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ABSTRACT

Combined plasma photolysis (CPP) is a process that uses a pulsed electrical
discharge in flue gases (Air/H,0/SO,/NO,) followed by irradiation with ultraviolet photons
to cause simultaneous removal of SO, and NO_ from the gas stream. Combined
plasma photolysis causes the efficient production of hydroxyl radicals which react with
SO2 and NO, to produce sulfuric acid and nitric acid, respectively. These acids are
easily removable from the gas stream. A computer model including a self-consistent
accounting of the electron impact, plasma chemistry and radiation transport for a puised
gas discharge illuminated by ultraviolet photons has been developed to simulate the
CPP process. The results of this model are verified by comparison with experimental

data. Various gas mixtures, light intensities and energy depositions are examined.
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1. INTRODUCTION

1.1 Background

There is an increasing international demand to reduce the amount of SO, and
NO, emitted into the atmosphere by industrial and power plants burning fossil fuel.
Combined Plasma Photolysis (CPP) is proposed as a gas phase removal process
which will simultaneously remove SO, and NO, from flue gases before the gas
stream is released into the atmosphere[11,[2]. It is not the purpose of this thesis to
examine the political or environmental issues surrounding the removal of SO, and
NO, from flue gas streams[3] or to analyze current removal systems1. A computer
model has been developed to simulate the CPP process. This model is validated
with data obtained from an experimental setup of the CPP process. Using the
model, removal results can be determined for a given set of initial conditions. The
model will also be useful in determining proper levels of light and energy in order to

achieve optimum removal conditions for differing gas mixtures.

1.2 Combined Plasma Photolysis (CPP)
Combined plasma photolysis is the use of combined plasma and optical

processing of flue gases. Air enters the boiler chamber (see Figure 1.1) where SO,

! Currently implemented systems include dry lime injection-electrostatic precipitator-
selective catalytic reduction (SCR) systems, low NO_ burner-spray dryer-fabric filter
systems, and electron beam-fabric filter systems.




NO,, CO, and particulate material are added to the gas stream as fossil fuel is
burned [4],[5].16],(7]. (All figures appear at end of chapter.) Pretreatment of the flue
gas may occur before it enters the reaction chamber. This pretreatment can consist
of the addition of water, which resuits in humidification and evaporative cooling, and
the addition of other substances such as ammonia (NH.), which enhances the
removal of the unwanted products of the combustion. Plasma oxidation of the flue
gas occurs in the reaction chamber and is initiated by energetic electrons®. These
energetic electrons excite, ionize and dissociate the molecules in the flue gas,
producing oxidants such as hydroxyl (OH), oxygen {(0), and hydroperoxyl (HO,)
radicals. These radicals react with the SO, and NO,, eventually producing sulfuric
acid (H,SO,) and nitric acid (HNO,). These acids may be easily removed from the
gas stream.

The efficient production of the hydroxyl radical is essential to the CPP process,
which produces the hydroxyl radical through the creation of excited states and

excitation transfer reactions in the gas. Two excitation reactions are of importance:

discharge O, 20, (1.1)
e+ N, - NyA) - N, +20 - 20,

2 Methods of producing these energetic electrons include electron-beam, dc

discharge, pulsed streamer corona discharge, high frequency discharge or transversely
excited atmospheric discharges.



discharge H,0 (1.2)
e+0, - 0+0(D) - 20H

Production of the hydroxyl radical can be further increased by the use of uitra-
violet photons (A < 325 nm), which produce O('D) by the photon dissociation of
ozone which is one of the by-products of the plasma processing:

o, hv H,0 (1.3)
0 -0, - 0(D - 20H

The hydroxyl radical is an essential reactant in the formation of sulfuric and
nitric acids. The optimum rate of removal can be calculated from the excitation rate
and the acid-formation reactions. Two hydroxyl radicals are required to convert one
SO, molecule to sulfuric acid.

QOH OH (1.4)
SO, - HSO; - H,80,
The highest removal rate for CPP processing is

d[SO,]
dt

= . 2.0 (Excitation Rate) (1.5)

The conversion of one molecule of NO to nitric acid requires three hydroxyl radicals.

3 OH (1.6)
NO - HNO; + H,O



The highest removal rate for CPP processing is

d[NO]
dt

— _1.33 (Excitation Rate) (1.7)

Considering NO,, another oxide of nitrogen which occurs in large concentrations in

flue gases, only one OH radical is required for conversicn to nitric acid.

OH (1.8)
NO, - HNO;

For CPP processing, the highest removal rate is

d[NGO,]
dt

= _ 4.0 (Excitation Rate) (1.9

Removal efficiency is defined as the amount of SO, or NO, removed (in parts
per million) divided by the energy deposited in the gas. One of the primary products
from excited states in atmospheric gases is ozone. Only a fraction of these excited
states result in the production of the hydroxyl radical [8]. Ozone as a terminal
product does not contribute to removal of SO, or NO, from the gas. Thus a major
portion of the deposited energy in plasma processing is wasted. Combined plasma
photolysis utilizes the ozone through optical processing and continues the creation of
the excited oxygen atoms, thereby enhancing the generation of the hydroxyl radical

after direct plasma precessing has terminated.



