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� Tried to use plate falling film discharge to solve the scale-up problem of electric discharge reactor.
� Preliminarily discussed the mechanism of sulfite oxidation by electrical discharge.
� Found that the discharge power density is the dominating factor of sulfite oxidation rate.
� Simplified the kinetic model in terms of sulfite concentration and power density.
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In this paper, sulfite containing effluent from the packed tower of seawater flue gas desulfurization is
treated by plate falling film corona-streamer discharge which can solve the scale-up problem of electrical
discharge reactors. Effects of pH, electrical discharge intensity, effluent flow rate and temperature on
sulfite oxidation are considered. Experimental results indicate that discharge power density is the dom-
inating factor which affects the sulfite oxidation rate by affecting the gaseous radical concentration.
Based on experimental results, sulfite oxidation by corona-streamer discharge is proposed as the combi-
nation of chain reaction path and radical self-reaction path. In addition, the simplified kinetic equation is
expressed in terms of sulfite concentration and discharge power density. Comparing with cylindrical fall-
ing film corona-streamer discharge, the plate falling film corona-streamer discharge leads to a fold
increase in energy efficiency, besides, scale-up of a plate falling film corona-streamer discharge reactor
will affect the energy efficiency insignificantly, all these indicate that the plate falling film discharge
has a better potential in large scale utilization than cylindrical falling film discharge.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Seawater flue gas desulfurization (SWFGD) is a promising
approach to control SO2 emission from power plants. A typical
SWFGD process consists of three steps [1,2]: (1) absorbing SO2

with seawater in a packed tower, (2) diluting the effluent with
fresh seawater and aerating oxidation of sulfite (S(IV)), and (3)
adjusting the pH to over 6.8 with fresh seawater. After these three
steps, the effluent can be discharged into the sea. Compared with
other flue gas desulfurization technologies, simple treatment of
sulfite containing effluent is the most important advantage for
SWFGD.

Although SWFGD is a promising technology, it still has some
drawbacks in application. The aeration oxidation rate of S(IV) is
limited by effluent pH. Vidal et al. has pointed out that the aeration
oxidation of S(IV) hardly proceeds at low pH (2–4) [3], which is
around the pH of effluent from the packed tower. Thus, a huge
amount of fresh seawater is needed to increase the effluent pH
before aeration oxidation, which results in a large aeration basin
and high power consumption. To minimize the size and power
consumption of the oxidation basin, the effluent should be treated
without dilution. To raise the S(IV) oxidation rate, using catalysts
like activated carbon and metal ions has been proved to be an effi-
cient way [1,4–6]. However, catalyst separation and regeneration
processes are needed, otherwise the exhausted catalysts may be-
come pollutants in seawater.

Besides using catalysts, non-thermal plasma generated by high
voltage electrical discharge can be an alternative approach. Re-
stricted by the high conductivity of seawater, water surface dis-
charge is more suitable than electrohydraulic discharge. Typical
water surface discharge reactors suspend high voltage (HV) elec-
trodes above water surface and put ground electrodes in water
[7]. The discharge occurs in the air and on the air–water interface.
Studies on characteristics of water surface discharge have been car-
ried out in many works [8–15]. Our previous work has preliminarily
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Nomenclature

A pre-exponential factor of the Arrhenius equation
CS(IV) sulfite concentration in the effluent, mol/ L
CO2 dissolved O2 concentration, mol/L
CRi liquid phase radical concentrations, mol/L
CS(IV),0 inlet sulfite concentration, mol/L
CS(IV),p outlet sulfite concentration, mol/L
CS(IV),t sulfite concentration at the operation time of t, mol/L
d discharge gap distance, cm
Ea activation energy, J/mol
Ep pulsed electric field, kV/cm
f pulsed repetition frequency, Hz
G energy efficiency, mol/J
I current, A
k reaction rate constant with electrical discharge
k1 � k14 reaction rate constants of the chain reaction,

dm3 mol�1 s�1

ki reaction rate constants with respect to different radicals
kS(IV) reaction rate constant
K empirical reaction rate constant
L length of cylindrical discharge gap, cm
m reaction order with respect to sulfite
n reaction order with respect to radical
P discharge power, W

