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CHAPTER 1

HISTORICAL BACKGROUND,
PROPERTIES AND APPLICATIONS

Archibald G. Hill

School of Chemical Engineering
Oklahoma State University
Stillwater, Oklahoma

Rip G. Rice

Jacobs Engineering Group Inc.
Washington, DC

Most of the general public today is aware of the term ‘‘ozone,”” pri-
marily as a consequence of recent press releases concerning the threats to
the environment that may result from destruction of the atmospheric
ozone layer by chlorofluorocarbons and other pollutants. The discovery
that ozone is a constituent of photochemical smog has led to additional
opportunities for public familiarity through occasional media announce-
ments of ‘“‘ozone alerts’’ in areas subject to smog attacks. The fact that
ozone may be produced synthetically for beneficial purposes is less well
known. However, it was not very long after recognition that ozone was a
new chemical oxidizing substance that means were developed to produce
this compound in commercially significant quantities.

The purpose of this chapter is to trace the development of ozone tech-
nology, from its discovery through its early applications, particularly in
the areas of water and wastewater treatment. Each of the major factors
affecting the generation and application of ozone for a specific purpose
and its major applications will be discussed in detail in subsequent
chapters.
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PROPERTIES AND STRUCTURE

Ozone (O,) is an unstable gas having a pungent, characteristic odor. It is
formed photochemically in the earth’s stratosphere, but exists at ground
levels only in low concentrations. At ordinary temperatures, ozone is a
blue gas, but at the concentrations at which it is ordinarily produced, this
color is not noticeable unless the gas is viewed through a considerable
depth. Some of the major physical properties of ozone are listed in Table
1[1,2].

At —112°C, ozone condenses to a dark blue liquid that explodes
easily. Concentrated ozone-oxygen mixtures (above about 20% ozone)
also are easily exploded, either in the liquid or vapor state. Such explo-
sions may be initiated by small amounts of catalysts, organic matter,
shocks, electrical sparks, or sudden changes in temperature or pressure.
However, under the conditions whereby ozone is generated commer-
cially, concentrations of ozone in oxygen above 10% cannot be obtained
conveniently, and no instances of ozone explosions have been reported
during its long history of use in treating drinking water.

Ozone gas is sparingly soluble in water, about 13 times more soluble
than oxygen at standard temperature and pressure (STP) (see below). It
decomposes back to oxygen, from which it is formed, rapidly in aqueous
solution containing impurities, but more slowly in pure water or in the
gaseous phase. The rate of ozone decomposition in water is affected
greatly by the purity of water and the cleanliness of the glassware in
which decomposition experiments are conducted. For example, Figure 1
[3] shows that the half-life of ozone in distilled or tap water (source
unspecified) is about 20 min at 20°C. However, in double-distilled water,
only 10% of the ozone decomposed over a period of 85 min. Longer
half-lives have been measured at lower temperatures [4].

Structure

On the basis of the works of many investigators, the structure of the
ozone molecule is described by Bailey [5] as a resonance hybrid of the
four canonical forms represented by structure 1 in Figure 2. A simplified
molecular orbital description of the molecule is illustrated by structure 2
in Figure 2.

EARLY HISTORY

The distinctive odor of ozone was associated with its first recorded
observations and later inspired its discoverers with the basis for its name.
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Table I.  Properties of Pure Ozone [1,2]

Melting Point (°C) -192.5 + 0.4
Boiling Point (°C) —-111.9 + 0.3
Critical Temperature (°C) —12.1
Critical Pressure (atm) 54.6
Critical Volume (cm3/mol) 111
Liquid Liquid
Temperature Density Vapor Pressure
O (g/cm?) (torr)
—183 1.574 0.11
- 180 1.566 0.21
-170 1.535 1.41
-160 1.504 6.73
- 150 1.473 24.8
- 140 1.442 74.2
-130 1.410 190
-120 1.378 427
—110 1.347 865
- 100 1.316 1605
Density of Solid Ozone at 77.4°K (g/cm?) 1.728
Viscosity of Liquid (cP)
At 77.6°K 4.17
At 90.2°K 1.56
Surface Tension (dyn-cm)
At 77.2°K 43.8
At 90.2°K 38.4
Parachor? at 90.2°K 75.7
Dielectric Constant, liquid, at 90.2°K 4.79
Dipole Moment (Debye) 0.55
Magnetic Susceptibility (cgs units)
Gas 0.002 x10~¢
Liquid 0.150
Heat Capacity of Liquid from 90 to 150°K (Cp) 0.425 + 0.0014(T —90)
Heat of Vaporization (kcal/mol)
At —111.9°C 3410
At —183°C 3650
Heat of Free Energy
Formation of Formation
(kcal/mol) (kcal/mol)
Gas at 298.15°K 34.15 38.89
Liquid at 90.15°K 30.0
Hypothetical Gas at 0°K 34.74

aMy!/4(D - d), where M = molecular weight, y = surface tension, D = liquid density,
d = vapor density.
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Figure 1. Ozone decomposition in different types of water at 20°C. 1 =
double-distilled water; 2 = distilled water; 3 = tap water; 4 = groundwater of
low hardness; 5 = filtered water from Lake Zurich; 6 = filtered water from the
Bodensee [3].

Figure 2. The ozone molecule [5].
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Homer [6] noticed the smell that accompanies a thunderbolt and included
his impressions in his Iliad and Odyssey [7]. Thus in Book XII, verse 417
of the Odyssey, Jupiter strikes a ship with a thunderbolt “‘quite full of
sulphurous odor.”’” In 1785 van Marum [8], a Dutch physicist experi-
menting with his powerful electrical machine, observed that air acquired
a characteristic odor when subjected to the passage of a series of elec-
trical sparks. Cruickshank [8] in 1801 observed the same odor in the gas
formed at the anode during the electrolysis of water.

Schénbein announced the discovery of ozone in a memoir that he pre-
sented to the Academy of Munich in 1840 [9]. He had observed a peculiar
odor during electrolysis and sparking experiments. He also recognized
that this was the same odor observed after a flash of lightning. Schénbein
concluded that this odor was due to a new substance, to which he gave
the name ‘‘ozone,’’ derived from the Greek word ‘‘ozein,’’ meaning ‘‘to
smell.”

