RESULTS AND DISCUSSIONS

A. Effect of discharge voltage

Fig. 3 shows typical results of the effect of applied
voltage on the oxidation rate of ammonium sulfite, when
the flow rate and pH value of solution are 150 mL/min
and 7.7, respectively. The ammonium sulfite is unstable
and can be oxidized to ammonium sulfate by the oxygen
in air, which is the natural oxidation. It could be seen that
the oxidation rate increased with treatment time and the
increasing of the absolute value of discharge voltage was
benefit to the increasing of the oxidation rate. At a
treatment time of 50 min, the oxidation rate of
ammonium sulfite increased from 11.1% to 23.8% as the
absolute value of discharge voltage increased from 14.4
to 22.4 kV. Since, the electrical field strength becomes
larger and the density of plasma active species and
oxidant agents increases with the voltage [11, 12]. In
consideration of the oxidation rate, the maximum
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Fig. 4. Effect of flow rate of the solution on the oxidation rate of
ammonium sulfite.

discharge voltage examined in this paper was chosen as -
22.4kV.

B. Effect of solution flow rate

In this experiment, 150 mL/min was chosen as the
minimum flow rate because this flow rate was necessary
to cover the entire surface of the bottom of reactor. Fig. 4
shows the oxidation rate of ammonium sulfite at different
time and solution flow rate, while Fig. 4(b) only shows
the oxidation rate of ammonium sulfite after treatment
for 50 min. In this experiment, the discharge voltage and
pH are -22.4 kV and 7.7, respectively. As seen in
Fig. 4(b), the oxidation rate increased first and then
decreased with the solution flow rate. At the solution
flow rate of 300 mL/min, the oxidation rate could reach
the highest value of 33.5%. At the lowest solution flow
rate, the residence time of solution in the reactor is long
enough for efficient oxidation. However, temperature of
the solution also increased to greater extent. An increase
in temperature of solution resulted from higher water
evaporation and greater water vapor concentration in air,
so the corona discharge state maybe changed and the
ozone production was inhibited. This negative effect can
be suppressed when solution flow rate is higher. Thus the
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Fig. 5. Effect of initial pH on the oxidation rate of ammonium
sulfite.

oxidation rate increased with the solution flow rate when
solution flow rate was lower than 300 mL/min. But at the
highest flow rate of 450mL/min, the residence time of the
solution in the reactor is too short for efficient oxidation,
so the oxidation rate is lowest at a solution flow rate of
450 mL/min.

C. Effect of initial pH

The oxidation rate of ammonium sulfite at different
time and pH values are plotted in Fig. 5, when discharge
voltage and solution flow rate are -22.4 kV and 300
mL/min, respectively. Fig. 5(b) is only shown the
oxidation rate after treatment for 50 min. The pH value is
controlled between 5.2-8.4 to keep no SO, slip. From Fig.
5(b) it can be observed that at pH value lower than 7.0,
the oxidation rate of ammonium sulfite increased with
pH value, while at pH value higher than 7.0, the
oxidation rate decreased with pH value. The curves
indicate that the oxidation rate was highest under neutral
conditions and more effective under alkaline solution
conditions than under acidic conditions. For explaining
the phenomenon, further experiment is needed.
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Fig. 6. Effect of initial concentration on the oxidation rate and
oxidation amount of ammonium sulfite.

D. Effect of ammonium sulfite concentration

Fig. 6 shows typical results of the effects of initial
ammonium sulfite concentration on discharge oxidation
rate, natural oxidation rate and oxidation amount. When
discharge voltage, solution flow rate and initial pH were -
22.4 kV, 300 mL/min and 7.0 respectively. All results
were obtained after 50 min of treatment. Within the
present tests with a concentration of 0.06-0.5 mol/L,
discharge oxidation rate and natural oxidation rate
dropped with the concentration of ammonium sulfite. As
an example, under the concentration of 0.06 mol/L, the
discharge oxidation rate and natural oxidation rate were
about 92.5% and 46.2%, respectively, while, they were
about 12.3% and 5.3% under the concentration of
0.5 mol/L. The reasons for the decrease in oxidation rate
are that its oxidation amount increases with the initial
concentration of ammonium sulfite.

In addition, with regard to the oxidation amount
equal to discharge oxidation amount minus natural
oxidation amount presented in Fig.6, it seems that the
oxidation process can be divided into two reaction
regions by the initial concentration of around 0.2 mol/L.
For a concentration of lower than 0.2 mol/L, the
oxidation amount increased with the concentration. At a
concentration of higher than 0.2 mol/L, the oxidation
amount dropped and then tended to reach stationary
values. One possible explanation for the increased
oxidation amount is an increasing in the collision
probabilities between discharge active species and sulfite
ions. The dropped oxidation amount may be due to a
decrease of O, solubility with solution concentration [13]
and the diffusion coefficient also changes. Further
investigation is needed to clarify the mechanism.

E. Oxidizing mechanism of ammonium sulfite

Corona discharge creates hydroxyl radical (OH),
ozone (0;), oxygen atom (O), and hydrogen peroxide
(H,0,) [8, 14] which play a key role in the degradation of
contaminants [13, 14]. Among the produced oxidants in
corona discharge, the hydroxyl radical has the highest
oxidability [8]. Methanol is good scavenger of OH
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Fig. 7. Effect of methanol content on the oxidation rate of '
ammonium sulfite.

radical in the liquid solution due to the large reaction rate
constant (A=0.9x10° M S [17]) while it reacts poorly
with ozone due to the small reaction rate constant
(k=0.02 M S™). Fig. 7 shows the effect of methanol
content on the oxidation rate of ammonium sulfite, when
discharge voltage, solution flow rate and initial pH are
-224 kV, 300 mL/min and 7.0, respectively. The
oxidation rate decreased from 37.4% to 10.3% as the
methanol content increased from nonexistence to 2.0%.
The oxidation of ammonium sulfite was restrained
obviously, so the hydroxyl radical play a main role in the
oxidation of ammonium sulfite. Kim [2] also concludes
that OH radical is the main species in the liquid-phase
conversion of HSO; to SO,*.

