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bstract

For ammonia flue gas desulfurization (FGD), the sulfite to sulfate oxidation is very critical for industrial applications. This paper reports a novel
orona plasma-induced oxidation technique to convert concentrated ammonium sulfites to sulfates in an aqueous solution. The streamer corona
lasmas are generated with a dc superimposed ac power source. Ammonium sulfite solution is sprayed in a reactor by using two-phase nozzles.

hen the sulfite concentration is around 1–3 mol L−1, the oxidation efficiency after one-cycle processing is in the range of 20–60%. Multiple-cycle

reatments can be used to improve the oxidation efficiency. The energy consumption is around 20 Wh mol−1. Based on the present investigations,
e anticipate that an industrial plasma-assisted ammonium FGD can be applied in industries.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Ammonia-based FGD is a well-known technique. In
935, Johnstone [1] reported its related thermodynamics via
H3–SO2–H2O solution, which outlines the basic principle of

lmost all current ammonium FGDs. For electric power indus-
ries, the technique has hardly been used due to its costs. For
hemical industries, however, it has been widely applied, where
he intermediate byproduct of ammonium sulfite is often oxi-
ized to ammonium sulfate. For example, in Ferrao and Bishoff
rocess [2], about 8–10% of the sulfite is converted to sulfate
n the scrubber, and around 80–90% of sulfites is oxidized in a
eparate reactor by O2.

In literature, most reported work on the sulfite oxidation is
elated to atmospheric chemistry to explain the acid rain, where

ts solution concentration is in the order of a few mmol L−1

3,4]. The related oxidation rate is too slow to be applied in
ndustries. For example, under pH 5.0 and a temperature of
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t
a
i
t
t
f
m

385-8947/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2007.08.019
fite oxidation; Plasma catalysis

5 ◦C, the first-order rate constant is in the range of 1 × 10−5

o 2.5 × 10−4 s−1 for Na2SO3 solution [5]. For the stirred cell
nd packed column reactor reported by Li and his co-workers
6,7], their shortest observed characteristic time to reach 50% of
ulfite oxidation in air is 15 min, where the sulfite concentration
s around 0.3–0.4 mol L−1 and the Co2+ catalyst concentration
s 0.4 mmol L−1. For a high concentration of 2.58 mol L−1, the
haracteristic time increases to 4 h. The reaction rate greatly
rops when sulfite concentration increases. As a result, one
ay easily conclude that it would be too difficult to develop

ny cost-effective techniques based on air-induced oxidation of
ulfites.

In the past 20 years, non-thermal plasma-induced desulfur-
zation and denitrification process has been widely investigated
n order to develop the so-called next generation zero emission
echnique [8–11]. Li et al. [11] reported that for corona plasma-
ssisted ammonium FGD, the produced salt whiskers play a very
mportant role for sulfite oxidation. The generated OH radicals

ogether with SO2, O2 and NH3 are diffused into the liquid phase
o initiate a series of chain reactions. As a result, tetravalent sul-
ocompounds S(IV) are oxidized to hexavalent ones S(VI). The
olecular energy consumption can be as low as 3 eV/SO2. The
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ize the solution into the reactor. The sulfite solution from the
container is firstly pumped to the atomizer and then sprayed
into the reactor via compressed air. That is not only to atom-
ize the solution, but also to provide oxygen for the oxidation.

Fig. 1. Flowchart of experimental set-up: (1) sulfite solution container; (2)
pump; (3) flowmeter; (4) compressed air; (5) nozzles; (6) plasma reactor; (7)
ac/dc power supply; (8) byproduct container.
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odel is based on a hypothesis that the ammonium sulfate in
he liquid phase is saturated.

In wet ammonium FGD process, the main reactions are shown
n the following:

1) SO2 is absorbed by NH3 into solution:

SO2 + 2NH3 + H2O → (NH4)2SO3 (1)

SO2 + (NH4)2SO3 + H2O → 2NH4HSO3 (2)

NH3 + NH4HSO3 → (NH4)2SO3 (3)

2) Ammonium sulfite oxidization:

2(NH4)2SO3 + O2 → 2(NH4)2SO4 (4)

2NH4HSO3 + O2 → 2NH4HSO4 (5)