At first, Schénbein suggested that this odorous substance might be a
new electronegative element belonging to the same class as chlorine and
bromine. Van Marum had observed previously [10] that electrified air
had the power to attack mercury. Schénbein found that ozone would
attack potassium iodide in aqueous solution, liberating free iodine. He
also observed that ozone could be destroyed on being passed through a
heated glass tube. In his experiments conducted at Basle, Schdénbein
recorded [10] that ozone could be formed by passing moist air over a
stick of phosphorus. He further claimed to have produced ozone by
plunging a heated glass rod into a mixture of air and vapors of ether.
Using an ozone test paper prepared by soaking in potassium iodide, he
concluded that ozone occurs naturally in the ambient atmosphere.

In 1845 de la Rive and Marignac [11] obtained ozone by subjecting
pure dry oxygen to the action of an electric spark. In 1848 Hunt [12]
advanced the hypothesis that ozone is triatomic oxygen, drawing his con-
clusions from its then known properties. In 1860 Andrews and Tait [13]
reported that oxygen gas, in being converted into ozone, diminishes in
volume, but recovers its original volume when the ozone changes back
into oxygen by the action of heat or otherwise. These workers found that
small amounts of mercury or metallic silver had the power to destroy
ozone.

In 1866 Soret [14] experimented with a mixture of oxygen and ozone
obtained by electrolysis. He showed that when this mixture is brought
into contact with oil of turpentine or oil of cinnamon, a reduction in
volume takes place that is twice the amount of expansion the same mix-
ture would sustain if the ozone were converted by heat into ordinary
oxygen. Hence, Soret concluded that the density of ozone is 1.5 times
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that of oxygen gas. To check this result, Soret determined the rate at
which ozone diffuses into air, and compared it with the rate for carbon
monoxide, determined similarly. From the two rates, and on the basis of
Graham’s law, he calculated the ratio of the density of ozone to that of
carbon dioxide and found it to be in satisfactory accordance with
0,:C0O, =48:44,

Ozone technology was advanced greatly by the development of ozone
generating tubes, introduced by von Siemens in 1857 [15]. This type of
ozone generator has subsequently served as a prototype for the majority
of presently used electric discharge generators. Siemens’ first ozone
generator consisted essentially of two glass tubes, the outer coated
externally and the inner coated internally with tin foil. Air feed gas was
passed through the annular space. The metallic surfaces of the inner and
outer tubes were connected to the terminals of an induction coil or elec-
trical machine. Using such an arrangement, 3-8% of dry oxygen could
be transformed into ozone. Modified versions of this apparatus were
used by Brodie [1] and Bertholet [7], both of whom substituted electrolyte
solutions for the metallic electrodes. This change allowed a certain
amount of cooling to take place during ozone generation.

The thermochemical properties of ozone were investigated in 1868 by
Hollman [16], who compared the heat released when various gases and
vapors (H,, C,H,; and others) were burned in a stream of pure oxygen, to
the amount of heat generated when the same substances were burned in a
stream of ozonated oxygen. He found that a greater quantity of heat was
always released in the presence of ozone. Knowing the concentration of
his ozone/oxygen mixture (1-2% by weight) and the incremental amount
of heat generated in the presence of ozone, he was able to calculate the
amount of heat released per gram of ozone transformed into ordinary
oxygen. He determined a value of 355.5 cal/g ozone decomposed, which
is equivalent to 17,064 calories (17.064 kcal)/g-mol. This is about half of
the currently accepted value [1,2]. Later determinations by Berthelot in
1876 [7] gave 29.6 kcal, and Jahn [17] determined a value of 34.0 kcal in
1908. The discovery that ozone is an endothermic compound led to a
number of attempts to design ozone generators based on thermal proc-
esses. These have failed due to the rapid decomposition of ozone at ele-
vated temperatures.

Spontaneous decomposition of gaseous-phase ozone occurs over a
period of hours at ambient temperatures. Similar decomposition takes
place when ozone is dissolved in water, however at a faster rate, usually
measurable in minutes. However, the quality of the water in which the
stability of ozone is measured is very important. Thus, Figure 1 [3] shows
the rates of decomposition of ozone in double-distilled water, distilled
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water, tap water, groundwater of low hardness and two filtered lake
waters, all measured at 20°C. Although the half-life of ozone in distilled
water is seen to be about 25 min, a statement that is to be found repeat-
edly throughout the ozone literature, it should be noted that in double-
distilled water, ozone is only 10% decomposed after 80 min, even at
20°C. As water temperatures approach 0°C, ozone becomes even more
stable [4].

Because of the variation in decomposition rates of ozone in aqueous
solution, wide discrepancies for the solubility of ozone in water have
been reported. Early values for the solubility of ozone in water often
have been given in terms of the Bunsen coefficient (liters of gas in one
liter of water). In 1873 Schone [18] obtained a solubility value of 0.366
liter/liter water at 18°C; in 1874 Carius [19] found a value of 0.834 liter/
liter water at 1°C. In 1894 Mailfert [20] determined the following values:

Temperature Solubility
°C) (liter/liter Water)

0 0.64

11.8 0.5

15 0.456

19 0.381

27 0.27

40 0.112

55 0.031

60 0

These values are about 10-15 times the corresponding values for the solu-
bility of oxygen.

Venosa and Opatken [21] pointed out that the fundamental relation-
ship governing the solubility of ozone (or any gas) in a liquid is Henry’s
law. Expressed simply, Henry’s law states that the weight of any gas that
will dissolve in a given volume of liquid, at constant temperature, is
directly proportional to the partial pressure that the gas exerts above the
liquid [22]. Expressed as an equation:

Y = HX
where Y = partial pressure of the gas above the liquid (.rr_lm‘Hg) _
X = concentration of the gas in the liquid at equ1]1br1qm with the
gas above the liquid (mol gas/total mol gas +liquid)
H = Henry’s law constant, which varies with temperature (mm

Hg/mol fraction)
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The terms in the above equation can be converted into units of concen-
tration, such that:

® Y =concentration of gas above the liquid in equilibrium with the gas
dissolved in the liquid (mg/1)

e X =concentration of gas in the liquid in equilibrium with the gas above
the liquid (mg/1)

e H=[mg gas/l gas]/[mg gas/I liquid]

Thus Henry’s law simply expresses the relationship between the concen-
tration of gas above the liquid that must exist for a given concentration
of gas to be dissolved in the liquid. The lower the value of H, the more
soluble is the gas.

