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Medium-scale experiments on DeNO/DeSO, from flue gas by pulsed corona discharge

Zhou .M. and E.M. van Veldhuizen

Abstract

Pilot-scale experiments on the simultaneous removal of SO, and NO, from flue gases have
been conducted. UV absorption to simultaneously detect NO (0-450 ppm), SO, (0-1000 ppm) and
NH,; (0-1000 ppm) is applied to the flue gas cleaning process using pulsed corona discharge. The
measurement error is in all cases below 5% despite of spectral overlap. The good agreement on the
removal effects with results from literature shows that this is a viable method. Flue gases produced
using a methane burner are treated in a pulsed corona reactor with 6-80 Nm’/h flow. The initial
concentrations of SO, and NO are about 300 ppm in flue gas. The pulses of voltage with about 100
ns rising time and 180 ns half-width are used to produce the pulsed streamer discharges. The results
show that the energy cost of the removal of NO and NO, can be reduced through optimizing the
energization and gas conditions including dc bias, temperature, residence time, synergetic effect
of NO, SO, and NH;. The auto-thermal reaction of SO,-NH, is dominant for SO, removal. The
increase in input of discharge energy has only a small influence on the SO, removal, but the slip of
NH; can be reduced to almost zero by increasing the power input. It is observed that the removal
rate of SO, depends to a great extent on the time sequence of experiments. This strong history effect
is beneficial for SO, removal with corona discharge and NH; injection. NH, injection enhances the
NO removal but its slip is high. SO, presence in flue gas enhances NO removal also, in combination
with NH;, however, the enhancement becomes less than either of them. Through adjusting
locations of SO, or NH, injection, synergetic effects on NO removal can be greatly enhanced. With
an optimum residence time of about 15 s and the use of history and synergetic effects, more than
95% SO, and 85% NO are removed with 3 ppm leak NH,, resulting in a energy cost of 13
eV/NO. With shorter pulses, further improvement of NO removal is still expected to be possible.

Keywords: flue gas, SO,/NO, removal, pulsed corona discharge, UV absorption, synergetic effect
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1. Introduction

1.1 General

NO, and SO, emissions are the main cause of the acid rain, A increasing public and official
concern calls for powerful treatment. To meet this requirement, combined removal of NO, and SO,
(gencrally referred to as combined DeNQ, /DeSO, from the flue gas by pulsed corona discharge has
been comprehensively investigated in the past decade. The possibility of an application of pulsed corona
discharges to simultancous removal of SO, and NO, from the flue gas of coal-fired power stations has
been experimentally confirmed at ENEL !, Based on ENEL experimental results and compared with
othcr processes (Calcium-Gypsum + Ammonia Catalvtic, E-Bcam), the pulsed corona method has
presented the most economical means for the next generation DeNO /DeSO, P, The general advantages
of pulsed discharge technology for industrial application are suggested as: (1) it simultancously removes
NO, and SO, in a single dry process; (2) it could be retrofitted in existing electrostatic precipitation; (3)
it requires a low ground surface; (4} its by-product is dry powder which could be easily collected by an
clectrostatic precipitator; (3) the by-product could be dircctly used as an agricultural fertiliser.

1.2 Current status

During the DeNO,/De/SO, process with pulsed corona discharge in combination with ammonia
injection, the pulsed corona induced chemical reactions arc generally divided as essential radical
tnitiated rcactions and spontancous reactions. For the removal of SO,, auto-thermal reactions of SO,-
NH; are supposed to play the most important role. In contrast, the NO, molecules are mainly oxidized
by radical reactions. Comparatively, the removal of NO, is encrgy cost and its chemistry is also much
more complex. Take ENEL experimental results as a typical example, 99 % SO, can be casily removed
with corona discharge and NH, and H,0Q, injection !, But, the corona discharges alone can only
convert about 10 % SO, tn most cascs. NO, removal mainly depends on the energy input of discharges.
For this rcason, the removal rate (%) and energy costs per removed NO, molecule (eV/NO,) from flue
gas 1n the literature are generally used to evaluate the cleaning efficiency. At ENEL, 50-60 % of 250-
500 ppm NO, is removed at the energy input of 12-15 Wh/Nm?, corresponding to a minimum energy
cost of 50 ¢V/NO, !l It is estimatcd to be 5-6 % of power plant output. Such an energy requirement is
still too high for commercial application. However, onc should bear in mind that experiments up to now
have been performed with a rather limited set of conditions mainly in an empirical way and small scale.
The whole process is not fully optimized vet and the chemistry of the process is only superficially
understood. Before this tcchnology is put into practical application, it is cssential to scale up the
trcatment process for obtaining a better understanding of the SO,/NO, conversion mechanism and
finding the best technical approaches. Under this circumstance, systematic experiments are conducted
to reveal the importance of experimental conditions. In the first stage, the pilot-scale experiments have
confirmed the importance of optimization of gas conditions and energization parameters for improving
the energy efficicncy: without any additive the energy cost of 20 ¢V/NO has be obtained using voltage
pulses with about 20 ns and a 60-70 °C flue gas with a residence time of 15 s (). Although only a part
of the parameters has been optimized in these experiments, they have already indicated that, with
optimizing conditions, the energy cost can be lowered to satisfy a encrgy requirement of 1-2 % ( less
than 20 eV/NO ) of the output of the power plant.

1.3 Present objectives

The gencral objective of the investigation is to lower the energy cost at required removal rates of
NO, and SO, in rcal fluc gas. Regarding the amount of NH; injection, both improvements of SO, and
NO, removal rates and the reduction of NHj slip (<3 ppm, in The Netherlands) will be taken into



account in the investigations. The present work at EUT, in general, consists of two subjects:
(1) Detection of SO,, NO and NH, by UV absorption

As the first and essential step, UV absorption is developed to detect on-line and simultaneously
NO, SO, and NH, in the cleaning process in order to avoid the interference of NH; injection on the
previously used gas analyzer. The part of the results on this subjeet has been reported in [3] .

(2) Cleaning measurements on removal of SO, and NO,

For the removal of NO/NQ,, the main attention will be paid to finding the optimum energization
conditions including gas conditions and electrical parameters such as gas temperature, gas flow rate or
residence time, dc bias level, NH, injection.

For the removal of SQO,, the auto-thermal reaction of SO,-NH;, corona discharge and both in
combination are systematically investigated. The gas temperature and water content in the flue gas will
be the main parameters in question.

For combined removal of SO, and NO with and without NH; injcction, the synergetic effects
between SO, NO and NH; will be mainly focused on, Positive effects are expected to lower the energy
cost of the removal of NO,.

Since some parameters, including pulse risetime and gas temperture, have been known the best
values for the removal of NO at EUT ¥, the present work is based on these previous investigations and
to futher optimize the clcaning process in flue gases with about 300 ppm NO and 300 ppm SO.. The
part of the results on this subject has also been presented in [6).



2. Description of experimental system

2.1 Flue gas cleaning set-up

An overview of the complete set-up at EUT is given in the figure 1. This pilot-scale system uses a
methane burner with a maximum output of 300 Nm’/h ™. The flue gas partly goes through a wire-
cyiinder corona reactor, which consists of two chambers in series with a length of 2.88 m and 2.77 m,
respectively. The diameter of corona wire is 3 mm and the cylinder inner diameter is 0.2 m.

