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CHAPTER I

INTRODUCTION

PROBLEM

The Oklahoma City Air Logistics Center performs surface coating operations for
aircraft in paint booths at Tinker Air Force Base (TAFB). The solvent used to
dissolve the aircraft paint contains Volatile Organic Compounds (VOC) and
because of the no discharge emission standards regulated by Environmental
Protection Agency (EPA) the use of these paints is prohibited. For the present
project, toluene was chosen as a representative VOC because it is safe and easy

to handle.

The process of surface coating is not continuous and is of short duration; thus,
TAFB needs a technology with an instant-on / instant-off capability. Previous
research conducted at Oklahoma State University indicated the potential of
Dielectric-Barrier-Discharge (DBD) plasma reactors to remove VOCs from the air
streams. Experiments were carried out to determine the removal efficiency of a

plasma reactor and the scale-up of the reactor to a pilot scale.



PLASMA TECHNOLOGY

The removal of gaseous pollutants using electric discharge is a hew technique.
The first report on the chemical effect of an electrical discharge was published in
the 18™ century (1796); a German research group discovered that hydrocarbons
were converted into an oil-like product when exposed to electric discharge.
Several studies were conducted on air pollution control using a DC or AC corona
discharge, but the removal efficiencies (percent of pollutant removed) calculated

for those studies were low.

Most of the research conducted previously at Oklahoma State University proved
that the DBD plasma reactor was effective in removing the gaseous pollutants
from the air stream. Piatt (1988) achieved 45 % methane removal efficiency.
Desai (1992) and Magunta (1995) achieved 90 % removal efficiency for H,S.
Carbon tetrachloride was removed from air at efficiency greater than 90 % by

Hurst (1993).

OBJECTIVES

In this project, the TRE of a tubular dielectric barrier discharge plasma reactor
was investigated under the fourth phase of a project for Tinker Air Force Base
(TAFB). The destruction or removal efficiency of the reactor is defined as the

percent removal of toluene from the air stream and is calculated by:



Toluene Removal Efficiency {

Inlet - Outlet
Inlet

} concentrati * 100  gquation 1-1

The objectives of this study were to determine:

the joint effect of number of reactor tubes, secondary voltage, and retention
time of toluene gas on the toluene removal efficiency (TRE) of the DBD
plasma reactor;

the effect of 30-50% relative humidity on the TRE of the DBD plasma reactor;
the effect of the toluene gas influent concentration on the TRE of the DBD
reactor;

the amount of ozone generated while carrying out toluene removal
experiments;

the possibility for the scale-up of the reactor to pilot-scale.

RESEARCH OUTLINE

Experimental System

The experimental system consisted of variable numbers of plasma reactor tubes

inside a plexiglass housing, an AC power supply, a step-up transformer, and

toluene gas feed tank (100 and 240 ppm).

Variables

number of reactor tubes;

secondary voltage (Refer to Figure 3-1);



. retention time of toluene;
. humidity of air entering the reactor and;

. toluene influent concentration.

Table 1-1 presents a range of operating parameters.

Table 1-1: Range of operating parameters

Operating Parameter Range
Number of tubes 2-8
Secondary Voltage 9600-14625 V
Retention time 1.6-4.6 s
Humidity 30-50 %
Toluene Concentration 100 and 240 ppmv




CHAPTER II

REVIEW OF LITERATURE

INTRODUCTION

Volatile Organic Compounds (VOCs) are chemicals that can vaporize at normal
temperature and pressure. VOCs can have short-term or long-term health
effects on human beings [Urashima and Chang, 2000]. Much research has been
carried out to remove or destroy VOCs since their health effects have been
observed in people living near industries and workers via emission of gases and
ground water contamination [Urashima and Chang, 2000]. VOCs are emitted
from a wide range of products such as pesticides, cleaning supplies, paint
strippers, permanent markers, photographic solutions, and office equipment
including copiers and printers. Exposure to VOCs may cause eye-throat
irritation, headaches, loss of coordination, and kidney damage. VOCs are
currently removed from air streams along with other pollutants such as acid
gases (S0y, NOy, and HClI etc.), toxic gases (Hg, dioxins etc.), radioactive gases
(I, Kr etc) by using one of the technologies described in later pages of this

section (Table 2-4) [Urashima and Chang, 2000].



STATE OF ART: PLASMA

A “Plasma is a collection of positively and negatively charged particles in an
otherwise neutral gas” [Eliasson and Kogelschatz, 1991]. Application of sufficient
electric field (> breakdown field) to a gas can lead to gas molecule ionization
and electrical conduction with the appearance of free energized electrons. The
energized electrons (1-20 eV, Kim 2004) have more kinetic energy as compared
to the rest of the gas molecules and drift toward the positive terminal. On their
way to the positive electrode they encounter other gas molecules and undergo
collisions thereby transferring some of their energy to the molecules and losing
some energy as photons. The collision leads to the formation of chemically
reactive species such as ions and electrons, and carries out other chemical and
physical processes inside the plasma. The emitted electrons are called
secondary electrons, which have more kinetic energy than the primary energized

electrons.

Plasma processes mainly involve electron-electron, radical initiation and
termination, excitation, ionization reactions that lead to the removal of gaseous
pollutants from the air. Along with the pollutant removal, this process also
generates other gases such as ozone. Chang and Urashima (2000) (refer to

Figure 2-1) described the various processes taking inside in a plasma process as:



FAST ELECTRONS /
MOLECULES

MOLECULE DISSOCIATION / IONIZATION /
EXCITATION / ELASTIC COLLISION

PLASMA ZONE

MONO-ENERGETIC SLOW
ELECTRONS / RADICALS/
IONS/ METASTABLES

MOLECULE DISSOCIATION / ATTACHMENT/

IONIZATION / EXCITATION / ASSOCIATION/

ION-MOLECULE RECATIONS/ DETACHMENT/
RECOMBINATION/ ELASTIC COLLISIONS

THERMAL ELECTRONS /
RADICALS/ IONS/
METASTABLES

MOLECULE DISSOCIATION / ATTACHMENT/
AEROSOL FORMATION / IONIZATION /
EXCITATION / ASSOCIATION/ ION-MOLECULE
RECATIONS/ DETACHMENT/ RECOMBINATION/

RADICALS/ ATOMS/
METASTABLES/ AEROSOLS

CLEAN AND REUSABLE GAS

'

AEROSOL SURFACE
RECATION/ AEROSOL
GROWTH/MOLECULE

FORMATIONS

AFTER GLOW
ZONE

DOWN-STREAM

Figure 2-1: Possible phenomenon occurring inside plasma initiated reaction by Chang and Urashima (2000)

Classification

A plasma can be classified by temperature. If all the ions, molecules and
electrons are in thermal equilibrium, the plasma is known as isothermal or
thermal plasma; whereas, if the energized electrons are at higher temperature

than the rest of the gas molecules, the plasma is known as a non-thermal (NTP)



or cold plasma. The most attractive feature of a NTP is that it is generated at

ambient conditions. This project is about the NTP reactors.

There are a variety of non-thermal plasma reactors classified on the basis of

power source used, reactor configuration, presence of dielectric, mode of

discharge etc. Some of them are described as follows [Eliasson and Kogelschatz,

1991]:

1. Corona discharge
Corona discharge occurs at very low pressure (1.0 bar) and if the operating
pressure is increased, the discharge becomes unstable and turns into a high-
current arc discharge. Non-homogeneous electrode geometries such as point
or plate electrode are used to stabilize the discharge. There are two types of
corona discharges, one is positive corona (occurs due to positive charges)
and other one is negative corona (occurs due to negative charges). Care
should be taken while applying the electric voltage to generate a corona,
because if it exceeds a certain value the corona can produce a spark.
Because of the operating conditions and smaller volume exposed to corona
action than the total discharge volume, this discharge is not used for
industrial applications. Corona is used where less excited species are
required such as an electrostatic precipitator or a copying machine.
Table 2-1 summarizes the characteristics of corona discharge [Eliasson and

Kogelschatz, 1991].



Table 2-1: Characteristics of a corona discharge [Eliasson and Kogelschatz, 1991]

Characteristics
Pressure 1 bar
Electric field 0.5-50 kV/cm
Reduced field 2-200 Td, variable
Electron energy 5eV, variable
Electron density 107" cm, variable
Degree of ionization Small, variable

2. Glow discharge

Glow discharge is generated when a high potential difference (10 V/cm) is
developed between the two flat electrodes immersed in a low pressure
environment (< 10 mbar) causes electrical breakdown of the gas. Due to the
high electron density and high electron energy, the process of excitation of the
neutral atoms or molecules is easy. Low current and voltage are required to
generate glow discharge, but because of low pressure and low mass flow, it can
not be used for industrial applications. Table 2-2 presents the characteristics of
a glow discharge plasma and the numbers are a rough indication of the

conditions required.

Table 2-2: Characteristics of a glow discharge [Eliasson and Kogelschatz, 1991]

Characteristics
Pressure < 10 mbar
Electric field 10 V/cm
Reduced field 50 Td
Electron energy 0.5-2 eV or 5000-20000 k
Electron density 10® - 10** cm™
Degree of ionization 10°-10°




3. Dielectric barrier discharge (DBD) [Eliasson and Kogelschatz, 1991]

DBD is a class of high-voltage gaseous discharge (0.1-100 V/cm) which occurs at
atmospheric pressure (1.0 bar). This type of discharge is also called silent
discharge. During breakdown, the reduced field corresponds to very high
electron energy (1-10 eV) which is sufficient to break bonds between chemical
molecules (Table 2-3). The most important feature of DBD or silent electric
discharge is the presence of a dielectric layer, which covers one or both the
electrodes. The dielectric is responsible for the proper functioning of the
discharge by performing two important tasks:

a. controls the charge transported by a micro discharge; and,

b. distributes the micro discharges over whole electrode area.

Table 2-3: Characteristics of a DBD [Eliasson and Kogelschatz, 1991]

Characteristics
Pressure 1 bar
Electric field 0.1-100 V/cm
Reduced field 1-500 Td
Electron energy 1-10 eV
Electron density 10 cm?
Degree of ionization 10

4. Microwave discharge [Eliasson and Kogelschatz, 1991]

Microwaves (0.3 to 10 GHz) induce plasma in this type of discharge. Microwave
discharge is generally produced in a resonant cavity or waveguide structure.
Usually a frequency of 2.45 GHz is used to generate plasma. Because of this

high frequency the generated plasma is far from the thermodynamic equilibrium.
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Though this kind of plasma is easy to operate, but it's not very useful industrially

because its applications are limited to elemental analysis and lasing media.

5. Radio frequency discharge [Eliasson and Kogelschatz, 1991]
Radio waves (2-60 MHz) can generate plasma. Due to the larger wavelength of
the electric field than the dimensions of the vessel, a homogeneous plasma is

produced. This type of plasma works at pressure less than or equal to 1 bar.

Plasma chemistry in a DBD reactor

DBD Plasma chemistry

In a DBD plasma generation, at least one of the electrodes is covered with a
dielectric material. A DBD plasma process requires alternating (AC) voltage for
the application because of the presence of the dielectric barrier, which is an
insulator for direct current (DC) voltages. Preferred materials for a dielectric
barrier are glass, silica glass, thin polymer layers or ceramic materials. The
electric field has to be very high to transport current through the gap. The
preferred working frequency for a DBD is about 10 MHz [Kogelschatz, 2002],
because at high frequency the dielectric is not an effective charge absorber. At
atmospheric pressure and a very high electric field (greater than the breakdown
voltage), a number of micro discharges are observed which are responsible for

the chemical reactions occurring in the gap.
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Micro discharge formation

When the electric field, applied to the gas, approaches the breakdown field of
the gas, a local ionization occurs in the discharge volume. The electrons quickly
ionize other atoms and molecules. These electrons produce a high space charge
and self-propagating streamers (current) are generated. A space charge is the
localized region of excess negative charge that occurs near a metal.

These streamers travel much faster than the electrons and upon reaching the
anode they are reflected back to the cathode and form a very thin “cathode fall
layer” [Kogelschatz, 2002]. In this situation, the current can flow only through
the conducting channels. Hence, the charge accumulates at the dielectric
surface leading to the reduction of electric field and therefore after some time
ionization and micro discharge flow stops.

In a DBD plasma, the energized electrons transfer their total energy to the
neighboring atoms and molecules of the gas in the discharge volume. The
dielectric limits the current flow through collisions. Thus, there is a greater risk
of spark or arc formation in the system. The characteristics of the micro
discharges depend on the gas properties, operating pressure and temperature,

properties of the dielectric and electrode geometry.

Micro discharge plasma chemistry

The chemical reactions in a plasma reactor are initiated by the ionic and the

excited species formed as a result of the electron collisions with the gas
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molecules and atoms. Each micro discharge acts like an individual plasma
reactor, where the chemical reactions take place. Energy dissipation and
discharge activity occur in the micro discharge volume. By increasing the applied
voltage, the density of micro discharges will increase, thus there is no change in
the characteristics of the micro discharges by scaling-up the reactor, which
requires higher voltage to be applied. The initial active species formation
process with respect to the energy consumed influences the efficiency of the
DBD plasma process. The active species formation depends on the available

area between the two electrodes and the reduced field [Kogelschatz, 2002].

Other Technologies

There are few technologies available currently that can remove VOC from the air
stream; namely, thermal incineration, adsorption, and biofilteration. A
comparison was made between various technologies to show that the NTP

technology is better than other technologies (Table 2-4).

Many technologies have been investigated for the removal of VOCs. Several
have proved to be less than successful due to high capital investment costs and
low efficiency. The choice of pollution control technology depends on many
factors such as [Urashima and Chang, 2000]:

« removal efficiency;

» energy efficiency of removal, (i.e.) effective energy input to fluid flow;
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« pressure drop of the devices;

» reusable material production rate;

« unwanted byproducts concentration;

« annual cost.
There are many methods available for large scale VOC removal including;
1. Thermal oxidation technology [Urashima and Chang, 2000]
This technology operates at very high temperatures (760-980°C) and requires
huge amounts of energy. The major disadvantage of this technology, apart from
the high energy requirement, is the generation of dioxins and furan at high
temperature. Thermal oxidation technology is not a very efficient in treating low
VOC concentration (< 1000 ppmv).
2. Thermal recuperative oxidation_[Urashima and Chang, 2000]
This technology also works at very high temperature, therefore operation cost is
very high and a heat exchanger is required before the exhaust gas is released
into the atmosphere. Thermal recuperative oxidation can remove 95 % of
toluene at 730-930°C operating temperature.
3. Catalytic oxidation_[Urashima and Chang, 2000]
This process requires catalyst, which works for a certain range of temperature
(250-400°C), and has disposal problems. Due to the short lifetime of catalyst,
catalyst replacement is required. Catalyst is selective to a certain type of VOC,

therefore many catalysts are required to treat mixed gas.
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4. Adsorption [Urashima and Chang, 2000]

The adsorbents such as activated carbon, zeolite are used to retain VOCs on
their surface. Adsorbents require regeneration and disposal regularly. The VOC
removal efficiency is 90% at low concentration but cost of operation is relatively
high.