After converting Henry’s law constants (taken from the International
Critical Tables) to units of concentration, Venosa and Opatken [21]
compared the solubilities of oxygen and ozone (generated at 1% in air) in
water at temperatures of 0, 10, 20 and 30°C (Table II). They also pointed

Table 1. Solubility of Ozone and Oxygen
in Water According to Henry’s Law [21]

H Y X
Temp (mg gas/I air per (mg gas/ (mg gas/
(8] mg gas/| water) 1 air) 1 water)
Oxygen (air) 0 20.4 299 14.6
10 25.4 289 11.4
20 29.9 279 9.3
30 34.2 270 7.9
Ozone, 1.0 wt %
0 1.56 12.9 8.3
10 1.86 12.5 6.7
20 2.59 12.1 4.7
30 3.80 11.7 3.1

out that the magnitude of Henry’s constant is a function of temperature
alone, not concentration. The values of H for oxygen in Table II are the
same, whether the gaseous-phase oxygen concentration is 21% (air) or
100%. It is clear from the data of Table II that ozone is approximately 13
times more soluble than oxygen at STP (H =20.4 for oxygen vs 1.56 for
ozone) over the termperature range presented.

The observation of the stabilizing effect of low temperature on ozone
led to an investigation of the ozone generation process under these condi-
tions. Hautefeuille and Chappuis [23] passed an electric discharge through
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oxygen gas at very low temperatures. They obtained concentrations of
14.9% by weight of ozone at 0°C and 21.4% at —23°C. Subsequently
these workers [24] succeeded in producing liquid ozone by applying a
pressure of 125 atm to richly ozonated oxygen at —100°C. Liquid ozone
was found to have a dark indigo-blue color. Gaseous ozone had to be
compressed slowly with constant cooling, otherwise an explosion was
likely to occur.

Values of the boiling point of ozone were determined by Olszewski
[25,26] in 1887, who reported a range of —106 to —109°C and Troost
[27] in 1898, who reported —119°C. The value for the boiling point of
ozone accepted today is —111.9°C [1,2].

SEARCH FOR APPLICATIONS

The powerful oxidizing effect of ozone had been observed in many
different reactions before the molecular formula for ozone was deter-
mined and also before the introduction of the Siemens ozone generator.
Reactions of ozone with organic matter were studied by Schénbein
[28-31], Baumert [32] and von Gorup-Besanez [33,34]. Wood, straw,
cork, starch, humus, vegetable colors, natural rubber, fats, fatty acids,
alcohol, albumin and blood all are acted on by this oxidizing reagent.
The bleaching effect of ozone on indigo was used by Schénbein as a
method of quantitative determination of ozone concentrations [28-30].
Andrews [14] reported that the bleaching properties of ozone were used
commercially in sugar refining and linen bleaching. One of the first U.S.
patents pertaining to ozone was issued in 1868 to de Gerbeth [35], and
describes a process in which ozone was used to convert a coal-oil mixture
into a product suitable for use in paints, varnish-making and oil-cloth. In
1870 a U.S. patent was issued to Fewson [36] for an ozone-producing
apparatus through which noxious and sewer gases were passed and were
deodorized.

A major reference on ozone technology was published in 1904 by de la
Coux [37]. Approximately half of the 557 pages of this volume are devoted
to the industrial applications of ozone. Up to that time, ozone had been
used for the preservation of milk, meat products, gelatin, casein and
albumin. Processes involving ozone had been developed for the purifica-
tion and artificial aging of alcoholic beverages, including wine and
spirits. (Although treatment of freshly prepared red wine with ozone can
reduce the aging time of a Bordeaux- or Burgundy-type wine by several
years, this artificial aging technique has been outlawed by French regu-
latory authorities [38].)
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Ozone also had been applied as a selective disinfectant in brewing and
cider manufacturing. Additional uses included the production of starch,
oils, greases, dyes and soap. Additionally, ozone had been shown to be
able to accelerate the aging and hardening of foods.

Later chapters in this book will provide details of the modern appli-
cation of ozone for the treatment of drinking water, municipal and
industrial wastewaters, and its uses in breweries, odor control, medical
therapy and other purposes. In the balance of this chapter, however, we
will trace the historical development of the application of ozone, pri-
marily in the treatment of drinking water and municipal and industrial
wastewaters, to provide a foundation for appreciating how ozone tech-
nology has evolved to this point.

POTABLE WATER TREATMENT

The earliest experiments on the use of ozone as a germicide were con-
ducted in 1886 by de Meritens in France [37]. He showed that even dilute
ozonated air could effect the sterilization of polluted water. A few years
later, the bactericidal properties of ozone were reported by Frélich from
tests conducted at an experimental pilot plant erected at Martinikenfeld
by the firm of Siemens and Halske [37]. Baron Henry Tindal of Amster-
dam developed a water disinfection process [39] that incorporated the
nondielectric ozone generator patented in the United States by van der
Sleen and Schneller in 1897 [40], which produced about 10 g/hr of
ozone. Product gas from the ozone generator was compressed, then fed
to the base of a tall bubble column equipped with perforated plates
installed at intervals. The Tindal system was first operated in 1893 at
Oudshoorn, the Netherlands, near Leiden, on a water flow of 3 m®/hr.
This process later was demonstrated at the Hygienic Exhibition held in
Paris in 1896 and at the Brussels International Exhibition in 1897.
Wessels [41] continued to develop the technique of ozonation at an experi-
mental water treatment plant in Paris.