Chimney
g t Location 3
ESP
Flow T G
: measure ] as
Corona wire (2.77 m) : analyser
e =
r'i
HV pulsed
power +
_ Temp DC power
] il |
meas
' Valves TN - i
L ™ 1 Natural
Heat gas
\ | “ exchanger | “*| burner
I . 1s .
_ Corona wire (2.88 m) "
Location 2 [ ] Mass flow
controllers
$0O,,NO,NH; )
Location 1

cylinders

Figure 1: An overview of the complete pilot-scale set-up for flue gas cleaning at EUT



The reactor can be used to perform the single-stage (with 2.88 m chamber) and double-stage
(with two chambers in serics) flue gas treatment experniments, Although the parameters of clectrodes
such as the diameter of corona wire and the gap spacing are important for the optimisation, they are
temporarily fixed in this work. The gas temperature in the reactor can be adjusted between 60 and 130
°C by the aid of the electrical heating and gas flow. The flue gas flow can be varied from 6 to 80
Nm?/h. The total gas flow through the corona section is measurcd with a pressure diffcrence flange with
2 % accuracy. The typical flue gas from the burner has a composition of 6 % 0., 8 % CO,, 16 % H,0
and 70 % N,. In this report, the flue gas with such a composition is referred to as "standard flue gas"
from here on. The O, and CO, contents in flue gas flow arc measured with a electrochemical analyser
(SONOX Rend-O-meter) which is calibrated before the systematic measurements. The H,O content is
estimated as two times content of CO, assuming that pure mcthanc is burned. To observe the influence
of gas composition on the removal of SO, and NO,, the O,, CO, and H,O contents in flue gas can be
varied by adding excess air. In this system, a increase of O, content naturally causes a decrease of CO,
content. The change of total gas flow through the reactor also causcs a change of gas temperature. The
pollutant gases of NO, SO, and NH, gases arc introduced from gas cylinders through calibrated mass
flow controllers. Before the measurements, the mass flow controllers are calibrated with gas analyscr
for NO in flue gas and for SO, in air, Aftcrwards, the mass flow controller for NH; is calibrated with
the thermal-reaction of SO,-NH; in room air. In the calibration of gas flow controller of NH;, much
high concentration of SO, is used. The amount of the injected NH; is calculated as two times the
concentration of removed SO, when no slip of NH; can be sce from the UV absorption spectra. We
believe that this method is valid because the NH; absorption is casily seen from the UV spectra at
213.4 nm or 204 nm. The accuracy of NH, flow controller is estimated as the sum of the accuracy of
SO, (3 %) and total flow measurement (2 %). In this way, the system ¢rror for gas detection can be
reduced to a minimum. With flow controllers, NO and SO, are uvsually injected with an initial
concentration of about 300 ppm (with 10 ppm maximum deviation) and in most cases the amount of
NH; injection is less than its stoichiometric value of 900 ppm (with 45 ppm deviation or less). A flue
gas composition like this is realistic for a power plant combusting low-sulphur coal. In our cleaning
process with NH; injection, SO,, NO and NH; are detected by UV absorption at the exit of the system.
In the absence of NH; injection, SO, and NO, (i.e. NO+NO.) and NO arc detected using an
electrochemical analyser,

2.2 Pulse power supply

The electrical pulses used in the experiments are created with a triggered spark gap switched
capacitor, see figure 2. Two examples of voltage and current waveshapes are given in Fig.3. With the
aid of HV transformer, upto 70 kV voltage pulse can be output with a rise time of about 100 ns and a
half-width of 180 ns. Due to the large inductance of the transformer, the maximum pulse voltage rise
rate is about 0.7 kV/ns and the tail of the voltage pulse has a long and decayed oscillation. The half-
width of corona current pulse is 140-150 ns. This is almost four times highcr than the streamer
transition time of 30-40 ns . One should bear in mind that the parameters of pulses used here are not
the optimum values for this ¢lectrode system [4]. A dc bias voltage upto 30 kV can be added to corona
wire which leads to higher current pulses and higher input discharge energy. The supply can be operated
up to 250 Hz. The electrical energy input into the corona discharge is usually varied by changing of the
pulse frequency. The pulse voltage is measured with a capacitive-resistive divider (Tek. P6015) with a
division ratio 1/1000. The current pulse is measured with a Rogowsiki coil (Pearson model 2877, inner
diameter 6 mm, risc time 2 ns). Both the voltage and current pulses are detected with a digital
oscilloscope with 300 MHz analogue bandwidth and 2 ns sample time (Tek. DSA 601). Data are
transmitted from the oscilloscopeto a
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Figure 2: The electrical circuit for the production of HV pulses with a dc bias.

computer via a GPIB interface. The total power per pulse can be calculated by multiplying the
current and voltage waveforms. The associated discharge energy is obtained by the interruption of
the power and the subtracting the capacitive energy of the electrode arrangement. The measure-
ments of the electrical energy input with high time resclution have been described in more detail
elsewhere[8]. The energy cost W, (in unit of eV/molecule} of the cleaning process is calculated
from the specific discharge energy E (in unit of Wh/Nm’ ) and the amount of removed molecules
DeN {in unit of ppm}:

W, = 897 E / DeN

Figure 3: Two examples of voltage and current waveshapes.
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(a) V=20 kV, V,=70 kV, =100 Hz; Per single pulse: Q,,=9567 nC, Q,,,=9438 nC (98.6%), E,,=510
mlJ, E,,=507 mJ(99%). (b) V,=0.0 kV, V,=66 kV, (=50 Hz; Per single pulse: Q,=6318 nC,
0.,,=5869 nC (95%), E, =412 mJ, E,,,=410 mJ (99.6%,).



2.3 UV absorption set-up

A UV absorption system is located at the exit of the cleaning set-up for the gas detection
(fig.1). Figure 4 is the diagram of UV absorption system. The light source used in this system is a
high pressure Xe lamp with 0.5 J input energy per pulse. With a lens with a focal length of 20cm
in front of the lamp a parallel light beam is produced.

Gas
‘ ‘I |out
I
{
ESP

Gas from reactor
—

‘oﬁymo,k

_ ] Absorptioncell .
e
Monochromator PM

Figure 4: Schemalic diagram of UV absorptioﬁ system.
(The length of cell:1.53 m, Temp. in cell: over 100 °C.)

After passing through the gas absorption cell of 1.53 m in length, the light is focused with
the second lens { f= 20 cm ) onto the entrance slit of a 0.5 m Jarrel Ash monochromator ( slit
width: 50 mm). The light is detected at the output slit with a Hamamatsu R666 Photomultiplier
{PM) with GaAs cathode. The PM is operated at -830 V in the scan of 200-237.5 nm and -600 V
in the scan of 280-320 nm, respectively. The electrical signal (0-2V) from the PM is digitised by a
12-bit analogue-to-digital converter and read out by a microcomputer. A spectral scan of 200-237.5
nm takes 3 mins and yields 3276 points. The collected data is analysed using the well-known
modified Beer-Lambert law:

IM=I(A)exp(a(A)CL)

where [ and I are the light intensities with and without absorption, while o(A) denotes the
absorption cross section of a gas at wavelength A, C the concentration of measured gas and L the
optical path length of the absorption cell. 1, is calculated at wavelength A using linear curve-fitting.

3. UV absorption measurements

3.1 Absorption spectra

SO,, NO and NH, have several strong absorption bands in the ultraviolet region of the spec-
trum. These features in principal can be exploited to measure gas concentrations in flue gas clea-
ning process. But we have observed that a variety of factors influences absorption measurements,
including:
(1) the presence of mist, water vapour and particles in the path cause light absorption and light

6



scattering which give rise to a complex, unstable absorption spectrum and therefore to cause
difficult to accurately measure I,
(2} the cross sections for NO and NH, are concentration-dependent(see calibrations):
(3) the saturation of the absorption bands with increasing concentration;
(4)  a gas mixture with SO,, NO and NH; leads to overlap of absorption bands;
In order to avoid the particles and aerosol enterring into absorption cell, an electrostatic

precipitator is installed before the absorption cell. The absorption’ cell is heated over 100°C to
avoid the occurance of water condensation.