5. Biofiltration [Urashima and Chang, 2000]

This technique requires a bed of active microorganism operating at a specific
temperature and humidity. Contaminated gas is allowed to pass through the bed
with long residence time, leading to a clean and odorless gas. The main
advantage of this technology is the low operating cost since bed replacement is
required every five to seven years. The disadvantage of biofiltration is the
requirement of large gas volume and longer residence time.

6. Membrane separation_[Urashima and Chang, 2000]

A semi permeable membrane is used to separate VOC from a waste gas stream.
This process requires high pressure and high flowrates for its operation.

7. UV oxidation_[Urashima and Chang, 2000]

Short wavelength ultraviolet with oxygen-based oxidants are used to oxidize the
VOC into carbon dioxide and water vapor in presence of UV light. Low pressure
glow discharges or high pressure non-thermal plasma are used to generate UV.
The major disadvantages are low efficiency and long residence time
requirements. Table 2-4 lists the advantages and disadvantages of the

technologies described above.
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Table 2-4: Convention technologies to remove VOCs [Urashima and Chang 2000]

COST
(OPERATING &
TECHNIQUES ADVANTAGE DISADVANTAGE CAPITAL
COSTS/GAS FLOW
RATE)
Thermal = 70 % of energy NO,, dioxins and Furan $15 to 124(m°/h)
incineration can be recovered production, high installation
Recuperative cost
Thermal = 95-98 % energy NO,, dioxins and Furan $30 to 370 (m%/h)
Incineration recovery is possible | production, high installation
Regenerative cost
Catalytic = 70% energy Deactivation with time, $30-200 (m>/h)
Oxidation recovery is possible, sensible to poisoning (by (fixed),
no dioxides and Pb, As, halogens, S), $20-60(m>/h)
Furan forms, much disposal of used catalyst (fluidized)
less energy than
thermal oxidizers
Adsorption Product recovery can | Pressure drop, sensitive to $25-117(m>/h)
offset annual- plugging & poisoning, (carbon based)
operating cost, can disposal of used adsorption
be used as a material
concentrator
Biofiltration Simple process, low Pressure drop, sensitive to $20-60(m°/h)
energy requirements, temperature changes,
completion VOC voluminous, unsuitable for
breakdown highly halogenated
compounds
Membrane Selective VOC Pressure drop, high gas Not available (N/A)
Separation removal pressure operation, strong
membrane dependence,
cleaning requirement
UV Oxidation Simple process, Window cleaning, efficiency N/A
complete VOC of UV lamps, residence time
breakdown limitations

The advantages of NTP technology over conventional technologies include:

« high energy density,

» high efficiency,

« controllable reactor atmosphere,

« small reactor size,

« small volume of off-gases,
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» lower capital investment in process equipment,
« efficiency, and

» No combustion products affecting the quality of products.

Plasma technology operates over a large range of gas flow conditions and
concentrations. Specifically, the NTP reactor works at ambient conditions, it has
high energy density, high energy efficiency, better heat transfer, and small
reactor size. All of these points make NTP an attractive technology for the

removal of VOCs from air.

INTERPRETATION OF THE CURRENT KNOWLEDGE

Hazardous effects of Toluene

Toluene (C;Hg) is a clear aromatic hydrocarbon, which is hardly soluble in water.
It is also known as methylbenzene or phenyl methane. Toluene is mainly used

as a solvent. The physical properties of toluene are listed in Table 2-5.

Table 2-5: Physical properties of toluene [OSHA]

Density and phase 0.8669 g/cm’, liquid
Solubility in water 0.053 g/100 mL (20-25°C)
Solubility in ethanol, acetone, hexane, Fully miscible
dichloromethane
Melting point —93°C (180 K)/(-135.4°F)
Boiling point 110.6°C (383.8 K)/ 231.08°F
Critical temperature 320°C (593 K)/ 608°F
Viscosity 0.590 cp at 20°C/ 68°F
Dipole moment 0.36D

Toluene is a common VOC and is hazardous to human beings, because it is less

soluble in water. Upon inhalation toluene can not exit the body, and has to be
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metabolized before excretion. In large doses, it can cause nausea. Long term
frequent inhalation can lead to irreversible brain damage. Toluene can also
enter the human body through contact with contaminated soil or drinking water.
According to OSHA standards, the Permissible Exposure Limit (PEL) of toluene
for eight hours is 100 ppm, (i.e.) 375 mg of toluene/ m> of air. The Short-Term
Exposure Limit (STEL) is 150 ppm for a period of 15 minutes. The maximum, or
ceiling limit is 500 ppm, which means the toluene concentration should never be

greater in a location where humans can be exposed.

Destruction of toluene [Urashima and Chang, 2000]

The radicals formed due to the collision of energetic electrons with the gas
molecules, carry out the destruction of toluene in the reactor. Figure 2-2 shows
the probable dissection sites after the electron impact. The first possible reaction
can be the removal of hydrogen, thereby rupturing the C-H bond (357 KJ/mol
bond energy). The second reaction can be the electron impact removal of
hydrogen from the aromatic ring which has higher bond energy (469 J/ mol). A
third possibility could be breakage of C-C bond (high bond energy, 420 J/mol),
with the formation of methane and benzene radicals. There can be one more

probability of dissociation of benzene ring into ethylene or butylene.
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Figure 2-2: Toluene destruction sites by corona torch [Urashima and Chang, 2000]

The reactions for the toluene destruction are as follow;

CeHs.CH3 + X™ — CgHs.CH,0 + X
where X* can be 0", Os%, N*, N,* and the rate of the reaction of the order of 10
19 cm3/s. Table 2-6 lists other conventionally known reactions of toluene

destruction.

Table 2-6: Plasmochemical reactions [Urashima and Chang, 2000]

Reactions Rate, cm3/s
Ce¢Hs.CH; *+ e — CgHs + CH; 10°f T
CgHs.CH; + O — CgHs.CH, + H 8.4*107
CeHs.CH; + O3 — CgHs.CHO, + H,0 1.5¥10%
CgHs.CH; + OH — C¢Hs.CH, + H,0 7.0%¥1013
CgHs.CH; + OH — CgHs.CH5.0H 5.2%10712

Where f is the frequency factor and T, is electron temperature.
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BYPRODUCTS FORMATION

Side reactions are possible during the destruction of volatile organic compounds
by the NTP process. These side reactions lead to the generation of byproducts
which can be organic or inorganic. Some of the inorganic products formed in a

non-thermal plasma process are O3, NO, NO;, N,O, and CO.

The generation of these products varies with the applied voltage [Yamamoto,
1997]. There are two methods suggested in the literature [Yamamoto, 1997] to
control the production of these byproducts. The first one is, by reducing the
operating voltage which will lower the volatile decomposition and the second
method is by controlling the contents of the background gas, for example by
controlling the oxygen concentration to minimize the NO, emission. Figure 2-3
shows that the concentration of generated ozone is a function of the applied
voltage. It first increases with an increase in voltage and then decreases with
further increase in voltage. A similar trend was observed by Oda 2003 using

different reactor geometry.
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Applied Voltage

Figure 2-3: The typical VOC decomposition and concentration of inorganic byproducts [Yamamoto, 1997].

PERFORMANCE EVALUATION

Kim et al. 2002 provides various models to calculate the energy efficiency of a
NTP reactor. They showed that the removal of NO is a function of specific
energy input (SIE) and with the increase in SIE the NO concentration decreased.

Based on this observation, they established a generic equation for NO removal,

[NOJ, —[NO]

Efficiency =5 =
[NOJ,

=1- eXp('kE * PSIE)

Equation 2-1

Where n is the removal efficiency of the reactor, [NO] and [NO], are outlet and
inlet concentrations of NO in ppm, P is the SIE in KJ/Nm®, and the energy
constant (ke) in Nm?/KJ, which is a function of parameters such as gas

temperature, and gas composition.
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SCALABILITY

Scale-up of a plasma reactor is a function of specific energy consumption, which
is calculated from input power divided by weight of treated gas. According to
Agnihotri (2003), there exists a scale-up parameter 3 (Joule/ liter) for pollutant
X, given by the equation;

X~ exp —P
[X 0] Q * ,3 Equation 2-2

Where P (Watt) is the power supplied to change the pollutant concentration from
[Xo] to [X]. Q (liters/second) is the flow rate of the air stream and B is the slope
of the plot between —P/Q and In ([Xo]/ [X]). The value of B for toluene as

calculated by Agnihotri is 99.0 J/L for a planer DBD reactor configuration.

To study the factors affecting the scale-up of the plasma reactor, the number of
reactor tubes was increased one by one until a decent glow of non-thermal
plasma was observed at the highest workable voltage. It was found that no
more than eight tubes could be used in the scale-up study. Independent
parameters were assumed to be affecting the scale-up of the plasma reactor,
and were determined using the Buckingham-pi method to develop dimensionless

numbers.

EFFECT OF HUMIDITY
Humidity is assumed to increase the removal efficiency of a plasma reactor

because of the presence of OH" radicals. To confirm this Yamashita et al. 1996
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tried to determine the effect of humidity on the TRE of the surface discharge
induced in a NTP reactor for CFC-113. But due to experimental errors, their

result is not reliable.

A similar study was done by Yu-fang et al. 2006 which showed that the removal
efficiency of toluene in a wire-plate DBD plasma reactor increased due to the
presence of 0.2 % H,0. Figure 2-4 shows the variation in the removal efficiency
of the plasma reactor with respect to the humidity at different energy density.
Figure 2-4 shows that the TRE first increases, and then decreases with an
increase in humidity. A similar trend was observed at different energy density
(J/L). Figure 2-4 also suggests that there is an optimum % humidity which gives
maximum removal efficiency. The decrease in the removal efficiency after the
optimum humidity may be a result of the presence of more OH" ion, which may

be responsible for other side reactions.
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Figure 2-4: Dependence of TRE on humidity [Yu-fang et al. 2006]
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CHAPTER III

METHODOLOGY

EXPERIMENTAL SYSTEM

Electrical system

As shown in Figure 3-1 an AC power supply was plugged into a wall outlet (120
V, 60 Hz) using a split extension cord. The primary side of a step-up transformer
derived its power from the AC power supply. One of the secondary sides of the
transformer was connected to the end of the inner solid-steel electrode of a
tubular plasma reactor and the other was connected approximately at the center
of the outer electrode of the plasma reactor; i.e. at the copper winding. All the
tubular reactors were connected in parallel to each other inside the casing using
stretched hose-clamps. Figure 3-2 gives a clear picture of the electrical system.
Power was measured at three locations in the circuit; (a) at the wall outlet, (b)
between AC power source and transformer, and (c) between transformer and the
quartz casing. A multimeter was used to record the voltage and current at all
three locations except for the voltage at the secondary location; which was

recorded using a Fluke multi-meter 23.
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Figure 3-1: Electric circuit, Power measurement locations

Figure 3-2: Experimental set-up, from left to right; AC power supply, Transformer, Plasma reactor

System geometry

Toluene gas of known concentration was fed to the tubular plasma reactor

through 34 inch stainless steel tubing. A flowmeter, a digital thermometer, and a
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pressure gauge were connected before and after the reactor to record the
flowrate, temperature and pressure of influent and effluent streams (shown in
Figure 3-3). T-intersections fitted on 34 inch metallic tubing were used to make
these connections. Sampling ports were located before and after the reactor to
draw the samples of influent and effluent streams. The inlet and outlet samples

of the gas were analyzed in a gas chromatograph (GC).

0

® > Od®Cc —O0

VR
_Ilgon

Figure 3-3: System geometry (1) Flow meter, (2) Pressure gauge, (3)
Digital Thermometer, (4) Sampling port, (5) Plasma reactor

~> o o

Humidity system

The zero-grade (dry) air was allowed to bubble through a series of three (1 liter)
Erlenmeyer flasks, partially filled with tap water, placed in a constant-
temperature water-bath at 20 °C (Figure 3-4 and 3-5). Before starting the
experiment, the influent gas was made approximately 30-50 % humid. A

humidity probe recorded the relative humidity in the system, which was placed
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inside a glass container sealed at the top with an inlet and outlet openings for

the effluent stream of the reactor whose humidity was to be measured.

Metallic
Tubing

Glass Bottles

o =~ N

oI =N e W

Water Level

Figure 3-4: Humidity system

Figure 3-5: A picture of humidity system
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EQUIPMENT SPECIFICATIONS

Plasma reactor

Depending on the operating conditions being evaluated, plasma was created in
one or more tube reactors. Each reactor was made of quartz glass which has a
low dielectric constant and low coefficient of thermal expansion. The reactor
tube consisted of a hollow glass tube with a steel rod placed coaxially inside the
tube (Figure 3-6, 3-7 and 3-8). Teflon spacers were used to prevent contact of
the glass tube with the metal electrode. Copper tape was wrapped around the
glass tube as an outer electrode and a coaxial steel rod was the inner electrode.
A toluene-air mixture was allowed to flow through the annulus between the inner
metallic-electrode and inner surface of the glass tube. G. D Holland, 2002 at
Oklahoma State University developed the specified tubular design (Table 3-1) for

the plasma reactor.

Table 3-1: Tubular reactor dimensions

Length of a copper rod 3.292 ft
Length of a quartz tube 4 ft
Diameter of a quartz tube 0.033 ft
Annular volume of a reactor 1.67 E-3 ft°

Copper wound outer

electrode
o Quartz glass

v\Steel rod

Fig 3-6: A tubular DBD plasma reactor
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Fig 3-7: Crossection of a tubular reactor
R = distance from the center of the steel rod to the inner surface of the glass tube.
d = difference in the radius of hollow glass tube and coaxial steel rod.

Figure 3-8: A picture of a tubular reactor

Multiple-tube reactor

The multiple-tube reactor consisted of a hollow Plexiglass cylinder casing and
two-end pieces to close the cylinder. The casing has holes at both ends. One or

more tubular plasma reactors were placed inside the hollow casing. A total of 26
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reactors could be placed inside the casing. To assemble the system, the reactor
tubes were inserted through the holes on both ends of the casing (Figure 3-9).
These holes were slightly bigger than the outer diameter of the reactor tube, and
were kept airtight using rubber O-rings. The tubes were electrically connected in
two locations; at one of the ends and at the center of the tubes using hose
clamps. With all the reactor tubes seated inside the casing, both the ends of the
casing were closed with the two end cap pieces. Contaminated gas entered
through one of the end cap pieces. The number of these tubular reactors inside
the casing was changed according to the experimental design. The ends of the
casing were closed using two Plexiglass lids, and cork gaskets and vacuum seal

grease was used to air-tighten both ends.

Figure 3-9: Quartz casing with two reactor tubes inside it
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AC Power source

A power source was used to regulate the power supplied to the step-up
transformer. A California instruments model 1001TC, series 850 T AC Power

Source (Figure 3-10) was used to control the primary voltage. This power supply

was plugged into a standard 120 V AC, 60 Hz standard wall plug.
=33 5.\

Figure 3-10: AC Power source

Transformer

A step-up transformer (Franceformer Model 15060P category 15060 and series
1205), was used to get the desired AC voltage. The transformer was capable of
producing 15000 V, 60 mA with 120 V, 60 Hz, 7.5 A on the primary side (Figure

3-11)
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. Figure 3-11: A transformer

Gas Chromatograph

An SRI 8160 C Gas Chromatograph (GC) was used to measure toluene
concentration in gaseous samples (Figure 3-12). The GC was connected to a
computer through software called Peak Simple. This software reported the
analysis of the gas samples. A Hamilton 1002 syringe (Figure 3-13) with a Luer
lock fitting and capacity of 2.5 ml was used to inject the sample into the GC's

inlet port. The operating specifications for the GC are provided in Table 3-2.