The German firm of Siemens and Halske constructed their first full-
scale plants at Paderborn (1902, 60 m®/hr) and Wiesbaden (1903, 250
m?3/hr), Germany [42]. At these plants, the waters were pretreated in
roughing filters containing small pebbles. Absorption of ozone into the
waters was carried out in packed towers using broken flint as the pack-
ing. These towers apparently did not operate very efficiently in terms of
absorption. Vosmaer [39] reports that a large portion of the added ozone
remained in the exit gases, and as a result, attempts were made to recycle
the ozone-rich air. In addition, ferric hydroxide was found to cling to the
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flint and clog the water/gas passages. However, from a bacteriological
point of view, these packed towers produced an effluent with a satis-
factory bacterial count of 2-9 organisms/ml.

In 1898 Otto et al. tested a new prototype plate-type ozone generator
at Lille, France [43]. As a result of the successful operation of this plant,
a larger plant was constructed at Nice, France, to treat 13 m?/min of
water. This plant utilized the then new Otto plate-type ozone generators
and an aspirated injector for the mixing of ozone with water. This Bon
Voyage plant at Nice (Figure 3), completed in 1906, sometimes is referred
to as ““the birthplace of ozonation for drinking water treatment’’ because
it holds the record for continuous operation for this purpose. The Bon Voy-
age plant operated from 1906 until 1970, during which time an additional
two drinking water treatment plants incorporating ozonation were con-
structed in other locations in Nice as it and its suburbs grew. In 1970 the
new and modern Super Rimiez plant was constructed on a mountaintop
overlooking Nice [44] and the three older plants were shut down. The Bon
Voyage building (Figure 3) is preserved in Nice as a museum exhibit [45].

After construction and operation of the Bon Voyage plant in Nice in
1906, full-scale water treatment plants incorporating ozone appeared in
several countries. In 1916 Vosmaer [39] listed 49 treatment plants using
ozonation, having a total treatment capacity of 221 m*/min. Of these 49
plants, 26 were located in France. As of 1977, at least 1036 water treat-
ment plants employing ozonation were known (Table IIT), more than
half of which were located in France [44]. It is interesting that Switzer-
land, no larger than New Jersey, had 150 ozonation plants in operation
as of 1977.

The first continuous process for the disinfection of drinking water in the
United States may well have been ozonation. Vosmaer, a native of Haar-
lem, the Netherlands, was familiar with the first installation of ozone for
treating drinking water by Tindal. In his book, Vosmaer [39] describes
some plants that he installed in Philadelphia in 1900-1905. The largest
was able to handle 3.1 m?/min of rough-strained water from the Schuylkill
River. Vosmaer’s first ozone contacting experiments were conducted
with a column made of glass sections 30.5 cm in diameter and 45.7 cm in
length. Between these sections, perforated celluloid plates were inserted.
The total column had a height of 10 meters. When water and ozone were
applied flowing cocurrently from the bottom, he observed separation of
the gas and liquid layers below each perforated plate. He decided that
these plates were, in fact, inhibiting the transfer of ozone into the water,
so he removed them and began applying the water at the top of the col-
umn, so that the ozone flowed upward, countercurrently to the direction
of water flow. Using this method, Vosmaer found that he could achieve a
high degree of ozone absorption.
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E § Table IIl.  Operational Plants Using Ozone, 1977 [44]

L Country Number of Plants
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~ o~ Finland 1
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8 g' 8 aIncludes expansions. Actual number of operating plants in Canada is 20, with three more
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> = ;” Higher-capacity columns of 61 and 91.5 cm diameter were later con-

§ 2 S structed of steel. These columns were tested on May 19, 1905 by Hale
= .

> .0 and Jackson of the New York City Department of Water Supply [39].

= g E These tests showed 99.985 and 99.998% reductions in bacteria contents
g of the waters treated. The ozone dosage was about 11 mg/l from a gas

< ; = containing a very low concentration of ozone, 1.3 mg/1. In addition, this

lE’-n = ‘g water was found to have a high content of dissolved organics, 14.5-10.7

=

mg/l, as determined by the KMnQO, demand. During ozonation, these
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organic contents decreased by 40%. Other reductions in water param-
eters measured included:

turbidity: 80%

color: 77%

nitrites: 79.5%

albuminoid ammonia: 11.9%

Military sanitarians were among those with a keen interest in the devel-
oping technology of disinfection (by all methods available). Annual
reports of the U.S. War Department’s Surgeon General [46] chronicle
U.S. efforts to improve troop water supplies. In 1909 the application of
ozone was investigated for use at Fort Niagara, NY, using an experi-
mental apparatus installed at the Army Medical Museum. However,
ozonation was not adopted by the military for drinking water disinfec-
tion, probably because of the many logistical advantages of hypochlorite,
iodine and other more easily carried and applied water disinfectants.

Large-Scale Plants, 1910 to 1953

Economic difficulties and a shortage of electricity following World
War I contributed to a reduced period of operation for two large Euro-
pean ozonation plants. The St. Petersburg (now Leningrad) installation,
completed in 1910—the largest in the world at that time—had a capacity
of 29 m*/min. Operated until 1919, it utilized 126 Siemens and Halske
ozone generators, five Otto emulsifier contactors and five sterilizing
towers.

During 1914-1918, a 63-m’/min ozone water treatment plant was
installed at the St. Maur filtration plant in Paris [47]. Ten ozonation con-
tact chambers were provided, each with four emulsifiers. The ozone
dosage was around 2 mg/1 from an ozone-air gas containing 2-3 mg/1 of
ozone. Due to the use of a provisional hypochlorination process, this
ozonation plant was not operated until 1925. It then served for a period
of seven years, to remove tastes imparted to the Marne River by indus-
trial sources.