Figure 5: NO absorption spectra in 80°C flue gas flow.
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(a)ln the region of 200-230 nm NO presenis three strong absorption bands at 205 nm, 214.5 nm
and 226.2nm. (b) UV absorption at 226.2 nm using four values for the concentration of NO.

Figure 6: SO, spectrum in 65°C air flow.
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In the region of 200-230 nm NO presents three strong absorption bands at 205 nin, 214.5 nm and
226.2nm as shown in figure 5(a). In fig.5(b), the NO absorption of (0,0) gamma-band located at 226.2
nm is shown using four values for the concentration of NO. With increasing concentration of NO, it is
observed that absorption at 203 and 214.5 nm are readily saturated as compared with that at 226.2 nm.
In order to obtain a high measurcment accuracy in the range of 0-450 ppm, absorption band at 226.2
nm is employed for NO detection. S(, presents a very broad spectrum with a fine structure in 290-310
nm, as shown in fig.6(a). The absorption maximum arcund 300 nm is used for SO, detection. The
absorption around 300 nm are shown in fig.6(b) for four values of §0O, concentration. The leak NH; at
the exit of the system is specially included in our measurements. The ammonia spectrum in the region of
200-230 nm cxhibits absorption maxima at around 204nm, 209nm, 213nmm , 217nm and 222 nm as
shown in fig.7(a). Fig.7(b) and (c) give the NH, absorption spectra in the room air flow at around 213.4
nm and 221.6 nm, respectively, At relatively long wavcelength absorption occurs at high concentration
while the saturation occurs at the shorter wavelength. This leads to the most accurate detection of NH,
below 430 ppm at 213.4 nm and for 400-1000 ppm at 221.6 nm. Because the UV absorption of N,O is
too weak, as shown in Fig.8 for the spectra of 67 ppm, NO, can not be detected with reasonable
accuracy using UV absorption. In the absence of NH, injection, a electrochemical analyser is used to
detect NO,. In the presence of NH;, only NO 1s detected using UV absorption.

3.2 Calibrations

In principle, gas concentration can be calculated using the absorption cross sections.
Unfortunately, data of UV absorption cross sections for NO, SO, and NH; are limited. The most
reported in the literature are the total absorption values which are generally higher than the differential
oncs. In view of this obstacle, the calibration is dircctly assessed by comparing the results with an
clectrochemical analyser for NO and SO, and calibrated gas flow controllers for NH,. Since a part of
NO spontaneously converts into NO, in air, NO calibration is made only with flue gas. For §O, and
NH,, the calibrations are made with air to avoid reactions with water. It can be seen, in fig 9, the
absorption (oC(m™")) of NO at 226.2 nm and NH, at 213 .4 nm strongly depends on the concentrations
while NH; at 221.6 nm and SO, at 300 um present almost linear absorption-concentration relationships.
For signal NO, SO, and NH; gas with 0-430 ppm(a) and 0-1200 ppm(b) injccted in flue gas or air flow,
the calibration curves are given in fig.9. The measurements of NO and 50, have an error of less than
3% (or 10 ppm for 300 ppm whichever is the highest). For ammonia it is slightly higher with 5% at 900
ppmlslzut concentrations downto 1 ppm can be observed at 204nm.
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Fig 9: Calibrations of NO, SO, and NH; at iower {a) and higher (b) concentrations.



A problem in gas mixture is the overlap of SO, absorption with NH, and NO in the region
200-237.5 nm (Fig.10). To overcome this problem, the 8O, fractional absorption is subtracted from
the overlap at the wavelengths for NO and NH; detection, respectively, since 80, is firstly detected
at around 300 nm without this difficulty. Additional errors caused by this cross calibration are
negligible. Fig.11 gives SO, concentration-absorption calibrations at 213.4 nm and 221.6 nm. It can
be seen that when SO, concentration is less than 25 ppm, there is actually no overlap at 226.2.
Besides the influence factors mentioned above, other possible factors are also examined. The (otal
gas flow and the stability of Xe-lamp signal used in the cleaning measurements have no apparent
influence on the measurement. But, during the following experiments, the temperature in absorption
cell, the settings of monochrometer and PM should be fixed at the values used in the calibrations.
The absorption measurement must be corrected to account for the difference between calibration
and experiment temperatures of the gas flow in the reactor using the ideal gas low.
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Figure 10: 5O, absorption spectrum in the region of 212-220 nm (a) and 222-230 nm (b) for four
concentrations.
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4, Cleaning measurements
4.1 Removal of NO/NO,

4.1.1 DC bias effect

For optimizing the energization, the effect of dc bias on the removal of NO and NO, ( the
sum of NO+NO,) energy efficiency is firstly investigated in flue gas at 130 °C and 25 Nm’/h (9.6 s
residence time) with 3 % O,, 10 % CO, and about 20 % H,0. The initial NO/NO, concentrations
are 350 and 380 ppm, resp.. Test results are graphically presented in Fig.12. It can be clearly seen
that both NO and NO, removal performance is better with 20 kV bias than that with 30 kV bias at
the same energy input. For instance, at 6 Wh/Nm’ energy input, about 38% NO and 23% NO, (
energy cost:40 eV/NO, 61eV/NO, ) are removed in the case of 20 kV dc bias but only 30% NO
and 18% NO, (energy cost: 50 eV/NO, 76 eV/NO,) in the case of 30 kV dc bias.

60 ; . : .
L1 ) ERERERR LR ....... ...... N OSOWA ..
S sof i /A ...... s -

Figure 12: Comparison of NO/NO, %‘ Nozawv, /L
removal at 20 kV and 30 kV bias. Zaofeie A
(T=130°C, t,, =10 s, flow=25 Nm'/h, S vy
[NOJ;= 350 ppm, [NO].= 380 ppm, gaofife w/ '7";46;':;akv -------
0= 3 %, CO, = 10 %) v

10 - '. ..... .....................

00 2 4 6 3 10 12

E(Wh/Nm?)

In 80 °C flue gas (12% O,; 2.5 % CQ,) with 15 s residence time, the performance of
NO/NO, removal at 30 kV bias is compared with 15 kV dc bias in Fig.13. The initial NO/NO,
concentrations are 330 and 360 ppm, respectively. At about 5.3 Wh/Nm’, the removal rate with 15
kV bias is almost two times higher than that with 30 kV. Correspondingly, the energy cost is
reduced a factor two at the same removal rate.

70 —
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Figure 13: Comparison of NO/NO, T  doasew S EA
removal at 15 kV and 30 kV bias. R  Ta o A
(T'=80 °C, t,,=15s, flow=15 Nnr'/h, L R / """"" Ncsokv
[NOJ; = 330ppm, [NO.J,=365ppm, g PR A v
O,=12 %, CO,=2.5 %) g | A V/vv
bS] /3 : i L
g PR
RPN Y AU, S A Yoo
Y B v
o 5.“.!'..17'9’.‘.%9'&_“._.‘;“
NOx,lskv :
0 T
2 4 6 8 10 12
E{Wh/Nm?
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In 70 °C standard flue gas with 30 s 80

residence time, the removal performances i Né,zokv |
of NO/NO, with and without dc bias are CA” A
compared in fig.14. The better results have ] O A GREER
been obtained in the absence of a bias. Mj}_ I

_ : + _A

S 4ol s SUTNUUUNE SR LA
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Figure 14: Comparison of NO/NO, removal ¥ e :
at 0 kV and 20 kV bias in standard flue gas. 20 " S \GII SRR s
(T= 70 °C, t,,=30s, flow=9 Nm’/h, NO®.0 KV :
{NOf;= 300 ppm, [NOxJ;=325 ppm.) ] ‘ §