The removal efficiency as a function of the energy deposited can be deter-
mined by comparing the energy required for production of the necessary excited

states by plasma excitation and photolysis. For SO, removal efficiency:

AISO, _ 25, (md-cm™) (1.10)
[SO,] [SO,} ppm

Combined plasma photolysis processing of NO results in the following removal

efficiency:

A[NO] _  16:Ey, (mJ-cm™) (1.11)
[NO] [NO] ppm

The removal efficiency for processing of NO, is

A[NO,] _  50-Ey (mJ-cm™) (1.12)
NG, [NO,] ppm

The keys to the CPP approach which should make it attractive are (1) the
efficient generation of the necessary excited states by a low energy discharge and

(2) the efficient photolysis of the ozone by commercially available UV lamps’.

3 The commercially available UV light sources are fluorescent lamps (Ar/Hg low
pressure discharges) which produce a wavelength of 264 nm with 75% electrical
efficiency. In fluorescent lamps for everyday use, this wavelength is absorbed by
phosphorus in a coating on the glass and emitted as visible light. Thus the UV light
sources are modified fluorescent lamps without the phosphor coating. High pressure Hg
lamps may operate with high photon fluxes but lower efficiency.




Figure 1.1
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5. DESCRIPTION OF THE MODEL

2.1 Qverview

A computer model simulating the CPP process has been developed. This
model includes a self-consistent accounting of the electron impact, plasma chemistry
and radiation transport in a pulsed gas discharge being iluminated by ultraviolet
photons. A literature search was performed to determine the important chemical
reactions that occur in such a system. The Appendix contains a list of the species
and reactions which are used in the model. Gas temperature-dependent reaction
rates are used if available; otherwise, these reaction rates were generically scaled.
Photolysis reactions for absorption of 254 nm light are included for each appropriate
species in the model. Electron impact cross sections for the dominant chemical
species in the model (N, O, CO,, H,0) are used to determine reaction rates. The

model is a zero-dimensional plug-flow simulation.

22 Description of the Model

The computer model used to simulate CPP consists of three main compo-
nents (see Figure 2.1), each of which is described in detail in the following sections.
The first circuit model determines an E/N value'. This E/N value is used to solve

Boltzmann'’s equation for the electron energy distribution which is then used to

' E/N is the amplitude of the electric field divided by the density of the gas. This
E/N value usually is given in units of Townsends (Td) where 1 Td = 1077 V-cm®.
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compute the necessary electron impact rate coefiicients. These rate coefficients are
combined with the temperature-dependent rate coefficients and the densities of the
various species to calculate the time derivatives of the plasma species. The photo-
physics of the system may be included in these calculations. The conductivity of the
plasma is computed and is used to calculate the resistance of the plasma for use in

solving the circuit equations.

2.2 1 The circuit model

A schematic circuit representing that used in the computer model is shown in
Figure 2.2. The storage capacitor is given an initial voltage. The switch is closed
and the circuit equations are integrated for the flow of current through the system.

These equations are

d

dt s = MView Vors ~ Rugso” bis) * Liero (2.1)
d v = (e =l < C

dt Yeea T (e — prs) * Cheao (2.2)
d | = (Ve = View Tl 2
at L Vime ~ seno) * Liine _ (2.3)
dt Vg = o # Clive (2.4)

where
V, s is the voltage across the discharge,
ly;s IS the discharge current,
Vs 18 the voltage across the peaking capacitor,

Riexo 18 the head resistance,



L

EAG is the head inductance,

| is the line inductor current,

LINE

Cpeno IS the peaking capacitance,

V e IS the voltage across the storage capacitar,

Loe is the line inductance, and

G,y IS the storage capacitance.

Before breakdown of the plasma occurs, there is no discharge current.

Vots = VHEAD (2.5)
As the circuit equations are integrated with time, the voltage across the plasma
increases. Once a sufficiently high valtage is obtained, breakdown of the plasma
oceurs and electric current flows through the plasma.

Vois = s Poss (2.6)
l,.s IS determined in part by the conductivity of the plasma. This conductivity
depends on the plasma reactions that have occurred. The discharge voltage divided

by the gas density determines the E/N value that is used in solving Boltzmann’s

equation.

2 22 Calculation of electron impact rate coefficients
The distribution of electron energies is obtained by solving Boltzmann’s
equation. This distribution is calculated for a specific gas mixture and a specific E/N

which is determined in the circuit model. The electron distribution functions are non-
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Maxwellian as is expected in molecular gas mixtures. A comparison of the electron
energy distribution functions for four different E/N values for the same gas mixture is
shown in Figure 2.3. For the smallest E/N (5 Td), the majority of glectrons. is of very
low energy. Elastic momentum transfer is the dominant electron impact process. At
this E/N, there is some small number of electrons with enough energy to engage in
inelastic electron impact processes (vibrational, excitational or ionizational). As E/N is
increased, a larger fraction of the electrons have higher energies. For the highest
E/N (200 Td), a majority of the electrons have energies high enough so that
excitational and ionizational processes frequently occur.

From the electron energy distribution function f(e), a rate coefficient Kis

calculated.

k = ff(e)a(e)v(e) de (2.7)

where o(e) represents the electron impact cross section for the reaction process for
which the rate coefficient is being calculated and v(e) is electron velocity.

A thoroug'h literature search was performed to compile electron impact cross
sections of the major molecular species of the CPP model (N,, O,, H,O, and C,)-
A total of fifty-seven cross sections are used to determine the electron energy
distribution. A sequence of E/N values from 1 to 1000 Td is chosen and the electron
energy distribution function calculated for each value. From the distribution functions
a rate coefficient can be determined for each electron impact reaction. These rate

coefficients are entered into a look-up table as a function of E/N. As the circuit
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model computes an E/N, this value is used to determine the appropriate rate
coefficient that is used for the electron impact reactions listed in the Appendix. If the
E/N deterr_nined by the circuit model is not one of the exact values for which a rate
has been calculated, an interpolation is performed to find the appropriate rate

coefficient.