Despite the economic advantages of chlorine, applications of ozone
for treating drinking water continued to increase. As of 1940, there were
114 ozonation systems in use treating public water supplies [48]:

¢ France: 90
e Jtaly: 14
* Belgium: 5
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England: 4
Romania: 3
United States: 2
Russia: 1

In 1933 the Siemens Company introduced the use of dual silica gel
dryers for treatment of the air to be fed to ozone generators. These were
designed for continuous operation with the saturated adsorption cell
being reactivated thermally in a closed circuit. Changeover of the air
streams from the first (saturated) silica gel drying tower to the second
(regenerated) at the time of reactivation was ensured by a solenoid valve,
itself regulated by a timer equipped with adjustable electrical contacts.
Otto ozone generation plants began using this method of air drying in
1938. With such adsorption equipment, dew points of the air feed gas
could be attained in the range of about —20 to —50°C.

The Siemens Company also was the first to introduce high frequency
(10,000 Hz) into ozone generators having tubular design with two con-
centric glass dielectrics. The outer glass tube was supported vertically in a
tank through which water was circulated. Kozhinov [42] reported that
this model could generate 8 mg/l of ozone at a power efficiency of 35 g
O,/kWh. Despite the advantage of high concentration, this unit was not
very successful, due to its relative fragility and the requirement of a
50-t0-10,000-Hz converter set.

Rideal [8] recorded in 1920 that ‘‘dry air’’ will produce an approx-
imately 50% greater yield of ozone than undried air containing 0.93 kPa
water vapor (5.5°C dew point). In more recent data provided by Sease
[49], ozone production from air at —80°C dew point was found to be
50% greater than from air at a —5°C dew point. In view of these obser-
vations, it is clear that better air drying methods have been one key in-
novation in ozone generation technology up to the present time.

In 1933 contracts were awarded to expand the St. Maur, Paris facility
to treat 208 m*/min of water [47]. At this time, a refrigerative method of
drying was preferred over calcium chloride for large volumes of air.
When the first trial runs were conducted in 1941, the air-conditioning
apparatus was found to be inadequate. The frost that deposited on the
evaporator (of a direct expansion ammonia plant) was much less dense
and had a lower thermal conductivity than had been anticipated. The
planned operation of three ozone generating tube bundles in an alter-
nating frost-defrost cycle proved to be unworkable. The plant was shut
down and did not receive further attention until 1949 to 1950, because of
war and postwar conditions. During this period, the drying system was
altered to operate in two steps. The ammonia coils were used to cool a
calcium chloride brine. In the first stage, brine cooled the air to 0°C,
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condensing liquid water. In the second stage, alternating bundles were
cooled by brine to bring the dew point down to —12 to —13°C.

This plant began operation in 1953 and filtered water was treated with
an average ozone dose of 1.1 mg/l. The total energy consumption was 39
W-hr/g ozone made available to the water. This figure includes 12
W-hr/g ozone produced for the compressors and 6 to 8 W-hr/g ozone
for the air conditioner. The plant included 16 contact columns with a
cross-sectional area of 14 m? and an effective contact depth of 6.3 m. At
design flow, it was contemplated to have 12 units in operation, at a flow
of 17.4 m?®/min each, with 4 similar units in reserve. Both water and
ozone traveled cocurrently in an upward direction. Serving these
columns were 16 banks of ozone generators, 16 stainless steel water ring
compressors for ozonated air and 8 groups of frequency changers,
50-500 Hz. Half of the plant used Otto plate-type ozone generators and
half used the van der Made generator. A bank of plate ozone generators,
operated at 18,000-20,000 V, produced 1600 g of ozone per hour while
consuming 35 kW of electricity. This corresponds to an ozone produc-
tion rate of 45.7 g/kWh. The tubular ozone generators operated at
10,000 V produced the same amount of ozone, while consuming only
25 kW, yielding 64 g/kWh. These figures do not include power losses
incurred by the frequency converter. The concentration of ozone in the
ozone/air mixture was 2-3 mg/l. Following a shakedown period of sev-
eral months, chlorination was discontinued in favor of ozonation. The
St. Maur plant provided about one-third of the Paris potable water
supply [47].

In 1949 the Belmont filtration plant in Philadelphia began operation
of a 95-m?/min ozonation process for removal of taste and odor [50].
Unlike the St. Maur facility, where ozone had been applied as the final
treatment step, the point of ozone introduction in Philadelphia was prior
to the filters and following a 24-hr presedimentation. Pilot-plant tests
had indicated an average dosage requirement of 1.6 mg/1 of ozone, with
the maximum not exceeding 4 mg/1. The latter figure was adopted as the
basis for the ozone generation capacity, which was specified to total 567
kg/day. The air-conditioning apparatus consisted of a combination of
refrigerative and adsorptive drying, providing a dew point of —51°C.
The employment of a new type of ozone generator, designed to be cap-
able of withstanding internal pressure, eliminated the need for corrosion-
resistant compressors. Rotary blowers increased the air pressure to 174
pKa prior to the drying section, improving the efficiency of moisture
removal. Under these conditions it was possible to generate a high con-
centration (10-12 mg/1) of ozone in air at a power efficiency of 56
g/kWh. The total energy consumption per gram of ozone made available
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to the water was 25.5 W-hr/g ozone. This figure includes 4.4 W-hr ozone
for the air blowers, 2.2 W-hr for the refrigerative and adsorptive dryers
and 1.1 W-hr/g for the auxiliary equipment. It is apparent that the more
effective air treatment equipment significantly reduced overall process
power requirements.

Three contact chambers were provided at the Belmont plant, each
58 m? in area with a depth of 5.6 m. The theoretical retention time was
10 min at design flow. The ozone-air mixture entered through porous
tubes at the bottom of the tanks. Due to the application of the water at
the top in a countercurrent mode, and the high ozone concentration,
efficiency of absorption reached 90-95%. At St. Maur, where gas con-
centration was low and the ozone/water flow was cocurrent, absorption
varied from 60 to 80%, requiring the exhaust gases to be recycled. Ozon-
ation at Philadelphia was discontinued in 1959 when the plant capacity
was increased. Improved quality of the Schuylkill River water plus the
availability of large basins providing 20 hours of contact, made the use
of free residual chlorination more economical [50].