Table 3-2: GC operating specifications

Combustion gas Air (7 psig, 250 ml/min)
Combustion gas Hydrogen (25 ml/min)
Carrier gas Helium (4 psig, 10 ml/min)
Column temperature 70°C
Injector 70°C
FID temperature 375°C
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Figure 3-12: SRI Gas chromatographer

Figure 3-13: A Swagelok syringe

Temperature, flow rate and pressure drop measurement

Two Sunbeam digital probes, two Riteflow® flow meters and kits, and two
pressure gauges were used to measure the temperature, flow rates and pressure

of influent and effluent streams of the reactor. The flow meter was made of
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borosilicate glass tube with a stainless steel float inside the tube. Refer to
Figure 3-3 (system geometry) to understand the order of these measuring

devices into the system.

Humidity probe

A Cooper SRH77A digital instrument humidity-temperature probe was used to
measure the percent relative humidity in the experimental system. It was
connected after the flow meter measuring the effluent flow from the plasma
reactor. Figure 3-14 shows the humidity probe that was used in the present

experiment.

Figure 3-14: A humidity probe

Multi-meter
An Extech 380942 digital multi-meter (Figure 3-15) was used to measure the
voltage and root-mean-square current in the circuit. To measure the current

from the wall, the range selection on the meter was set on 4000 mA and to read
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primary current, the knob was set on 400 mA. The current readings were taken
by simply holding the clutch of the multimeter around the wire through which

current is flowing. The voltage was read on 400 V AC setting using the probes.

Figure 3-15: A multimeter

Fluke multi-meter 23

A Fluke multi-meter 23 (Figure 3-16) was used to read the voltage across a 100
ohm resistance connected on the secondary side of the transformer. By
measuring voltage across a known resistance, the current flowing through the

circuit can be determined by using Ohm’s law (Isec = Voltage / Resistance).
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Figure 3-16: A fluke meter

EXPERIMENTAL PLAN

GC Calibration Curve

Before each experiment was started, a calibration curve was prepared to allow
for calculation of the mass of toluene in a sample. Samples of known volume
(0.1, 0.2 up to 1.5 ml) were drawn from the exit end of the reactor and injected
into the GC. The mass of toluene in a sample was calculated and sample
calculations are shown in the Appendix. Peak Simple software was used to
report amounts of toluene injected in terms of peak area. The areas of the
peaks were plotted against the known mass of toluene. The calibration curve
determined the mass-detection limit of the GC, i.e. the minimum mass of toluene
that could be recognized by the GC. The detectable range was found to be 30-

600 nanograms.
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2% design
The experiments were planned keeping three variables in mind, and they were:

e Number of reactor tubes,

« Secondary voltage, and

» Retention time.
A 2 factorial design was followed to study the joint effects of the chosen
variables on the TRE of the reactor [Montgomery, 2001]. Because of limited
resources, a single replicate of the 2* design was used to design the
experiments. According to the method, 2* experiments are needed to account
for the joint effect of k variables on the response curve. Thus, for three
variables (2%) a minimum of eight experiments were required to be performed.
Two different values (high and low) for each variable were selected to show their
effects on the response. These values were selected based on the operating
limitations of the equipment and optimum range of values. In addition to the
chosen numbers for each variable, one more number was selected for the
experiments. This number was the mean of the chosen high and low numbers.

The selected values for all the variables are shown in Table 3-3.

Table 3-3: List of selected variables

Number of tubes | Secondary voltage, V | Retention time, seconds
2 9000 1.4
5 12000 2.7
8 14625 4.3
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Figure 3-17: 23 design represented by a cube [Montgomery, 2001]

23 factorial design can be understood by drawing a cube whose corners are
represented by 3 main variables and their combinations. Figure 3-17 shows that
Based on the 2 design, different combinations of the above values were

assigned as experimental conditions, and they are listed in Table 3-4.

Table 3-4: Experimental conditions

Experiment Reactor Actual Secondary Toluene Humidity,
Configuration, | Retention | Voltage, V | concentration, % RH
tubes Time, sec ppm
1 8 4.3 9000 100 0
2 8 4.3 14625 100 0
3 8 1.8 9000 100 0
4 8 1.8 14625 100 0
5 2 4.9% 9000 100 0
6 2 4.9% 14625 100 0
7 2 1.4%* 9000 100 0
8 2 1.4%* 14625 100 0
9 5 2.7 12000 100 0
10 5 2.7 12000 100 0
11 5 2.7 12000 100 0

* These values were changed according to the readable range of flow meter.
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Variation of concentration

After the completion of first eleven experiments (as described above) the
concentration of toluene was changed to 240 ppm. The other variables were
chosen from the results of the first eleven experiments. The experiments, which
gave the best TRE, were repeated with different toluene concentration (240
ppm). Three experiments were performed to determine the effect of change in

toluene concentration. Refer to Table 3-5 for the experimental conditions.

Table 3-5: Experimental conditions for concentration experiments
Experiments Reactor Retention Secondary Toluene Humidity, %
configuration, time, sec voltage, V concentration, RH
# tubes ppm
12 2 4.9 14625 240 0
13 5 2.7 12000 240 0
14 8 4.3 14625 240 0

Variation of humidity

The humidity of the system was varied up to 30-50 % by using the humidity set-
up. The choice of the humidity range was based on the average humidity of
Oklahoma throughout a year. The experiment was executed in the same fashion
as the rest of the runs. Humidity was added to the system after the inlet flow

meter. Table 3-6 presents the experimental conditions for the humidity runs.

Table 3-6: Experimental conditions for humidity experiments

Experiments | Reactor configuration, | Retention | Secondary Toluene Humidity,
# tubes time, sec | voltage, V | concentration, % RH
15 2 1.4 9000 100 40
16 2 1.4 14625 100 39
17 5 2.7 12000 100 46
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Summa canisters

TRE of the reactor was calculated for all the experimental runs. Inlet and outlet
samples from the reactor were collected only once for the conditions described
below using summa canisters (Figure 3-18) and were sent to the Pace laboratory
in Minnesota for analysis.

Reactor tubes= 2

Toluene influent concentration = 240 ppmv

Primary voltage = 117 V

Retention time = 1.6 seconds

Relative humidity = 30 %

The obtained analyses confirmed the results obtained in the laboratory at OSU
and also suggested that other chemicals were present in the reactor’s effluent
samples which were not detected by the OSU GC. The sample collection

procedures for the summa canisters are described in the next chapter.

Figure 3-18: A 1 L summa canister
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CHAPTER IV

FINDINGS

The results of all the experiments are presented in this chapter. Among all the
variables (including primary voltage, number of tubes, and retention time) the
most significant variable was determined using statistical techniques (Tukey’s
test) [Montgomery, 2001]. Regression models were developed to predict the
removal efficiency of DBD reactors and to evaluate the amount of ozone
generated during the toluene removal process. The dependence of removal
efficiency on various parameters such as retention time, number of tubes and
primary voltage is shown by plots. The results of the scale-up study of the
plasma reactor are also presented. Table 4-1 summarizes the results of all the

17 experiments within experimental error.

Table 4-1: Experimental result

Experiment Reactor Actual Secondary Toluene Humidity, % TRE
configuration, | retention | voltage, V | concentration % RH Averaged over
tubes time, sec s PPM 24 minutes
1 8 4.3 9000 100 0 32
2 8 4.3 14625 100 0 78
3 8 1.8 9000 100 0 19
4 8 1.8 14625 100 0 43
5 2 4.9 9000 100 0 98
6 2 4.9 14625 100 0 100
7 2 1.4 9000 100 0 85
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8 2 1.4 14625 100 0 98
9 5 2.7 12000 100 0 59
10 5 2.7 12000 100 0 61
11 5 2.7 12000 100 0 62
12 2 4.9 14625 240 0 100
13 5 2.7 12000 240 0 100
14 8 4.3 14625 240 0 100
15 2 1.4 9000 100 30-50 92
16 2 1.4 14625 100 30-50 44
17 5 2.7 12000 100 30-50 36

REMOVAL EFFICIENCY VERSUS ENERGY DENSITY

For an influent toluene concentration of 100 ppmyv, an exponential decay in the
effluent concentration and corresponding rise in the TRE was observed (Figure 4-
1) at different values of retention time and number of tubes. Similar results
were observed by Koutsospyros et al. 2005 for ammonia in a parallel plate
capillary plasma discharge reactor. Moreover, Koutsospyros pointed out that the
observed exponential trend in the effluent concentration was independent of the
retention time, initial concentration, reactor volume, chemical nature of the
target species, and presence of other interfering parameters, which can also be
observed in the Figure 4-1. It can be seen (Figure 4-1) that irrespective of the
experimental conditions the effluent concentration of the reactor follows an
exponential curve with the energy density.

Wall power (W) * Retentiontime (Sec)
Air flowrate (ml)

Energydensity (J/ml) = Equation 4-1
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Effluent Concentration and % Removal Efficiency vs. Energy
Density

120 ~
=
E 100 - A . a A
39 e
— C A, -
[ 9 80 b A » ’
o8 ] ‘
"é E o L™ " 77777777777777777777777777777777777777 m Effluent Concer?t.ration
2 = w, A % Removal efficiency
q) > "
2 okt
8 k3 , AE‘
c .

20 4™
E Lo
£ .
L 0 F t= - T L T 5 1

0 5 10 15 20
Energy Density, J/ml

Figure 4-1: Effluent concentration vs. Energy density

CONTAMINANT RETENTION TIME

At 100 ppmv of influent toluene concentration, mass of toluene (nanograms/
KWhr) removed per tube was examined for different primary voltages. Mass of
toluene (ng) in a sample was calculated using calibration curve using following

formula.

H 3
ng= Samplevolumeml) [Mol. wt.(g/mol)* Conc(ppmvjof - Density(kg/m®)
1000 10° kg* Mol. wt.(kgmol)*1000]

Equation 4-2
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ng/ KWhr/ tube= Massof toluendn asample(ng) Equation 4-3

Secondarpower(KW) * Retentiorntime (hr)* numberof tubes

Figure 4-2 shows that more toluene was removed at 0.03-0.04 KV of primary
voltage, rather than at maximum primary voltage (0.058 KV), which suggests
that there exist an optimum value of primary voltage which can give maximum
efficiency. It can also be seen in the plot that more toluene was removed at
lower retention time. This may be due to the occurrence of some reversible
reactions or side reactions occurring inside the reactor at higher retention time.
Other possibilities include channeling and boundary layer effects (Dr. A.H

Johannes, 2007).

Effect of toluene retention time
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Figure 4-2: Mass of toluene removed vs. Primary voltage
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REACTOR VOLUME

Effect of reactor volume on the removal efficiency of toluene was assessed by
increasing the number of number of tubes, from 2 to 8, and thereby increasing
the reactor volume 4 times the original volume. For both the configurations i.e.
2 and 8 tubes, the removal efficiency increases with the increase in the energy
density. Energy density was calculated by using following equation 4-1 and data
are shown in the figure 4-3. The smaller volume reactor (2 tubes) was found to
be more effective in terms of achieving overall higher removal efficiency.
Because of different ranges of energy density, it is difficult to conclude which

reactor configuration (2 or 8 tubes) is better.

Effect of reactor volume
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Figure 4-3: Effect of reactor volume on the TRE at different energy density
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HUMIDITY

The effect of water vapor (% RH) on the TRE of the reactor at an influent
concentration of 100 ppm is depicted in figure 4-4. It can be concluded that the
addition of water vapor increased the removal efficiency of the plasma reactor at
low and high primary voltages (72 and 117 V). This may be due to an increase
in OH" ion concentration in the plasma zone when water vapor is present which
are responsible for the increased reactivity of the reactor. A similar study
performed by Fang-Yu et al. 2006 on a wire-plate DBD plasma reactor showed
that the TRE of the plasma reactor with 50 ppmv of influent toluene increases
with the increase in 0.2 % of humidity (Figure 4-5). Figure 4-5 also suggests
that at all the humidity levels there is an increase in applied voltage with
increasing energy density, but in the present case there is no change in the TRE
at higher humidity with respect of primary voltage, which may be due to

experimental errors.

Effect of humidity for 2 reactor tubes
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Figure 4-4: Effect of humidity on the TRE at different primary voltages
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Figure 4-5: Dependence of applied voltage on energy density for selected humidity in the DBD system with
the gap of 8mm. 50ppmv toluene, 100 ml/min, 5% 02 [Fang-Yu et al. 2006]

TOLUENE INFLUENT CONCENTRATION

The effect of toluene influent concentration on the removal efficiency is shown in
the plot shown below (Figure 4-5). It can be seen that for an influent
concentration of 240 ppm, the removal efficiency of the reactor was found to be
lower than that at 100 ppm at same number of reactor tubes. It may be due to
increased side reactions of other generated ions at higher concentration. This
appears to be an advantage of plasma reactions since most of other technologies

decrease in efficiency with decrease in contaminant’s concentration.
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Effect of influent toluene concentration
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Figure 4-6: Effect of influent toluene concentration on removal efficiency

According to the experiments performed by Kim et al. (2002), the NO removal

efficiency of a tubular NTP reactor, maintained at a constant temperature inside

an oven, decreased with increasing NO influent concentration at both 50°C and

100°C; which is just opposite to what was observed in present study (data shown

below). But this difference may be because of using different type of pollutant

or the increased temperature.

Conditions NO concentration
100 (ppm) 200 (ppm) 300 (ppm) 400 (ppm)
At 50°C Removal efficiency 92% 55% 36% 29%
At 100°C Removwal efficiency 80% 41% 29% 22%
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SCALE-UP OF PLASMA REACTOR

The Buckingham pi theorem was used to perform similitude and modeling
analysis for the scale-up study. According to the Buckingham pi theorem, “if an
equation involving k variables is dimensionally homogeneous, it can be reduced
to a relationship among (k-r) independent dimensionless products, where r is the
minimum number of reference dimensions required to describe the variables”

[Okiishi 2005].

Because of the complexity of the variables, the system was assumed to be
divided into two sub-systems: a) the electrical system, and b) the flow system.
The dimensionless numbers (details are given in appendix 3 & 4) for both the
systems respectively are; 1) the ratio of power supplied to the reactor, after the
transformer, to the total power supplied from the wall power socket
(Psecondary/Pwan), and 2) Reynolds number (Dannylar*Vair*Pair/Hair). The power ratio
varied from 0.57 to 0.67 while the Reynolds number varied from 204 to 1257 for
all the experiments. Hence the flow was laminar throughout the experiments.
Figure 4-6 shows the relationship between both the dimensionless numbers at
different reactor geometry (2 and 8 reactor tubes). It can be seen in the plot (4-
6) that power ratio does not change with respect to Reynolds number at higher
primary voltage whereas at lower primary voltage the power ratio decreased
with increasing Reynolds number. Moreover, plot shows the same trend

between the data points which suggests that relation between the dimensionless
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groups is independent of reactor geometry. More number of experiments is
required to be performed considering 5 variables in 2* factorial design with at
least 3 replications to find the relation between the dimensionless groups. A
knowledge of the relation between the electrical and flow system would help in

the scale-up of a pilot scale reactor.