2.2.3 Plasma chemistry and photo-physics models

The electron impact rate coefficients are combined with the gas temperature-
dependent rate coefficients and the densities of the various chemical species to form
rate equations for the plasma chemistry. All reactions listed in the Appendix are
available in the model although only a fraction of these will be used in a given
calculation. A reaction will not be included in a calculation if any one of the reactants
is missing. The photo-physics of the system is incorporated into the model at this
stage through the use of rate coefficients developed from the optical cross sections

at 254 nm.
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Figure 2.1  Schematic of the computer model with the three main sections being
(1) the circuit mode! which determines an E/N value 1o be used in (2)
the Boltzmann solver that computes the necessary electron impact rate
coefiicients to be used in (3) the plasma chemistry and appropriate
photo-physics.
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Figure 2.2 Schematic of the circuit used in the computer model.
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Figure 2.3  The electron energy distribution function at £/N = 5, 50, 100, and 200 Td
for a gas mixture of N/O,/H,0 = 84/6/10. The lowest E/N has the
majority of the electrons distributed at very low energies. As the E/N
increases, an increasing fraction of the electrons have higher energies.
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3. RESULTS

3.1 Use of the Computer Modcel

The computer model has been validated by comparing computed results with
experimental results. Such validation has demonstrated that the computer model
contains all the essential elements to accurately simulate CPP. Computer simulations
of CPP can be used to predict removal results given a set of initial conditions or to
optimize removal results based on initial gas compositions. The primary reaction
pathways of the major species can be examined in detail.

In modeling the CPP process, some initial parameters remain constant. Since
this is an open system, a gas pressure of one atmosphere is always assumed. In
most instances, the rate coefficients in the model are valid only in a temperature
range of 240 °K to 600 °K: therefore, simulations are limited to this range. The

parameters that can be varied are light intensity, gas mixture and energy deposition.

3.2 Experimental Verification

An experimental model of the CPP process has been constructed'. The initial
and final denstties (in parts per million) of SO, are measured yielding a removal
percentage. The by-products frem CPP processing of SO, were not measured

experimentally. The initial mixture, temperature, and pressure of the gas are

' The experimental work in the development of the CPP process is being done by
Mark Rood and Moo Been Chang of the Department of Civil Engineering, University of
linois at Urbana-Champaign.



measured for these experiments and are used as initial conditions in computer
simulations. Since the total energy depaosition is not accurately known for the
experimental model, the computer model is normalized by varying the amount of
energy deposition to obtain results comparable to experimental results.

In the experimental model, the initial density of SO, is varied and the fractional
amount of SO, removed is measured for each case. The gas mixiure in each case is
N,/O,/H,0 = 77/21/2. The gas temperature is 300 %K. The computer model is
normalized to the experimental model for an initial SO, density of 1000 ppm. The
removal percentages of SO, as a function of the initial density of SO, are shown in
Table 3.1. Results from computer simulations closely match the experimental results
for initial SO, densities of 1000 and 2000 ppm. The computer simulation shows
smaller fractional removal than is achieved experimentally when the initial density of

S0, is reduced to 500 ppm.

Table 3.1 Fractional removal of SO, as a function of initial SO, denstty.

Initial SO, Density

(parts per million)

Percent Removal

Experimental Resuits

Percent Removal

Computer Results

2000 22% 24%
1000 30% 30%
500 54% 42%
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Cases are compared in which the residence time in the experimental reaction
chamber is reduced from 5 seconds to 2.5 s. The initial SO, density is 1000 ppm in
a gas mixture of N,/O,/H,0 = 77/21/2 at a gas temperature of 300 °K. The
computer model is normalized for a residence time of 5 s by determining the even
number of pulses needed to obtain the same fractional removal as is achieved with
the experimental processing. A second simulation is made using half this number of
pulses. This second simulation corresponds to a residence time of 25 s in the
reaction chamber. The results are shown in Table 3.2. For a residence time of 2.5 s,
a higher fractional removal is obtained for the computer simulation than is observed

experimentally.

Table 3.2 Fractional removal of SO, as a function of time.

Time Percent Removal Percent Removal
(seconds) Experimental Results Computer Results

5.0 30% 30%

2.5 12% 15%

A series of six experiments is performed in which the initial density of SO, is
constant (1000 ppm) and the oxygen fraction of the gas mixture is varied (0, 3, 5, 10,

15 and 21%). The water fraction remains constant at 2%. The remainder of the gas
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mixture is nitrogen. The gas temperature is 300 °K. A corresponding series of six
simulations are computed. The computer model is normalized using an initial oxygen
content of 21%. The resulting SO, fractions of removal for both the experimental and
the computer models are shown in Figure 3.1. As the fractional amount of O, is
increased, the fractional removal of SO, increases. Except for the case in which no
oxygen is present, the computer results are very close to those for the experiment.
The experimental model has a plasma excitation rate of 120 Hz. The gas
remains in the reaction chamber from 2.5t0 5 s. Thus, between 300 and 600
discharge pulses are used to process the gas. ltis not feasible to simulate this
number of pulses with the computer model. Six pulses or less can be simulated
easily without using vast amounts of computational time. A comparison of the
density of SO, using one, two, four, six and eight pulses is shown in Figure 3.2. In
each case, the total energy deposited is 130 md-cm3. The initial density of SO,
(1000 ppm) is the same. The total removal of SO, increases as the number of
pulses increases up to a maximum of six pulses. The energy depaosited per pulse
decreases as the number of pulses increases. Increasing the number of pulses
beyond six yields a decrease in the fractional amount of SO, removal because the
energy deposition per pulse is t00 small to achieve maximum removal. Since the
energy deposition for the experimental model is not accurately known, the computer
model can be normalized by an energy deposition which yields the same fractional
remaval as that obtained experimentally. A small number of pulses with maximum

efficiency of removal need to be used for computer simulation. The computationa



18

time required is approximately the same per pulse. A compromise between the
amount of computational time used and the number of pulses needed for experimen-
tally comparable results must be reached.