Pd power density, W/ cm3

ri radius of the HV electrode, cm
ro inner radius of the outer tube, cm
rS(IV) reaction rate of sulfite
R gas constant, J/(kmol)
S area of the ACF felt, cm2

Sc effective area of cylindrical falling film, cm2/cm3

Sp effective area of plate falling film, cm2/cm3

t operation time, s
tp duration time of a pulse, s
T Kelvin temperature, K
U voltage, V
VE volume of treated effluent, L
Vp peak voltage, kV
a reaction order with respect to S(IV) concentration
ai reaction orders with respect to sulfite concentration
b reaction order with respect to O2 concentration
bi reaction orders with respect to different radicals
e radical generation coefficient by electrical discharge
cS(IV) sulfite conversion per pass
g Henry coefficient of the radical
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discussed the effect of cylindrical falling film discharge on S(IV) oxi-
dation [16], results of which show that the reaction rate is signifi-
cantly accelerated by cylindrical falling film discharge especially
at low pH.

However, scale-up of the cylindrical falling film discharge reac-
tor is difficult. Due to the coaxial arrangement of the HV electrode
and the cylindrical ground electrode, the effective area of electrical
discharge plasma decreases with the increase of outer tube radius.
In addition, the electric field also decreases as the outer tube radius
increases. Thus, scale-up of the cylindrical falling film discharge
reactor can only be achieved by building higher reactors. Other-
wise the decreases of effective area and electric field will cause
the decrease of energy efficiency. This problem can be solved by
using plate falling film discharge. The parallel arrangement of elec-
trodes keeps the effective area and the electric field constant when
increasing the surface area of falling film. Thus, this paper investi-
gates the behavior of plate falling film corona-streamer discharge
on S(IV) oxidation. Effects of some important operation factors
are discussed. Based on experimental results, the reaction mecha-
nism and reaction kinetic equation are deduced.
Fig. 1. Schematic circuit of the pulsed power supply. Input: A.C.220V; CS: Constant
high-voltage high-frequency resonant charging system; L1, L2: resonant inductors;
C1, C2: high voltage capacitors; Th: hydrogen thyratron; T1: high voltage trans-
former; RL: reactor load.
2. Experimental

2.1. Experimental setup

The power supply used is the same as that used in our previous
work [16]. Schematic circuit of the pulsed power supply is shown
in Fig. 1. The maximum output is 70 kV with a pulse width of about
500 ns and a rise time of about 100 ns. The repetition frequency
can be adjusted from 10 to 200 pulse per second (pps). In this pa-
per, experiments are conducted at the constant repetition fre-
quency of 100 pps.

Structure of the falling film discharge system is shown in Fig. 2.
The HV electrode was made of activated carbon fiber (ACF) felt
with a size of 8.5 � 8.5 cm and the ground electrode was made of
graphite plate with a size of 10 � 10 cm. The distance between
the HV electrode and the ground electrode can be adjusted from
3 mm to 15 mm. ACF felt is a kind of porous carbon composed of
activated carbon fibers. Fiber tips on the surface make it a natural
multi-needle system. Because of the large quantity and uniform
distribution of fiber tips, it is more likely to form large scale uni-
form plasma in the inter-electrode space in comparison with arti-
ficial multi-needle systems.

The effluent stored in the water tank was pumped into the over-
flow tank to form a falling film on the graphite plate. After flowing
through the discharge gap, the product stream flows back to the
water tank. The effluent flow rate was controlled by a flowmeter.
The effluent temperature was maintained by a thermostatic water
bath and can be adjusted from 283 K to 373 K.

2.2. Artificial effluent

The artificial effluent was prepared by dissolving NaHSO3 in the
artificial seawater. The formula of artificial seawater listed in Table
1 is the combination of the McClendon formula, the Subow for-
mula, and the Lyman and Fleming formula [17]. Minor components
like NaBr, H3BO3, Na2SiO3, Al2Cl6 and so on were not added, which
influenced the total saltness little. The pH was adjusted by NaOH



Fig. 2. Experimental setup: (a) the experimental system, and (b) the falling film discharge reactor.

Table 1
Formula of the artificial seawater.