Dimensionless numbers
0.68 -
a a
066 |~~~
A A

0.64
e,
© W2 tubes @ 72 V
-
< 062 - 02 tubes @ 117V
039 A8tubes @ 72V
o A8 tubes @ 117V
(a

06+ - B
A
0.58
A
0.56 T T T T 1
0 500 1000 1500 2000 2500
Reynolds number

Figure 4-7: Dimensionless numbers at different primary voltage

In addition to dimensionless numbers, a scale-factor was calculated using the
equation suggested by Agnihotri 2003. The ratio of power supplied to the
reactor, to the air flow rate was plotted against the ratio of effluent to the

influent toluene concentration and is shown in figure 4-7. The slope of the
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straight line fitting the data gives the value of the energy constant (Ke, reciprocal

of scale-up factor) Ke = 1/B = 0.0012.

In(Co/C)

2EHOL

LEH0L f -

LEH0L f -

LEH0L f -

BEH00 |~

R

Scale-up factor

y = 0.0012x - 0.7291 [
R? = 0.9738 ot

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

4E+00 £~ T

2.E400 ---- §

0.E+00 - 1

0.E+00

QEH0

Figure 4-8: Scale-up factor for 100 ppmv toluene inlet concentration at 0% RH

The value of B can be used to determine the power requirements of the reactor

for a given flow rate of the gas.

REGRESSION MODEL

A regression model was used to determine how removal efficiency of the DBD

reactor was affected by system variables (primary voltage, number of tubes, and

retention time). A 2 factorial design for unreplicated experiments was employed
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to determine the minimum number of experiments that needed to be performed.
To determine the joint effects of the 3 variables, namely secondary voltage,
volumetric flow rate and number of tubes, on the removal efficiency of the
plasma reactor, experiments were carried out at all possible combinations of high
and low values for each of the three variables. Due to the scarcity of resources

and time, the experiments were not replicated.

Tukey's test for Non-additivity [Kirk, 1995]

Tukey’s test for non-additivity was employed to analyze the experimental data
and to develop the regression model. A non-additive regression model is where
the response of an experiment is affected not only by its variables but also by
the interaction among the variables. An additive regression model is one which
disregards the effect of the interaction among the variables on the experimental
response. This means that the additive model contains only the main effects of
all the variables. The additive model is simpler than the non-additive model.
Tukey’s test for non-additivity confirms whether the assumed normally
distributed data follows additive or non-additive models. To perform Tukey’s
test, a null and an alternative hypothesis were assumed:

Ho = The model is non-additive.

Ha = The model is additive.

53



The probability of non-additivity was then calculated from the F-distribution using
the following equations [Kirk, 1995]. The general equations (written for three
variables) for both the models are as follows:

1. Non-additive model

Y=a+p+y+aB+py+ay+afy+e

Equation 4-5
Where
Y = removal efficiency of the plasma reactor
a, B, and y = main effects of three system variables
aB, ay, By, aBy = effect of interaction of the system variables
e = residual
2. Additive model
Y=a+B+y+e Equation 4-6
Where
Y = removal efficiency of the plasma reactor
a, B, and y = main effects of three system variables
e = residual
[Y] = b p 2 Equation 4-7
2% V]
=1 ko 1T
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[ABC] =

[Al =

[B] =

[C] =

SSNONADD=

SSREM =
SSTO =
SSA =
SSB =
SSC =
SSRES =
dfREM =

FNONADD

SSRES - SSNONADI
[ABC]-[Y]

[A] - [Y]

[B] - [Y]

[C]-1[Y]

[ABC] - [A] = [B] = [C] + 2 [Y]
dfRES -

SSNONADD/dfNONADD
SSREM/dfREM
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Equation 4-8

Equation 4-9

Equation 4-10

Equation 4-11

Equation 4-12

Equation 4-13

Equation 4-14

Equation 4-15

Equation 4-16

Equation 4-17

Equation 4-18

Equation 4-19

Equation 4-20



Where
i,i, k1, p=
n=
[Y] =

[ABC]

[Al

[B]

[C] =
SSNONADD=
SSREM =
SSTO =

SSA =

SSB =

SSC =

SSRES =

dfREM

FNONADD

dNONADD=

System variables

Number of replications

Fractional removal efficiency

Main effect of all 3 variables on removal efficiency

Main effect of retention time on removal efficiency

Main effect of humber of reactor tubes on removal efficiency
Main effect of primary voltage on removal efficiency

Sum of square of non-additivity

Sum of square of error

Total sum of square

Sum of square of retention time

Sum of square of number of reactor tubes
Sum of square of primary voltage

Sum of square of residual

Degrees of freedom of error

F-distribution value for non-additivity

Degrees of freedom of non-additivity

If the calculated probability (FNONADD) is greater than the “significance level”,

which was set as 5% [Montgomery, 2001], then the null hypothesis is wrong.

That is, the data follows the additive model or there is no interaction among the
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Table 4-2: Tukey'’s test of non-additivity

Source of SS df MS Fo
variation
Retention time 0.087 1 0.087 -0.027
Number of tubes 1.092 1 1.092 -0.335
Primary voltage 0.1806 1 0.1806 -0.055
Residual -4.403 1 -4.403 1.3501
Non-additivity 2.1194 1 2.1194 -0.65
Error -6.522 2 -3.261
Total -3.043 7

variables. If the probability of non-additivity is greater than the “significance
level” then it can be concluded that data follows the non-additive model. Table
4-2 shows the value of F-distribution for non-additivity.
Where

SS = Sum of squares

df = Degrees of freedom
MS = Mean square

Fo= F —distribution
The calculated probability of the non-additivity was less than the significant F,
value, this proved that the experimental data followed the additive model. The

regressed model was as follows:

Y =0.67875 + 0.09* X +0.38* X + 0.14* X Equation 4-21
Where,
0.67875 = mean of all the fractional conversions
0.09, 0.38, 0.14 =  effect estimates of retention time, number of tubes
and primary voltage
X1, X, and X3 = either 1 or -1, and it depends on its high or low levels
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Table 4-3 shows the experimental and model response. The experiments were
named according to the level of the parameters, for instance the run number [1]
is the experiment which had all the parameters at minimum level; [a] is the
experiment which had parameter A at higher, and B and C at lower level; [ab] is
the one which had A and B at higher and C at lower level.

The residual was plotted against the experiment of removal efficiency (Figure 4-
8). The adequacy of the model can be explained by the scattering of the data.
If there is no relation among the data points, the model is adequate. Figure 4-8
shows that the points were scattered in a uniform manner and they seemed to
have same order of ordinate. This suggests that model is not effective in

predicting the TRE. Replication of first eleven experiments is required to get a

better model.
Table 4-3: Removal efficiency regression model accuracy check
Run Experimental Removal Residual =
removal efficiency ERE-REM
efficiency (ERE) | modeled (REM)
1 0.85 0.069 0.781
a 0.98 0.249 0.731
b 0.2 0.836 -0.636
o 0.98 0.341 0.639
ab 0.3 1.016 -0.716
bc 0.43 1.108 -0.678
ac 0.99 0.521 0.469
abc 0.7 1.289 -0.589
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Figure 4-9: Residual vs. Experimental response for TRE

OZONE GENERATION

Experiments were performed to calculate the amount of ozone generated at 100
ppmv influent toluene concentration and at 0 % humidity. Figure 4-9 shows the
amount of ozone generated in milligrams per liter of air flow rate verses the
energy density in KWhr/L. The amount of ozone generated increased
exponentially with an increase in applied energy density. This is probably the

result of the greater availability of more reactive species at high energy density.
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Figure 4-10: Ozone produced vs. Energy density

A regression model was developed using Tukey’s non-additivity test, similar to
what was done for the TRE, to calculate the amount of ozone produced in the

experiment. Table 4-4 summarizes the Tukey’s test result.

Table 4-4: Tukey's test

Source of variation SS df MS Fo

Retention time 1.406267 1 1.406267 -0.17018
Number of tubes 0.200048 1 0.200048 -0.02421
Primary voltage 1.031349 1 1.031349 -0.12481
Residual -11.6134 1 -11.6134 1.40542
Non-additivity 4913215 1 4913215 -0.59458

Error -16.5266 2 -8.2633

Total -8.97572 7

Where,
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SS = Sum of squares

df = Degrees of freedom
MS = Mean square
Fo = F - distribution

The model to predict ozone production is shown below.

Y =1.289 + 0.42* X +0.16* X + 0.36* X

Table 4-5 shows the experimental and model response.

Equation 4-22

Table 4-5: Ozone generation regression model accuracy check

Run Experimentally measured | Ozone generation Residual, e =
ozone (EMO) model (OGM) EMO-OGM

1 1.865934 0.3490 1.5169

a 0.246206 1.1911 -0.9449

b 1.161239 0.6688 0.4924

C 2.601357 1.0707 1.5307

ab 0.869824 1.5073 -0.6375

bc 0.708572 1.3869 -0.6783

ac 0.878321 1.9092 -1.0309
abc 1.982159 2.2255 -0.2433

The absence of trend among the data points in figure 4-10 suggests that the

model is effective in evaluating the amount of ozone generated from the

experiments, though more experiments are required to get a model with less

residual.

61



Residual v/s experimentally measured ozone
2.0 ottt
1.5 4 I} e
1.0 4
()
— 0.5 Wb
©
>
o
8 oo :
o 0.5 1 1.5 Zabe 2.5 3
05 +-—-—"—-""-"—"—- - -
W bc M ab
1.0+ Ma T —_,,——————
'1.5 J
Experimentally measured ozone
Figure 4-11: Residual vs. experimental response for ozone generation
SUMMARY

These results suggest that plasma reactor has efficiently removed (TRE > 90%)
toluene from the air stream. More than 90% conversion of toluene can be
achieved with this technology. The experiments were carefully planned using 2%
factorial method and successfully executed to show the effects of system
variables on the removal efficiency of the reactor. The regression models
provided the insight into how the system variables are affecting removal
efficiency. The equation given by Agnihotri (2003) was helpful in calculating the
scale-up factor. Simple fluid-mechanics concepts were incorporated to carry out

the scale-up study on the plasma reactor. On the whole this project was
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successful in achieving its objectives, but more care has to be taken while
performing experiments to avoid human errors. The limited availability of
resources may have affected the accuracy of this project by affecting the number
of experiments to be performed. Hence, there is still a scope of improvements in

this project.
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CHAPTER V

CONCLUSION AND RECOMMENDATION

A DBD plasma reactor was scaled-up and examined for its ability to destroy
gaseous toluene in an air stream. A total of seventeen experiments were
performed to study the effect of some of the chosen parameters including
toluene inlet concentration, retention time of toluene inside the reactor, number
of reactor tubes, applied voltage to the reactor, and relative humidity of the

influent air.

The results from this project are summarized below.

. TRE increases with energy density.
. More toluene was removed at lower retention time.
. There exists an optimum value of applied voltage at a particular retention

time that gives maximum toluene removal.

. The Reynolds number is inversely proportional to the power ratio at lower
primary voltage while at higher primary voltage power ratio stays constant
with respect to Reynolds number.

. The energy coefficient for toluene was found to be 0.0012 L/J.
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The following are the recommendations for the future research:

« Graduate students working on this project in future should have a knowledge
of statistical tools and methods. Graduate level courses such as advanced
statistics and Research Methods would be of great help.

« Due to lack of resources, the experiments were not repeated. Replication of
the experiments would provide more accurate data and better estimates of
experimental error.

« A simpler reactor design with less joints, can help in controlling leaks from
the system.

« Attention must be paid to the GC; especially the operating conditions such as
flow rates of carrier gas, conditions of column material, and injection port.
Plugging of the inlet port or column can lead to misleading results. For better

results, GC should be baked time to time (once a week).
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APPENDIX
APPENDIX-I
PROCEDURES
GC calibration
1. Switch-on the computer.
2. Select peak simple software.
3. Turn on the hydrogen (25 ml/min), air (250 ml/min) and helium (10 ml/min,
carrier gas) to start GC.
4. Switch on the GC.
5. Switch-on the flame-ionization detector at a temperature of 150 °C.
6. Set the oven temperature at 70 °C.
7. Set the desired number of tubes in the reactor.
8. Turn on the toluene (100 ppm) tank and fix the flow rate to a required value.
9. After waiting for two minutes start taking sample at the exit end of the
reactor after every 5 minutes with varied sample volume ranging from 0.1 to
2.5 ml, with an increment of 0.1 ml, using a swage lock syringe.
10.Inject the sample in to the GC.
11. Hit the space bar key on the keyboard to initiate the run.

12.Peak simple integrates the peak area for every injected sample.
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13. Plot mass injected (ordinate) and peak area (abscissa).
14. A sample of constant volume was injected atleast thrice to check the

consistency of peak area.

Sample drawing procedure

1. Insert the needle of a syringe with a swage lock in the sample drawing
port.

2. Flush the needle five times to ensure that there is no residual air in the
syringe.

3. Take the sample of maximum possible volume and pull syringe back from
the port before turning off the swage lock.

4. Hand the syringe in the air with needle facing up and push the plunger to
desired volume.

5. Lock the syringe.

6. Inject the sample into the GC inlet port.

a. Insert the needle in the injection port of GC.

b. Turn on the swage lock.

(@)

. Inject the sample.
d. Pull the needle back.

7. Place the syringe in the needle cleaner until next sample is taken.
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Destruction Experiment

1.

2.

Review material safety data sheets.

Ensure all the electrical connections are secure before starting the
experiment.

Turn on the hydrogen and helium (carrier) gas for starting GC.

Set the power supply at the desired primary voltage but do not leave it on.
Before starting the experiment, calibrate the GC (follow the procedure as
described above).

Switch on the computer and have peak simple open on the computer screen.
Turn on the toluene tank, fix the flow rate to a required value and switch on
the stop-watch.

Wait for 2 minutes to ensure that there is no oxygen inside the reactor

Draw the first sample of 1.1 ml using a swage lock syringe at the reactor exit

10.Inject the sample into the GC (follow the sample drawing procedure as

described above).

11.Push the space bar key to initiate the run.

12.As soon as peak simple integrates the area, save the information and end the

run.

13.At the 10" minute in the stop watch, draw the second sample of same

volume (1.1 ml) at the reactor exit

14. Switch on the power supply after drawing sample and reset the stop-watch.

Record the electrical data at this point namely Current and voltage on the
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wall plug, current at the primary side of the transformer, and fluke meter
reading. This sample is taken to analyze the TRE as soon as the reactor is
turned on.

15.Again at the 8" minute in the stop-watch draw a sample from the reactor’s
inlet and inject it into the GC.