% 3 6 9 12
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In 80 °C flue gas with standard composition at a gas residence time of 30 s, the relationships
of energy cost vs. dc voltage in the case of the removal of 32 % NO and 15 % NO, are measu-
red. The initial concentrations of NO and NO, are 330 ppm and 360 ppm, respectively. As shown
in fig.15(a), the energy cost for removal of both NO and NO, increase slightly with the increase of
dc voltage upto 20 kV (The dc corona inception voltage of this electrode system is around 18 XV).
Beyond 20 kV, this increase becomes stronger. The energy consumption per removed NO or NOx
at 30 kV is almost a factor two higher than that at 20 kV. In the case of 50 % NO removal, a
difference is increased a factor three at a gas residence time of 15 s, This result is contrary to data
obtained by Belousova'®. Figure 15(b) shows the effects of dc bias on the injection energy and
chargers of the corona discharge per pulse and discharge power. It is evident that the general trend
of all curves in both figures presented are almost the same. This indicates that the use of dc bias
mainly increases the discharge energy input, but certainly above the inception voltage this additio-
nal energy is not used efficiently and therefore leads higher energy cost for NO/NQ, removal. This
finding is of practical importance for optimizing the energization,
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~ 150 2525 [
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Figure 15: Effect of dc bias on the removal of about 32 % NO and 15 % NO, in
standard flue gas (T=80 °C, t,,, =30 s, flow= 9 Nm'/h, [NOJ,= 330 ppm, [NO,].=360 ppm).

12



4.1.2 Residence time effect

In 70 °C standard flue gas with 300 ppm NO injection (320 ppm NO,), the NO/NO, removal
is respectively tested at the residence time of 6 s and 30 s with 20 kV dc bias. The results are
plotted in fig.16. Due to the power limitation of the supply, the removal rate at 6 s can not be
compared with that that at 30 s at the same energy input. But, with a curve-fitting, all data points
are located on one smooth curve. This implies that the removal performances have no apparent
difference between both cases. At 80 °C standard flue gas with 320-330 ppm NO injection, the
results of NO removal at the residence time of 30 s and 15 s are compared in fig.17 with 15 kV
and 20 kV dc bias, respectively. An apparent difference is found for removal rates with both
residence times at same dc bias. The removal performance at 15 s is better than that at 30 s.

80
Figure 16: NO/NO, removal in standard
flue gas with the residence time of 6 s L) EREREEEERRTEREPRRIRPY e o . No
and 30 s. ® Cy : ] {6s)
(T=70°C, [NOJ;= 300 ppm, o : : v l*;g )
= = I R N A SO AU SN (30s
[NO,[,=320 ppm,V, =20 kV) & 40 s o,
g (65)
& o |  NoO,
. ........ ........... e (30s)
% 3 : ) 12
E(Wh/Nm?)
Figure 17: Comparison of NO removal
in the standard flue gas with the residence 70
time of 15 s and 30 s.
(T=80°C, [NOJ,=330 ppm) )
J0sec
; (15kv)
® ] 30sec
> : (20kv)
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In otder to clarify the effect of residence time on the temoval performance, the further
measurements are conducted for 30% removal of 320-330 ppm NO with dc voltage of 15 kV and
20 kV, respectively. In this case, the standard flue gas with 80 °C is used. The input of discharge
energy is varied with the change of the pulse frequency. As shown in fig.18, the required energy
for 30% NO removal first goes down with increasing residence time. When reaching a minimum
at around 15 s, the energy goes up. In the period of 30-60 s, this specific energy is almost the same
as that at 6 s. At 15 s residence time, the energy cost for the NO removal can be at least reduced
by 30 % in both cases of 15 kV and 30 kV dc bias. But, the required energy at 15 kV is 25% less
than that at 30 kV. In the region of the longer residence time, the higher energy requirement could
be explained by the formation of NO due to reverse reaction of NO, and radical O which offsets the
NO reduction. For the shorter residence time, the conversion of 30 % NO requires active radicals
and therefore needs more energy input, which has been confirmed by using chemical kinetics
calculations ", This result suggests that there is a optimum residence time for the removal of
NO/NO, in a certain volume of the discharge reactor.

—®— v, =20kV —a— v, =15kV

Figure 18: Effect of gas residence time 50
on the removal of about 30 % NO

in the standard flue gas.

(T=80°C, [NOJ],=330ppm).

&=
&

The optimal residence time is around I35 s.

Energy cost(eV/NO)
"]
o

20 i . ] . i - L - i . L -
4] 10 20 30 30 50 60

Residence Time(s) -
4,1.3 O, and H,0 effect

The flue gas used in most cases has 6 % O, and 16 % H,O. It has known that the O, and
H,0 contents have a pronounced influence on the removal of NO/NQ,. In the present experiments,
this effect is also examined in 80 °C flue gas with 15 s residence time. The initial concentration of
NO/NO, are 330 and 360 ppm, respectively. The removal performance in the flue gas with 6 % O,
and 16 % H,0O are compared with that in the flue gas with 12 % O, and 10% H,0 in Fig.19. The
effect of CO, content on the removal of NO/NG, is small. As seen in fig. 19, when the total content
of O, and H,0 is the same, the removal rate at 12 % O, content is better than that at 6 % O,. In
the region of energy input in fig. 19 with 13 kV ac bias, the removal rate of NO/NO, are improved
about 30 %. This is in general in agreement with the earlier small-scale measurements by Tas "'
Since a real flue gas has a O, content of around 6 %, the removal of NO/NO, can not been
further optimized with gas composition.
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Figure 19: Effect of O, and H,O 60 ——————T——————r
on the removal of NO/NO,_ in the : : :
case of same fotal content (22%)

of O, and H,0. - a- NO
(T=80°C, t., =15 s, flow=19 Nm’/h, o% o2
[NOJ;=330ppm, [NOJ,= 360ppm, V,=15kV). R
—¥— NO
The removal rate at 12 % O, content 2% 02
is befter than that at 6 % O, —&— NOx
12% 02

E(Wh{Nm?*

4.1.4 Temperature effect

NO/NO, removal experiments are performed with a dc bias of 30 kV, respectively. At 130
°C, the flue gas conditions are: 3 % O,, 20 % H,0, 9.6 s residence time, 350 ppm NO and 380
ppm NO, . At 80 °C, these are :10 % O,, 12 % H,0, 16 s residence time,320 ppm NO and 360
ppm NO, . Although the gas conditions are not the same in 130 °C and 80 °C flue gases, the
apparent influence on the NO/NO, removal performance in fig. 20 are believed to be mainly
ascribed to the gas temperature. At 80 °C , more than 90% NO is removed when 11 Wh/Nm®
discharge energy is input, resulting in a energy cost of less than 35 eV/NO. In comparison with the
results at 130 °C, this is almost a factor two better. The temperature dependence presented here is
consistent with the previous work at EUT ©. In combination with earlier work, it suggests that the
optimum gas temperature for NO/NO, removal is just above the condensation point of water.

Figure 20: Temperature effect on the

100 o1
removal of NO/NO.,. i / 4
(flue gas 1: T=80°C, t,,, = I6s, ; ;' :

[NOJ, = 320ppm, [NO = 350ppm,
0,=10 %, HO=12 %

flue gas 2: T=130°C, 1,,,=10s,
[NOJ, = 350 ppm, [NO.]J.=380 ppm,
0,=3%, HO=20%).

NO
Gas |t

NOx
Gas |
NO
Gas 2
NOx
Gas 2

DeNO/DeNO, (%)

The lower temperature is better
Jor removal of NO and NO,,

4 6 8 10 12
E (Wh/Nm?)

15



4.2 Removal of SO,

The SO, removal tests are conducted in room air and flue gas, and in the cases with and
without NH; injection, respectively.