French Application of Ozone for Virus Removal

Systems supplying water to Paris and its suburbs constitute the largest
concentration of ozonation plants in the world to date [51]. The com-
bined production of ozone at the four largest plants totalled 8.7 ton/day
in 1972. These four plants include Méry-sur-Oise (built in 1965, 208
m?/min, 3.6 mg/l ozone dosage), Orly (1966, 208 m*/min, 4 mg/1 ozone
dosage), Choisy-le-Roi (1968, 626 m*/min, 3 mg/l ozone dosage) and
Neuilly-sur-Marne (1972, 415 m?®/min, 4.8 mg/l ozone dosage). The
ozone production lines include air preparation steps essentially similar to
those used at the Welsbach installation, but utilizing modern equipment.

Enteric viruses, which infect the alimentary tract of humans, cause
particular concern in water supply practice in many parts of the world.
Included are polio-, coxsackie-, echo- and hepatitis viruses. French
workers were among the first to measure the levels of concentration of
these agents. Coin and co-workers [52,53] determined on laboratory scale
that maintaining a residual dissolved ozone level of 0.4 mg/l over a
period of 4 min will inactivate poliovirus types I, II and III to a level of
99.9%. As a result, ozone contacting systems for drinking water treat-
ment in French water treatment plants were designed to attain this objec-
tive. A series of two, three or four ozone contacting chambers is pro-
vided. In the first chamber, the ozone demand of the water is satisfied and
the threshold ozone residual of 0.4 mg/1 is attained. In succeeding con-
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tact chambers, ozone lost through reaction and decomposition is replaced
and the 0.4-mg/1 dissolved ozone residual is maintained for the specified
minimum amount of time (4 min).

In some of the newer ozonation plants using French designs, such as
the one at Montreal, Canada [54], ozone is introduced initially into the
second of three contacting chambers through porous diffusers to attain
the 0.4-mg/1 dissolved ozone residual. This level is maintained over the
minimum 4 min by diffusion of additional ozone into the third chamber.
Offgases from the second and third contact chambers are combined and
drawn through nonozonated water entering the first tank by means of a
submerged turbine contactor. In this manner, offgas ozone is ‘‘destroyed”’
while it helps to lower the ozone demand of the water as it enters the
second contacting chamber.

Recent Developments

Biological Activated Carbon (BAC) Treatment

The uniqueness of following ozonation by filtration and granular acti-
vated carbon (GAC) adsorption steps was developed first in the Federal
Republic of Germany, then quickly extended into France, Switzerland,
Holland and Belgium [44]. Aerobic biological activity is promoted in the
filters and GAC adsorbers which biologically convert some dissolved
organics into CO, and water. Nitrification of ammonia to produce
nitrate ions also can occur under these conditions. This biological
removal of organics and ammonia can lower the loading of adsorbable
organics onto the GAC medium, thus effectively extending its useful
lifetime before reactivation is required. Thus costs for operating GAC
adsorbers can be lowered.

Where possible, German water suppliers use unpolluted groundwater
as the preferred source of drinking water [44]. In regions where increased
demand has required the use of surface water supplies, more extensive
treatment is utilized to produce drinking water of the same high quality
as that of unpolluted groundwater. Such treatment results in a dissolved
organic carbon (DOC) level below 2 mg/l; thus, only a small terminal
dose of residual disinfectant (chlorine or chlorine dioxide), 0.3-0.5 mg/1,
is necessary to provide disinfection and protection of the distribution
systems,

During the 1960s and 1970s, several European waterworks began to
use ozonation followed by GAC as additional treatment steps to offset
increasing pollution of surface waters. At the Am Staad plant in Duissel-
dorf, Federal Republic of Germany, ozone was applied originally to
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river-sand-bank-filtered Rhine River water for iron and manganese oxi-
dation, followed by filtration and granular activated carbon adsorption
for taste and odor removal [55,56]. Shortly thereafter the Flehe and
Holthausen plants in Diisseldorf installed the same treatment process.
Experience has shown that this sequence of treatment steps removed
more dissolved organics (and ammonia) than could be expected by oxi-
dation and/or adsorption individually. German scientists discovered that
trace organics and ammonia were removed by biological activity, appar-
ently promoted in the dual-media and GAC-adsorption units that fol-
lowed ozone oxidation.

Oxidation with ozone is known to convert many slowly or nonbio-
degradable organic materials into biodegradable forms. Aeration, which
occurs simultaneously with ozonation, increases the dissolved oxygen
concentration of the water. The combination of increased biodegradable
organics and dissolved oxygen in the ozonated water thus promotes aer-
obic biological activity in the filtration and adsorption media.

This process, termed biological activated carbon [57], has been found
to be effective in removing ammonia (as well as DOC) and thus has
replaced breakpoint chlorination in several European locations. Opti-
mized biological activity in the GAC adsorption units has significantly
extended the period of GAC operation before regeneration is necessary
by factors of 4-6 times [58,59] in waters in which chlorinated organics
are not present in high concentrations. Many chlorinated organics are
not readily biodegradable nor are they readily oxidized by ozone. There-
fore they can be adsorbed by GAC and will not be biodegraded by the
microorganisms contained in the filter and adsorption media. Thus,
BAC processing will show no advantages over GAC adsorption alone for
removal of highly chlorinated organics from drinking water supplies.

Sontheimer [60] reported that the dosage of ozone used in combina-
tion with GAC must be carefully controlled. Adding too much ozone can
reduce the adsorbability of the dissolved organics. He recommends a
dosage of 0.2-0.5 mg O,/mg nonbiodegradable organics. The nonbiode-
gradable organic concentration is estimated from the difference in per-
formance of the GAC column when pretreated by oxygen only and by
oxygen containing ozone.