16. At 24™ minute at the reactor exit and as soon as sample is taken turn off the
power supply after reducing the amplitude to zero and inject the sample in
the GC.

17.At 32" minute take last exit sample and inject in the GC.

18.Mass of toluene injected in the GC from the sampling port can be calculated
using the calibration data of the GC (described above).

19.TRE is calculated by knowing the mass of toluene present in the inlet and
outlet sampling ports.

20. These steps are followed for all the experiments with different values

assigned to the variables.

Amount of ozone generated
1. Collection of the sample:
a. Collect 400 ml of KI solution in 2 gas washing bottles, each with
400 ml.

2. Absorption of ozone:
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a. Pass the effluent stream from the reactor exit through the two gas
washing bottles in series, until the second bottle just begin to turn
yellow.

3. Titration

a. To reduce pH of the collected KI sample, add 20 ml of 1N H,SOg4,
transfer the solution to 4 containers (100 ml each, except for the
last container, which will have a few ml more than the rest of the 3
containers, because of added H,S04).

b. Titrate the solution in all 4 containers with 0.005N Na,S,03 titrant
until the yellow color of discharged iodine is almost discharged.

c. Add 4 ml of starch indicator solution and keep titrating to the end
point, where blue color disappears.

4. Blank test

a. Take 400 ml KI solution, and add 20 ml 1N H,SO4 and 4 ml of
starch indicator solution to it.

i. If blue color appears, titrate with 0.005N Na,S,05 until blue
color disappears

ii. If no blue color appears, titrate with 0.005 N iodine solution
until a blue color appears. Titrate the resulting solution with
0.005N Na,S,0s3 until blue disappears. Record the
difference.

5. Calculation of amount of ozone generation
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* *
d. mg 03/ L= (A£B)*N* 24000 Equation A-1
mlsample

Where,

A = ml titrant for sample

B = ml titrant for blank test (positive or negative)
N = normality of Na,S,03

The precision of this test is + 1% for concentrations of 3 mg Os/I or greater.

6. Standardization of 0.1 N Na;S;03
Dichromate method:
a. 0.1N K,Cr,0y solution:
i. Add 4.904 g anhydrous potassium dichromate K,Cr,0, of
primary standard quality to deionized water then dilute it to
1000 ml to make 0.1N K,Cr,05.
b. Add 10 ml Of 0.1N K;Cr,07, 1 g of KI, and 1 ml of concentrated
H,SO4 to 80 ml of deionized water with continuous stirring.
c. Let the mixture sit for 6 minutes in dark.
d. Titrate with 0.1N Na;S,0s titrant.

e. Normality of Na,S,05 = ! Equation A-2

ml Na,S,0, consumed
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Summa canister sample collection
1. Turn-off the electrical devices and gas flows.
2. Take both the pressure gauges off the plumbing system.
3. Fix two summa canisters in place of pressure gauges.
4. Start the experiment
5. When it's the time to take the sample, turn the side-flip-knob up.
6. As soon as the hissing sound of the gas goes-off, turn the flip-knob down.
7. Simililarly take the sample in the other summa canister too.
8. When the experiment is over, take the summa canisters out of the

system.
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APPENDIX-2
CALIBRATION CURVE
A known mass of toluene was injected into the GC and it was plotted against the
peak area of toluene. The same relationship was used to calculate the mass of
toluene in the unknown sample. The calibration curve was very useful to
calculate the mass of toluene in the destructed effluent sample from the reactor

and therefore the removal efficiency of the plasma reactor.

Calibration Curve
y = 7.608x - 163.5

2 _
5,000 R“ =0.998

4,000 A
Peak Area

3,000 /
2,000 /

1,000 /

0 /

0 200 400 600

Mass (ng)
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Injection Mass Time Average Average
Vol (mL) (ng) (min) Area Time area
or o MBI,y
0.5 188 310 1;33 3.12 1,197
1.0 377 gﬁ ;:28‘6} 3.12 2,805
15 565 o2 jé% 317 4,089

Mass of toluene (ng)
_ Sample volume (ml)*1® * Mol. wt.(g/mofiConc.(ppm)* Density of air (kg/rh |

10° kg of air* Molecular weight of air (kg/mol)*1000

For a sample of 0.1 ml from the 100 ppm tolutzmek,

* *i * *
Mass of toluene 0.1 ml*.001*92.14 g/mol*100 ppm*1.185 kgfm: 38 ng

106 kg * 0.029 kg/mol*1000
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APPENDIX-3

REYNOLDS NUMBER CALCULATION

_Annular diameter (m) Flow rate of air {rs)
Reynolds number = — : _ *

Kinematic viscosity of air (f /s) Annularea (nf )
Annular diameter = Outer diameter (m) - Inner disaném)
Annular crossectional area[3 /4 * (Annular diametef)
Annular diameter = (10-6.32)*.001 m = 0.00368 m
Annular crossectional area[g /4 * (0.00368 m)  11@5* nY

Flow rate =0.97 * 10 th /s
Kinematic viscosity of air at room teuarature = 1.56 * 10 fn /s
Q.97 * 10° 1

x =215
1.06*10° 1.56 * 10

Reynolds number = 0.00368
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APPENDIX-4
POWER RATIO CALCULATION

Power = Voltage * Current * cosine (pleaangle)
Secondary power (calculated after tramsfer)
Wall power (calculated before AC powerpply)

Power ratio =
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APPENDIX-5

OZONE CALCULATION

(A £B)* N* 24000
ml sample

mg O, /L =

Where,

A = ml titrant for sample
B = ml titrant for blank test (positive or negative

N = normality of Ng S Q

for A=84.7 ml, B=5.35ml, N =0.005 N, and sdenpolume = 400 m
(84.7-5.35)* 0.005

mg O, /L = 200

=23.8 mg/L
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APPENDIX-6

100 ppmv @ dry air data

Concentration into

reactor = 100 ppm
Number of Tubes = 8 tubes
Volume per tube = 47.30 mL per tube
Flow Through Reactor = 5,321 mL/min
retention time = 4.3 sec
Wall Voltage = 123.1 Volts
Primary Voltage = 72 Volts
Secondary Voltage = 9,000 Volts
Wall Current = 5.06 Amps
Primary Current = 1.20 Amps
Resistor = 100 Ohms
Measured AVolts = 0.987 Volts
Secondary Current = 10 Mamps
Wall Power = 622.886 volt-amps
Primary Power = 86.4 volt-amps
Secondary Power = 88.83 volt-amps
Temperature = 25 °C
MW Toluene = 92.14 gm

Mass Verses Time (influent check)

*

Outlet

Started and stopped
reactor

Inlet

w
o
( ( ¢ © ¢ ¢
o
4""“‘4““““““““““‘

* .
|

10 20 30 40

Time (minutes)
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Concentration into reactor =
Number of Tubes =
Volume per tube =
Flow Through Reactor =
retention time =
Wall Voltage =
Primary Voltage =
Secondary Voltage =
Wall Current =
Primary Current =
Resistor =

Measured AVolts =
Secondary Current =
Wall Power =
Primary Power =
Secondary Power =
Temperature =

MW Toluene =

100 Ppm
8 Tubes
47.30 mL per tube
5,321 mL/min
4.3 Sec
122.1 Volts
117 Volts
14,625 Volts
6.59 Amps
1.77 Amps
100 Ohms
1.472 \Volts
15 Mamps
804.639 volt-amps
207.09 volt-amps
215.28 volt-amps
25 °C
92.14

Mass Verses Time (influent check)

L 4

Outlet

Started and stopped
reactor

Inlet

10 20 30 40

Time (minutes)
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Concentration into reactor = 100
Number of Tubes = 8

Volume per tube = 47.30
Flow Through Reactor = 12,283
retention time = 1.8
Wall Voltage = 121.5
Primary Voltage = 72
Secondary Voltage = 9,000
Wall Current = 4.91
Primary Current = 1.19
Resistor = 100

Measured AVolts = 0.996
Secondary Current = 10
Wall Power = 596.565
Primary Power = 85.68
Secondary Power = 89.64
Temperature = 25

MW Toluene = 92.14

Ppm
Tubes

mL per tube
mL/min
Sec

Volts
Volts
Volts
Amps
Amps
Ohms
Volts
Mamps
volt-amps
volt-amps
volt-amps
°C

Mass Verses Time (influent check)

0.0 ‘ ‘
10

20

Time (minutes)

L 4

Outlet

Started and stopped
reactor

Inlet

84




Concentration into reactor = 100
Number of Tubes = 8
Volume per tube = 47.30

Flow Through Reactor = 12,283
Retention time = 1.8
Wall Voltage = 121.5
Primary Voltage = 117
Secondary Voltage = 14,625
Wall Current = 6.60
Primary Current = 1.75
Resistor = 100

Measured AVolts = 1.478
Secondary Current = 15
Wall Power = 801.9
Primary Power = 204.75
Secondary Power = 216.1575
Temperature = 25

MW Toluene = 92.14

Ppm
Tubes

mL per
tube
mL/min
Sec

Volts
Volts
Volts
Amps
Amps
Ohms
Volts
Mamps
volt-amps
volt-amps
volt-amps
°C

Mass Verses Time (influent check)

700.0

600.0

300.0

200.0

100.0

B O

Outlet
Started and stopped
reactor

Inlet

line

00 T T T

10 2

0 30 40

Time (minutes)
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5.
Concentration into reactor = 100 ppm

Number of Tubes = 2 Tubes
mL per
Volume per tube = 47.30 tube
Flow Through Reactor = 1,164 mL/min
Retention time = 4.9 Sec
Wall Voltage = 122 Volts
Primary Voltage = 72 Volts
Secondary Voltage = 9,000 Volts
Wall Current = 5.51 Amps
Primary Current = 1.34 Amps
Resistor = 100 Ohms
Measured AVolts = 1 Volts
Secondary Current = 10 Mamps
volt-
Wall Power = 672.22 amps
Volt-
Primary Power =  96.48 amps
Volt-
Secondary Power = 93.96 amps
Temperature = 25 °C
MW Toluene = 92.14
Mass Verses Time (influent check)
700.0 -
600.0 - ‘ ‘
500.0 - 1 1
i i ¢ Outlet
> l l
c 400.0 | w | '
—~ " A Started and stopped
) | | reactor
S 300.0 3 3
| | B Inket
200.0
100.0 -
0.0 .. . ‘
-10 0 10 20 30 40
Time (minutes)
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6.
Concentration into reactor = 100 Ppm
Number of Tubes = 2 Tubes
Volume per tube = 47.30 mL per tube
Flow Through Reactor 1,164 mL/min

retention time = 49 Sec

Wall Voltage = 121 Volts
Primary Voltage = 117 Volts
Secondary Voltage = 14,625 Volts
Wall Current = 7.10 Amps
Primary Current = 1.95 Amps
Resistor = 100 Ohms

Measured AVolts =  1.600 Volts

Secondary Current = 16 Mamps

Wall Power = 856.97 volt-amps
Primary Power = 228.15 volt-amps

Secondary Power = 234 volt-amps
Temperature = 25 °C
MW Toluene = 92.14
Mass Verses Time (influent check)
700 -
600 - | |
ndaYa) : |
JUV | | ¢ Outlet
= 400 |
— | ul N Started and stopped
S 300 ¢ 3 | reactor
= | 3 m Inlet
—200——% 1
100 - 1 |
f 0 :\ ’ I " |
-20 0 20 40
Time (minutes)
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7.

Concentration into reactor = 100
Number of Tubes = 2

Volume per tube =  47.30
Flow Through Reactor = 3,936
retention time = 1.4
Wall Voltage = 122
Primary Voltage = 72
Secondary Voltage = 9,000
Wall Current =  5.240
Primary Current =  1.310
Resistor = 100

Measured AVolts = 1.065
Secondary Current = 11
Wall Power = 641.38
Primary Power =  94.32
Secondary Power =  95.85
Temperature = 25

MW Toluene = 92.14

Ppm
Tubes

mL per tube
mL/min
Sec

Volts
Volts
Volts
Amps
Amps
Ohms
Volts
Mamps
volt-amps
volt-amps
volt-amps
°C

Mass Verses Time (all effluent)

700.0 -

600.0 -

500.0 |

N

o

o

o
L

w
o
o
o
&

Mass (ng)

200.0 -

¢ Toluene

------- Started and
Stopped

100.0

-10 10

30 50

Time (minutes)
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8.

Concentration into reactor = 100
Number of Tubes = 2
Volume per tube = 47.30

Flow Through Reactor = 3,936
retention time = 1.4
Wall Voltage = 122.4
Primary Voltage = 117.0
Secondary Voltage = 14,625
Wall Current = 7.05
Primary Current = 1.91
Resistor = 100

Measured AVolts = 1.569
Secondary Current = 16
Wall Power = 862.92
Primary Power = 223.47
Secondary Power = 229.46625
Temperature = 25

MW Toluene = 92.14

Ppm
Tubes

mL per
tube
mL/min
Sec

Volts
Volts
Volts
Amps
Amps
Ohms
Volts
Mamps
volt-amps
volt-amps
volt-amps
°C

Mass Verses Time (influent check)

700.0 -

D
D
D
[}

500.0 -

¢

300.0 -

Mass (ng)

L 4

N
D
D
[}

100.0

4“““““"“““““‘

Outlet

Started and stopped
reactor

Inlet

¢ ‘

-20 0 20
Time (minutes)

40
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9.

Concentration into reactor =
Number of Tubes
Volume per tube

Flow Through Reactor
retention time
Wall Voltage
Primary Voltage
Secondary Voltage
Wall Current
Primary Current =
Resistor =

Measured AVolts =
Secondary Current =
Wall Power =
Primary Power =
Secondary Power =
Temperature =

MW Toluene =

100

5
47.30
5,321
2.7
122.4
96
12,000
5.94
1.55
100
1.270
13

727.056

148.8
152.4

25
92.14

Ppm
Tubes

mL per tube
mL/min
Sec

Volts
Volts
Volts
Amps
Amps
Ohms
Volts
Mamps
volt-amps
volt-amps
volt-amps
°C

Mass Verses Time (influent check)

700.0

600.0 -

(Oa
D
D
o

400.0 -

Mass (ng)
L

300.0

200.0

L4

QOutlet

Started and stopped
reactor

Inlet

[y
D
D
D

B e S R

o
o

-20 0

Time (minutes)
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10.

Concentration into reactor

= 100 Ppm
Number of Tubes = 5 Tubes
Volume per tube = 47.30 mL per tube
Flow Through Reactor = 5,321 mL/min
retention time = 2.7 Sec
Wall Voltage = 121.8 Volts
Primary Voltage = 96 Volts
Secondary Voltage = 12,000 Volts
Wall Current = 5.88 Amps
Primary Current = 1.57 Amps
Resistor = 100 Ohms
Measured AVolts = 1.274 Volts
Secondary Current = 13  Mamps
Wall Power = 716.184 volt-amps
Primary Power =  150.72 volt-amps
Secondary Power =  152.88 volt-amps
Temperature = 25 °C
MW Toluene = 92.14
Mass Verses Time (influent check)
700.0 -
600.0 ‘ ‘
500.0 - 3 3 ¢ Qutlet
94000 o 1
N ; A Started and stopped
(93] | |
7 | | reactor
£3000 e
| | m Inlet
¢ |
200.0 : |
| ¢ ¢
100.0 - | |
0.0 M ‘ — ‘
-10 0 10 20 30 40

Time (minutes)
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11.