The comparison of the computed and experimental results from these three
series verifies that the computer model contains all the essential elements to
accurately simulate CPP in the case of SO, removal. These results also show that a
close approximation of the actual results may be obtained from a computer
simulation without using large amounts of computer resources to perform additional

iterations.

3.3 Primary Reaction Pathways

Using the computer model, an analysis of the processes causing production
and depletion of the important species contained in the model can be done. The
major reaction pathways for OH, O;, SO, NO and NO, are identified. This analysis
can be used in determining the optimum conditions for removal of SO, and NO..

Combined plasma photolysis is based on the efficient production of the
nydroxyl radical (OH) which is important in the formation of sulfuric and nitric acid
from SO, and NO,. The dominant reaction sequence in the production of this radical
is shown in Figure 3.3. A typical trace of the OH density during and after a
discharge pulse is shown in Figure 3.4. The initial high density peak of the hydroxyl
radical in the region labeled I is formed by direct electron impact with water.

Depletion of the radical density occurs by OH reacting primarily with SO generating
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SO,. A second peak in region I results from the reaction of H,O with O('D). After
the discharge pulse is over, depletion of the hydroxyl density in region I continues
by reaction of OH with SO, and NO, to form sulfuric acid and nitric acid. The
depletion of the hydroxyl density can be slowed by formation of OH from H,O
reacting with O('D) created by photolysis of ozone. The efficiency of the hydroxy!
radical production is decreased by (1) quenching of O('D) by a molecule other than
H,O, (2) interception of oxygen atoms before the formation of ozone, and (3)
quenching of N,(A) by molecules other than O,. Cases two and three are of special
concern if optical processing is to be used.

The photolysis of ozone will continue the generation of O('D) after the
discharge pulse ends. Without photolysis, ozone is a fairly inert by-product of the
plasma processing. Ozone is not the only species sensitive to 254 M light in this
model: however, ozone does have the largest optical absorption cross section®.

The reaction sequence producing ozone and some of the species with which ozone
reacts is shown in Figure 3.5. It is apparent from examining a typical trace of the
ozone density as shown in Figure 3.6 that ozone is primarily a terminal product
unless photolysis occurs. The initial peak in density is produced by reaction of
oxygen atoms with molecular oxygen. The ground state oxygen atom is formed by
quenching of an excited oxygen atom or by the dissociation of molecular oxygen by

reaction with N,(A). The small fraction of the ozone that reacts with other species is

2 These species and their optical cross sections at 254 nm are listed in the
Appendix.
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offset by a continued small production of ozone. if optical processing is not used, a
steady-state ozone density is achieved. When photolysis is used, the ozone density
is rapidly reduced and the desired O('D) atom is produced.

The primary reaction sequence in the depletion and production of SO, is
shown in Figure 3.7. Typical traces of the density of SO, during and after a
discharge pulse are shown in Figure 3.8. In this example, SO, removal is shown for
two standard gas mixtures. One mixture contains only N, O,, and HEO, while the
second mixture adds CO,. Both mixtures have the same initial density of SO, (1000
ppm). The initial removal shown in region Toccurs by direct reaction of SO, with
N,(A) forming primarily the SO radical. The gas mixture containing CO, shows less
initial removal. There is a smaller percentage of nitrogen in the mixture containing
CO,, and less N.(A) is formed and used in the removal process. The SO radical
quickly oxidizes to form primarily SQ,. Other products of this oxidation such as
HSO, react to form H,SO,. A steady removal of SO, continues to occur in regionTL
by reaction of SO, with OH and HO, radicals and with H,0. Although many
intermediate products can be formed, the terminal species in this sequence is H.SO,.

with both nitrogen and oxygen having large mole fractions, the formation of
NO, occurs during plasma processing. Nitrogen oxides (NO ) refer to NO, NO,, and
NO,. Only NO and NO, are formed in appreciable guantities. The primary
production sequence for NO, is shown in Figure 3.9. Nitric oxide (NO) is formed
from either excited or ground state atomic nitrogen reacting with oxygen in its atomic

or molecular state, ozone or the hydroxyl radical (HO,). Although NO is quickly
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formed, it rapidly reacts with a number of species to form NO,. There is some
conversion of NO, back to NO but this process proceeds at a smaller rate compared
to the forward reactions. Regardless of whether optical processing is used, a peak
in the density of NO is quickly formed. From this peak value, the density of NO
decreases. Two typical traces of NO density during and after a discharge pulse are
shown in Figure 3.10. The decrease in the density of NO is much more rapid in the
case in which illumination is used.

