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Abstract
The technical feasibility of using an induction-coupled plasma (ICP) torch

to synthesize ozone at atmospheric pressure is explored. Ozone
concentrations up to ~250 ppm were produced using a thermal plasma reactor
system based on an ICP torch operating at 2.5 MHz and ~11 kVA with an
argon/oxygen mixture as the plasma-forming gas. A gaseous oxygen quench
formed ozone by rapid mixing of molecular oxygen with atomic oxygen
produced by the torch. The ozone concentration in the reaction chamber was
measured by Fourier Transform infrared (FTIR) spectroscopy over a wide range
of experimental configurations. The geometry of the quench gas flow, the
quench flow velocity, and the quench flow rate played important roles in
determining the ozone concentration. The ozone concentration was sensitive
to the torch RF power, but was insensitive to the torch gas flow rates. These
observations are interpreted within the framework of a simple model of ozone
synthesis.

1. Introduction
The use of ozone in industrial processes is increasing. Applications for

ozone include treatment of waste water, water purification and bleaching of
paper in pulp mills, in all three cases as an alternative to toxic chlorine.
Ozone cannot be stored, since it rapidly decomposes to oxygen, so it must be
generated in-situ when required. Commercial ozonizers based on silent
(dielectric barrier) discharges(1) are currently the most common method of
ozone production. Low throughput, large physical size, and high electrical
power consumption, however, make silent discharge ozonizers unattractive
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for many industrial applications. Thermal plasma jets, such as those
produced by DC arcs or high frequency (RF) induction-coupled plasmas (ICP),
may offer an attractive alternative route for ozone production. ICP torches
are particularly attractive for ozone synthesis owing to the absence of the
erodable refractory metal electrodes used in DC plasma torches, which
oxidize very rapidly when used with oxygen-bearing plasma gases.

This paper presents the results of a study of the feasibility of ozone
production using an ICP torch quenched with a gaseous oxygen flow. The
paper is organized in the following way. Section 2 describes the fundamental
chemistry of ozone production. The experimental apparatus, including the
ICP torch, quench nozzles, and Fourier Transform infrared (FTIR)
spectrometer used to measure the ozone concentration, is described in
section 3. Section 4 presents the experimental results. The experimental
results are summarized and a direction for further development of this
technique is presented in section 5. Appendix 1 describes estimates of the
gas temperature derived from FTIR spectroscopy measurements of rotational
structure of a molecular vibrational band.

2. Fundamentals of Ozone Formation
The three essential elements of ozone synthesis are: 1) the formation of

atomic oxygen; 2) its reaction with molecular oxygen to form ozone, and 3)
some means of minimizing the destruction of the newly formed ozone(1-3). In
conventional ozonizers based on dielectric barrier discharges, atomic oxygen
is produced by electron impact dissociation in an electrical discharge in air or
molecular oxygen, and it promptly reacts with ambient molecular oxygen.
Thermal decomposition of ozone is minimized by maintaining the
temperature below ~400 K.

The approach taken here used a plasma torch to generate atomic oxygen
by thermal dissociation at temperatures above 4000 K. Ozone synthesis then
took place as the torch jet was mixed with and cooled by a stream of colder
gaseous oxygen.  This quench gas minimized ozone destruction by diluting
the atomic oxygen flowing from the torch and by cooling the resulting
ozone/oxygen mixture.

Ozone synthesis has been extensively studied and many reaction
pathways have been considered in analyses of ozone production by dielectric
barrier discharges(2). The most important processes in the reaction chamber
used in our experiments were expected to be:

 O + O + M → O2 + M (R1)
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O + O2 + M → O3 + M (R2)

      O3 + M → O + O2 + M (R3)

       O + O3 → 2O2 (R4)

Recombination by reaction R1 represents the main loss channel for O
when T>1200 K and when [O]/[O2]≥0.1 for temperatures as low as 500 K. At
lower temperatures most O will be converted quickly to O3 by reaction R2.
The back reaction, R3, maintains a small concentration of O, which reduces
the ozone concentration via reaction R4 (destroying both O and O3). This will
be the dominant loss channel for T<1000 K, and will reduce the ozone
concentration to 100 ppm in less than a second unless T≤550 K. Previous
work(2) showed that the efficiency of ozone formation was high only if
[O]/[O2]≤10-3 initially and T<700 K. With higher initial levels of atomic
oxygen reaction R4 unavoidably reduces the conversion efficiency.

Using O2 quench gas at a temperature of ~300 K to dilute O in the torch
jet to a relative concentration less than 3 × 10-3 will reduce the final
temperature of the mix below 400 K. If this can be accomplished rapidly
enough the oxygen will be converted to ozone with high efficiency. Using a
higher initial oxygen concentration of 10-2 raises the final temperature and
reduces the ideal efficiency to 25%, but the efficiency can be raised to ~60%
by using a liquid oxygen quench to lower the final temperature. In single
stage synthesis the practical limit of ozone concentration is therefore ~1%.
Multi-stage syntheses using quench gas containing ozone produced in
previous stages could raise the ozone concentration, but the strong
temperature dependence of ozone decomposition would make this less
effective with a plasma torch than in ‘cold’ electrostatic ozonizers.