Compound Concentration (g/L)

NaCl 26.75
MgCl2 4.88
MgSO4 3.54
KCl 0.72
CaCl2 1.16
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solution and HCl solution. The concentration of NaHSO3 was chan-
ged from 0.3 mM to 2.5 mM to cover the S(IV) concentration of
effluent from the packed tower.

2.3. Experimental procedure

2.3.1. Experimental factors
For our reaction system, the S(IV) oxidation reaction rate was

affected by factors including the discharge intensity, the solution
condition, the flow rate and the operation temperature.

The change of discharge intensity was obtained by changing the
electric field and the power density. To maintain the corona-strea-
mer discharge, the electric field was chosen from 12 kV/cm to
19 kV/cm and the power density was chosen from 0.02 W/cm3 to
0.15 W/cm3. The changes of electric field and discharge power den-
sity were obtained by changing the supplied voltage and the dis-
charge gap distance.

For S(IV) oxidation, the dominating solution condition which
significantly affects the oxidation rate is pH. In this paper, the ini-
tial pH was chosen from 3 to 5, in which the pH of S(IV) containing
effluent from the packed tower was covered.

Chosen of the effluent flow rate should assure that the ground
electrode can be fully covered by falling film and no turbulence oc-
curred. In this paper, the effluent flow rate can be chosen from
15 L/h to 25 L/h.

The actual temperature of the effluent from the packed tower is
larger than the room temperature. To cover the potential effluent
temperature, the experimental effluent temperature was changed
from 285 K to 325 K.

For each experiment, two replications were conducted to vali-
date the experimental result.

2.3.2. Sampling and analysis
Water samples were taken from the water tank by a pipette. Be-

fore test, the water sample was diluted from 1 mL to 50 mL by dis-
tilled water. The S(IV) concentration was tested by an ion
chromatography (Dionex ICS 1100, USA) with a AS 18 column
(Dionex, USA) and a conductivity detector. The mobile phase was
potassium hydroxide solution with a concentration of 23 mM
and a flow rate of 1.5 mL/min.

The pulsed voltage and current supplied to the reactor were
monitored by a digital oscilloscope (Tektronix DPO 3000, USA)
with a 1:1000 high voltage probe (Tektronix P6015A, USA) and a
current probe (Tektronix TCP 0150, USA). The optical emission
spectrum was measured by a multi-channel spectrometer (Avantes
Avaspec 2048-USB2-8, NL). The pH was monitored by a pH meter
(Leici PHSJ-3F, China).

3. Results and discussion

3.1. Mechanism of S(IV) oxidation by electrical discharge

The auto-oxidation of S(IV) with oxygen is a chain reaction ini-
tiated by radicals, which has been summarized by Buxton et al. as
follows [18].

(1) Initiation step
�OHþ SO2�
3 ! OH� þ SO��3 ; k1 ¼ 4:6� 109 dm3 mol�1 s�1

ðR1Þ

�OHþHSO�3 ! H2Oþ SO��3 ; k2 ¼ 2:7� 109 dm3 mol�1 s�1

ðR2Þ
(2) Propagation step
SO��3 þ O2 ! SO��5 ; k3 ¼ 2:5� 109 dm3 mol�1 s�1 ðR3Þ

SO��5 þHSO�3 ! SO��3 þHSO�5 ; k4¼8:6�103 dm3 mol�1 s�1

ðR4Þ

SO��5 þ SO2�
3 !

Hþ
HSO�5 þ SO��3 ; k5 ¼ 2:1� 105 dm3 mol�1 s�1

ðR5Þ

SO��5 þHSO�3 ! SO��4 þSO2�
4 þHþ; k6¼3:6�102 dm3 mol�1 s�1

ðR6Þ

SO��5 þ SO2�
3 ! SO��4 þ SO2�

4 ; k7 ¼ 5:5�105 dm3 mol�1 s�1

ðR7Þ

SO��4 þHSO�3 ! HSO2�
4 þSO��3 ; k8 ¼ 6:8�108 dm3 mol�1 s�1

ðR8Þ
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SO��4 þ SO2�
3 ! SO2�

4 þ SO��3 ; k9 ¼ 3:1� 108 dm3 mol�1 s�1

ðR9Þ

SO��5 þ SO��5 ! 2SO��4 þ O2; k10 ¼ 2:2� 108 dm3 mol�1 s�1

ðR10Þ
(3) Termination step
SO��3 þ SO��3 ! S2O2�
6 ; k11 ¼ 1:5� 108 dm3 mol�1 s�1