Once the NO, molecule is formed, a number of conversion and reformation
sequences occur (see Figure 3.11). There is some conversion of NO, to NO but the
formation of NO, from NO is the dominant process. The nitrate radical (NO,) is
formed from NO,. It also reacts with several species including itself to form NO, or
1o form other intermediate species which primarily convert to NO,, which will
ultimately form nitric acid (HNO;) by reacting with OH. However, this acid is sensitive
to illumination at 254 nm, which is the wavelength used in CPP, and dissociates to
produce NO.. Fortunately, the optical absorption Cross section for HNO; at 254 nm
is fairly small (1.8<107%° cm?). The density of NO, with and without optical
processing is shown in Figure 3.12. Using illumination, NO forms NO, rapidiy and a
steady-state is reached. Without using illumination, a steady-state density level takes

longer to achieve and is ultimately at a higher value than with the use of illumination.
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3.4 Energy Deposition

The manner and amount of the energy deposition have a large effect on the
total amount of SO, removed and also on the efficiency of removal {amount removed
per energy depaosited per volume). Density traces of SO, are shown in Figure 3.13
tor four values of energy deposition. The plasma excitation rate is 120 Hz. As the
energy deposition per pulse is increased, the total removal increases. The fractional
removal for the smallest energy deposition per pulse (17 mJ-cm*/pulse) is 24.7%.
This fractional removal increases to 31 4% for an energy deposition of
22 md-cm3/pulse. For an energy deposition of 27 mJ-cm >/pulse, the fractional
removal is 38.9%. This fractional removal increases to 44.8% for the largest energy
depoanonshown(33rnJcanpume) TmstmﬂmiocmﬂsLmderaﬂseﬁsofMle
conditions studied. A greater amount of energy deposition yields a larger fracticnal
amount of SO, removal.

The efficiency of removal of the CPP process is examined in two ways. The
SO, efficiency of removal is the amount of SO, removed per energy deposited per
volume of gas. The total efficiency of removal is the amount of SO, removed
combined with the amount of production cr removal of other species per unit of
energy deposited per volume of gas. The other species considered in this efficiency
are NO, NO,, NO;, SO, and SO,. f SO, is removed and any of these species are
produced, the elimination of unwanted species from the gas stream has not

occurred.
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Both the SO, efficiency of removal and the total efficiency of removal do not
continue to increase as more energy is deposited. For this series of cases, the
removal efficiencies increase slowly and a maximum is reached at 27 mdJ-cm3/pulse.
The SO, removal efficiency is 3640 ppb/mJ-cm'3 while the total removal efficiency is
3480 ppb/mJ-cm'3. (The units of ppb are parts per billion.) Increasing the
deposition to 33 mJ-cm 3/pulse decreases the SO, removal efficiency to 3410
ppb/mJ-cm‘3 and the total removal efficiency to 3250 ppb/mJ-cm's. By increasing
the amount of energy deposited per pulse, more SO, is actually removed from the
gas but the efficiency of this removal reaches a maximum and then decreases
rapidly.

Another comparison of energy deposition is shown in Figure 3.14. Two
amounts of total energy deposition (60 mdJ-cm™ and 100 mJ-cm™>) are shown. For
each amount of total energy, two types of deposition are considered: (1) total energy
deposited in one pulse and (2) energy deposited in four pulses. The first pulse in
each case demonstrates again that the larger the amount of energy deposition, the
greater the fractional amount of SO, removal. For each total amount of energy
deposition, more SO, removal occurs for the four-pulse example than for the one-
pulse case. The percentage of SO, remaval for the 60 mdJ-cm™> cases increases
slightly from 19.3% for one-pulse deposition to 20.1% for a four-pulse deposition.
Increasing the total energy deposition to 100 mdJ-cm™® yields a percentage of SO,
removal of 25.6% for deposition in one pulse which increases to 36.4% for deposition

in four pulses. Depositing the energy in four pulses as opposed to one pulse yields
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an increase of 4% for the 60 md-cm™> cases and an increase of 30% SO, removal for
the 100 mJ-cm™> cases. The fractional removal of SO, for a given energy deposition
increases if the energy is deposited in a number of small pulses rather than one high
energy pulse.

The efficiency of removal also increases if the energy is deposited in a series
of small pulses rather than one high energy deposition. The initial conditions (gas
mixture, temperature, and SO, density) are the same in these cases as for the cases
used to show the effects of an increased energy deposition per pulse. The case of
100 mJ-cm™> deposited in four pulses is near the maximum removal efficiency for the
conditions used. Thus, the 30% increase in the SO, removal is close to the
maximum value. If larger amounts of total energy are used, both the increase in the

SO, fractional remaval and the efficiency of SO, removal will gradually decline.

3.5 Optical Processing

Using optical processing in addition to plasma processing is the unique
teature of CPP. The continued production of the hydroxyl radical from the o('D)
atom generated by photolysis of ozone enhances the removal of SO, and NO,. The
effects of optical processing are examined in several ways with the computer model.
A comparison is made between the dark case (plasma processing only) and the light
case (plasma and optical processing). The intensity of the light can be varied. The