Rapid mixing of the plasma jet and the quench gas is therefore critical in
four ways: 1) to prevent recombination of the O atoms, 2) to mix O and O2 so
that ozone can be formed, 3) to dilute the atomic oxygen concentration in
order to minimize the destruction reactions R3 and R4, and 4) to cool the
mixture below 500 K to prevent thermal decomposition of the ozone.

Estimates of the required mixing time scales can be derived from the
rates of change of [O] and [O2] in a bath of O2:

d[O] = -k2[O][O2]2 + k3[O3][O2] - k4[O][O3] - 2k1[O]2[O2] (1)
 dt
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d[O3] = +k2[O][O2]2 - k3[O3][O2] - k4[O][O3] (2)
 dt

Rate constants for reactions R1 and R3 were taken from Eliasson and
Kogelschatz(4), and those for reactions R2 and R4 were fits to the NIST
chemical kinetics database(5):

k1 = 4.8 × 1015 (300/T) exp(-170/T)  cm6/mole2-s

k2 = 9 × 1013 (298/T)1.52 exp(+205/T)  cm6/mole2-s

k3 = 4.4 × 1014 exp(-11400/T)  cm3/mole-s

k4 = 7.3 × 1012 exp(-2125/T)  cm3/mole-s

While reactions R3 and R2 can interchange O3 and O at a rapid rate, they
only convert ozone into ‘potential ozone’ and back again; the real loss rate is
obtained by summing the individual rates:

d[O +O3] = - 2k4[O][O3] - 2k1[O]2[O2] (3)
     dt

which can be much smaller than the individual rates for reactions R2 and R3.
The characteristic time scale for [O+O3] destruction is

τdes = { 2[O+O3](k4(1-ƒ3)ƒ3 + k1(1-ƒ3)2[O2]) }-1 (4)

where ƒ3 = [O3]/[O+O3]. Note that τdes is proportional to the inverse of
[O+O3] and therefore increases as destruction proceeds.

Solving Eqs. 1 and 2 with the initial conditions [O]=[O]i and [O3]=0, it is
found that [O3] rises rapidly to a peak value, at which time [O]+[O3] ≈ [O]i,
and then both [O] and [O3] decay relatively slowly.

The destruction time scale can be estimated by evaluating Eq. 4 using the
value of ƒ3 at the time of peak [O3]. In steady state, Eq. 2 becomes a
quadratic equation for ƒ3 which always has one physical root with 0<ƒ3<1.
The behavior of ƒ3 with temperature is shown in Fig. 1 for different values of
[O+O3]/[O2]. Note that ƒ3 ≈ 1 at low temperatures and ƒ3 ≈ 0 at high
temperatures, with a relatively narrow transition in the region 400<T<1000 K.
The location of the transition varies because the term k4[O][O3] becomes
important for high [O+O3].  The resulting τdes, plotted versus temperature in
Fig. 2, varies roughly as the inverse of [O+O3], but the dependence for T<1000
K is more complicated because ƒ3 depends on [O+O3] as well as temperature.
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Boulos and Ye have generously provided a two-dimensional computer
simulation of our standard plasma torch condition(6). Briefly, their
mathematical model assumed the plasma to be in local thermodynamic
equilibrium, and Boussinesq’s model of eddy viscosity was used to model the
mixing of argon and oxygen in the plasma torch. Details of the computer
model and comparisons with experimental data can be found in Rahamane, et
al.(7) and references therein. The spatial distributions of the temperature,
flow speed, and atomic species concentration calculated for our torch were
similar to those shown in reference 7. At the exit of the torch and in the
quench region, the simulation predicted that the argon and oxygen would be
well mixed, that the maximum temperature dropped to ~4000 K, and that the
peak flow speed was ~20 m/s. The atomic oxygen concentration was large
inside a column of ~30 mm diameter: [O]/[O2] ≈ 1 in the center of the column
and it fell rapidly to 10-2-10-4 outside a radius of ~15 mm.

Cooling and dilution of the torch jet by the quench gas was accomplished
by turbulent mixing in the reaction chamber. Cooling the entire torch output
by mixing would require a quench flow rate of ~103 slm. In most cases a
small quench jet was used which entrained only a small part of the torch
flow; the bulk of the thermal output of the torch was dissipated to the water-
cooled reaction chamber walls downstream from the observation region.

Mixing of the torch and quench flows is a highly stochastic process, with
different portions of the gas mixing much more rapidly or slowly than the
average. The typical mixing time scale of turbulent eddies is simply L/v,
where L is the diameter of the turbulent jet and v is the flow speed of the
jet(8). For a high speed quench jet directed across the plasma jet produced by
the torch, the flow speed near the quench jet orifice will be in the range 100-
300 m/s, but where the quench flow emerges from the high temperature
region it is considerably expanded and moves much more slowly. Note,
however, that if the emerging quench flow has a diameter of ~10 mm then a
flow speed of only 10 m/s is sufficient to produce a mixing time of ~10-3 s ,
which prevents the decline of [O+O3]/[O2] below ~10-4 (see Fig. 2). For a
quench supplied through a large distant opening in the reaction chamber the
plasma torch jet velocity drives the mixing. The length scale will be larger
and the flow speeds in the mixing region lower, and the eddy turnover time
will be longer. Thus, lower ozone concentrations were expected when slow
quench flows were used.
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These considerations indicated that the quench velocity and the specific
geometry of the quench-plasma interaction were expected play major roles in
determining ozone production. This was found to be the case, as shown in
Section 4.