ðR11Þ

SO��4 þ SO��4 ! S2O2�
8 ; k12 ¼ 3:1� 108 dm3 mol�1 s�1

ðR12Þ

SO��5 þ SO��5 ! S2O2�
8 þ O2; k13 ¼ 4:5� 108 dm3 mol�1 s�1

ðR13Þ
Fig. 3. Effect of pH on S(IV) oxidation rate (T = 283 K, Q = 19.1 L/h, Vp = 15.9 kV, and
d = 9.5 mm).
The overall reaction rate is controlled by propagation reactions
including SO2�

3 and HSO�3 oxidation by SO��5 radicals (R4–R7). The
reaction rate constants of SO2�

3 oxidation by SO��5 radicals (k5 and
k7) are much bigger than that of HSO�3 oxidation (k4 and k6). Since
the ratio of HSO�3 =SO2�

3 increases with the decrease of pH, the S(IV)
oxidation rate decreases as pH decreases. Thus, the change of S(IV)
oxidation rate with pH is an obvious feature of the chain reaction
path.

When exposed to electrical discharge plasma, the reaction path
may be changed. Electrical discharge increases the hydroxyl radical
concentration, which results in the increase of SO��5 concentration.
When the consumption rate of SO��5 by S(IV) oxidation (R4–R7) is
much lower than the generation rate (R1–R3), self-reaction of SO��5

radicals (R10 and R13) will become noticeable to balance the pro-
ducing and consuming. S2O2�

8 produced in R13 will be decomposed
to SO2�

4 and SO��4 quickly by R14. SO��4 radicals produced in R10 and
R14 will be consumed by S(IV) oxidation reactions shown as R8 and
R9. The radical self-reaction path is summarized as follows:

�OHþ SO2�
3 ! OH� þ SO��3 ; k1 ¼ 4:6� 109 dm3 mol�1 s�1

ðR1Þ

�OHþHSO�3 ! H2Oþ SO��3 ; k2 ¼ 2:7� 109 dm3 mol�1 s�1

ðR2Þ

SO��3 þ O2 ! SO��5 ; k3 ¼ 2:5� 109 dm3 mol�1 s�1 ðR3Þ

SO��5 þ SO��5 ! 2SO��4 þ O2; k10 ¼ 2:2� 108 dm3 mol�1 s�1

ðR10Þ

SO��5 þ SO��5 ! S2O2�
8 þO2; k13 ¼ 4:5� 108 dm3 mol�1 s�1

ðR13Þ

S2O2�
8 þ e�aq ! SO2�

4 þ SO��4 ; k14 ¼ 1:2� 1010 dm3 mol�1 s�1

ðR14Þ

SO��4 þHSO�3 ! HSO2�
4 þ SO��3 ; k8 ¼ 6:8� 108 dm3 mol�1 s�1

ðR8Þ

SO��4 þ SO2�
3 ! SO2�

4 þ SO��3 ; k9 ¼ 3:1� 108 dm3 mol�1 s�1

ðR9Þ

As can be seen, R8 and R9 may be the dominating S(IV) con-
sumption reactions for the radical self-reaction path. Taking into
account the same order of reaction rate constants of R8 and R9,
the radical self-reaction path will not be affected by pH.

It is discussed above that both the chain reaction path and the
radical self-reaction path can be enhanced by electrical discharge.
The main difference between these two reaction paths is the sen-
sitivity on pH. The chain reaction rate decreases as pH decreases,
while the radical self-reaction path is not affected by pH.