The first French drinking water treatment plant to utilize the BAC
process was started on full-scale in 1976 [61]. The Rouen-la-Chapelle
plant had been treating well waters drawn adjacent to the Seine River by
chlorination, later by chlorine dioxide. However, increasing pollution
and a rising ammonia content (the Rouen plant is downstream of Paris)
required a new treatment process. After two years of studying the
sequence of ozonation, sand filtration, and GAC adsorption processes at
Rouen in detailed pilot-plant studies [62,63], the new treatment plant
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came on-line in 1976. A report made in 1979 [64] indicated that the GAC
contained in four 1-m-high filter beds still had given no signs of break-
through after 3 years of continuous use. However, one of the GAC beds
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Summary

Ozone is used in the treatment of potable water supplies for the pur-
poses listed in Table IV [66]. Employing ozone as the primary oxidant
before chlorination usually will satisfy most of the oxidant demand of
the water being treated, thus lowering the subsequent demand for chlo-
rine and minimizing the unwanted side reactions of chlorination to pro-
duce chlorinated organic materials, such as trihalomethanes (THM).

In some cases, however, it has been shown [67] that ozonation prior to
chlorination actually increases the THM formation potential of dissolved
organics. In such instances, ozonation will appear to be detrimental to
the water treatment process in this respect. Under such circumstances,
several approaches are possible. First, the ozonation step could be fol-
lowed by a biological treatment step (slow sand filtration, reservoir
detention) or additional chemical treatment to flocculate the now more
polar organics, or possibly passage through GAC adsorption with maxi-
mized aerobic biological activity. A more fundamental water treatment
approach would be to remove as much of the dissolved organic materials
as possible before a chemical oxidant of any kind is added.

Table 1V,  Applications of Ozone in
Drinking Water Treatment [66]

Bacterial Disinfection
Viral Inactivation
Oxidation of Soluble Iron and/or Manganese
Decomplexing Organically Bound Manganese (Oxidation)
Color Removal (Oxidation)
Taste and Odor Removal (Oxidation)
Algae Removal (Oxidation)
Oxidation of Organics
Phenols
Detergents
Pesticides
Microflocculation of Dissolved Organics (Oxidation)
Oxidation of Inorganics
Cyanides
Sulfides
Nitrites
Turbidity or Suspended Solids Removal (Oxidation)
Pretreatment for Biological Processes (Oxidation)
On Sand
On Anthracite
On Granular Activated Carbon
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MUNICIPAL WASTEWATER TREATMENT

In municipal wastewater treatment, ozone has been studied primarily
for disinfection (following primary or secondary treatment), but also for
lowering of biological (BOD) and chemical oxygen demand (COD)
levels, oxidation of ammonia, and removal of color, nutrients and sus-
pended solids. Most of the disinfection work has been pioneered in the
United States since the early 1970s, where it has been developed to the
point of full-scale commercial use [21). A considerable amount of research
has been conducted by the Japanese during the same period, especially
for recycling of treated sewage effluents for nonpotable purposes in
water-short regions of that country. More recently, French and German
investigators have published results of pilot plant studies involving ozon-
ation of municipal sewage. Israeli scientists have been studying the BAC
process for treatment of sewage prior to ground recharge. In South
Africa, ozonation has been shown to be cost-effective for extending the
operating lifetimes of GAC columns used to remove dissolved organics
from sewage being treated for potable reuse. The evolution of these and
other studies will be reviewed briefly here.

United States

In 1956 the Armour Research Foundation reported results of the eval-
uation of ozone for sterilization of pathogenic organisms contained in
sewage [68]. They found that Bacillus anthracis, Clostridium botulinum
toxin, influenza virus and Bacillus subtilis var. Niger were completely
removed by absorbed ozone dosages between 100 and 200 mg/I1.

In 1965 workers at Louisiana Technological University [69] treated
raw domestic sewage with absorbed ozone dosages of 6-11 mg/l accumu-
lated over a 3-hr period. Under these conditions, the weight ratio of
BOD; removed to ozone added was approximately 10:1. It is likely that
at this slow rate of ozone addition, the concentration of microorganisms
was not appreciably lowered. Therefore, oxidation of the organic con-
stituents (as measured by BOD;) could have occurred by both biological
and chemical mechanisms.

In 1972 a U.S. patent was issued to the Union Carbide Corporation
[70], which described laboratory results combining ozone disinfection
with high-purity oxygen activated sludge treatment of municipal sewage.
Clarified effluent was passed downflow through a vertical tray-type con-
tactor against rising bubbles of ozone-containing oxygen. In one test, an
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8-mg/1 dose of 2.28% (by volume) ozone in oxygen lowered the coliform
count from 42,000 to 45/100 ml. Such a process has many potential
advantages. First, the oxygen requirements for the disinfection step are
roughly equivalent to those of the activated sludge treatment of the clari-
fied effluent studied (which contained levels of 10.5 and 31 mg/1 of five-
day BOD and COD, respectively), and the exhaust gases from the ozone
contactor can be used for this purpose. Second, ozone generators can
produce about twice as much ozone per unit of applied electrical energy
when using pure oxygen as opposed to air feed. This enables installation
of smaller ozone generation equipment. Third, oxygen is produced mois-
ture-free, eliminating the need for air pretreatment equipment, which
usually accounts for 25-30% of the capital costs in an air-feed ozone
generation process.

Extensive studies of ozone disinfection of municipal sewage on pilot-
plant scale were conducted during the late 1960s and early 1970s in Louis-
ville, KY [71], Chicago, IL [72}, Los Angeles, CA [73], and New York,
NY [74]. In all of these studies, an ozone-induced froth was produced;
provisions must be made to remove this material to avoid fouling of
processing equipment. Results obtained for ozone disinfection varied in
these studies, higher dosages of ozone being required in Los Angeles and
Louisville because of the higher content of industrial wastewaters in the
raw sewage at these locations.

In 1971 Airco, Inc. conducted an eight-month pilot plant study at the
Blue Plains sewage treatment plant in Washington, DC, for the purpose
of tertiary treatment with ozone (not for disinfection) [75]. This work
was funded by the U.S. Environmental Protection Agency (EPA). Efflu-
ents from 9 different sewage treatment processes were subjected to ozon-
ation in a series of 6 glass ozone contacting columns 61 cm in diameter
and 6.1 m high. Ozone in oxygen was introduced into the base of each
column. This study [75] established the apparent stoichiometry and
Kinetics for reactions of ozone with trace organics found in municipal
sewage. For influent COD levels in the range of 30-80 mg/l, 50%
removal could be achieved with weight ratios of dissolved ozone: COD
of less than 3:1. However, for COD removals much above 20 mg/1, high
dissolved ozone concentrations were required to complete the reactions
in a reasonable period of time. With the type of contactor studied, less
than 50% of the applied ozone was absorbed when dissolved ozone con-
centrations greater than 3-4 mg/1 were maintained in the liquid.