3.1 The ICP torch
ICP torches(9) as shown in Fig. 3 offer several advantages over DC

systems: continuous operation due to the absence of electrode erosion; no
process stream contamination by electrode material; no moving parts; and
the ability to operate using a wider range of plasma-forming gases, including
oxygen. The continuous operation capability and absence of electrodes in ICP
torches are important advantages for industrial facilities.

ICP torches utilize electromagnetic induction, rather than the electric arc
discharges used in conventional DC plasma systems, to couple electrical
energy from a power supply into a toroidal discharge. The toroidal discharge
in ICP systems acts as a short-circuited, single turn secondary winding of a
transformer, the primary winding being a coil within the torch body. The RF
energy is dissipated through ohmic heating of the plasma-forming gas, which
reaches sufficiently high temperatures (~10,000 K or ~1 eV) to achieve a high
degree of ionization. The discharge can be initiated in several ways: (i) by
reducing the pressure to ~10-30 kPa, such that spontaneous breakdown
occurs; (ii) by inserting an electrically conducting load, such as a graphite
rod, into the torch to provide a localized source of ionization through
induction heating; or (iii) applying a high voltage Tesla coil to the central
probe of the torch to generate a spark which then ignites the plasma. The
latter method was used in this case since the system was operated
nominally at atmospheric pressure and with a sealed reactor.

ICP torches can be operated using a wide range of plasma-forming gases:
argon, nitrogen, hydrogen, air and even pure oxygen, and at power levels up
to ~1 MW. Their energy efficiency is of the order of 15-40%, lower than that of
DC systems, but this is continually being improved through developments
such as the use of solid-state power supplies, and by improved torch designs
which either reduce radiative losses from the plasma to the cooling water(10)

or which increase coil to plasma coupling-efficiency by eliminating the inner
quartz tube(11,12) commonly used in older designs.

The ozone synthesis experiments were carried out using a Tekna model
Pl-35 ICP torch mounted on a water-cooled PERC™ (Plasma Energy Recycle
and Conversion) reactor chamber similar to that described by Smith, et al.(13)

A schematic of the reactor, torch and FTIR spectrometer (described below) is
shown in Fig. 4. The torch had an internal diameter of 35 mm, and a 4 turn
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coil cast into the ceramic body. This torch had provisions for injecting three
different gas flows: the central flow, the sheath flow, and the probe flow. The
central flow provided the main plasma-forming gas, which was argon in these
experiments. The sheath flow surrounded the central flow and the probe flow
was introduced through a small stainless steel probe located on the torch
axis. Both the sheath and probe flows were oxygen. Torch power was supplied
from a Lepel vacuum tube, tuned-grid, RF generator via a 150 mm diameter
coaxial copper transmission line and L-C matching network, or tank circuit.
The torch-tank-RF generator combination was tuned for operation at a
nominal frequency of 2.5 MHz, and optimized for maximum power coupling
using an argon/oxygen mixture as the plasma-forming gas. RF power inputs
of up to 25 kVA were available, and the typical torch operating power was ~11
kVA.

3.2 Reactor System Description
The modular reactor is shown in Fig. 4. It consisted of 4 double-walled

spool pieces, each 143 mm in length with an internal diameter of 152 mm,
with Viton® gasket seals between the section flanges.  The top two sections
of the reactor, located immediately beneath the torch, each incorporated four
44 mm internal diameter, flanged, side-arms, located 90° apart, fitted with
standard Conflat® vacuum flange seals, for use as instrumentation, view, or
quench gas injection ports. The reactor was designed to provide a gas
residence time of approximately 2 s at typical plasma gas flow rates. The
reactor walls were water cooled to ~10 C during operation.

In the initial experiments, system pressure was controlled using three
air-driven venturi pumps, or eductors, connected to the outlet of the reactor.
Flow rate was controlled by varying the flow of compressed air supplied to the
eductors. In later experiments at high quench gas flow rates, the eductor
system was disconnected, since the quench gas flow greatly exceeded the
pumping capacity of the eductor system, which led to high reactor pressures.
In this case the chamber was exhausted directly to atmosphere through a 25
mm diameter hose. Reactor pressure was monitored using a simple water
manometer connected directly to the reactor.

The plasma jet emerging from the ICP torch was quenched by a stream of
room-temperature oxygen gas (not shown in Fig. 4). As discussed in Section
2, ozone production was expected to be sensitive to the quench geometry and
flow rate, so several different quench nozzles and orientations were used and
the results compared. In each case, the quench system was operated under
choked, or critical, flow conditions such that the flow rate was directly
proportional to the supply pressure only. This was accomplished using
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critical orifices in the supply line or, for the smaller diameter nozzles,
operating the nozzle under choked flow conditions so that it acted as a
critical orifice. The top section of the reactor and the different quench
nozzles used are shown schematically in Fig. 5. The different nozzles used
and their orientations were:

A. A Spraying Systems, Inc. ‘FullJet 1/8GA SS-8W’ wide angle stainless steel
conical nozzle located approximately 110 mm below the torch nozzle exit and
directed into the torch throat. This nozzle had an orifice diameter of 2.38 mm
and produced a 120°-125° divergent, full cone, gas stream.  #56 or #47 critical
orifices were used to control the gas flow rates.

B. A 2 mm internal diameter (ID) cylindrical nozzle on a 4.5 mm ID stainless
steel tube directed across the plasma jet at the level of the first flange below
the torch.