This paper reports a novel corona plasma-induced ammo-
ium sulfite oxidization technique to convert S(IV) to S(VI) in
queous solutions, namely, the objective of oxidation process
s to convert ammonium sulfite (NH4)2SO3 and NH4HSO3 to
mmonium sulfate (NH4)2SO4 and NH4HSO4. The final prod-
ct is solid form of (NH4)2SO4 for agriculture fertilizer via NH3
eutralization reaction and dry process. This oxidation technique
s a critical step for the previously described semi-wet process
mmonium FGD [12]. The main reactions are as follows:

(NH4)2SO3 + O2
OH,O,O3,HO2,e−→ 2(NH4)2SO4 (6)

NH4HSO3 + O2
OH,O,O3,HO2,e−→ 2NH4HSO4 (7)

The plasma-induced liquid-phase ammonium sulfite oxidiza-
ion reactions are very complicated. They are a series of radical
hain reactions in acidic aqueous solution [13,14]:

1) Chain initiation:

OH• + HSO3
− → SO3

•− + H2O (8)

eaq + H+ → H (9)

H + O2 → HO2
• (10)

HO2
• + HSO3

− → HSO4
− + OH• (11)

HO2
• + HSO3

− → SO3
•− + H2O2 (12)

2) Chain propagation:

SO3
•− + O2·H2O → SO5

•− + H2O (13)

SO5
•− + SO3

2− → SO4
2− + SO4

•− (14)

SO5
•− + SO3

2− → SO5
2− + SO3

•− (15)

SO5
•− + HSO3

− → HSO4
− + SO4

•− (16)

•− − − •−
SO5 + HSO3 → HSO5 + SO3 (17)

SO4
•− + HSO3

− → HSO4
− + SO3

•− (18)

SO5
•− + SO5

•− → 2SO4
•− + O2 (19)
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3) Chain termination:

SO3
•− + SO3

•− → S2O6
2− (20)

SO5
•− + SO5

•− → S2O8
2− + O2 (21)

SO5
•− + O2

•− → SO5
2− + O2 (22)

SO5
•− + HO2 → HSO5

− + O2 (23)

HO2
• + HO2

• → H2O2 + O2 (24)

HO2 + O2
•− → HO2

− + O2 (25)

. Experimental set-up

Fig. 1 shows the schematic diagram of the experimental set-
p. A multi-channel wire-plate type corona reactor is used with
total volume of about 1 m3. The geometry of anode electrode

s saw-tooth wire, and the cathode electrode is plate, as shown in
ig. 2 . The plate–plate distance is in the range of 100–200 mm
ith a total length of the corona wire of 50–200 m. On the top
f the reactor, multiple two-phase nozzles are installed to atom-
Fig. 2. The electrode geometry of plasma reactor.
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Fig. 3. Schematic circuit diagram of the dc/ac power source: TRdc, transformer
in dc; TRac, transformer in ac; D, high-voltage diode; C, reactor; L0, ac de-
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oupling air-core inductor; C0, high-voltage coupling capacitor; L1, resonant
nductor; C1, resonant capacitor.

fter the plasma-induced oxidation, the solution drops to a sec-
nd container placed at the bottom of the reactor. And one-cycle
reatment is performed.

As we know, positive streamer corona can lead to a good
hemical efficiency. Using positive dc power source, however,
an have a problem of generation of uniform streamer corona
n a large plasma reactor [15]. In this work, we use a so-called
c/ac power source to energize the reactor [16]. Fig. 3 shows the
ircuit diagram. The dc/ac source mainly consists of two parts,
amely a positive dc source and a high-frequency ac one. They
re coupled together via a capacitor. For the present set-up, the
c applied voltage is from 10 to 35 kV; ac frequency is from 10 to
5 kHz, and the ac peak–peak voltage is up to 20 kV. Electrical
easurements are carried out with a Tektronix TDS3014 oscil-

oscope. All used power consumption in this paper is referred
o the input power from the mains. To show the plasma genera-

ion inside the reactor, Fig. 4 gives a streamer corona photo with
aw-tooth type electrode.

ig. 4. A time integral picture of streamer discharges in a multi-channel saw-
ooth wire-plate reactor.
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The used sulfite solution is prepared via industrial ammonium
ulfite with the compositions of 91.86% of (NH4)2SO3·H2O,
.14% of NH4HSO3, 4.70% of (NH4)2SO4, and 3.30% of H2O.
ulfite ions, namely SO3

2− and HSO3
−, are titrated in iodine

olution by using dextrin solution as an indicator. The method
ainly consists of the following two steps. Sulfites SO3

2− and
SO3

− are firstly oxidized by excessive iodine and then are
itrated back with sodium thiosulfate. Details of the method
re reported in the national standard [17]. The measurement of
eights of sulfites and sulfates are also performed via the follow-

ng two steps. After the sulfites are totally oxidized with iodine,
he total sulfates are then precipitated with barium acetate. The
recipitate is then filtered out, dried up, scorched and weighed
n order to calculate the total weight [18].