Concentration into reactor = 100 Ppm
Number of Tubes = 5 Tubes
Volume per tube = 47.30 mL per tube
Flow Through Reactor = 5,321 mL/min
retention time = 2.7 Sec
Wall Voltage = 122.1 Volts
Primary Voltage = 96 Volts
Secondary Voltage = 12,000 Volts
Wall Current = 5.98 Amps
Primary Current = 1.53 Amps
Resistor = 100 Ohms
Measured AVolts = 1.278 Volts
Secondary Current = 13 Mamps
Wall Power = 730.158 volt-amps
Primary Power = 146.88 volt-amps
Secondary Power = 153.36 volt-amps
Temperature = 25 °C
MW Toluene = 92.14
Mass Verses Time (influent check)
700.0 -
600.0 - ‘ i
566.0
¢ Outlet
S 400.0 ¢ | e
= : A A Started and stopped
9] | |
| . |
é 3000 | | reactor
1 1 m  Inlet
200.0 - 3 3
| 4 *
L N aYala) : :
1UVU.U : :
0.0 \ — ‘
-20 0 20 40
Time (minutes)
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Summary:

primary secondary wall
Expt voltage, | current, | Instantaneous | voltage, | current, | phase | power, | voltage, | current, | phase | power,
no. tubes | v Amps power, W \' Amps radian | W \' Amps radian | w
1 8 72 1.20 86.40 9000 0.010 -0.72 277.28 123.10 5.06 -0.71 472.37
2 8 117 1.77 207.09 14625 0.015 -0.73 399.02 122.10 6.59 -0.70 615.42
3 8 72 1.19 85.68 9000 0.010 -0.72 256.64 121.50 4.91 -0.71 452.41
4 8 117 1.75 204.75 14625 0.015 -0.73 396.93 121.50 6.60 -0.70 613.33
5 2 72 1.34 96.48 9000 0.010 -0.72 314.02 122.00 5.51 -0.71 509.79
6 2 117 1.95 228.15 14625 0.016 -0.73 446.18 121.00 7.10 -0.69 662.58
7 2 72 1.31 94.32 9000 0.011 -0.72 289.04 122.00 5.24 -0.71 484.81
8 2 117 1.91 223.47 14625 0.016 -0.73 449.12 122.40 7.05 -0.69 665.52
9 5 96 1.55 148.80 12000 0.013 -0.72 349.49 122.40 5.94 -0.70 556.08
10 5 96 1.57 150.72 12000 0.013 -0.72 341.17 121.80 5.88 -0.70 547.77
11 5 96 1.53 146.88 12000 0.013 -0.72 351.86 122.10 5.98 -0.70 558.46
flow

Power rate, velocity,

ratio ml/min m/s Reynolds | NO ppmv | N ppmv LN(NO/N) P/Q

0.59 5321 0.24 117 91.740 62.630 -0.382 974.253

0.65 5321 0.24 117 95.200 21.290 -1.498 2335.163

0.57 12283 0.54 270 88.780 71.780 -0.213 418.530

0.65 12283 0.54 270 99.280 56.420 -0.565 1000.163

0.62 1164 0.21 102 96.410 1.770 -3.998 4973.196

0.67 1164 0.21 102 75.800 0.000 -13.538 11760.309

0.60 3936 0.70 346 120.000 17.557 -1.922 1437.805

0.67 3936 0.70 346 92.890 1.470 -4.146 3406.555

0.63 5321 0.38 187 84.330 34.190 -0.903 1677.880

0.62 5321 0.38 187 95.020 37.490 -0.930 1699.530

0.63 5321 0.38 187 97.660 37.060 -0.969 1656.230
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Energy Mass applied
% retention ( density, | Removed (ng) volts, ppm
Efficiency time J/mi ng/KWh/tube KV removed
31.731 4.300 0.666 120.6 1.127E-08 0.009 29.110
77.637 4.300 0.867 306.2 1.194E-08 0.015 73.910
19.148 1.800 0.276 72.9 1.641E-08 0.009 17.000
43.171 1.800 0.374 177.6 1.673E-08 0.015 42.860
98.164 4.900 13.139 394.7 1.160E-07 0.036 94.640
100.000 4.900 17.077 364.6 4.530E-08 0.059 75.800
85.369 1.400 3.695 424.9 4.469E-07 0.036 102.443
98.417 1.400 5.073 378.8 1.682E-07 0.059 91.420
59.457 2.700 1.254 207.3 2.867E-08 0.019 50.140
60.545 2.700 1.235 238.3 3.253E-08 0.019 57.530
62.052 2.700 1.259 251.9 3.529E-08 0.019 60.600
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APPENDIX-7

100 ppmv @ humid air (30-50% RH) data

12.

Concentration into

reactor = 100 ppm
Number of Tubes = 2 tubes
Volume per tube =  47.30 mL per tube
Flow Through Reactor = 3,936 mL/min
retention time = 1.4 sec
Wall Voltage = 122 Volts
Primary Voltage = 72 Volts
Secondary Voltage = 9,000 Volts
Wall Current =  5.470 Amps
Primary Current =  1.360 Amps
Resistor = 100 Ohms
Measured AVolts =  1.083 Volts
Secondary Current = 11 Mamps
Wall Power = 666.79 volt-amps
Primary Power =  97.92 volt-amps
Secondary Power =  97.47 volt-amps
Temperature = 25 °C
Humidity = 30-50 %
MW Toluene =  92.14
Mass Verses Time (all effluent)
350.0
300.0 ;
250.0 : |
. 2000 i
o) : :
S e ; ; .
@ 150.0 ¢ Outlet
= 1000 §
> S Started and
50.0 ; : Stopped
: : Reactor
\ 0.0 I\ & \ 6 \ \ = Inlet
-10 _rqn O 10 20 30 40
JU.U
Time (minutes)
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13.

Concentration into reactor = 100 ppm
Number of Tubes = 2 tubes
Volume per tube =  47.30 mL per tube
Flow Through Reactor = 3,936 mL/min
retention time = 1.4 sec
Wall Voltage = 121 Volts
Primary Voltage = 117 Volts
Secondary Voltage = 14,625 Volts
Wall Current =  7.200 amps
Primary Current =  1.950 amps
Resistor = 100 ohms
Measured AVolts =  1.591 Volts
Secondary Current = 16 mamps
Wall Power = 874.08 volt-amps
Primary Power = 228.15 volt-amps
Secondary Power = 232.68 volt-amps
Temperature = 25 °C
Humidity = 30-50 %
MW Toluene = 92.14
Mass Verses Time (all effluent)
2560
206.0—
: o
+150:0- .
E z
o 1000 ¢
n .
@© :
= N A
56-0—
4 [ |
0.0
[ I ’ I I ’ I |
-10 0 10 20 30 40
-50.0
Time (minutes)

Outlet

Started and
Stopped

Reactor
Inlet
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14.

Concentration into reactor = 100 ppm
Number of Tubes = 5 tubes
Volume per tube = 47.30 mL per tube
Flow Through Reactor = 5,321 mL/min
retention time = 2.7 sec
Wall Voltage = 123 Volts
Primary Voltage = 96 Volts
Secondary Voltage = 12,000 Volts
Wall Current = 6.220 amps
Primary Current = 1.590 amps
Resistor = 100 ohms
Measured AVolts = 1.296 Volts
Secondary Current = 13  mamps
Wall Power = 761.95 volt-amps
Primary Power = 152.64 volt-amps
Secondary Power = 155.52 volt-amps
Temperature = 25 °C
Humidity = 30-50 %
MW Toluene = 92.14
Mass Verses Time (all effluent)
190 N
1ZU.U
100.0 .
80.0 :
> 600
s :
o) 40.0. ¢ Outlet
= B .
: ]
—200¢— — — 07— | Started and
: Stopped
0.0 " : Reactor
¢ * m Inlet
[ I I I I 1
-10 -20.0 0 10 20 30 40
Time (minutes)
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Summary:

%
retention number of primary Relative average
exp time,s tubes voltage humidity TRE
11 1.4 2 72 30-50% 100
12 1.4 2 117 30-50% 100
13 2.7 5 96 30-50% 100
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APPENDIX-8

240 ppmv @ dry air data

15.
Concentration into reactor
= 240 ppm
Number of Tubes = 2 tubes
Volume per tube = 47.30 mL per tube
Flow Through Reactor = 3,936 mL/min
retention time = 1.4 sec
Wall Voltage = 121.6 Volts
Primary Voltage = 117 Volts
Secondary Voltage = 14,625 Volts
Wall Current = 7.09 amps
Primary Current = 1.94 amps
Resistor = 100 ohms
Measured AVolts = 1.580 Volts
Secondary Current = 16 mamps
Wall Power = 862.144 volt-amps
Primary Power =  226.98 volt-amps
Secondary Power = 231.075 volt-amps
Temperature = 25 °C
MW Toluene = 92.14
Mass Verses Time (influent check)
700.0
600.0 ;
500.0 " e ¢ Outlet
= 400.0 ' 1
S | R Started and stopped
(7)) | |
S ‘ ‘ r r
3 300.0 | : eacto
1 1 ®  Inlet
200.0 3
100.0 | 1
R
T GG q T : ]
-20 0 20 40
Time (minutes)
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16.

Concentration into reactor = 240 ppm
Number of Tubes = 5 tubes
Volume per tube = 47.30 mL per tube
Flow Through Reactor = 5,321 mL/min
retention time = 2.7 sec

Wall Voltage = 121.6 Volts

Primary Voltage = 96 Volts

Secondary Voltage = 12,000 Volts

Wall Current = 6.76 amps

Primary Current = 1.83 amps

Resistor = 100 ohms

Measured AVolts = 1.497 Volts
Secondary Current = 15 mamps

Wall Power = 822.016 volt-amps
Primary Power =  175.68 volt-amps

Secondary Power = 179.64 volt-amps
Temperature = 25 °C
MW Toluene = 92.14
Mass Verses Time (influent check)
700.0
600.0 ‘
1 e
~500:0- A o Outlet
=~ | |
400.0 | |
= 00.0 S Ot Started and stopped
A 300.0 reactor
= 3 ¢ m Inlet
200.0 - ¢ 1
100.0 - |
[ 0.0 3\ I I 3 I |
-10 0 10 20 30 40
Time (minutes)
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17.

Concentration into reactor

= 240 ppm
Number of Tubes = 8 tubes
Volume per tube = 47.30 mL per tube
Flow Through Reactor = 5,321 mL/min
retention time = 4.3 sec
Wall Voltage = 121.9 Volts
Primary Voltage = 117 Volts
Secondary Voltage = 14,625 Volts
Wall Current = 6.65 amps
Primary Current = 1.76 amps
Resistor = 100 ohms
Measured AVolts = 1.476 Volts
Secondary Current = 15 mamps
Wall Power = 810.635 volt-amps
Primary Power =  205.92 volt-amps
Secondary Power = 215.865 volt-amps
Temperature = 25 °C
MW Toluene = 92.14
Mass Verses Time (influent check)
700-N
/7UVU.U
600.0 |
4 | l
| | *
| . |
500.0 3 3 ¢ Outlet
B 400.0 ‘
= * A Started and stopped
wn |
7 | | reactor
= 300.0 |
3 3 ® Inlet
Mn.N_. 1
ZUVU.U I
100N . 1
1UVU.U |
nn . 1
\ U \ |
-20 0 20 40
Time (minutes)
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Summary:

number %
retention of primary | Relative
exp time,s tubes | voltage | humidity | average TRE | concentration
15 1.4 2 117 0% 92 240
16 2.7 5 96 0% 44 240
17 4.3 8 117 0% 36 240
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APPENDIX-9

GAS CERTIFICATES

CERTIFICATE OF ACCURACY: Certified Working Class Calibration Standard

Product Information

Project No.: 04-50145-001
Item No.: 04023912 TAL
P.0. No.: TFANCHER 120406

Cylinder Number: ALM052781
Cylinder Size; AL

Certification Date: 19Dec2006
Expiration Date: 01Jan2009

CERTIFIED CONCENTRATION

Component Name

TOLUENE
AIR

TRACEABILITY
Traceable To

Scott Reference Standard

./.'/

=ty
APPROVED BY: -~

Concentration
(Moles)

240. PPM
BALANCE

SUSAN BFy\’NDo‘N

Page 1 of 2
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Customer

OKLAHOMA STATE UNIVERSITY
TAMYRA FANCHER/ENV ENG.
DEPT OF CIVIL ENG.

207 ENGINEERING SOUTH

STILLWATER, OK 74078
Accuracy
(+/-%)
DATE: [2-(9-c&




APPENDIX-10

REMOVAL EFFICIENCY MODEL

100 ppm @ dry air

A*B (1].)
B, number of tubes,j B, j
2 8 A i 2 8 av.y.j. d.j.
C, primary voltage, k 1.6 0.915 0.315 0.615 -0.06
A, ret. time,i 72 117 72 117 4.6 0.985 0.5 0.7425  0.0638
1.6 0.85 0.98 0.2 0.43 Vi 0.95 0.408 0.6788
4.6 0.98 0.99 0.3 0.7 di.. 0.2713 -0.27
A*C (1.K.) B*C (3.K)
C k C k
A i 72 117 y-.k d..k B, j 72 117 y-.k d..k
1.6 0.525 0.705 0.615 0.06375 2 0.915  0.985 0.95 0.271
4.6 0.64 0.845 0.7425 0.06375 8 0.25 0.565  0.4075  -0.27
yi..  0.5825 0.775 0.67875 y.j. 05825 0.775 0.6788
di.. 0.09625 0.09625 d.j. 0.0962 0.096
TUKEY'S TEST
Fo from F- ggn 8.65E-03
Table 555y 5.43
Source of @(significanc [Y] e
variation SS df MS Fo level = 0.25) -
[ABC] 4.4283
A -7.3712 1 -7.3712 -0.3845037 5.83 [A] 0
B -7.3712 1 -7.3712 -0.3845037 5.83 [B] 0
C -7.3712 1 -7.3712 -0.3845037 5.83 [C] 0
Non-addi  8.65E-03 1 0.00865 0.00045116 5.83 SST -2.942925
Error 19.1708 1 19.1708 SSA 7.371225
Total -2.9429 7 SSB -7.371225
SSC -7.371225
SSRES 19.17075
SSREM 19.16
dfNONAD 1
dfRES 1
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OZONE GENERATION MODEL