42.1 Removal of 8O, in air

In air of 24 °C and 23 % RH, 300 ppm SO, was introduced into a 22.4 Nm’/h air flow. As
shown in Fig. 21, SO, removal rate is only 10-30 % by the corona discharge alone. At 7.2 Whf{Nm*
energy input, 480 ppm NH, injection produces 55 % SO, removal rate and no slip NH, was
observed. At 8 Wh/Nm’ 600 ppm NH; injection produces 88 % SO, removal rate and no slip NH,
was observed. In the case of 600 ppm NH,, SO, removal rate goes through a maximum of 90 % at
1.6 Wh/Nm* and then starts to slightly go down with increasing power density. But slip NH, is
always decreasing with increasing power density. The removal results of SO, obtained here are in
agreement with the those obtained by Chang J. . ',

160
Figure 21: The removal of SO,
in air flow with and without 1 , . :
addition of NH . 2 60| ......... ........ , ........ e —— Desozh)
— L PP
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In 70 °C air with 300 ppm SO,, the removal rates are compared in the cases with and
without discharge energy input for the injection NH, concentration of 480 ppm, 600 ppm and 720
ppm. This measurements show several trends. The first is that more NH, injection leads to higher
80, removal rate, both with and without discharge. A clear trend in the leak NH, is that the
discharge reduces the leak of NH;. Thirdly, thermal reaction without discharge can remove 36-58%
of 300 ppm SO, in air, also depending on the amount of NH, injection

4.2.2 Removal of SO, in flue gas

The removal of SO, is also tested in a wide region of gas condition (H,O: 1-16 %, Temp.:
24-130 °C, NH;: 480-720 ppm). Without NH; injection SO, removal rate is never more than 30 %
at energy input upto 10 Wh/Nm' in both air and flue gas. But, in the case of NH; injection, SO,
removal significantly increases with the increase in the amount of NH, (fig.24). The gas temperatu-
re and water content have an obvious influence for SO, removal with NH; injection. At 76 °C and
16 % H,0, mote than 99% SO, removal rate is achieved at 3 Wh/Nm® with 720 ppm NH, injecti-
on. In flue gas, it is also observed that the corona discharge hardly improves the SO, removal, but
strongly reduces NH; slip. Slip of NH, also increases with increasing NH, concentration. SO,
removal by thermal reaction of SO,-NH, without discharge is much more effective than that by
energized corona process in air and flue gas, but slip NH; is much higher in the thermal reaction.
These experiments indicate that the high discharge energy is required for complete NH,; removal.
This is quite similar to the results of Civitano ©*. '

40
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4.2.3 History effect

During the SO, removal experiments with NH, injection, it is observed that the SO, removal has a
strong history effect. Two typical sets of tests are shown in fig.25. In the case of 720 ppm NH; injection
into gas flow with a gas temperature of 90 °C and a gas restdence time of 12 s, the test is started at 7
Wh/m? after 10 mins. This time is a little longer than the time required by the gas to flow through the
whole system and reach the absorption cell. It is observed that the SO, removal rate increases from 70%
at 7Wh/Nm® with a decrease of the energy input. At 1.9 Wh/Nim®, a 84% SO, removal rate is obtained.
Then the corona is off, the removal rate goes down to 74%. The leak NH; always decreases with
increasing energy input. In the second set of tests, a flue gas of 70 °C and a gas residence time of 30 s is
used. The tests are started 1.5 h after 600 ppm NHj; is injected. The time interval between two data
points is 20 mins for each increase of energy input. In this procedure, the SO, removal rate always
increases with the more energy input. At 7.7 Wh/Nm’, a 97% removal of 300 ppm SO, is detected. The
NH, slip also decreases from 17 ppm to less than 1 ppm. History effects like this are also reported by Li
[13].

Figure 25: History effect for the removal
of 8O, in flue gas.
(1: T=70°C, t,, = 30s, H,0=18%, [NH,]= 600 ppm;

2:T=94 °C, t,, =125 H,0=3%, [NH;]=720 ppm)

De-50, (%)

The arrow indicates the time sequence of the data
points. History effect is beneficial for SO, removal.

E(Wh/Nm%

4.3 Combined removal of NO and SO,
4.3.1 SO, effect on DeNO/DeNOy

_ The effect of SO, injection on the NO/NO, removal is tested in a 70 °C flue gas with a residence
time of 30 s. The results obtained at an energy input of 7 Wh/Nm® is plotted in fig.26. In this case, a 20
kV dc bias and 330 ppm NO, (320 ppm NO) are used. NO removal rate is 52% without SO, injection,
resulting in 40 eV/NO. In this case, the reduction of NO, is 37 % (50 eV/NO,). When SO, is introduced
into the gas flow, NO and NO, removal rates are enhanced. At 900 ppm SO,, NO and NO, removal
rates increase to 78 % and 71 %, respectively, corresponding to encrgy cost of 24 eV per removed
molecule for both NO and NO,. By comparing figure 27(a) with figurc 13-14, it is noted that in the
presence of SO, the improvements of the removal NO, is much stronger. This implies that SO, can
reduce the reverse reaction in the removal of NO,
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Figure 26 Effect of SO, injeétion on the removal
of NO and NO, in the standard flue gas ' .
(T=70°C . t,, =30 s, flow=9 Nnr’/h, 2
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4.3.2 Synergetic effect of SO,, NO and NH;

It is also found that NO concentration decrcases from 308 to 260 ppm with 600 ppm SO,
injection without corona discharge. However, NO concentration goes back in this case to its initial value
when 1200 ppm NH, is also injected. With corona discharge, the NH; and SO, injection

—l— DeNO
{NO]
100 il U B
- b a7
Figure 27(a): Synergetic effect for the removal of g A R IEATET R IERSITE PV Do
SO, and NO in standard flue gas. 1 : ' 1
(I'=70 °C, ¢, =65 V, =20kV, [NOJ =300ppm, % o b
[SO./=300ppm, {NH,],.=600 ppm). S
DeNO: (1)-[NO]. (2)-[NO+50,], 3
(3)'[NO+NHi] (4)'[NO+302+NH3]" 2 e ?;g?sozmun
M:: (5)'[501]1 (6)‘[SO.?+N0]’ | i al ?;cs)?szmmm]
(7)-[SO,+NH ], (8)-{SO,~NO+NH]. : :
850 1.50 2.50 3.500 T oo
E (Wh/Nm?) e

enhance the NO conversion, respectively but also together. The typical results in 70 °C flue gas with 6 s
residence time is graphically presented in Fig. 27. It can be seen that 300 ppm SO, injection improves
NO removal with a factor three. 600 ppm NHj injection improves NO removal with a factor two, but
lcak NH; is quit high (190ppm at 3 Wh/Nm?; 280 ppm at 2.7 Wh/Nm?). The positive effect of NH; on
NO removal is in good agrecement with recent results of Chang ' and Niessen '] When SO, and NH;
arc simultancously introduced into gas flow, the enhancement of NO removal rate is about 1.5, which is
lower than in the casc of respective injection of SO, and NH;. Withont NH; injection, SO, removal rate
is 22-25 % at encrgy input of 1.5-2.5 Wh/Nm®. NO presence has 2 small positive effect on SO, re-
moval. In the presence of NH;, but without NO injection, 90 % SO, removal rate 1s obtained at 1.5
Wh/Nny® with 5 ppm NH; slip. When three specics exist together, SO, removal rate is more than 99 %
with leak NHj of 5-13 ppm. Leak NH; is less with more energy input.
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4.3.3 NH, effect on the removal of SO, and NQ :

In 70 °C standard flue gas with 6 s residence time, the effect of NH; injection on the removal of
NO (300 ppm) and SO, (300 ppm) is investigated. As shown in fig. 27(b), the SO, and NO removal
rates increase with increasing NH; injection, When NH; concentranion mereases from 600 to 900 ppm
at about 2 Wh/Nm®, the NO removal rate increascs from 235 % to 30 %, correspondingly Icads to a
decrease of encrgy cost from 26 ¢V/NO to 12 ¢V/NO. But, in this casc, the leak NH; also increases with
increasing NH; injection (Sppm at 600 ppm injection; 140 ppm at 900 ppm injection).