. Results and discussions

.1. Spontaneous and plasma-induced oxidations

In order to distinguish the effects of spontaneous oxidation
rom the plasma-induced oxidation, experiments are performed
y switching on and off plasma and at the same time to evalu-
te the sulfite oxidation. Fig. 5 gives a series of experimental
esults of one-cycle oxidation efficiency. Two series experi-
ents are performed by using the same solution and under

he same experimental conditions. Without producing plasma
nside the reactor, the spontaneous oxidation rate is no more than
.02 mol min−1. When applying plasma, however, the oxidation
ate can be as high as 0.35 mol min−1. Plasma-induced oxidation
s much faster than the air-initiated spontaneous oxidation.

.2. Effects of sulfite concentration

In terms of oxidation efficiency, oxidation rate, energy con-
umption and the initial sulfite concentration, Figs. 6–8 show

ypical results of the effects of initial sulfite concentration on
he process. All results are obtained after one-cycle process-
ng. Experiments are carried out with the plate–plate distance
f 200 mm, and under the solution temperature of 20 ◦C, the

ig. 5. Spontaneous and plasma-induced sulfite oxidation under the plate–plate
ap distance of 100 mm, temperature of 20 ◦C, initial sulfite concentration of
mol L−1 and volumetric flow rate of the solution of 50 L h−1.
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Fig. 6. Effects of the initial (NH4)2SO3 concentration on the oxidation effi-
ciency.
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Fig. 9. Oxidation efficiency of (NH4)2SO3 against the number of circulation.
Multi-cycle treatment with a plate–plate gap distance of 200 mm and under the
temperature of 20 ◦C, initial (NH4)2SO3 concentration of 1.0 mol L−1, solution
flow rate of 50 L h−1, and applied power of 1.4 kW.

Fig. 10. Effects of sulfate (NH4)2SO4 concentration on the oxidation efficiency
o
t
a

p
t
For a concentration of lower than 1 mol L−1, the reaction rate
Fig. 7. Oxidation rate of (NH4)2SO3 against the initial concentration.

olution flow rate of 50 L h−1. Within the present tests with
concentration of 1–3 mol L−1, the oxidation efficiency drops
ith the increase of the concentration. The observed efficiency

nd oxidation rate are much higher than that observed with
n air-bubbling reactor. As an example, under the concentra-
ion of 1 mol L−1, the efficiency and rate are about 60% and
.5 mol min−1, respectively, which are almost two orders of

agnitude higher than that obtained with a direct air contact

eactor [6,7].
With regard to the oxidation rate presented in Fig. 7, and

he energy consumption indicated in Fig. 8, it seems that the

ig. 8. Molar energy consumption against the initial (NH4)2SO3 concentration.

i
c
t

F
s

f (NH4)2SO3 under the following conditions: total concentration of 1 mol L−1

he flow rate of 50 L h−1, the gap distance of 200 mm, temperature of 20 ◦C and
pplied power of 1.2 Wh.

lasma-induced oxidation process can be divided into two reac-
ion regions by the initial concentration of around 1 mol L−1.
ncrease and energy consumption drops when increasing the
oncentration. For the solution with a concentration of higher
han 1 mol L−1, both of them tend to reach stationary values. At

ig. 11. Dependence of the oxidation efficiency on the square root of the corona
pecific energy density.
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Table 1
Effects of treatment cycle on the oxidization rate and energy consumption

Number of circulation

1 2 3 4

( 12.0 8.0 4.0
E 116 175 350
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NH4)2SO3 oxidation rate of each cycle (mol h−1) 22.5
nergy consumption (Wh mol−1) 62