time period of illumination is also studied.
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The densities of SO,, NO and NO, as a function of time under five different
light intensities during and after the first pulse of a 120 Hz excitation are shown in
Figures 3.15 through 3.17. The energy deposition is the same in all cases; therefore,
the effect of the plasma processing is the same. Thus the effects of optical
processing can be differentiated. Even with a minimum intensity of light (5 W-cm™?),
the fractional removal of SO, is increased over the dark case. This increase is from
8.7% for the dark case to 12.1% using an intensity of 5 W-cm™2. The fractional
removal of SO, reaches a maximum of 16.5% using an intensity of 50 W-cm™2.
Increasing the intensity of the light to an amount greater than 50 W-cm™® does not
yield a greater fractional removal of SO,. Since the energy deposition is the same in
all cases, the SO, removal efficiency also reaches a maximum at 50 W-cm™? and
does not change by increasing the light intensity. The density of NO reaches a peak
and slowly decreases in the dark case, but reaches this same maximum value and
decreases more rapidly with increasing intensity of light. With a 120 Hz excitation
rate, the maximum decrease in the density of NO is obtained again using an intensity
of 50 W-cm’2. Increasing the intensity of light does not yield a further decrease in
the density of NO. The production of NO, reaches a steady-state level with
illumination whereas production continues unimpeded in the dark case. The steady-
state density level of NO, is smallest when using an intensity of 50 W-cm 2.
Increasing the intensity of light above 50 W-cm2 increases the dissociation of HNO;,
N,O, and HO,NO, by light. Nitrogen dioxide (NO,) is a product of these dissocia-

tions. The total efficiency for an initial SO, concentration of 1000 ppm reaches a
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maximum using an intensity of 50 W-cm2. Increasing the intensity of light to 100 W-
cm2 decreases the total efficiency. The total efficiency continues to decrease as the
intensity of light increases due to the increased dissociation of HNO;, N,O, and
HO,NO,.

Calculation can be made of the minimum light intensity necessary S0 that the
primary use of the photons will be dissociation of ozone into O, and O('D). To
calculate the minimum amount of UV light that is necessary, a generic case is
considered. A maximum density is assumed for ozone. A maximum density of each

species for all reactions in which ozone is a reactant is determined. These reactions

are
NO + O, 0 + O, NO, + O,
H+ O, OH + O, NO,” + O;,
N + O, HO, + O;, SO + O,

The maximum density of each species multiplied by the rate constant of that reaction
generates an effective rate for each reaction. A total effective rate is the sum of the
offective rates of the indicated reactions. The photolysis reaction is hv + O;. Using
again the maximum 0zone density and the absorption rate coefficient for ozone, the
rate of photolysis is calculated. Equating the total effective rate with the rate of
photolysis and solving for hv give an intensity of 20 W-cm™2. At this intensity, the
dissociation of ozone to 0o('D) and O, by ultraviolet photons will equal the
consumption of ozone in other pProcesses. Calculations for several specific cases

were performed. In all cases, the minimum light intensity needed is approximately 20
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W-cm™2. For the dissociation process to be effective, this intensity must be
exceeded. An intensity of 50 W-cm™2 obtains the maximum efficiency, and further
increases in the intensity do not yield increased fractional removal but do yield a
decrease in the total efficiency of removal.

The length of time in which light is used during and after a discharge pulse
affects the fractional removal of SO, and also the efficiency of removal. The densities
of O; and SO, during and after the first pulse of a 120 Hz excitation are shown in
Figure 3.18. In all cases the intensity of light is 50 W-cm2. The time periods of
ilumination are 1, 3, 5, and 7 ms. These time periods are compared to those for the
dark case. After the discharge pulse, the density of O, is at a steady-state level
unless there is illumination. Once the light is removed, the density of O, remains at
essentially the same level. After plasma processing is completed, SO, is removed
only with ilumination. The removal of SO, ceases once the light is removed. A light
period of more than 5 ms does not appreciably increase the fractional removal of
SO,. The SO, removal efficiency also increases proportionally to the fractional
removal increase. The same amount of energy for plasma processing is used in
each case. Again, a time period of more than 5 ms does not appreciably increase
the SO, remaval efficiency. The total efficiency continues to increase by increasing
the time of light use. The use of light reduces the amount of other unwanted species
produced, and this reduction continues as long as there is illumination. Therefore, it
only the removal of SO, is considered, the light can be puised. For maximum total

removal efficiency, the light source needs to be on continuously.
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3.6 Gas Temperature

Gas temperature dependences of reaction rates for the plasma chemistry for
the range 240 to 600 °K are included in the reaction scheme (see the Appendix). [f
the temperature dependence of a specific reaction is not known, a "generic"
dependence is used. For two-body reactions the dependence is [Tgm/:?.(}(.)]“'S to
reflect the increase in collision frequency. For three-body reactions, dependence is
[TgaS/SOO]"'S. The dependence for ion-ion recombination is [TQQSISOO]'O'S. For
electron-ion recombination, the dependence on electron temperature is TE‘O'S.

The effect of initial gas temperature on the CPP process is shown in Figure
3.19. In both cases, the initial SO, density is 1000 ppm and the gas mixture is
N,/O,/H,0 = 84/6/10. The initial gas temperatures are 410 °K and 500 °K. Densities
are normalized to take into account the change in initial density with temperature.
The fractional remaval of SO, with an initial gas temperature of 410 °K is 61.5%.
When the initial gas temperature is increased to 500 °K, the fractional removal of SO,
increases to 69.5%. The efficiency of removal is also increased by increasing the
initial gas temperature. The SO, efficiency is increased by 14.7%. The total
efficiency of removal increases by 17.0%. This increased SO, removal results from
changes in reaction rate coefficients involving the hydroxyl radical. As the gas
temperature increases, the rate coefficients of reactions in the removal sequence

involving the OH radical and the SO, molecule increase and become more important.