C. As described for quench arrangement B, but with the 2 mm diameter
nozzle removed so that the quench flow came directly from the 4.5 mm inner
diameter stainless steel tube. A #56 critical orifice was used to control the
gas flow rate.

D. A 16 mm diameter port aimed directly across the plasma jet at a level
slightly above the first flange below the torch.

E. A stainless steel tube with an oval crimped end of dimensions 1.8 mm × 5
mm (equivalent circular diameter=3.2 mm) aimed up at the torch at ~45° from
the first flange below the torch. A #56 critical orifice was used to determine
flow rate from supply pressure. This nozzle could be rotated about the tube
passing through the flange to allow the dependence of ozone production on
angle to be studied.

F. A ‘lazy-S’ stainless steel tube originating at the first flange below the torch
and bent to give a horizontal quench flow across the torch jet immediately
below the torch exit opening. A 1.1 mm diameter nozzle was used on the end
of this tube.

G. As described for quench arrangement F but with a 2.2 mm diameter
nozzle. The tube passing through the flange could also be rotated to enable
angular dependence studies to be carried out.
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H. As described for quench arrangement F, but operated without a nozzle (ie.
an open tube of 4.5 mm ID) and with a #56 critical orifice.

3.3 Ozone Concentration Measurements
3.3.1 FTIR Spectroscopy Diagnostics

FTIR spectroscopy(14) of the plasma region was used to measure the
ozone concentration since ozone is easily observed in the mid-infrared region
of the spectrum (700-4000 cm-1) and because quantitative measurements are
possible.

Absolute concentrations of molecular species can be deduced from
measured absorbances of molecular vibrational bands and the gas
temperature can be deduced from the relative absorbances of rotational lines
in a vibrational band. This temperature is referred to as the rotational
temperature and is usually equivalent to the bulk gas temperature in
plasmas near atmospheric pressure. FTIR spectroscopy is not often
performed in a plasma environment, although some studies have been made
on low density processing plasmas such as those used in semiconductor
manufacturing(15,16). This is believed to be the first application of FTIR
spectroscopy to a thermal plasma at atmospheric pressure. The primary
difficulty in applying FTIR spectroscopy to the plasma is noise on the
spectrum due to background infrared radiation from the plasma. This
increases the detection limit for a given species over the value that would be
obtained if the plasma were not present. Nevertheless, useful
measurements of both species concentrations and the rotational
temperature can be made. Note also that species concentrations and the
rotational temperature measured by FTIR spectroscopy are averaged along
the spectrometer line-of-sight through the plasma and surrounding region of
the reactor chamber.

A schematic of the experimental arrangement used for FTIR spectroscopy
of the ICP torch plasma is shown in Fig. 4. The infrared beam from a Mattson
Infinity 60AR FTIR spectrometer operating in external beam mode was
passed through the reactor via potassium bromide (KBr) windows and
observed on the opposite side by a liquid nitrogen-cooled, narrow-band
mercury cadmium telluride (MCT) detector. KBr was selected as the material
for both the FTIR spectrometer beamsplitter and the windows on the reactor
because of its good transmission in the mid-infrared region. The vertical
position of the beam path was positioned to pass through the plasma jet as
close as possible to the ICP torch nozzle exit. This allowed the ozone
concentration and gas temperature to be measured in the region of the
plasma where mixing with the oxygen quench gas occurred. This was also
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where ozone formation was expected to take place. Data from the MCT
detector was acquired and processed by the PC used to control the
spectrometer.

The beam paths between the spectrometer and the reactor and the
detector were enclosed by plastic tubes purged with dry nitrogen to minimize
contributions to the spectra from water vapor and carbon dioxide in the room
air. The FTIR spectrometer was not purged, but internal desiccators were
used to remove water vapor. The external beam window of the FTIR
spectrometer was placed as close as possible (~0.2 m) to the reactor to
minimize vignetting of the infrared beam. The MCT detector was placed at a
much greater distance from the chamber (~1 m) to reduce the relative
contribution of infrared radiation from the plasma to the signal(16). This
technique is effective because the intensity of the plasma emission
decreases nominally as the square of the distance from the plasma, while
the intensity of the infrared beam decreases more slowly. The signal-to-noise
ratio of the measurements was therefore improved by increasing the
separation between the detector and the plasma. The collimated infrared
beam was focused onto the small area of the MCT detector by an off-axis
ellipsoidal mirror.

For both the ozone concentration and gas temperature measurements, the
plasma spectra were taken as single-beam spectra. These were ratioed with
background single-beam spectra taken without the plasma to obtain
absorbance spectra. The absorbance is defined as A=-log10(I/I0), where I is
the intensity of the transmitted infrared beam in the presence of the plasma
and I0 is the background intensity. Background spectra were taken with
argon gas flowing through the plasma torch in order to displace room air from
the reactor.