he concentration 1 mol L−1, the molar energy consumption is
round 50 Wh mol−1, which is equivalent to a molecular energy
onsumption of 1.9 eV/S(IV). By converting the mole energy
onsumption of the ammonium sulfite oxidation to the specific
nergy density (SED) for 1000 ppm SO2 removal from flue gas
0 Wh mol−1 is equivalent to 2.2 Wh Nm−3. We also observed
hat the energy consumption depends on a number of experimen-
al parameters, such as corona plasma power density, the reactor
eometry, and the flow rate of compressed air. By optimizing
hese processing parameters, the minimum energy consump-
ion for the present set-up is about 20 Wh mol−1, which is
quivalent to a molecular energy consumption of 0.75 eV/S(IV),
orresponding the SED of 0.9 Wh Nm−3 for 1000 ppm SO2
emoval from flue gas and the SO2 removal energy efficiency of
.2 kg (kWh)−1. In comparison with the other large scale pilot
lant test results by using corona discharge plasma process, it is
igher than those Dinelli et al. [19] and Wu et al. [20] reported,
ut lower than those Chang et al. [21] reported. Though it is too
ar for us to understand the oxidation process, there is at least
ne factor that can significantly affect the process, namely the O2
olubility. As one expected, when increasing the initial concen-
ration, the oxidation rate would increase. This seems true when
he concentration is lower than 1 mol L−1. It is also known that
ith increasing the concentration, the O2 solubility decreases.
s a result, the reaction rate will be decreased. According to the
resent investigations, we can conclude that in order to make the
echnique industrially applicable, the oxidation process has to
e carried out under the initial sulfite concentration of not less
han 3 mol L−1.

.3. Plasma-induced multiple-cycle treatment

In order to achieve higher oxidation efficiency, the solution
an be repeatedly atomized into the reactor. Plasma-induced
ultiple-cycle treatment is then performed to oxidize the sul-
te. Fig. 9 shows a typical result under an initial concentration
f 1 mol L−1. After the first, second, third and fourth cycles,
he oxidation efficiencies are 45.4%, 68.9%, 86.9% and 93%,
espectively. After four-cycle treatment, the oxidation efficiency
s improved by a factor of 2. The energy consumption, unfor-
unately, is significantly increased. And the oxidation rate also
reatly drops as listed in Table 1.

.4. Effects of sulfate concentration
As a typical example, Fig. 10 plots the one-cycle oxidation
fficiency of ammonium sulfite in terms of mole fraction of
mmonium sulfate. For these experiments, the total concentra-

o
l
i

ig. 12. Dependence of the molar energy consumption on the square root of the
orona specific energy density.

ion of sulfite and sulfate is equal to 1 mol L−1. In contrast to
he result presented in Fig. 6, where the oxidation efficiency
ncreases with decreasing the sulfite concentration, the oxidation
fficiency seems to keep a constant. Obviously, one can conclude
hat the co-existence of sulfate seems to negatively affect the oxi-
ation. Considering the results shown in Figs. 6 and 10, one can
lso conclude that the efficiency of sulfite oxidation is dependent
n the total concentration of both sulfites and sulfates.

.5. Effects of plasma power density

Both oxidation efficiency and energy consumption are
mportant indices for promoting industrial applications.
igs. 11 and 12 show typical experimental results for the first
ycle oxidation under the initial concentration of 0.93 mol L−1

nd a solution flow rate of 50 L h−1. Under the present experi-
ental conditions, convert the solution flow rate to a flow rate of
ue gas with 1000 ppm SO2 removed, we observed that both the
xidation efficiency and the molar energy consumption are lin-
arly dependent on the square root of the corona specific energy
ensity (SED), which is defined as the ratio of the average corona
ower to the gas flow rate. This observation is in agreement with
arly reported results [11]. Radical–radical termination reactions
eem dominated the process.

. Conclusion
Non-thermal plasmas can generate with either electron beam
r corona discharge. In order to avoid the product adherent prob-
em of dry ammonium in FGD process, a semi-wet or wet process
s adopted. That differs from the electron beam and the other
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orona discharge plasmas process. The mid-product, ammo-
ium sulfite solution, in the wet technological process must be
xidized to sulfate as final products for agriculture fertilizer.
ased on our pilot industrial experiments of ammonium sulfite
xidation, we can give the following remarks:

1) In contrast to the plasma-induced oxidation, the sponta-
neous oxidations give negligible contributions to convert
sulfite to sulfate. When the initial sulfite concentration is
within 1–3 mol L−1, plasma-induced one-cycle oxidation
efficiency is in the range of 20–60%. Multiple-cycle treat-
ment can be used to improve the efficiency under a cost of
increasing the energy consumption.

2) In terms of the initial (NH4)2SO3 concentration, the plasma-
induced oxidation process seemingly shows two different
regions. When the concentration is around 1 mol L−1, and
the energy consumption is around 50 Wh mol−1.

3) To make the technique industrial applicable, the plasma-
induced oxidation process should be performed under the
initial concentration of not less than 3 mol L−1.
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