100 ppm @ dry air

Mas
wall Mass flow Retenti removed mg
expt voltage, current, Removed rateml/ onTime pertube, 03/L
no. tubes \' Amps power, W (ng) min (s) g/KWhr air
1 8 123.10 5.06 622.89 120.6 5321 4.3 2.03E-05 1.70
2 8 122.10 6.59 804.64 306.2 5321 4.3 3.98E-05 5.00
3 8 121.50 4,91 596.57 72.9 12283 1.8 3.05E-05 0.94
4 8 121.50 6.60 801.90 177.6 12283 1.8 5.54E-05 0.77
5 2 122.00 5.51 672.22 394.7 1164 4.9 0.000216 2.37
6 2 121.00 7.10 859.10 364.6 1164 4.9 0.000156  10.80
7 2 122.00 5.24 639.28 424.9 3936 1.4 0.000855 5.05
8 2 122.40 7.05 862.92 378.8 3936 1.4 0.000564 9.51
9 5 122.40 5.94 727.06 207.3 5321 2.7 7.6E-05 4.47
10 5 121.80 5.88 716.18 238.3 5321 2.7 8.87E-05 5.20
11 5 122.10 5.98 730.16 251.9 5321 2.7 9.2E-05 4.78
B number of tubes,j
bl b2
C, primary voltage, k
A, ret. time,i cl c2 cl c2
al 1.87 2.6 1.161 0.7085
a2 0.246 0.878 0.87 1.982
ABC SUMMARY TABLE average
cl c2 y.k. d.k.
al a2
bl 1.87 0.878 1.374 -1.204403146
a2 al
b2 0.87 0.7085 0.789 -1.789153146
a2 al
bl 0.246 2.6 1.423 -1.155403146
al a2
b2 1.161 1.982 1.572 -1.006903146
average y..l 1.03675 1.542125 2.578
d..l -1.54165315 -1.036278146
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djkl SUMMARY TABLE: SSNONADD 4.91321467
cl c2 yikl 10.3136126
b1l al a2 [yl 26.5926511
-1.80723 -1.93726 [ABC] 17.6169323
b2 a2 al [A] 27.9989181
-3.41482 -1.43937 [B] 26.7926991
bl a2 al [C] 27.6240006
-2.88203 -1.21479 SSTO -8.97571887
b2 al a2 SSA 1.40626699
2.929704 -2.2954 SSB 0.20004799
SSC 1.03134949
SSRES -11.6133833
SS ERR -16.526598
TUKEY'S TEST
Source of
variation SS df MS Fo
Retention time 1.406267 1 1406267 -0.17018
Number of tubes 0.200048 1 0.200048  -0.02421
Primay voltage 1.031349 1 1.031349 -0.12481
Residual -11.6134 1 -11.6134  1.40542
Non-addi 4.913215 1 4913215 -0.59458
Error -16.5266 2 -8.2633
Total -8.97572 7
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APPENDIX-11

SUMMA CANISTERS' REPORT

- = Face Analytical Services, Inc.
e C—ﬁ Anﬂfﬂ!ﬂ&f 1700 Eim Street, Sude 200

== AW, pacolatis. com Minneapao®s, MK 55414
Phone: (612)807-1700
Fan: (6121607-8444

January 30, 2007

John Veenstra

Oklahoma State University
207 Engineering South
Stillwater, OK 74078

RE: Project. PLASMA
Pace Project No.: 1044833

Dear John Veenstra:

Enciosed are the analvtical results for sample(s) received by the laboratory on January 15, 2007.
Results reported herein conform to the most current NELAC standards, where applicable, unless
otherwise narrated in the body of the report.

If you have any guestions concerning this report, please feel free to contact me.

Sincerely,
T
Daryl Peterson

daryl peterson@pacelabs.com
Froject Manager

lingis Certification # 200011

lowa Cerification # 288

Minnescta Certification #: 027-053-137
Wisconsin Cerfification #: 828407870

Enclosures

Artie Southern, Oklahoma State University School of Civil

oo ; :
and Env. Engin.

REPORT OF LABORATORY ANALYSIS Pags 1cf12

This repert shall not be reproduced, except in full,
without the written consent of Pacse Analytical Serwices, Inc.
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Pace Analylics Sadces. Ing.
1700 Emn Stiisl, Soita 200
Prneagzis B S5414

RWELAREE Com
Phone [§15807.1700
Fas: (S 807.5484
ANALYTICAL RESULTS
Froject: FLASA
Face Project Ko 1044533
Eample: BET1 Laby BD: 4 Qa4 210040 Collected: OH/DSD7 06:52 Receteed: O1A&07 05000 Madrhe: Alr
Parameiers Resulis Unils Repori LimE CF Prepansd Anialyned CAD Mo S
TO1E MEV AIR Analylical Method: TO-15
Apsiane 8.2 ppby 45 5.3 0172507 2323 &7-B4-1 IC
Benzzns HND ppkey 43 538 O1/2507 2323 Ti-43-2
Bromodichioromefhane HND ppkey 43 538 012507 23 TE-27-4
Bromaform ND' ppkey 43 853 0112507 23 T5-25-2
Bromomeihane HND ppkey 43 538 012507 2323 T4-83-5
1, 3-Butadiene HND ppkey 43 538 O1/2507 2323 108-35-0
Z-Bafanone (MEK) ND' ppkey 45 5.3 0172507 2323 T5-593-3
Carbon disufide HND ppkey 42 53 012507 2323 75150
Zarbon ielrachioride ND' ppkey 43 853 0172507 2323 55-235 B3
Chiorobenzene ND' ppkey 43 853 012507 2323 105-30-7
Chiloroefrars ND' ppkey 43 853 0172507 2323 75-00-3
Chilrcform ND' ppkey 43 853 0172507 2323 &7-66-3
Chioromefhane 168 ppby 42 53 012507 2323 T4-B7-3
Cycichexans ND' ppkey 43 853 0172507 2323 190-82-7
Dibromochloromethans ND' ppkey a4 53 O1/25/007 2323 124-48-1
1,2-0kbromosthans (EDE)] ND' ppkey 43 853 0172507 2323 105-934
1,2-Dichiorobenzene ND' ppkey 43 853 0172507 2323 95-50-1
1,3-Dichiorobenzene ND' ppkey 43 853 012507 2323 544-73-1
1,4-Dichlorobenzene ND' ppkey 43 853 012507 2323 105-46-7
Dichicradfuaromethans ND' ppky 431 838 012807 2323 TET1-8
1,1-Dichizrosthans ND' ppky 431 838 012507 2333 TE-34-3
1,2-Dichioroethane ND' ppkey 43 853 0172507 2323 107-06-2
1,1-Dichizrosthens ND' ppky 431 838 012507 2323 TE-35-4
clz-1,2-Dichioroethens ND' ppky 431 838 012507 Z323  156-55-2
frans-1,2-Dichloroethene ND' ppkey B4 53 0112507 2323 156-60-5
1,Z-Dichioropropane ND' ppky 431 838 012507 2323 TE-ET-S
cls-1,3-Dichlomopropere ND' ppky 431 838 012507 2323 10081-01-E
frans-1,3-Dichloropropens ND' ppkey 43 853 O1/2507 2323 10051-02-6
Dichiorodetmafiucrosthans ND' ppky 48 838 012507 2323 TE-14-2
Ethyl acetats ND' ppky 431 838 O1/2507 2323 141-TH-E
Ethylbenzens ND' ppky 431 838 O1/2507 Z323  100-21-4
4-Efyhouene ND' ppky 24 BEE 012507 I3 E22-96-8
r-Heptane ND' ppky 431 838 O1/2507 I3 142-H2-E
=evachioro-1, 3-bubadisns D ppby &3 838 O1/2507 2333 &7-BB-3 Ic
r-HeExare EB ppby 24 BEE O1/2507 2323 110-54-3
Z-Hexarone ND' ppky 46 8.3 012507 2323 591-TH-E
Medhylene Chiorde 2 ppby BE.E {1864 O1/2507 2248 T&5-09-2 B3
d-heiiyl-2-pentanone (MISK) ND' ppky 46 8.3 012807 2323 108-10-1
My lmrt-outyl adher ND' ppky Ba B3 O1/2507 2323 1634-De-d
Fropylens D ppby 167 E.38 0172807 2333 115-07-1
Btyrene D ppby &6 838 0172507 Z323  100-42-5
1,12 Z-Tetrachkoroethane ND' ppky 431 838 O1/2507 Z323 TE-34-5
Telrachioposihens D ppby 431 838 0172507 Z323 127-18-d
Telrarypdrofurar D ppby 431 838 0172507 Z323  109-959-5
Talusre 73 ppby 431 838 O1/2507 2323 108-88-3
1,2 4-Trichiorobenzens D ppby 431 838 0172507 2333 1 20-82-1
1,1.1-Trchioroethane D ppby 431 838 0172507 2333 T{-E5-5

Dravde: 1/30VZ007 02:13 PM
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Mormemphs B 5014
Flhone (825807100

; - Paoe & nafybee Seveo. ine
i A}Hﬁftﬂ‘_‘,‘,ﬂf 17000 Elrn Edpmal, Seitn 200
e gaontihs com

Faa: Pt 207424
AMALYTICAL RESULTS
Frogect: FLASMA
Face Project Mo 1oad233
Bample: BETI Latr D 104333001 Cofiected: DHDSTT O6:52 Feceted: 011507 0500 Maite: Alr
Faamel=m syt Lirils Repar: Limi oOF Freparsc LR CAE Mo us
TO16 MEV AIR Anaiyfical Mefmod: TO-15
1.1.Z-Tocrinrcsthane NO ppey £3° B3 THI0-E
Trichkxoeihens D ppby &3 B.38 TS0 23
Trichiomafeoromesnans [l 232 53% TE-55-4 o
1,1.2-Trichioroirfluomethane ND' ppiy £3 5.3 TE-13-1
1.Z2.4-Trimeinylaenzens N ety 43 B35 Q20T 2 B5-63
1,5 5-Trimeinyinsrrene MO ppbv 23 B38 0 IZ50T 108-E7-2
Wi acetabe N ppby &6 5.38 0112507 108-05-4
Wiyl chioride [l 23 538 J1/250T 3 TEO1-4
mlp-Kylere ND' ppks 54 5.3 0172507 2223 1330-20-7
Crpleng ND' Dty 43 B.38 D1I2E50T 2323 95-E7-E
Dute: I1IE0007 0263 PM REFORT OF LABORATORY ANALYSIS Pags Sof 12
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Pace Analytcal Saenices, Ine.
1700 Elm Eivisl, Seitn 300
MmN S54014

Fhone (5128071700

Fas: [gu2ali-gia
ANALYTICAL RESULTS
Frojecl: FLASMA
Face Project Ko 1044233
Sampls: ERED Lab B 104232002 Collected: O09DSTT 06:57 Recelved: D1MS07 0200 Maiche: Alr
Paramelzrs Results Undls Repart LimE OF Frepans: Al e CAL Mo [P |
TO1E M2V AIR Analfical Methed: TO-15
Apsions 139 ppbw 343 E24 M2ETT 354 57-B41 I
Benzznz NO' peb 324 =24 ZE0T 33554 T1-43-2
Bromodichicromeihane HD ppb A &24 MZEOT 354 75274
Eramiciorm ND' poks 324 =24 2507 33554 75252
Bromometane HD ppb A &24 MZE0T 354 T4-B3-2
1.3-Eutadlene MO ppbs 324 E24 M2E0T 2354 105-99-0
Z-Saranone: (MEX) HD ppby 383 E24 M2E0T I354 TE-93-3
Carbon disufide MO ppbs 312 E24 M2E0T 354 TE150
Carbon i=lmchiorige HD ppby 18 &24 M2E0T I354 S6-23-5 28
Chilorobenzene HD ppby 324 24 M250T 354 105-50-7
Chiloroathans HD ppbs 318 &24 MR2E0T 354 T5-D0-2
Criloroform HD ppby ala &s24 M2E0T 354 &7-66-3
Chiloromethane HD ppbs 312 &24 MR2E0T 354 T4-B7-2
Cycichexans HD ppby 24 E24 M2E0T 354 110-82-7
Cibromachiorometnans MO ppbs 331 &24 M2ETT 354 124-48-1
1.2-DEromosthans {EDE]} HD ppby 24 E24 MIZE0T I354 105934
1.2-Dichicrobenzemz HD ppby ala &s24 M2E0T 354 95-5041
1.2-Dichiorobenzems: ND' poks ile =24 IZE0T 35554 541-73-1
1.4-Dichicrobenzere HD ppb A &24 MIZE0T I354  105-46-7
Cicnicrodfuoromelhane NO' peb ile =24 IZETT 3354 TET1-E
1.1-Dichiosoethane HD ppb 24 E24 MZEOT I354 TE-34-3
1.2-Dichicroethane MO ppbs 324 E24 M250T 2354 107-06-2
1.1-Dichioroethene HD ppby 24 E24 M2E0T I354 75354
cls-1, 2-Dichkoroethene MO ppbs 324 E24 M2E0T 354 155-55-2
rans-1.2-Dichlorcethene NO' peb E2.2 =24 /2507 33554 156-60-5
1.2-Dichicropropans HD ppby 324 24 MR2S0T 354 TEET-S
cls-1,3-Dichloropropene HD ppbs 318 &24 2507 3354 10051-01-5
rans-1,3-Dichlompropens HD ppby 24 E24 MIZE0T I324  10051-02-6
Dichiorot=irafuoroathans HD ppbs 356 &24 MR2E0T 354 Te-14-2
Ethyl aceims HD ppby 18 &24 MIZE0T I354  141-TB-E
Ethylbanzene HD ppby 324 24 M2E0T 2354 100-414
4-Efyhouene NO' ppbs 331 =24 Q12507 35554 522-96-8
r-Heplane HD ppby 324 24 M2E0T I354  142-82-5
=exachioro-1, 3-butadizne NO' peb 3.2 =24 2507 3354 57-BB-3 I
A-Hexare 8.1 ppby 331 &24 MIZETT 354 110-54-3
Z-Hexanone MO ppbs 343 E24 M2E0T 354 £91-TB-E
Mdethylere Chiorde 187 ppbw 24 E24 MZE0T 354 T5-D9-2 23
4-k8igt-2-pentanons (MISK) MO ppbs 343 E24 M2ETT 2354 108101
Myl rt-tutyl siher ND' poks E2.2 =24 20T 33554 1834-044
Progylens HD ppby 135 &24 M2ETT 354 1950741
Styrene ND' poks 343 =24 IZE0T 35554 100-22-5
1.1.Z.2-Telrachioroethane HD ppb 24 E24 MZEOT I354 T34
Teirachioroeinzne HD ppbs 324 B24 2507 2354 127-18-4
Telrakydrofuran HD ppby 24 &2 MIZE0T I354  109-99-5
Talu=p N300 ppbe 4160 TEM M2E0TT 1410 105-88-3 Az
1.2 4-Trchiprobenzens HD ppby 24 E24 M2E0T 354 120-82-1
1.1.1-Trchigrosthans HD ppby 324 24 MR2E0T 354 T1-55-5
Dot 047302007 0213 PM REPORT OF LABORATORY AMALYSIS Fape & of 12
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: & Fack Anidylcsl Bavics, I
A Afﬂﬂa'm&f 1700 Erv v, Bt 200
! Mitrsapein, M 55414