Thus the removal of SO, is greater and more efficient at higher gas temperatures.
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3.7 Gas Mixtures

The effect of the gas mixture on removal is examined by varying the fractions
of H,0, CO, and O, in the mixture. When varying H,O from a mole fraction of 0.05
to 0.15, a very slight increase in the fractional removal of SO, for an initial density of
1000 ppm from 10.5% to 10.8% is obtained (N,/O,/H,0 = 88.7/6.3/5.0; = 84/6/10.0;
= 79.3/5.7/15.0). The SO, removal efficiency and the total removal efficiency both
reach a maximum at a mole fraction of H,0 of 0.10. In the case in which the mole
fraction of H,O is 0.05, not enough H,0 is present in the gas mixture to create the
maximum amount of OH radicals necessary for the amount of energy deposited in
the gas. In the case of a mole fraction of H,0 of 0.15, not enough O, is present in
the gas mixture to effectively use the additional amount of H,O. A balance between
the amount of O, and H,0 present in the gas mixture must be maintained for
efficient removal.

Upon adding CO, to the gas mixture and varying the mole fraction of water
from 0.10 to 0.20, the fractional removal of SO, for an initial SO, density of 1000 ppm
increases from 8.7% to 15.4% (N,/O,/H,0/CO, = 72.0/6.0/10.0/12.0; = 68.0/5.7/15.0
/11.3; = 64.0/5.3/20.0/10.7). The removal of SO, during and after the first pulse of a
190 Hz excitation is shown in Figure 3.20. The removal efficiencies dc not continue
to increase with an increasing mole fraction of H,0. The SO, removal efficiency and
the total efficiency are the greatest with a mole fraction of H,0 of 0.15. These
officiencies decrease by 26.4% and 28.1%, respectively, when the mole fraction of

H,O is increased to 0.20. These efficiencies show less deciine (25.5% and 25.1%)
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when decreasing the mole fraction of H,O from 0.15 to 0.10. With a H,O mole
fraction of 0.10, there is not enough water in the mixture to generate the amount of
OH radicals necessary for maximum efficient removal of the SO, and NO, and
conversion to H,SO, and HNG;, respectively. In the case of a mole fraction of 0.20,
enough water is present but the amount of O, in the gas mixture becomes the
limiting factor. The mole fraction of water necessary for maximum efficiency of
removal is greater with CO, in the gas mixture.

The addition of CO, to the gas mixture decreases the fractional removal of
S0, but inhibits the generation of NO,. The density of SO, as a function of time
during the first millisecond of the first pulse of a 120 Hz excitation in two different gas
mixtures, one containing CO,, is shown in Figure 3.21. The initial density of SO, in
each mixture is 1000 ppm. More SO, is removed during the plasma processing
phase without CO, in the gas mixture. One of the primary SO, removal reactions is
the formation of SO from reaction with N,(A). With a larger fraction of N, in the gas
mixture, more N,(A) is produced and available for reaction. The fractional removal of
SO, is 10.7% which decreases to 8.7% upon adding CO, to the gas mixture. The
addition of CO, decreases the fractional removal by almost 19%. However, the total
efficiency decreases by only 13%. With the addition of CO, to the gas mixture, less
NO, is generated (380 ppb/m..l-cm"’ for the case with CO, compared to 280 ppb/mJ-
cm™® with CO, added to the gas mixture). This decrease in the amount of NO,
produced is due in part to the smaller fraction of N, present in the gas mixture. 1t is

caused also by carbon compounds reacting with the precursors of NO,.
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The importance of oxygen in the removal process is shown by increasing the
0, fraction of the gas mixture from 0% to 21%. The fractional removal of SO,
increases from 1.8% to 20%. The water fraction remains constant at 2% in all cases.
The density of SO, as a function of time and mole fraction of O, in the gas mixture
during the first 100 xs of the first discharge pulse is shown in Figure 3.22. Asthe
mole fraction of O, is increased, the amount of NO, generated also increases from
less than 1 ppb/mJ-cm'3 to 260 ppb/mJ-cm'3. There are two maximums in the
efficiencies of removal. The first occurs when the fraction of O, is 3% of the gas
mixture. The second maximum occurs with a mole fraction of 0.10. The first
maximum occurs because a large fraction of the SO, is removed by reaction with
N,(A). However, there is such a small amount of oxygen in the gas mixture that
almost no NO_ is produced (20 ppb/mJ-cm?). The efficiency decreases after the
second maximum at a mole fraction of 0.10 because of a lack of water in the gas
mixture; thus, an insufficient amount of OH radicals is generated in order to achieve
maximum removal efficiency. For maximum effect, a balance between the amount of
oxygen and water must be maintained. Both water and oxygen are necessary for

the efficient removal of SO, and NO..

3.7 Generation and Removal of Nitrogen Oxides
The conditions of CPP processing affect the generation of NO,. The addition
of CO, to a gas mixture of N,/O,/H,0 inhibits the production of NO_. Increasing the

mole fraction of O, in the gas mixture increases the amount of NO, which is
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generated. Optical processing inhibits the generation of and partially removes NO,
from the gas mixture. The greater the energy deposition during plasma processing,
the greater the production of NO,. Increasing the gas temperature decreases the
production of NO..