3.3.2 Ozone Spectrum and Measurement of Ozone Concentration
Ozone concentrations were deduced from the absorbance of the ozone

antisymmetric stretching band at 1042 cm-1. This band was chosen because
it is the strongest ozone vibrational band and because it is free from
interference from water bands. Fig. 6 shows an ozone spectrum of the 1042
cm-1 band taken at 2 cm-1 spectral resolution. 512 scans were summed and
the total scan time was approximately 2 minutes. Spectra taken at spectral
resolution of 0.125 cm-1 yielded the same absorbance values, but did not
reveal additional detail in the shape of the band. This was expected because
the spacing of the ozone rotational lines is less than their pressure
broadening at atmospheric pressure. The lower resolution data had the
advantage of a higher signal-to-noise ratio for the same total scan time.
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The ozone concentration was related to the measured band absorbance
using Beer’s law(14):

A = ε l c     (5)

where A is the absorbance, ε is the ozone absorptivity, l is the path length
through the sample, and c is the ozone concentration. The absorbance
integrated over the entire band, or integrated band absorbance, was used for
the ozone concentration measurements. Baseline subtraction was performed
prior to integration. The absorptivity is a constant characteristic of a
particular species and band. The absorptivity of the 1042 cm-1 ozone band
was taken from measurements by McCaa and Shaw(17). The path length was
assumed to be the distance between the KBr windows, 0.28 m, since this
was the length of the region where ozone was present. Analysis of the
spectrum shown in Fig. 6 yielded an ozone concentration of 220 ppm referred
to atmospheric pressure, i. e., 2.20 × 10-4 atm ozone partial pressure.

The peak-to-peak noise on the spectrum at 1042 cm-1 was measured at
the baseline torch operating condition with no oxygen quench gas flow, a
condition where no ozone was observed. This corresponded to a minimum
detectable ozone level of 5 ppm. This is a conservative value because the
peak-to-peak noise level was used. The noise on the spectrum varied
somewhat with the torch operating parameters and quench gas flow rate, but
this value for the detection limit may be taken as typical.

4. Experimental Results
4.1 ICP Torch Operating parameters

The plasma jet was ignited using argon as sheath, central, and probe
gases and allowed to stabilize. Once stable operation was achieved, the
sheath and probe gases were gradually changed from argon to oxygen. Air flow
through the eductors was then adjusted to maintain a reactor pressure of
~ -50 mm of water column in cases where active pumping was used.

A series of experiments was carried out to investigate the dependence of
ozone production on quench gas flow rate, quench gas flow velocity, and
quench geometry. Torch operating parameters, such as plasma input power,
plasma gas composition, and probe and sheath gas flow rates, were also
varied to determine their influence on ozone concentration and to map out
the operating envelope within which significant concentrations of ozone were
produced. After some initial studies, a standard set of torch operating
parameters was used for most of the experiments. These ‘baseline’
parameters were: RF power ≈� 11 kVA (plate voltage ≈8 kV × plate current ≈ 1.4
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A), oxygen sheath gas flow rate=50 slm, argon central gas flow rate=20 slm,
and oxygen probe gas flow rate=2.5 slm. Unless otherwise stated, the
experiments described below were performed with the torch operating at the
baseline condition.

4.2 Ozone Concentration Dependence on Quench Flow Rate and
Velocity

Initial results were obtained with the torch operating at the baseline
parameters and with quench nozzle A (see Fig. 5). This quench arrangement
was chosen because injection of the quench gas in a direction counter to the
plasma jet was expected to result in a high relative velocity between the
torch plasma jet and the quench flow, and thus lead to rapid mixing and high
ozone concentrations.

Fig. 7 shows the dependence of ozone concentration on quench gas flow
rate for two experiments using this quench nozzle, one with active pumping
by the eductor system and the other without active pumping. These results
demonstrated several basic characteristics of ozone production by this
technique: 1) an appreciable flow of quench gas was required for significant
ozone production; 2) the ozone concentration at a given quench flow rate was
reproducible; 3) the ozone concentration increased with increasing quench
gas flow rate; and 4) the ozone concentration approached saturation at high
quench gas flow rates.

As discussed in Appendix 1, the background gas temperature at the higher
quench gas flow rates was low: 350-400 K, whereas it was measured to be
~1000 K with no quench gas flow. (Note that, while the simulation discussed
in Section 2 predicted a core temperature of ~4000 K, the FTIR spectroscopy
measurements of the gas temperature discussed in Appendix 1 were line-of-
sight averaged values and were therefore expected to be significantly lower
than the predicted values. In addition, the simulation did not include the
cooling effect of the quench gas flow.) The rate of thermal dissociation of
ozone via reaction R3 is high at a temperature of ~1000 K, explaining why a
quench flow was required to produce measurable ozone. The saturation of
ozone concentration with increasing quench gas flow rate is an indication
that a limit to increasing the efficiency of the quench gas mixing with the
torch flow was being reached as the quench flow increased, not that the gas
temperature was too high to prevent ozone loss by thermal dissociation,
since the thermal dissociation rate was small at temperatures of 350-400 K.

Because a critical orifice was used to control the quench gas flow rate in
this quench arrangement, the flow velocity at the quench orifice increased
with increasing flow rate. Thus, the increase in ozone production with
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quench flow rate was probably due to more rapid mixing resulting from the
higher quench velocity at the higher quench flow rates, as well as to the
larger volume of quench gas injected per unit time.

The role of the diameter of the quench nozzle in determining ozone
production is shown clearly in Fig. 8, which shows the ozone concentration
for three quench nozzles with different diameters. These were quench
nozzles B, C, and D shown in Fig. 5. At a given quench flow rate, much less
ozone was produced by quench gas flowing through the large 16 mm diameter
opening of quench nozzle D than by either of the other two quench
arrangements, which had smaller diameters of 2 mm and 4.5 mm
respectively. The larger diameter, and therefore lower quench flow velocity, of
nozzle D, led to slow, inefficient mixing of the quench gas with the plasma
jet and therefore to low ozone concentrations. The ozone concentrations
produced by quench nozzles B and C were similar in spite of their very
different flow speeds. This may be because the smaller and faster quench
from nozzle B entrained less atomic oxygen as it passed through the torch
flow.