Figure 27(b): Effect of NH ; injection
. on the simultaneous removal of SO,
and NO in standard flue gas

(T=70 °C, t,, =65, [NO],=300ppm,
[SO,]:=300 ppm, V.= 20 kV)

4.3.4 Enhancement of synergetic effect
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In order to cffectively use the positive effect on NO removal, NH, is injected at the location of 70
cm from the exit of the corona reactor (location 2 in fig.1). The results at 80 °C fluc gas with 30 s
residence time is plotted in fig. 28. SO, from 300 to 1000 ppm is injected with corresponding
stoichiometric NH; of 600-2000 ppm. NO concentration is 320 ppm. Encrgy input is 7 WIYNm?® with
15 kV de. It is scen that NO removal rate increases with SO. and NH, concentration. When

Figure 28: Removal of SO, and NO from

standard flue gas in the case of NH, injection later

(T =80 °C, t,,,= 30s, [NOJ,=320ppm, [NH ],=2[SO,].,

E=7 wh/Nm’, V,,=15kV).

NQO removal of 819 (23 eV/NO) and SO, removal
of over 98% with less than 5 ppm leak NH  have

been obrained.
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SO, concentration reaches 600 ppm, NO removal rate increases from 61 % (without SO, and NH,
injection) to 81 %. Correspondingly encrgy cost reduces from 37 to 23 eV/NO. The further increase of
50, and NH; docs not give a further increase of NO removal, In this set of measurements, SO, removal
rate is ahwvays over 98% and Icak NHj, 1s always less than 3 ppm.

When 300 ppm SO, is injected at the location of 70 em (location 2 n fig, 1) form the rector exit
and NO (320 ppm) and NH, {changcd from 600-1200 ppm) are injected before the reactor (location 1 in
fig. 1), the NO rcmoval is also improved at 7.5 WI¥Nm® as shown in fig. 29. The removal rate of 97 %
for SO. and 81 % for NO (25 ¢V/NQ) arc obtained at 900 ppm NH; injection. The leak NH; is only
about 2 ppm.

100 |2t AN S B R AW s— — §
Figure 29: Removal of SO, and NO from standard - DeSO2(%) ‘
flue gas in the case of SO, injection later. : :
(T=80°C. t,=30s. [NOJ=320ppm,
[80,],= 300 ppm. E = 7.5 Wh/Nn®, V., =15kV ).

80 .......... .' .......... : ......... A
DeNO(%) . :

{25 eV/NO) with 2 ppin leak NH ; are obtained

o}

4
The removal rate of 97 % for SO, and 81% for NO %

a
at 900 ppm NH ; injection.
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In the casc of 15 s gas residence time and 3.7 WI/Nm?® encrgy input with 15 kV de bias, the effect
of NH; injection before the reactor is plotted in fig. 30. Without SO, injection, 300 ppm NH; injection
improves NO removal with a factor two and a half] i.c., removal ratc incrcascs from 31 % without NH;
injection to 73 % with NH; injection, resulting in a decreasc of encrgy cost from 32 to 14 ¢V/NO.

Figure 30: Effccts of NH ; andior 8O, injection 100 P ——S
{later) on the removal of NO from the standard ! : : 1

e gas ]
(T=8G°C. t,,,= 13 s, flow = 19 Nw’/h, - a—h D
L=3.7 Wh/Nor', V=13 kV). : : ' '

NH; injection improves NO removal rate from

31 %610 73 % (14 eV/INQ) with 1.3 ppm leak

NH,. S50, and NH ; together improves NO removal
rate to around 68 % (13 eV/NO).

DeNO/DeSO, (%)
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[NO+SO27NHI
— A= Lesk NH3ippmi
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Leak NH; incrcases from 1.3 to 31 ppm with increasing NH, concentration from 300 to 600 ppm. When
600-1200 ppm NH; and 300 ppm SO, are injected simultancously but at different locations, this
improvement for NO removal becomes a little smaller. The NO removal rate is around 68 % in this
casc, corresponding to a encrgy cost of 135 ¢V/NO. SO, removal rate is always more than 99 % and leak
NH, increases from Iess than 1 ppm to 13 ppm with incrcasing the injection of NH;, As compared with
the results in fig.27, the positive effeet of SO, and NH; togethier on NO removal is greatly enhanced with
the adjusting the locations of gas injections. In this case, it is interesting to find that the NO and SO,
concentrations at the exit of the system change with the measurcment time, At 3.7 WI/Nm® energy
input, the NO concentration firstly gocs down to a minimum of 30 ppm (92 % removal) at 20 mins and
then goes up to a maximum of 120 ppm (63 % removal). After 30 mins, the NO concentration reaches a
stable level of around 105 ppm (68 % removal, 15 ¢V/NO). SO. and NH; concentrations always
decrease with the time. After 30 mins, almost 100 % SO, is removed without NH; slip. At 4 Wh/Nm®
encrgy input, a same change in trend for NO and SO, concentrations is observed. The stable level is at
30 ppm NO (85 % removal, resulting m 12.6 ¢V/NO). The 95 % of 300 ppm SO, is finally removed
with less than 3 ppm NH; slip. This is up to now our best result. Such a time-dependence of the removal
of SO, and NO with NHj injection is probably related to the formation of particles and heterogencous
reactions. The results presented from fig.28 to fig. 31 indicatcs that the NH, and SO, injections at the
different location on the reactor is beneficial for the improvement of cnergy cfficiency of NO removal.
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P

Figure 31: The variation of NO and SO,
120

concentration with the measurement time. ]
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5.Two-stage cleaning measurenments

5.1 NO and NO, removal

With two corona reactars in scrics, the experiment on DeNQ/DeNOQ, is conducted in 70 °C
standard fluc gas with 300 ppm NO (320ppm NO,) and 30 s residence time (18 Nm’/h flow). The
results arc plotted in fig. 32 in comparison with the results obtained in single-stage at the same residence
time (30 5, 9 Nm*/h flow) and same gas conditions. As scen in fig.32, the removal rates of NO and NO,
in two-stage arc a factor two lower than that in single-stage at the same discharge power input. But, the
cnergy costs of NO and NO, removal in both cascs are almost the same since the specific energy (in unit
Wh/Nm?) also deercases a factor two in the two-stage. When the residence time in the two-stage system

15 increased to 60 s, no apparent difference 1s found for NO and NO, removal.
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5.2 Combined removal of SO, and NO,

The double-stage measurcments of simultancous removal of 80, (300 ppm) and NO (310 ppnt)
m the presence of NH; (600 ppm) are carried out in a 70 °C fluc gas with a residence time of 30 s, The
flow velocity is about 10 my/min, resulting in an interruption time of 3 s in-between two chambers. As
comparcd with onec-stage measurcments with the same gas residence time, the NO removal rate in the
two-stage is a factor two lower than that in the single-stage. As given in Fig.33, at about

Figure 33: Comparison of NO removal 10¢ = . ]
with single-stage and double-stage in L Jocation 1 : ]
the standard flue gas in presence of 80 ........ \ :
NH; and SO, F e ]
(T=70 °C, t,, =30s, [NOJ,=300ppm, SR S ) Teme ) N
[SO.] =300 ppm, [NH],=600ppm, V;=20kV). ‘g r {ocation:3 1
- ; . 3 ) .2-slage ‘—'— '/. ]
The NO removal rate in the two-stage is 2 40 : s
a factor of two lower than in the single-stage. r 1

20 [l ST S

ELL .