Pl acaiake oo
Preonm (50 28071700
Fax (Sr2e0i-Siey
ANALYTICAL RESULTS
Project: FLASKA
Face Project o A0adiEEE
tampls: ERED Lab &0 1De4EI80d Collecled: OUTSDT 0657 -Aecehed: 0111507 000  Maidr Alr
Famamelsrs Sanilis Linils Repor LimE OF Freparsc Animipzad CAZ Mo 2ual
TO16 M3V AIR Anaytcal Mefod: TS-15
1,1.2-Tricklorcethane HD: pri 324 E24 TEETT 2354 79005
Tekchioethane HE: peky 324 &2 OHI2580T 2354 TH01-E 23
Trchiomfceomeans HE: Pk ¥.2  B24 Q12507 23254 75594 c
1,1.2-TrcRloretrfluoreethans HO¥ ppkw 324 E24 OR2ET 2354 TE-131
1.2 4-Trimeinplosnzene WO ppb JfE S24 MEEOT 2354 35-63€
1,2 5-Trimetyioerzene WD ppkw 324  E24 OI250T 2354 108-67-8
Winsl momtabe HNE ppby 343 824 OI258T F354 1050584
Vsl chioride HE: ppby 318 " B24 012507 3254 75014
mAp-Xylere NO¥ prks 5248 E24 DR2E0T 2354 1330-20-7
oylens [ 324 24 20T 33054 95475
Daie: 01/30V200T D213 PM REPORT OF LABORATORY ANALYS1S Pag=7of12
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Pach Snalyteesl Safdces, e
1700 Eim Stresl, Scita 200
P g, K S5014

Lt s o te
Phone [S128071700
Faa [Bralaie
QUALITY CONTROL DATA
Froject: FLASKIA
Face Project Mo 1044233
G Babch: ARSS0E Analysts Method: TO-15
QG Babch Mefhod TO-15 Analysls Description: TS MEV MR
Assoclaisd Lab Bampies: 1044833004, 1042833002
METHOD ELANK: 3D5252
Associaied Lab Samples 1044833004, 1022833002
Bilank Reporing
Parameter Unkts ReEsul Llmnit Crualtiers
1.1, 1-Trichionoedane ppby HD 0.5z
1,12, 2-Tefrachioroethane pobw MO 0.5z
1,1, 2-Trichioroeans by MO 0.5z
1,1, 2-Trichiororfuorcethans pobw MO 0.5z
1,1-Cichioroathane Dby MO 0.5z
1.1-Dichioreethens ppby HD 0.5z
1.2 &-Trichiorobenzens ppby HD 0.5z
1.2 &-Trimethylbenzame ppbv HE 0.5
1. 2-Cloromosthane (EDE) pobw MO 0.5z
1,2-Dichiombenz=ns= ppbv HE 0.5
1, 2-Clchioroethane pobw MO 0.5z
1, 2-Cichioropromars ppby HD 0.5z
1,25 Timelhylbenzere poby ND 0.5z
1,2-Eiiadens ppby HD 0.5z
1.3-Dichiorebenzens ppby HD 0.51
1 A-Cichiorobenzens ppby HD 0.5
2-Bulanone (MEK] by MO 0.5s
2-HENnTIone ppby HD 0.es
4-Elhyilohers by MO 0.5z
2-fdethyl-2-pentanons (MIEK] ppby HD 0.55
AceElone by MO 055 IG
Senzent ppby HD 0.5z
Sromodichloromsinians ppby HD 0.5
Sromoiam ppby HD 0.5z
Sromomzinans pobw MO 0.51
Carbon disulfice by MO 0.sa
Carbon betrachlorice pobw MO 0.51 B
Chicronerzens Dby MO 0.5z
Chicrozinans pobw MO 0.51
Chicrofomm Dby MO 0.51
Chicromeihans ppby HD 0.52
cig-1,2-Dichioroathens ppby HD 0.5z
cis-1, 3-Dichioropropsns ppbv HE 0.5
Cyclonewane pobw MO 0.5z
Dbromochioromethans pobv WD .53
DichiorodHuoromethanse pobw MO 0.51
Dichiomi=irafluorosthans ppby HD 0.s7
Effvyl mcetabe poby ND 0.51
Ethylnerzens ppby HD 0.5z
Hexachloro-1, 3-tutadiens ppby HD 0.5 IC
misp-X ylens ppby HD 14
Sietryt-tert-outyl Ether by MO 14
Liadrgl=ns Chioride ppby HD 0.5z
Dule: D/3VE00T D2:43 PM REPORT OF LABORATORY ANALYSIS Page3od 12
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M K S5414
Phone (5128071700

. L Pace Analyiicsl Seices, Ins.
Analytical 1700/ i Strmet, Sk 200
I
AT aRcaehe com

Fas: (512807 8idd
GQUALITY CONTROL DATA

Froject: FLASMA

Face Project Mo 1044533

METHCD ELANK: =053e5

Assorisied Lab Bamples. 4044833004, 1044833002

Blank Reporiing
Farameber Unlkts REsul Limit Cualiers

mrHepane ppby MO 0.52

TrHExNn ppbv MO 0.E3

o-Xylsne ppbv MO 0.52

Fropylene ppbw MO 24

Biyrene ppbv MO 0.55

Tetrschioroelhens ppov MO 0.52

TelrssFarofran ppov MO 0.52

Tolu=n= ppbv MO 0.52

frans-1, 2-Dichilorosthens ppbv MO 14

frans-1, 3-Dichioropropens ppbv MO 0.52

Trichioroethens pobv WD 0.52 BB
Trickioreflusromethans ppov MO 0.50 CC

Winyl acafate ppbv HE: .55

Winyl crioride pobv WO 0.51

LASBORATORY CONTROL SAMFLE: 305270

Splke LGB LCS % Rec
Farameber Unlkts Conc. Result % Rec Llrits Gualfiers
1,1, 1-Trichionoedans ppbv 108 55 -3 E0-134
1,12 2-Terachionoethans ppov 108 131 95 cE-141
1,1, 2-Trichionosians ppbv o7 8.8 a3 Ed-12%
1,1, Z-Trichiororfuorcsthans ppbv 0% aE as EE-13T
1,1-Cichioroethans ppbw g [eird 135 58 E8-13&
1.1-Cichioroethene pobv 108 120 112 EO-137
1.2 4-Trchiorobenzens pobv 104 138 133 E0-150
1,2 4-Trimelhylbenzere pobv 104 10.3 -] E3-137
1,2-Disromoethane (ECE) ppbv 10 8% & ef-13&
1,2-Dichiorobenaens ppbw 104 135 02 El-135
1.2-Dichloroethane ppby 10 a3 g8 ge-141
1, 2-Dichioropropans pobv 105 a3 g8 7131
1,3 &-Trimeihyibenzems ppbv 104 k-] BE Ef-134
1,3-Butadiens pobv 107 -1 &0 £3-140
1,3-Dichiorobenzens ppbw 0= 135 i E8-13&
1.4-Dichiorobenzens ppby 0= 124 55 E5-1:0
Z-Bulaniane (MEK] ppov 104 133 105 £4-133
2-Hsanon ppbv 104 ad 13 Ed-138
4-Efhyilolere pobv 103 104 i Ef-132
A-fdethyl-Z-pentanone (MIBK] ppbw 104 ER | 87 B33
Aceione pobv 103 a4 52 E0-13% 1T
BEnZENE ppov 108 83 T8 Ed-125
Eromodichioromsinans ppov 104 87T 24 Bf1-131
Eromotorm pobv 104 a4 50 EE-132
Eromomeinans ppbw 101 a5 95 BE-13E
Carbon disutkde ppbv 104 1az2 58 S0-150
Caron Erachiorize ppov o7 24 T8 £8-135 83
Duyte: D1/3OVE00T 02:13 PM REPCORT OF LABORATORY AMALYSIS Page 9o 12
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Paos Analytcal Bervoes. Ihe.
1700 Eln St St 2000
Mrnmapehs BN 25014

Phane (BTT8IT. W0

Faa (5128071
QUALITY CONTROL DATA
Froject: FLAZMA
Face Project K 1044533
LABORMATORY CONTROL SAMPLE: 305170
Splke LLE LCS % Rec
Farameber Unks Cant. Remult % Rec Limils Gualfiers
Chicrooznzene Fpov 10LE 2.2 TE E2-1z2
Chicrosthmns ppbv kL] a5 1 EE-140
Chicnotarm pobv BE 232 125 EO-150 OO
Chicromedhans pDBY 55 HE 147 SE-144
tis-1 2-Cichiomathens poov 107 1a 93 E3-13%
cis-1, 3-Dichionpromsns poow 0E 121 SE Ed-133
Cyclohexane Epbv 10z 2.3 B3 24-13%
DEbromachliaomethans ppbv 124 ] 5E. SO-150
DichizrodBuoromethans poDV 0 13 gE ED-130
Dichiorol=irafiusrosihans poby -} a0 L2l £5-130
Efyl-aceinte poOw -] 123 05 E0-132
Efvylnenzene poov 0= 123 58 ES-140
Hevachioro=1, 3-batasEns pDoV 104 138 131 =150 1C
mAp-Kisne poOV 208 204 =7 EQ-1332
Miedhyl-ter-butyl elher poby uz 33 5T E0-150
Methyiens Chiorde ooy 1GE 125 117 Eg-13%
rHeptane pooV 10.F 9.5 53 BJ-13£
ey ppov 101 Ha i1 EJ-134
oXyiene poOv 10e 133 =d Ed-132
Fropyiene Foov 106 10.3 g7 SE-12%
BTTanE pOoV ms 121 SE B8-134
Tatrachlomelhene poOV 10E g B eb-1:7
Tetratydrodoran poGY 12 HI 105 -1z
Toluzns pooy 0E 5.3 EE E9-130
frans-1 2 -Dicnioroefens poOV 1 ar 97 EO-150
frans-1, 3-Dichioropropens poow 1t aE £E TO-142
Trchioroethens pODY 104 5.3 BD el-134 23
TrchionsNosomeaihane FDGY 162 5T EE SE-121 CC
WinyT acetste poOy 10E a5 52 Bi-1a3
Winy! chioride Foov 1 2.5 BB BE-132
Dufie: 030007 D242 P REFPCRT OF LABORATORY AMALYSIS Page 100212
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B rmmapcii, K9 55414
Pl [SL2807.1700
Fan (5 07-Sa4d

i ™ Fpcw ANy Sanviodd, ine.
/ ﬂjﬂ,l}-ﬁﬂaf 700 i S, S 200
! [t BT )

GUALIFIERS

Fropecl FLAZSMA
Face Projecthoo 1044833

DEFINITEDONE

DF - DAution Factor, reporied, repessepts the Tactor apoded fo e reported dabs dus 1o changes o samples preosmaiion. chiufon of
e sampie atkguot, or mokstune. confent

MD - hick Defecled at or above sdusied repordng Imk

4 - Eslimases concenaton aboye e adjusied medod detection lmitand peiow Se acjusied reponting dmit
SE0L - Agjashed Method Debection Limik

2 - Burmogate

1. 2-Dipheeirydrazine (8270 isied amalyis | decomposes foAabenoene.

Conslsient with EFA guideines, urroundesd dyia are displayed and have been used o caktulale % recovery and RPD salues.
LC2iD - Lanoralory Control Samoie (Dunloabe)

MBLD] - Mairte Sooke [Dupicals)

DUP - Sampe Duphcale

RFD - Aelaive Poment Dffenence

MC - Wit Caicuatbls.

ANALYTE QUALIFIERE

AT Thie sample was anayzed by secial diulion

oo The caninulng calbration for iz compound b oulside of meihod coningd Dedis. The sesul s estimabed.

ic Tha nilla® calbragon for this compound wae cultsice of methed comieol Brvds. The resut 1s ssltirmabec

B Thiz anatybe did nod et i secondary sounce verficadon crbevis for ine nkial eibration. Tre reported resull should b

conaiciered an ssboeried vake.

REPCRT OF LABORATORY ANALYSIS Fage 11 212
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: & il & Ny il Barvioas, e
,qﬂgm 1 P00 e S, S 2480

[ B rrmmapcin, W 5414
Pranm (5125807170
Faz (Sr2ell-S4a

GUALITY CONTROL DATA CROSS REFERENCE TABLE

Froject: FLAZIMA
Facs Project Mo 10448353

Analytical
Lak & Fampis ID @ Eatoh Mathod @C Batas Analytioal Matnod Enxlah
1DLLEE B BETE To-1E AIRESDS
104LERI00T BBES TO-1E AIRE1DS
Dofie: 0HVE0VZ00T D2:H3 PM REFORT OF LABORATORY ANALYSIS Pape 12 of 12
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Courler: [ ] Fed Ex Ef]ups [Jusps [lctient [lcommercial [ 1Pace Other

21T 4E o8

Tracking #: [27

Custody Seal on Cooler/Box Present: [_,jyes

L ! .o
Client Name: [Jcitlewa 8. fway

] no

Packing Material: [lBubble Wrap ~ [JBubbie Bags [] None [ Other

Sealsintact  [J'yes l_fj_no

Sample Condition Upon Receipt

Project # (L~

Thermormeter Used 230194010  Typeofloe: Wet Bius (Nons '  [] Sampies on ice, cooling process has bagun
Cooler Temperature ﬁﬂa Biclogical Tissue is Frozen: ves Mo “:':t::'m'l' of person examining
Temp should be above fraszing to §°C Comments:
Chain of Custody Present: rbﬁae Civo Gl [1,
|Chain of Custody Filled Out ves Ono Onia f,
Chain of Custody Relinquished: ﬁf:'-s One DO |3,
Sampler Name & Signature on COC: {)f{vaa Oto Clhia |4,
Samplas Arrived within Hold Time: ‘5{“ Cie  Dna {5,
Short Hold Time Analysis (<72hr): Dves ke Ciuals,
Rush Turn Around Time Requested: Cves Tivo Clwia |7
Sulficient Volume; Erves Clno Dl |8,
Correct Containers Used: Hves Cwo Owia f9.

-Pace Containars Used: tﬁvn Ol Clris
Containers Intact: M¥es Clvo D (10,
Fitered volume received for Dissolved tesis U-\\‘ss Oko_Ania |11,
Sample Labets mateh COC: Wﬁ;s Cive Clwa 12,

-Includes dateftime/lD/Analysis _ Mairix A CAr
Al containers needing preservation have been checked, Cves Ol l?ﬁ)-l\ 1.
A e o preemon s o 0% 0 e e s

. Initial when Lot # of added
lescepiions: VOA, wollorm, TOG, OAG, WI-DRQ fwater) Lves Fi“" completed preservativa
|Samples checked for dechlorination: Clves Cvo  [Fhua |14,
Headspace in VOA Vials { =6mm]: Oves Fno  CIniA |15,
Trip Blank Present: Cfes tpun Clva 1186,
Trip Blank Custody Seals Present Oes ﬁﬂo Ona
Pace Trip Blank Lot # (if purchased):
Client Netification/ Resolution: Field Data Peguired? ¥ i N
Parson Contacted: Date/Time:

Comments/ Resolution:

Project Manager Review:

S DT

Date: "‘4_{_'/5.5“ 27

Mote; Whenever there i a diserepancy affecting North Carolina compliance samples, a copy of this form will be sent 1o the North Carolina DEHNR
Cetification Office { Le oul of hold, Incorrest preservative, out of temp, incomrec! containers)
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