Influence of pH on S(IV) oxidation by plate falling corona-strea-
mer discharge is shown in Fig. 3. The oxidation rate is not affected
by initial pH in the range of 3–5. For each initial pH, the instanta-
neous pH decreases with operation time being the lowest of 2.6,
while the S(IV) oxidation rate is almost constant. It means that
S(IV) oxidation by electrical discharge is not affected by pH from
2.6 to 5. Thus, it can be supposed that the overall reaction is the
combination of chain reaction path and radical self-reaction path
and the latter is dominating. Then, the restriction of pH on S(IV)
oxidation is eliminated by electrical discharge plasma. This is the
superiority of electrical discharge in comparison with catalytic oxi-
dation. Vidal et al. has reported that the catalytic oxidation is af-
fected by pH in a similar way to noncatalytic oxidation, the
oxidation rate for pH = 4 is about 3 times higher than that for
pH = 3 [4].

3.2. Effect of discharge intensity on S(IV) oxidation

The reaction mechanism revealed above indicates that the S(IV)
oxidation rate depends on the discharge intensity. For a ready-
made reactor, the discharge intensity is determined by electric
field and power density. The pulsed electric field and the discharge
power density are calculated by Eqs. (1) and (3) respectively.

Ep ¼
Vp

d
ð1Þ

P ¼ f
Z

tp

UIdt ð2Þ

Pd ¼
P
Sd

ð3Þ

where Ep is the pulsed electric field, Vp is the peak voltage, d is the
discharge gap distance, P is the discharge power, Pd is the power
density, f is the pulsed repetition frequency, U and I are voltage
and current respectively, tp is the duration time of a pulse and S is
the area of the ACF felt. It can be found from these three equations
that effects of almost all electric and geometrical parameters on
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discharge intensity can be attributed to electric field and power
density.

3.2.1. Effect of electric field
As shown in Eq. (1), the electric field is determined by the volt-

age drop between the parallel set electrodes and the gap distance.
Effect of electric field on S(IV) oxidation is shown in Fig. 4. In
Fig. 4a, the S(IV) oxidation rate increases with electric field. When
raising the electric field, the discharge power increases nonlinearly
because of the increase of discharge current. The calculated power
densities for electric fields of 12.8 kV/cm, 15 kV/cm and 16.7 kV/
cm are 0.01 W/cm3, 0.022 W/cm3 and 0.109 W/cm3 respectively,
thus, raising the electric field from 15 kV/cm to 16.7 kV/cm obtains
a much larger improvement of S(IV) oxidation rate than raising it
from 12.8 kV/cm to 15 kV/cm.

When maintaining the electric fields for different gap distances
at 16.7 kV/cm, the S(IV) oxidation rate increases with gap distance
as shown in Fig. 4b. To maintain the electric field, the discharge
power density should be increased as the discharge gap distance
increases. The calculated power densities for gap distances of
4.5 mm, 7 mm, 9.5 mm and 14.5 mm are 0.028 W/cm3, 0.048 W/
cm3, 0.109 W/cm3 and 0.122 W/cm3 respectively. It can be found
from Fig. 4b that the S(IV) oxidation rate increases with power
density even at the constant electric field. Thus, though electric
field influences the S(IV) oxidation rate, it is not the dominating
factor. If the electric field is large enough to incept the discharge
Fig. 4. Effect of electric field on S(IV) oxidation: (a) different electric field, and (b)
constant electric field (T = 283 K, Q = 19.1 L/h, and pH0 = 3).
and excite the required radicals, the dominating factor may be
the power density. In other word, electric field determines the rad-
ical category but not the concentrations.
3.2.2. Effect of power density
Effect of power density on S(IV) oxidation is shown in Fig. 5. In

Fig. 5a, the S(IV) oxidation rate increases with power density.
When maintaining the power densities for different gap distances
at 0.048 W/cm3, the S(IV) oxidation rate is constant as shown in
Fig. 5b. This result implies that the S(IV) oxidation rate is deter-
mined by power density in the discharge gap. The reason can be
attributed to the effect of power density on gaseous radical con-
centration, which can be seen from the optical emission spectral
(OES).

Radicals generated by electrical discharge have been diagnosed
by OES by many researchers [8,19–21]. Optical emission spectrums
at different power densities are shown in Fig. 6a and specific emis-
sion peaks of typical radicals (including hydroxyl radical (�OH),
oxygen radical (�O), ozone (O3), excited oxygen molecule ðO�2Þ and
excited nitrogen molecule ðN�2Þ are labeled. The intensity of the
specific emission peak represents the concentration of the radical.
Effect of power density on radical concentration is summarized in
Fig. 6b. It can be found that concentrations of all radicals increase
with power density linearly.