20 40 60 R0 100 120
Input Power(W)

70NV power input, the NO removal rate arc 82 % and 43 % for single and double stage treatmcnts,

respectively, resulting i about 23 ¢V/NO for both, This is similar to that without SO, and NH; mjec-

tion. When NHy is injected in-between stages (location 3), the performance of NO removal rate is

improved as well as energy efficicney. At 700 W power input, NO removal rate is 38 %, corresponding

to an cnergy cost of 22 ¢V/NO. But, in gencral, the NO removal rate is still lower than that i single-

stage with the same encrgy mput. This is quite different from the result using ¢lectron-beam irradiation
(13
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6. Removal of NH,

NH; is injected as an cffective additive in the removal of SO, and NO, . At the same time, NH; is
not acceptable becauce it produce new environmental problem. To clearify the function of NHj in this
process, the experiments of the removal of NH; are conducted in the flue gases with different conditions,
The removal results are graphically presented in fig. 34. The figure shows that water content 1s the most
important influence factor for NH; reduction. Morc than 83 % of 900 ppm NH; can be removed even
without any clectrical energy input at 21% H.0 content while less than 40 % of 720 ppm NH; is
removed at 3 % H,0 content in the case of up to 8 WI/Nm® cnergy input. As is well known, N, is
ecasily absorbed in water and , therefore, can be removed in the real flue gas. But removal of all NH;,
needs the electrical energy input, in particular, in the flue gas with low water content. In the flue gas
with about 16 % H,0, which is used in majority of our experiments, about 30 % of 900 ppm NH, can
be removed as shown in fig.34. With corona discharge, NH; can partly be dissocited by corona dis-
charge into variuos radicals such as NH, NH, cct. These radicals convert NO to N, In the process of
SO, and NO, removal, the formation of (NH,}),S0, and NH,NOQ; through the chemical reactions plav a
important role for the reduction of NHj slip. Thesc experimental results arc in good agreement with 1,

100 f=—r— . -
Figure 34: Removal of NH; in flue gases /+ : ' :
with different water. T : I L
(L:T=130°C, t,,= 10 s, [NH ] =900 ppm, e o : : H,O
O,= 2.4%, CO,= 10.5%, H,0=21%; £ ’ : —+— 2%
2:7=70C, t.,,= 065, {NHJ=200ppm, 8
0= 6 %, CO,= 8%, H,0=16%; TS —m- 3%
3: T=90°C, t,=10s, [ NH:];=720 ppm, g —v— 16%
0,=18%, CO,= 1.5 %, H,0=3%,). .

z

E(Wh/Nm?"

7. Discussion
-dc bias level

In the experiments on the de bias effect on the removal of NO and NO,, it is found that the
removal efficiency without dc bias is ahways better than that with dc bias. A use of dc bias being
considered in general 1s to sweep the fons between two subsequent pulsces in order to avoid the enerey
consumption on ions movement. At the first sight, the experimental results in fig.13 scem to be contrary
to this idea. But, in fact, a residual voltage exits on the discharge gap after a pulse. This residual voltage
is probably cnough to sweep ions in the gap. With a additional de bias, the more encrgy is input into the
gas. But the conduction current after the streamer crosses the gap is increased with the development of
the sccondary streamer. The waveshape analysis indicates that with a usc of dc bias, the current pulse
and corresponding the power pulse beecome 30 ns wider. From this point of view, the encrgy is not used
effectively with a de bias, in particular, when dc bias is over the corona onset valuc.

-Chemistry process

In general, the plasma chemical process in the removal of SO, and NO from flue gas by pulsed
corona discharge consists of three steps as follow:

24



1) When positive streamers propagate from anode to cathode with a characteristic velocity of 10°-
10° m/s, free electrons having a average energy of 10 ¢V arc produced in the region of the front of the
streamer head. Free electrons with such a energy can dissociate O,, H,0, N, and NHj to generate active
radicals O, OH, H, and NH,.
2)  These active radicals initiate a large number of possible reactions to convert SO, into H,80, and
NO into HNO,, NO, and N. through oxidation and reduction process. The jons and molecules produced
by clectrons also play an important role in the process. In this stage, the reaction is called homogeneous.
3)  When ammoma s injeeted, the sulphate acid and nitric acid arc converted to solid salts. At the
same time, the hetcropencous phase reaction occurs at the surface of these particles. Also the autother-
mal rcactions develop even without any external discharge energy input.

The streamcer propagation, production of clectrons and subscquent radicals, gas-phase chemical
reactions have been extensively investigated by experiments and model calculations. The main chiemical
paths are simply summarized in fig.35.

Discharge 0O: H:0
SO:“' OH SO? 501 HZSO4
NH,
. (NH,),SO;
in Sulfates
Flue Gas
_,[ Acid sulfites
Thermal H-O ‘
;egctimf 2 (NH;)S0;
> 3

Fig. 35a: Reaction mechanism for removal of SO,

»HNO. }
OH = NH; . O
0.
i HO: NH
: gg‘:}g’ggeo 24INO, P-INO;, ~+NH,NOj
NO 1n -2
H.N.NH.. | OH H:0
FlueGas NH
[ N .NH; . NH

: N,

Fig. 35b: Reaction mechanism for removal of NO.
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-SO, removal
For rcmoval SO, without any additive use, OH, mainly produced by direct dissociation of H.O
and hydratcd ions, is suggested as the most important radical. The main removal reactions are:

HSO3 + 03 —> S03 +H02
803 + Hzo — HzSOd

The experimental results show that the removal of SO. by radical rcaction is not very effective,
Only less than 30 % of 300 ppm SO, is removed in the case of upto 10 Wh/Nm?® encrgy input. The
similar results are also obtained by using barricr discharge '” and clectron-beam irradiation ', The
removal of SO, ultimatcly depends on the numer of OH radicals produced which in turmn depends to a
first order on power deposition. When NH; 1s injected, the removal of SO is remarkably enhanced. Tn
this case, the thermal rcaction of SO,-NH, lcads to rather cffective SO, removal. More energy input
hardly improves the SO, conversion cfficicncy, but the slip NH; is significantly reduced. The by-
product in this process is stablc ncutral sulphates (NH,).SO, P!, The thermal rcaction of SO,-NH,
proceeds spontancously and strongly depends on the gas temperature. By reducing the temperature, this
thermal reaction is stronger. But the by-products arc acid sulphates rather than neutral sulphates and
thercfore leads to much high lcak NH;. Acid sulphates can not be used as a fertiliser ) The apparent
history cffect in the removal of SO, with NH; injection is hard to explain with rapid gas-path reaction.
The most likely explanation is the heterogencous reaction because the acrosol formation and growth
required longer time, The evidence of acrosol formation and enhancement on the removal of SO, s,
however, still limited.

-Removal of NO and NO,

The chemistry of the removal of NO and NO, is much more complex than the removal of SO, in
the discharge plasma. At EUT, a set of 1000 chemical kinetics cquations was solved vsing the KINEL
program. The most important rcactions for the gas-path process are found as 17

NO+OH —> HNO,
NO+HO,—> NO,+OH
NO+N ~—> N,+0
NOA+OH+M —> HNO#+M
NO+0 —> NO,

NO+0; —> 0,+NO,
NO+0--> NO+0,

NO,+H —> NO+OH

The reduction and oxidation rcactions are both imvolved in the process. Without NH; mjection,
the NO removal mainly follows the oxidation path. The reverse reaction of NO, with O or His a main
obstacle in the way of the conversion of NO to H,NO;. Even when NO, reacts with H.Q, a NO
molccule forms [ ‘
3NO, +H,0 -—> 2HNOQ, +NO
So only two-thirds of the NO is eventually removed. The experimental result of a optimum residence

time of 15 s is also evidence for this explanation. With NH; injection, there are two explanations for the
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improvement of NO removal. The first is that the radicals NH, and NH produced by NH; dissociation
react with NO !3);

NO+NH, —> H,0+N,
NO+NH —> N,+OH

The second is that HNQ; is converted to NH,NO,. The general function of NH; can be thought that the
formation of NO is inhibited by the presence of NH,. With stoichiometric amount of NH;, the high leak
NH; indicates that the final products of NO conversion is not only NH,NO, .