The ozone concentrations obtained with quench nozzle B and shown in
Fig. 8 also demonstrate reproducibility at a given quench flow rate. The ozone
concentration in this case increased rapidly with increasing quench flow rate
and then rolled over at the highest quench flow rates. This behavior may
indicate that most of the entrained oxygen atoms had reacted to form ozone
and that the higher quench flow rates were beginning to dilute the ozone.
The ozone production rate, which was proportional to the product of ozone
concentration and quench flow rate, remained approximately constant with
increasing quench flow rates. Lacking detailed local measurements it was not
possible to quantitatively model this behavior.

Fig. 9 shows ozone concentrations for quench nozzles F and G. The
quench flow was across the plasma jet in both cases and the only differences
were the nozzle diameters: 1.1 mm for nozzle F and 2.2 mm for nozzle G.
Both nozzles were operated under choked flow conditions over the range of
quench flow rates shown in Fig. 9, so the flow speed at the orifice was near
the local speed of sound. Fig. 9 shows that more ozone was produced by the
smaller nozzle than by the larger one at a given quench flow rate. At a given
flow rate, the pressure in the smaller orifice must be higher and this is
presumed to drive a larger amplitude of expansion/contraction oscillations in
the downstream quench flow. This may have increased entrainment of torch
gas into the quench flow, accounting for the higher ozone production.
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4.3 Ozone Concentration Dependence on Quench Flow Geometry
Comparison of the higher ozone concentrations produced by quench

nozzle A shown in Fig. 7 with the lower values shown for nozzles B, C, D, F,
and G in Figs. 8 and 9 implies that the detailed geometry of the plasma
jet/quench jet interaction is important in determining ozone production. This
is not surprising because changes in the geometry of this interaction could
change the plasma jet/quench jet relative velocity, the quantity of atomic
oxygen entrained by the quench jet, and the turbulence in the plasma
jet/quench jet mixing region. In particular, the broader, fan-shaped quench
jet produced by nozzle A interacted with a larger volume of the plasma jet
than the quench jets produced by nozzles B, C, F, and G. Thus, although
quench nozzle A produced a slower quench flow at a given flow rate than
nozzles B, F, and G, it may have produced more ozone because a larger
fraction of the torch output interacted with the quench flow. Two additional
sets of experiments were carried out to investigate the effect of changing the
plasma jet/quench jet interaction in a systematic way.

The first set of experiments was performed using quench nozzle G. The
tube passing through the flange was rotated to position the nozzle at
different locations relative to the plasma jet. The effect of this rotation on
the ozone concentration is shown in Fig. 10. The position denoted 0°
indicates that the nozzle was positioned to aim the quench jet through the
nominal center of the plasma jet, as shown in Fig. 5. In this position, the
intersection of the quench jet with the plasma was closest to the torch
nozzle exit. Positive angles correspond to the tube being rotated clockwise
when viewed facing the flange outside the reactor and negative angles
indicate counterclockwise rotation. Note that when the tube was rotated
away from 0° the quench jet intercepted the plasma jet farther from the torch
exit opening and farther from the torch axis. In this figure, and in Fig. 11,
repeated angle settings for which the angle was changed to a different value
following the first set of measurements and then reset to a nominally similar
value for the second set of measurements are denoted by numbers in
parentheses following the angle, i.e., the point labeled +30° (2) in Fig. 10 was
obtained after the quench nozzle had been reset to an angle of +30° following
the measurement at -30°. The quench angle was also set to a value a few
degrees smaller than 30° for points labeled <30°.

Several observations may be made from Fig. 10: 1) the ozone concentration
was very sensitive to quench jet angle; 2) the highest ozone concentrations
were produced with the nozzle positioned at +30°, not at 0°; 3) the plasma
flow was not symmetric because the ozone concentrations obtained with the
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nozzle at -30° were lower than those at +30°; 4) the dependence of ozone
concentration on quench flow rate was different for different quench angles;
and 5) it was not possible to reproduce the high ozone concentrations
obtained at +30° in the later runs. According to the simulation of the plasma
torch, the atomic oxygen was in a column with a diameter of ~30 mm. When
the quench nozzle was rotated ~30° from the vertical, the quench jet only
intercepted the edge of this high temperature core of the plasma jet. The
maximum torch jet/quench flow intersection angle is expected to occur at
angles between 0° and 45°. The asymmetry in ozone concentration between
+30° and -30° may be due to the swirl of the central gas flow in the torch,
such that the plasma jet/quench jet relative velocity was lower for the -30°
case than for the +30° case.

Similar experiments were carried out with quench nozzle E, with the tube
passing through the flange rotated to vary the angle at which the quench
intercepted the plasma jet. The results are plotted in Fig. 11 and the basic
features are similar to those obtained for quench nozzle G in Fig. 10. In this
case, however, the highest ozone concentrations were seen at +45°, and
lower values were observed at +30°, +90°, and -45°. A second attempt to
reproduce the results at +45° was more successful than with nozzle G, but a
significant difference remained between the ozone concentrations at the
highest quench flow rate.