Two conclusions can be made from Fig. 6b. First, the radical
concentration depends on power density. When changing the
Fig. 5. Dependence of S(IV) oxidation rate on power density: (a) different power
density, and (b) constant power density (T = 283 K, Q = 19.1 L/h, and pH0 = 3).



Fig. 6. Dependence of OES on power density: (a) spectrums, and (b) emission
intensities (T = 283 K, Q = 19.1 L/h, pH0 = 3, and d = 9.5 mm).
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power density, the radical concentration changes linearly. This
conclusion explains the reason why S(IV) oxidation depends on
discharge power density.

The second conclusion is that the gaseous radical composition is
independent on power density. Because of the linear variation
trends, the concentration ratios of all radicals are kept constants
when changing the power density. That is to say, the radical con-
centration in the discharge gap can be expressed by the power
density with a coefficient, this supposition agrees with the conclu-
sion obtained by Yan et al. when studying the gaseous reaction of
electrical discharge plasma [22,23].

3.3. Kinetic study

The kinetic study of S(IV) oxidation by plate falling film dis-
charge is based on works with respect to aeration oxidation [3],
in which the kinetic equation is expressed in the following
equation:

rSðIVÞ ¼ �
dCSðIVÞ

dt
¼ kSðIVÞC

a
SðIVÞC

b
O2

ð4Þ

where kS(IV) is the reaction rate constant, a and b are reaction orders
with respect to S(IV) and dissolved O2 respectively.

The process of S(IV) oxidation by falling film discharge is much
more complex than that of aeration oxidation because of many
kinds of radicals such as ozone, oxygen radical, hydroxyl radical
and hydrogen peroxide produced by electrical discharge. The over-
all reaction is the combination of all these radicals. So the S(IV)
oxidation rate by electrical discharge should be expressed as
following:

rSðIVÞ ¼ �
dCSðIVÞ

dt
¼
X

i

ðkiC
ai
SðIVÞC

bi
Ri
Þ ð5Þ

In which the subscript i indicates different radicals.
It is difficult to calculate the reaction rate constants and reac-

tion orders in Eq. (5) because of the difficulty to measure the exact
concentration of each radical. Some approximate treatment must
be conducted to simplify the kinetic equation. All kinds of radicals
are simulated by a hypothetical radical. And then, Eq. (5) can be
transformed as following:

rSðIVÞ ¼ �
dCSðIVÞ

dt
¼ kCm

SðIVÞC
n
Rl ð6Þ

In which CRl represents the radical concentration in the effluent,
k is the reaction rate constant, m and n are reaction orders with re-
spect to S(IV) and radical respectively.

The S(IV) conversion per pass is expressed as the following
equation:

cSðIVÞ ¼
CSðIVÞ;0 � CSðIVÞ;p

CSðIVÞ;0
¼
R

rSðIVÞdt
CSðIVÞ;0

¼
R

kCm
SðIVÞC

n
Rldt

CSðIVÞ;0
ð7Þ

In which cS(IV) is the S(IV) conversion per pass, CS(IV),0 and CS(IV),p

are the inlet concentration and outlet concentration respectively.
Since S(IV) conversion in the short falling film is small, the S(IV)
concentration in the film may be considered equal to the inlet con-
centration approximately. Consequently, S(IV) conversion per pass
becomes a power function of the inlet S(IV) concentration,

cSðIVÞ / Cm�1
SðIVÞ;0 ð8Þ

According to Eq. (8), the reaction order with respect to S(IV) can
be evaluated from the slope of ln cS(IV) versus ln CS(IV),0.

For experiments conducted at the constant inlet concentration,
S(IV) conversion per pass can be expressed as a power function of
the radical concentration.

cSðIVÞ / Cn
Rl ð9Þ

The reaction order with respect to the radical can be obtained
from the slope of ln cS(IV) versus ln CRl.