If NO, is initially present in the gas mixture, the fractional removal of 8O, is
greatly reduced. This is shown in Figure 3.23. For an initial SO, density of 1000
ppm, the fractional removal of SO, without an initial density of NO_ is 34.5%. This
fractional removal reduces to 11.1% if an initial density of 1000 ppm of NO, is
present. The SO, removal efficiency likewise reduces. The case in which no initial
NO, is present has a generation of NO, of 940 ppb/mJ—cm"’, while the case in which
1000 ppm of NO, is initially present has a total NO, reduction of 1470 ppb/md-cm.
Thus, although the SO, removal efficiency decreases by 68% having an initial density
of 1000 ppm of NO_, the total removal efficiency only decreases by 28%. The
densities of NO and NO, are shown in Figure 3.24. If initial densities of 500 ppm of
NO and 500 ppm of NO, are present when CPP processing starts, the density of
NO increases slightly while the density of NO, gradually reduces. Conditions such
as the addition of optical processing can be established so that both the densities of
NO and NO, are reduced. While the fractional removal of SO, is decreased by the
addition of an initial concentration of NO,, the total removal efficiency can be
increased by using the removal conditions that inhibit the generation and enhance

the removal of all species of NO,.
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Figure 3.1 The tractional amount of SO, removal (initial density is 1000 ppm). The
fractional amount of oxygen in the gas mixture is varied. Experimental
results and computer resuits are plotted. As the fractional amount of
oxygen in the gas mixture is increased, the fractional removal of SO,
increases.
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Figure 3.3 The primary reaction pathway in the production of the OH radical.
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Figure 3.4  The density of OH during and after a discharge pulse. The initial
density of the SO, is 1000 ppm. The gas mixture is N,/O,/H,0 =
84/6/10. Light intensity is 500 W/em?. The initial density peak in Region
T results from direct electron impact with H,O. Depletion of the radical
ocecurs primarily from oxidation of SO. In Region TLfurther production
occurs from reaction of H,O with O('D). Twa competing processes are
in Region L Production of the OH radical occurs from the reaction of
H,0O with O('D) created from photolysis of ozone. The depletion of this
radical is by reaction with any number of species in the plasma,
preferably SO, and NO,.
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Figure 3.5  The primary reactions involving 0zone. The only reaction rate of any
magnitude involving 0zone as a2 source term is Oy + hv forming O('D).

The other reaction rates are small in comparison.

1‘016‘
| 1 1 \ 1 I 1

15
10

14
10

[0,] (em™)

11 With photolysis

12 l. | 1 | | | { |
10 ¢ 1 2 3 4 5 6 7 8 3

TIME (ms)
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Figure 3.7  The primary reaction sequences in the depletion and production of
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Figure 3.8  The density of SO, during and after a discharge pulse. The initial
density is 1000 ppm. The initial depletion (RegionT) is primarily due to
reaction with N,{A) forming the SO radical. This radical guickly oxidizes
to form several products including SO, (RegionT). SO, removal
continues (Region I} by reaction with OH, HO,, and H,0.
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Figure 3.14 The density of SO, as a function of time using two different total energy
depositions and two different types of energy depositions. The gas
mixture is N/O,/H0 = g4/6/10. The initial density of SO, is 1000 ppm.
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Figure 3.18 The densities of O5 and SO, as a function of time using five diffggent
periods of light (0, 1,8, 8. 7 ms). The light intensity is 50 W-cm™® in all
cases. The gas mixture is N,/O,/H,0/CO, = 72/6/10/12.
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Figure 3.19 The normalized density of SO, as a function of time using two different
initial gas temperatures (410 °K and 500 °K). Initial SO, density is 1000
ppm in each case. Gas mixture is _NZ/OZ/HZO = 84/6/10.
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Figure 3.20 The density of SO, as a function of time and mole fraction of water in
the gas mixture. The gas mixtures are szoaszO/CC)z = 72.0/6.0/
10.012.0, = 68.0/5.7/156.0 H1d = 84.0{5.3/2&0/10.7. The initial density
of SO, is 1000 ppm.
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4. CONCLUSIONS

A comparison of results from the experimental setup with those results obtained
by computer simulation verifies that the computer model accurately simulates the cPe
process. Computer simulations of CPP can be used to predict removal results given
a set of initial conditions or to optimize removal results based on initial gas composi-
tions. The primary reaction pathways of the major species can be examined in detail.
The manner and amount of energy deposition are extremely important. A larger
fractional amount of SO, is removed as more energy is used. However, the S0,
removal efficiency and the total removal efficiency are increased if the energy is
deposited in a series of small pulses rather than in one high energy pulse.

Optical processing increases the fractional amount of SO, removal, the SO,
removal efficiency and the total removal efficiency.  An optimum intensity can be
calculated. Given a time period based on a 120 Hz excitation, increasing the intensity
of light beyond the optimum intensity will not increase the fractional removal of SO, and
will decrease the total removal efficiency.

As the gas temperature is increased, the fractional amount of SO, removal
increases. Also, both removal officiencies are enhanced by increasing the gas
temperature in the range investigated.

The gas mixture in which CPP processing Occurs affects the fractional amount
of SO, removal and also the removal efficiencies. Addition of CO, to the gas mixture

decreases the fractional amount of SO, removal but inhibits the generation of NO,.
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Both oxygen and water are necessary for the efficient removal of SO, and NO, from the
flue gas. A delicate balance between the amounts of O, and H,O must be maintained
to establish an efficient process.

If NO, is initially present in the gas mixture, conditions must be established to
inhibit the generation of NO, and increase the removal of SO, and NO,. The conditions
which can be changed are gas mixture (including mole fractions of N,, Q,, H,0 and
CO,), gas temperature, energy deposition and conditions of optical processing.
Once the concentration levels of SO, and NO, have been determined and the
gas mixture defined for a given system, the optimurm parameters for removal may be
found. This may include simple changes t0 the existing system such as the addition of
water or other atmospheric species and the heating or cocling of the gas. The
utilization of commercially available equipment makes CPP attractive to industry.
Additional attractions are the low cost of construction and maintenance and the high
safety factor. Therefore, combined plasma photolysis (CPP) is a practical and realistic

method for the removal of SO, and NO, from flue gases.
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