Both of these experiments demonstrated that the position and direction
of the quench nozzle also played important roles in determining the ozone
concentration at a given quench flow rate. The variability of the ozone
concentration in some cases indicated strong sensitivity to the precise
location of the plasma jet/quench jet interaction.

Fig. 12 shows the ozone concentration produced with quench nozzles G
and H, both oriented at an angle of +30°. Nozzle G had a 2.2 mm ID orifice,
while nozzle H had a 4.5 mm ID orifice.  As shown in Fig. 12, nozzle H
produced less ozone than nozzle G at low quench flow rates, but the ozone
concentrations were similar for the two nozzles at high quench flow rates.
The flow from the larger nozzle was estimated to become sonic at a flow of
~300 slm. As a result, the quench flow velocity was lower for the larger nozzle
than the smaller one at all quench flow rates. It was shown earlier that with
nozzles B and C the larger orifice produced more ozone, (Fig. 8.) In those
configurations the quench gas was directed through the center of the torch
column, whereas in Fig. 12 the quench flowed past the edge of the column.
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4.4 Dependence of Ozone Concentration on Torch Operating
Parameters

The effect of varying the following ICP torch operating parameters on
ozone concentration was also studied: RF power, probe gas flow rate, and
sheath gas flow rate.

Fig. 13 shows the ozone concentration produced at three different torch
RF power levels using quench nozzle G rotated to +30°. The ozone
concentration was strongly dependent on RF power, with the maximum at the
intermediate RF power level, which corresponded to the baseline operating
condition. This behavior may have been due to the low RF power being
insufficient to thermally dissociate a large volume of oxygen, while at high
power levels the torch enthalpy was so high that the quench gas did not
sufficiently cool the entrained gas.

The effect of varying the sheath gas flow rate over a range compatible with
stable torch operation on ozone concentration is shown in Fig. 14. The ozone
concentration decreased slowly with increasing sheath gas flow rate, but the
decrease was small, approximately 35% for a factor of two change in the
sheath gas flow rate. This decrease was probably due to shrinkage of the hot
core of the plasma resulting from cooling as the sheath gas flow rate was
increased. The smaller interaction region would reduce entrainment of
atomic oxygen into the quench flow.

The ozone concentration was found to be constant within ~15% for probe
gas flow rate variations from 0 to 7.5 slm around the baseline value of 2.5
slm. It is likely that most of the atomic oxygen which became ozone was
created at the inner boundary of the sheath gas flow. At the modest probe
gas flow rates used here, the probe flow should not suppress dissociation in
the hot core of the plasma.

5. Summary of Results and Directions for Further Development
Significant amounts of ozone, up to 250 ppm, were produced in these

experiments, demonstrating the technical feasibility of ozone synthesis
using a quenched ICP torch. Both the quench gas flow rate and velocity were
found to be important in determining the ozone concentration for a given
quench configuration. These observations confirmed the initial hypothesis
that a high degree of mixing of the quench gas with the plasma flow in a
short period of time is crucial for producing high ozone concentrations. The
ozone concentration was also very sensitive to the position of the quench jet
with respect to the plasma flow, indicating that the quench jet must be
directed toward a region of high atomic oxygen concentration for efficient
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production of ozone. The ozone concentration was also sensitive to the torch
RF power, with the highest concentrations being obtained at intermediate RF
power levels, but the ozone concentration was relatively insensitive to the
sheath and probe gas flow rates.

While significant, the ozone concentrations produced in these
experiments were lower than the commercially-relevant level of 1% by over
an order of magnitude. Quench nozzles with small diameter orifices produced
the highest velocity quench jets, which produced ozone locally where the jets
interacted with the plasma; however, these quench jets did not interact with
a large enough fraction of the plasma jet for high overall efficiency in ozone
production. Conversely, the quench configurations that produced larger
diameter quench jets which interacted with larger portions of the plasma flow
had low velocities which did not lead to efficient mixing of the quench gas
and plasma flows, and thus had low local ozone production efficiency.

These observations indicate a path for further development of this ozone
synthesis technique: an array of small diameter, high speed quench flows
directed into the hot region of the plasma jet. The nozzles to produce these
flows could be arranged in a semicircular array around the plasma (quench
flows directed into each other would produce stagnation) and several such
arrays of nozzles could be located at different levels below the torch exit
nozzle to utilize the entire length of the plasma jet. It might also be possible
to build an array of quench nozzles into the body of the torch. Such an
arrangement would make effective use of the bulk of the plasma jet, and thus
produce higher ozone concentrations than were obtained in the experiments
reported here.
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Appendix 1. Rotational Temperature Measurement
The gas temperature could not be measured using the FTIR spectrum for

ozone because its closely spaced rotational lines could not be resolved due
to pressure broadening at atmospheric pressure. Instead, a small amount of
carbon dioxide was introduced via the quench gas nozzle and the rotational
spectrum of the antisymmetric stretching band at 2349 cm-1 was used to
measure the rotational temperature.