3.3.1. Reaction order with respect to S(IV)
Experimental factors except the inlet S(IV) concentration are

constants. Evaluation of the reaction order with respect to S(IV)
is shown in Fig. 7, in which the slope of ln cS(IV) versus ln CS(IV),0

is about �1. According to Eq. (8), the reaction order with respect
to S(IV) concentration is about zero. The reason may be that the
reaction rate between radicals and S(IV) is very quick. In this case,
the apparent S(IV) oxidation rate is determined by the absorption
rate of gaseous radicals, as a result, the calculated reaction order
with respect S(IV) is zero. It explains the reason why S(IV) oxida-
tion rate is independent on operation time when recycling the
product stream.

3.3.2. Reaction order with respect to radical concentration
Radical concentration in the falling film is decided by the corre-

sponding gaseous concentration (CRg) and the Henry coefficient (g).
Thus, Eq. (7) can be rewritten as the following equation:

cSðIVÞ ¼
R

rSðIVÞdt
CSðIVÞ;0

¼
R

kCm
SðIVÞðgCRgÞndt

CSðIVÞ;0
ð10Þ

The gaseous radical concentration can be replaced by the power
density with a coefficient.



Fig. 7. Evaluation of the reaction order with respect to S(IV) (T = 283 K, Q = 19.1 L/h,
pH0 = 3, d = 9.5 mm, and Pd = 0.087 W/cm3). Fig. 8. Evaluation of the reaction order with respect to power density (T = 283 K,

Q = 19.1 L/h, pH0 = 3, d = 9.5 mm, and CS(IV),0 = 2 mM).
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cSðIVÞ ¼
R

rSðIVÞdt
CSðIVÞ;0

¼
kCm

SðIVÞðgePdÞndt

CSðIVÞ;0
ð11Þ

In which e is the radical generation coefficient by electrical
discharge.

Thus, the reaction order with respect to radical concentration is
equal to that with respect to power density.

Evaluation of the reaction order with respect to power density
is shown in Fig. 8. Experimental factors except discharge power
density are constants. The slope of ln cS(IV) versus ln Pd is about
0.75. It means that the reaction order with respect to power den-
sity is about 0.75. So the kinetic equation of S(IV) oxidation by
plate falling film corona-streamer discharge can be written as
following:

rSðIVÞ ¼ �
dCSðIVÞ

dt
¼ KP0:75

d ð12Þ

in which

K ¼ kg0:75e0:75 ð13Þ
Fig. 9. Temperature dependence of S(IV) oxidation rate (Q = 19.1 L/h, pH0 = 3,
Pd = 0.087 W/cm3, d = 9.5 mm, and CS(IV),0 = 2 mM).
3.3.3. Temperature dependence of S(IV) oxidation rate
Temperature plays an important role in S(IV) oxidation. Effect of

temperature on S(IV) oxidation can be analyzed by the Arrhenius
equation expressed as the following equation:

ln k ¼ �Ea

RT
þ ln A ð14Þ

In which, Ea is the activation energy, R is the gas constant, T is
the Kelvin temperature and A is the pre-exponential factor.

Experiments are conducted at five different effluent tempera-
tures (283, 293, 303, 313 and 323 K). Based on the reaction rate
constants obtained at these five temperatures, the ln K�1/RT rela-
tion is shown in Fig. 9 in which the slope of ln K�1/RT is �14226.
According to the Arrhenius equation, the calculated activation en-
ergy is Ea = 14.23 kJ/mol. However, the pre-exponential factor can-
not be obtained from Fig. 9, as the coefficients of g and e are
included in the empirical reaction rate constant.

3.4. Effect of effluent flow rate on S(IV) oxidation

Effect of effluent flow rate on S(IV) oxidation is shown in Fig. 10.
The oxidation rate increases with effluent flow rate until it exceed-
ing 22.3 L/h, after which the oxidation rate starts to decrease.
Since the product stream is totally recycled to the water tank,
the increase of effluent flow rate has little influence on the total
amount of absorbed radicals. The slight improvement of S(IV) oxi-
dation is due to the increase of falling film thickness as the flow
rate increases, which decreases the discharge gap distance and in-
creases the discharge power density in the discharge gap. When
the flow rate continually increases to 22.3 L/h, the uniformity of
electrical discharge will be disturbed by turbulence of the falling
film [24], which results in the decrease of generation and absorp-
tion of gaseous radicals, as a result, the S(IV) oxidation rate begins
to decrease.