The presence of 300 ppm SO, can improve NO conversion a factor three in the case of no NH;
izjection. This effcet is also strong for NO, conversion. Though this fact is well known, the chemical
mechanism is still unknown,

At EUT, the results of expeniments and ¢alculations have been put together. The calculated
removal of NO molecules is still one to two order of amplitude lower than the value in reality. The most
likely reason is that the heterogencous reactions on the surface of acrosols and particles are not included
in the model calculations.

~-Combined removal of and NO

The importance of the hetcrogencous reactions has becn emphasized by the present experiments
on combined removal of SO, and NO. As indicated in fig.31, a time-dependence of the removal of and
NO with NH; injection is observed with a good reproducibility. The general tendency of the variation of
NO concentration is quite similar to the variation of particle number as obtained in [18]. Conceming the
strong synergetic effect between SO, NO and NH; on the removal of NO, the adjustment of the location
of or NH; injcction on the discharge reactor can enlarge this cffect . The best results, .¢., 95 % and 83
% NO removal with 3 ppm leak NH, at 4 Wi/Nn?’ (13 ¢V/NO ), arc obtained under the considerations
it several aspects:

1) The gas temperature is set at about 80 °C with 16% H.0 in the flue gas. The liquid-path rcaction
is possiblc to occur after the gas passed through the discharge reactor.

2} The optimum gas residence time of 13 s is used for this discharge reactor.
3) DC bias level is lower than its corona onset valie.

4) SO, and NHj; are mjected at the different location of the reactor. The positive effect on the NO
removal is effectively used.

3 Since the width of voltage and current pulses used in the experiments are three times larger than
the strecamer transit time of 30-40 ns, it could expected that the removal efficicney is further improved
with shorter pulses!™,

-Two-stage treatment

The attempt to conduct two-stage treatment experiments is cncouraged by the existing experi-
ments with clectron-beam irradiation. In the clectron-beam irradiation treatment, the higher NO,
removal cfficiency could be achicved in the double- and triple-stage irradiation compared to single-stage
trradiation. The enhancement cffect of the multi-stage irradiation is thought due to the conversion of
some intermediate products such as nitrous acid (HNO,) to stable forms during the irradiation pause in
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between the multi-stage irradiation. In the single stage irradiation, the intermediate products will be
decomposcd through the reaction with OH radical to produce NO, during the continuous irradiation [
This improvement does not appear in our experiments with pulsed corona discharge. This difference is
probably ascribed to the difference between the two processes of the distribution of the electrons both in
cnergy and space. In a streamcr corona clectrons arc produced in thin discharge channcls  with a
avecrage encrgy of about 10 €V while in clectron-bcam irradiated gas the spatial distribution of clectrons,
with an encrgy of the order of 100 ¢VE, is rather uniform. In a wirc-cvlinder discharge geometry the
streamers fill only a small fraction of volume, i.e., 1010 1Y), The majority of the volume in the
electrode gap is streamer free while a pulsc is applicd on the gap. On the other hand, the pulsed corona
discharge 1s a process with a sequence of pauses. Therefore is not necessary to interrupt the discharge.
In other words, in the pulsed corona discharge process, the double-stage treatment can not improve the
cleaning efficiency .

8. Conclusions

1. UV absorption to simultancously detect NO (0-450 ppm), SO, (0-1000 ppm) and NH; (0-1000
ppm) is applicd to the flue gas cleaning process with pulsed corona discharge. The measurement error is
in ali cascs below 5 % despite of spectral overlap. The good agreement on the removal effects with
results from literaturc shows that this is a viable method.

2. DC bias increases the power input into the gas. But the cleaning efficiency for NO and NO,
becomes lower. This cffect is stronger when the bias is above corona onsct, The possible reason is that
the pulses of current and power become wider and therefore the cnergy is not used cffectively.

3. Considering the removal efficiency of NO, and SO, the stability of by-products and the property
of pulsed corona, optimum temperature 1is that just over water condensation;

4, The NO and NO, removal requires the lowest power input at a residence time of about 13 s in
this system. An optimum residence time for removal of NO/NO, can be explained using reverse reac-
tions. In the presence of S0, and NH;, the reverse reactions of conversion of NO are likely to be
inhibited, there is probabaly not such an optimum residence time,

3. The auto-thcrmal reaction of SQ,-NH, is dominant for SO, removal, but the slip NH, is high and
the by-products are acid sulfitc. The increase in input of discharge energy has only a small influence on
the SO, removal, but the stip of NH, can be reduced to almost zero by increasing the power input. In
combination of corona discharge and NH; injcction, the by-products are sulfates which can be dircetly
uscd as a fertilizer.

6.  With corona discharges and NH; injection, it is found that the removal rates of SO, depend on the
history of cnergizating the discharge, but hardly depend on the encrgy input. This history effect can
improve the SO, removal rate by 20 %. In this process, NH; slip alwayvs depends on the energy input.
This effcet has not been explained well but it is supposed to relate to the formation of acrosols and/or
salts.
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7. NH; injection enhances the NO removal but its slip is high. The effect of NH; injection on the
NO removal is thought to be duc to the reduction of the formation of NO through the increase in the
reduction reaction and nitric salts. The chemical mechanism in NO removal with NH; injection has, up
to now, been unknown. Further investigations to expain high slip of NH; and low salts formation are

needed.

8. 300 ppm SO, or 600 ppm NH, presence can enhance NO removal a factor three or two in 70 °C
flue gas with 6 s residence time. However, i combination, the enhancement becomes less than either of
them. The knowlege to explain this phenomenon can be a topic for the further study.

9, Synergetic effects on NO removal can be enlarged through  adjusting locations of SO, or NH,
injection, When 1200 ppm NH; is injected later, 81 % removal of 320 ppm NO (23 ¢V/NO) and over
08 % removal of 600 ppm SO, with less than 5 ppm Icak NH; have been obtained at 7 Wh/Nm’®. In the
casc of 900 ppm NH; injection before the reactor and 300 ppm SO, injection later, 81 % removal of
320 ppm NO(25 ¢V/NO) and 97 % S0, removal are achicved with about 2 ppm NHj slip at 7.3
Wh/Nm®. For the real fluc gas, only the location adjustment for NH, injection is of practical importance.

10, The cxperiments on the removal of NO/NO, and simultancous removal of NO and SO, show that
no improvement 1s given by using two-stage treatment instecad of one-stage trcatment. The results are
quite different from the results obtained with electron-beam irradiation. This difference is probably
ascribed to the difference of spatial and encrgy distribution of electrons between the two processes.

I1. The best results, i.e. 95 % SO, and 85 % NO (about 13 ¢V/NO) removal with 3 ppm leak NH;,
are obtained at the conditions of 80 °C, 15 s residence time and 15 kV dc bias with synergetic and
history effects.

12, With shorter pulscs and no dc bias, 30 % improvement of NO removal efficiency is still ox-
pected. A suggestion for the further measurements is to cvaluate the maximum cleaning efficicncy
using the conditions close to full optimization  temp.: around 70 °C, residence tune: about 15 s, half-
width of current pulses: 20-30 ns, de bias: 0 kV, NH, injection : at half way of rcactor, NO measure-
ment: waiting for a stable concentration at the exit of svstem).
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