Carbon dioxide is a linear, symmetric molecule (point group D∞h) and its
rotational structure may therefore be treated using a formalism similar to
that for diatomic molecules. The relative intensities of the rotational
transitions in the 2349 cm-1 band observed in absorption are determined by
the relative populations of the rotational levels in the ground state. At
atmospheric pressure, the populations of the ground state rotational levels
are described by an expression derived from the Boltzmann relation(18):

NJ″/N0 = (2J″+1) exp[-hcB″ J″(J″+1)/kT] (A1)

where NJ″ is the population of the level with total angular momentum
quantum number J″, B″ is the rotational constant of the ground state of the
molecule, h is Planck’s constant, c is the speed of light, k is Boltzmann’s
constant, and T is the temperature. The measured absorbance of a rotational
line is proportional to the population of the lower level of the transition.
Thus, the temperature can be deduced by fitting a straight line to a plot of   -
ln[A/(2J″+1)] versus J″(J″+1); the temperature is inversely proportional to the
slope, hcB″/kT.

An example of a measured carbon dioxide spectrum is shown in Fig. 15.
This spectrum was obtained under the standard torch operating conditions
with no oxygen quench gas.  Quench nozzle A was used to introduce a small
amount of carbon dioxide. The rotational lines were identified using the
tables of Oberly, et al.(19 ) and interfering lines from combination bands and
hot bands, as well as those from isotopes other than 12C16O2, were
eliminated. This left only the rotational lines of the 12C16O2 fundamental
vibrational band. Both the P- and R-branches of the 2349 cm-1 band were
analyzed. Lines with J″ less than 32 for the P-branch and less than 38 for
the R-branch were also excluded because their populations could be
significantly influenced by contributions from room temperature carbon
dioxide due to imperfect subtraction of the background spectra. 21 lines were
used for the P-branch analysis and 16 lines were used for the R-branch
analysis.
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Fig. 16 shows the fit to the P-branch plot; its slope yielded a temperature
of 1275 K using the value of B″ from Herzberg(20). A similarly good fit to the
R-branch data was obtained, and its slope corresponded to a temperature of
829 K. Ideally, the two values should be equal, but some difference is usually
seen in measurements of this type. There was no reason to prefer one value
over the other so the two were averaged to give a temperature of 1052 ±223 K.
This uncertainty is very conservative as it spans the range of the two
measurements. This temperature is consistent with the observation that no
ozone was measured in the absence of an oxygen quench gas flow, since any
ozone produced would be rapidly destroyed at such a high temperature by the
back reactions R3 and R4. Note that this temperature was a line-of-sight
average and was therefore much lower than the predicted value of ~4000 K for
the hottest region of the plasma. It was not possible to measure the
rotational temperature in the presence of a significant oxygen quench gas
flow, as the available apparatus did not allow the carbon dioxide to be mixed
with the quench gas at the high pressure required for the quench gas flow.

The bulk gas temperature in the reactor with non-zero oxygen quench gas
flow was estimated using a capillary thermometer inserted through the
reactor wall. These measurements indicated temperatures ranging from 450
K to 350 K as the quench gas flow rate increased from 189 slm to 566 slm for
the data plotted in Fig. 7 without active pumping by the eductor system. As
expected, these values were lower than the rotational temperature measured
with no quench gas flow and indicated a decrease in temperature with
increasing quench gas flow. Thus, the higher quench gas flow rates resulted
in sufficiently low gas temperatures to prevent ozone destruction by the
temperature-sensitive back reaction R3.
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Figure Captions

Fig. 1: [O3]/[O + O3] as a function of temperature for a range of values of
[O + O3]/[O2].

Fig. 2: Dependence of [O + O3] destruction time scale, τdes, on
temperature for a range of values of [O + O3]/[O2].

Fig. 3: Schematic of an RF induction-coupled plasma (ICP) torch.

Fig. 4: Schematic of ozone production experiment showing ICP
torch,reactor chamber, and FTIR spectrometer.

Fig. 5a: Quench nozzle A.

Fig. 5b: Quench nozzle B (used cap with 2 mm diameter orifice) and quench
nozzle C (without cap; 4.5 mm ID tube acting as orifice). Quench D
utilized the 16 mm diameter port.

Fig. 5c: Quench nozzle E.

Fig. 5d: Quench nozzle F (used cap with 1.1 mm diameter orifice); quench
nozzle G (used cap with 2.2 mm diameter orifice); quench H (without
cap; 3.2 mm inner diameter tube acting as orifice).

Fig. 6: FTIR spectrum of ozone antisymmetric stretching band at 1042
cm-1. An ozone concentration of 220 ppm was deduced fromthis
measurement.

Fig. 7: Dependence of ozone concentration on oxygen quench gas flow
ratefor quench nozzle A operated with and without active pumping of
the reactor.

Fig. 8: Dependence of ozone concentration on oxygen quench gas flow rate
for quench nozzles B, C, and D.

Fig. 9: Dependence of ozone concentration on oxygen quench gas flow rate
for quench nozzles F and G.

Fig. 10: Effect of varying angle of quench nozzle G on ozone concentration.

Fig. 11: Effect of varying angle of quench nozzle E on ozone concentration.
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Fig. 12: Comparison of ozone concentrations produced by quench nozzles G
and H rotated to an angle of +30°.

Fig. 13: Dependence of ozone concentration on torch power for quench
nozzle G rotated to an angle of +30°.

Fig. 14: Dependence of ozone concentration on torch sheath gas flow rate
for quench nozzle G rotated to an angle of +30°.

Fig. 15: FTIR spectrum of carbon dioxide antisymmetric stretching band at
2349 cm-1.

Fig. 16: Fit to carbon dioxide P-branch spectrum used to measure rotational
temperature.
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