IV. CONCLUSIONS

An experimental study on the oxidation of
ammonium sulfite (initial concentration of 0.2 mol/L) in
aqueous solutions was carried out in a multi-needle-to-
plate negative DC corona discharge reactor. The main
findings are as follows.

1) A multi-needle-to-plate negative DC corona
discharge reactor could realize the oxidation of
ammonium sulfate. The oxidation rate of ammonium
sulfite after 50 min treatment processing could reach
37.4% at discharge voltage, solution flow rate and pH
equal to -22.4 kV, 300 mL/min and 7.0.

2) The oxidation rate of ammonium sulfite increased
with the discharge voltage and the oxidation rate of
ammonium sulfite increased first and then decreased
when the flow rate of the ammonium sulfite solution and
the initial pH increased. The oxidation rate was the
highest under neutral conditions, followed by alkaline
solution conditions and acidic conditions.

3) The hydroxyl radicals created by corona
discharge played a key role in the plasma-induced
ammonium sulfite oxidation.



Wu et al.

ACKNOWLEDGMENT

The authors thank the National Natural Science
Foundation, P.R. China (Project No. 51177007) and the
Ministry of Science and Technology, P.R. China (Project
No. 2009AA064101-4) for their financial supports to this
research.

REFERENCES

[1] A. V. Slack, "Sulfur dioxide removal from waste gases," Noyes
Data Corporation. vol. 1, pp 7-18, 1971.

[2] H. H. Kim, C. X. Wu, Y. Kinoshita, K. Takashima, S. Katsura,
and A. Mizuno, "The influence of reaction conditions on SO,
oxidation in a discharge plasma reactor," IEEE Transactions on
Industry Applications, vol. 37, pp. 480-487, 2001.

[3] S. Masuda, M. Hirano, and K. Akutsu, "Enhancement of electron
beam denitrization process by means of electric field," Radiation
Physics and Chemistry, vol. 17, pp. 223-228, 1977.

[4] K. P. Yan, T. Yamamoto, S. Kanazawa, T. Ohkubo, Y. Nomoto,
and J. S. Chang, "NO removal characteristics of a corona radical
shower system under DC and AC/DC superimposed operations,"
IEEE Transactions on Industry Applications, vol. 37, pp. 1499-
1504, Sep-Oct 2001.

[51 Y. Zhang, M. H. Zhou, and L. C. Lei, "Degradation of 4-
chlorophenol in different gas-liquid electrical discharge
reactors," Chemical Engineering Journal, vol. 132, pp. 325-333,
2007.

[6] W.]J. Bian, X. L. Ying, and J. W. Shi, "Enhanced degradation of
p-chlorophenol in a novel pulsed high voltage discharge reactor,"
Journal of Hazardous Materials, vol. 162, pp. 906-912, 2009.

[71 H. J. Wang and X. Y. Chen, "Kinetic analysis and energy
efficiency of phenol degradation in a plasma-photocatalysis
system," Journal of Hazardous Materials, vol. 186, pp. 1888-
1892, 2011.

[8] M. Elsawah, H. H. A. Ghafar, N. N. Morgan, S. Hassaballa, A.
Samir, F. F. Elakshar, and A. A. Garamoon, "Corona Discharge
With Electrospraying System for Phenol Removal From Water,"
IEEE Transactions on Plasma Science, vol. 40, pp. 29-34, 2012.

[91 H. J. White, Industrial Electrostatic Precipitation, Addison-
Wesley Publishing Company, Inc., 1963.

[10] J.S. Chang, P. A. Lawless, and T. Yamamoto, "Corona discharge
processes," IEEE Transactions on Plasma Science, vol. 19, pp.
1152-1166, 1991.

[11] I Suvarasan, L. Ghizdavu, I. Ghizdavu, S. Budu, and L.
Dascalescu, "Experimental characterization of multi-point corona
discharge devices for direct ozonization of liquids," Journal of
Electrostatics, vol. 54, pp. 207-214, 2002.

[12] H. Ge, L. L. Zhang, L. Yan, D. Mi, and Y. M. Zhu, "Parameter
optimization of excited OH radical in multi-needle to plate
negative DC corona discharge," Journal of Electrostatics, vol. 69,
pp. 529-532, 2011.

[13] E. Narita, F. Lawson, and K. N. Han, "Solubility of oxygen in
aqueous electrolyte solutions," Hydrometallurgy, vol. 10, pp. 21-
37, 1983.

[14] B. Eliasson, M. Hirth, and U. Kogelschatz, "Ozone synthesis
from oxygen in dielectric barrier discharges," Journal of Physics
D: Applied Physics, vol. 20, p. 1421-1437, 1987.

[15] S. Mededovic and B. R. Locke, "Side-chain degradation of
atrazine by pulsed electrical discharge in water," Industrial &
Engineering Chemistry Research, vol. 46, pp. 2702-2709, 2007.

[16] W. T. Shin, S. Yiacoumi, C. Tsouris, and S. Dai, "A pulseless
corona-discharge process for the oxidation of organic compounds
in water," Industrial & Engineering Chemistry Research, vol. 39,
pp. 4408-4414, 2000.

[17] W. H. Glaze, "Drinking-water treatment with ozone,"
Environmental Science & Technology, vol. 21, pp. 224-230,
1987.

63