3.5. Energy efficiency of S(IV) oxidation

To compare the plate falling film discharge with cylindrical fall-
ing film discharge, the energy efficiency of S(IV) oxidation is dis-
cussed in Fig. 11. The corresponding S(IV) oxidation rates are
shown in Fig. 4a. The energy efficiency is defined by the following
equation:

G ¼ VEðCSðIVÞ;0 � CSðIVÞ;tÞ
Pt

ð15Þ



Fig. 10. Effect of effluent flow rate on oxidation rate (T = 283 K, pH0 = 3, Vp = 15.9 -
kV, and d = 9.5 mm).

Fig. 11. Energy efficiency of S(IV) oxidation (T = 283 K, Q = 19.1 L/h, and pH0 = 3).
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In which, G is the energy efficiency of S(IV) oxidation, VE is the
effluent volume, t is the operation time and CS(IV),t is the corre-
sponding S(IV) concentration.

Comparing Fig. 11 with Fig. 4a, it is found that though larger
power density and electric field provide the higher oxidation rate,
the energy efficiency is decreased. In addition, the energy effi-
ciency of S(IV) oxidation by plate falling film discharge can be
maintained on the order of 10�8 mol/J, however, the energy effi-
ciency obtained in the cylindrical falling film discharge reactor is
on the order of 10�9 mol/J [16]. Thus, the plate falling film dis-
charge has an higher energy efficiency than cylindrical falling film
discharge. This may be caused by the differences of power density
and effective area of plasma between these two reactors. The
power densities in the plate falling film discharge reactor and the
cylindrical falling film discharge reactor are 0.11 W/cm3 and
0.71 W/cm3 respectively.

The effective area is defined as the surface area of falling film in
plasma region divided by the volume of gaseous discharge plasma.
Effective area of plate falling film discharge and cylindrical falling
film discharge are calculated by the following equations:

Sp ¼
S

Sd
¼ 1

d
ð16Þ
Sc ¼
2proL

pðr2
o � r2

i ÞL
� 2

ro
; ðri � roÞ ð17Þ

where Sp and Sc are effective area of plate falling film discharge and
cylindrical falling film discharge respectively, ro and ri are inner ra-
dius of the outer tube and the HV electrode radius respectively, L is
the length of the discharge gap.

The calculated effective area of the plate falling film discharge
reactor and the cylindrical falling film discharge reactor are
1.05 cm2/cm3 and 0.83 cm2/cm3 respectively. The larger effective
area and smaller power density of the plate falling film discharge
reactor lead to the higher energy efficiency.

For industrial application, the surface of falling film must be en-
larged. When increasing the surface area of plate falling film, the
effective area is invariant. The energy efficiency can be maintained
in a scale-up size plate falling film discharge reactor. While the
effective area of cylindrical falling film decreases as the outer tube
radius increases, which results in the decrease of energy efficiency.
Thus, for a cylindrical falling film discharge reactor, the falling film
surface can only be enlarged by prolonging the height of the reac-
tor. However, the large height but small radius reactor is not de-
sired in practical applications. Thus, the plate falling film
discharge has the better potential for industrial application than
cylindrical falling film discharge.

4. Conclusion

S(IV) oxidation can be enhanced by falling film discharge. The
oxidation rate is determined by the discharge power density.
The overall reaction is a combination of chain reaction path and
radical self-reaction path, but the radical self-reaction path is
dominating.

The actual kinetic equation of S(IV) oxidation by falling film dis-
charge is complex and difficult to solve. Due to the linear relation
between radical concentration and power density, the kinetic
equation can be simplified in terms of S(IV) concentration and
power density. The calculated reaction orders with respect to
S(IV) and discharge power density are 0 and 0.75 respectively.

Compared with cylindrical falling film discharge, the plate fall-
ing film discharge has the better potential for larger scale applica-
tion. Scale-up of a cylindrical falling film discharge reactor will
decrease the energy efficiency while this efficiency can be main-
tained in a scale-up size plate falling film discharge reactor; thus,
the plate falling film discharge would be more suitable for indus-
trial application. This conclusion should be further confirmed by
pilot scale comparison.
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