As of this writing, there are 28 operational sewage treatment plants in
the United States that include ozone disinfection [76]. An additional
plant includes ozone for lowering suspended solids before ground recharge
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[77]. Another plant uses ozonation during tertiary treatment before GAC
adsorption to aid in removing organic components before ground recharge
[78]. An additional 13 plants are under construction, and 9 more are
being designed, all of which will incorporate ozonation, primarily for
disinfection.

Most of the early sewage treatment plants incorporating ozonation are
small, less than 19,000 m?/day (5 mgd), and the ozone is generated from
air. The larger and more recent sewage treatment plants are designed with
oxygen activated sludge treatment, and thus have an available supply of
cheap oxygen. This allows the ozone to be generated from pure oxygen
rather than from air, with attendant savings in the energy cost of ozone
generation and the ability to use smaller ozone generating equipment.

The largest operating plant today is located at Springfield, MO [79].
Here a 132,500-m*/day (35-mgd) oxygen activated sludge plant has been
in operation with ozone disinfection since 1978. However, in early 1982,
the city of Indianapolis, IN, will start up two larger plants, one treating
473,000 m*/day (125 mgd), the other treating 454,250 m’/day (120
mgd), both using the oxygen activated sludge process with ozone disin-
fection [80]. When these plants are operational, the city of Indianapolis
will be able to boast of having the largest sewage treatment plants in the
world employing ozone disinfection.

In the United States, disinfection of sewage usually is defined as the
attainment of a most probable number (MPN) of 200 fecal coliforms per
100 ml. This level of disinfection generally can be achieved in a biologic-
ally treated and filtered wastewater with absorbed ozone dosages of 4-8
mg/1. However, if the wastewaters contain significant amounts of ozone-
demanding industrial wastes, the ozone dosages required to attain this
level of disinfection can rise to 15 mg/I and even higher.

A more stringent disinfection level of 2.2 fotal coliforms per 100 ml
has been set by the state of California for treated sewage to be discharged
into areas intended for human consumption, human recreation or aqua-
culture. Conditions for attaining such stringent disinfection levels using
ozone were determined recently by Stover and Jarnis [81] under an EPA-
funded grant to the city of Marlborough, MA. Using filtered secondary
treated effluents and a submerged turbine ozone contactor, the 2.2 total
coliforms/100 ml objective was attained with absorbed ozone dosages of
35-40 mg/1. However, using filtered and nitrified secondary effluents, the
objective could be attained with absorbed ozone dosages of only 15-20
mg/l. These results should be compared with the 4- to 8-mg/1 absorbed
ozone dosages required to attain the disinfection objective of 200 fecal
coliforms/100 ml required in most other regions of the United States.
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Japan

Somiya and co-workers [82-85] reported results of basic studies of the
use of ozone in the tertiary treatment of sewage, beginning in 1973. A
three-part study of ozone treatment of secondary effluents in countercur-
rent bubbling towers was published by Somiya and Tsumo [86-88] in
1975. These researchers studied the absorption characteristics of ozone
by secondary effluent, ozonation of secondary effluents after dual-layer
filtration and the action of ozone on suspended solids.

In 1973 Ikehata [89] described research studies being conducted in
Japan on treatment of municipal sewage for reuse applications. Ozone
was studied for the oxidation of manganese(II) compounds to form
insoluble MnQ,; oxidation of cyanide compounds, ammonia, amino
acids and alcohols and ABS resin; and inactivation of viruses. The suc-
cessive treatment of sewage by biological treatment followed by alum
flocculation, rapid sand filtration, ozonation and then GAC adsorption
was found to produce water which met World Health Organization quality
standards for drinking water. In addition, ozone treatment was also
found to decolorize, deodorize, oxidize nitrite to nitrate, and oxidize and
remove iron from the treated wastewaters.

These many years of research in Japan culminated in 1981 in the install-
ation of ozonation treatment into onsite wastewater reclamation systems
at seven commercial buildings and apartment complexes in Japan [90].
Reclaimed wastewaters at these sites are used for toilet flushing, auto-
mobile washing water, and ornamental streams and ponds.

France

Gomella [91] described pilot-plant studies conducted on the ozonation
of sewage from the Paris district at Colombes in 1976. Subsequent pilot-
plant studies in this field include those reported by Gaissa et al. [92] for
disinfection of effluent in the city of Nice, and several studies conducted
by Légeron and co-workers [93-95]. Richard and Conan [96] showed
that the addition of polyelectrolyte to sewage can greatly change the
operative interfacial forces during transfer of ozone from the gas bubbles
into sewage, and thus lower the amount of ozone needed to attain a given
level of disinfection.

Germany

Wolfel and Sontheimer [97] described laboratory experiments con-
ducted in 1976 and 1977 in which effluent from the West Berlin sewage
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treatment plant was ozonated to make the organic components more
biodegradable before injection of the effluent through sand banks prior
to passing into the receiving river. In 1981 Sarfert and Altmann [98]
reported pilot-plant studies in which the biologically treated effluent
from the Berlin sewage treatment plant was treated with ozone for the
same purpose. This pilot plant began operating in February 1981, and
will be operated for an extended period of time to develop performance
data sufficient to convert the full-scale plant to this new process. The
effluent is flocculated by ferric chloride, then ozonated with 1 mg/1 of
ozone, double-layer filtered and injected underground into an adsorp-
tion well. At this low level of ozonation, the nitrification processes that
occur in the filters are not affected.

Israel

Wachs et al. [99] described experiments conducted in 1976 and 1977 in
which sewage treatment plant effluent was treated with lime at high pH,
then was ozonated and passed through GAC media. The combined ter-
tiary treatment process allowed biorefractory organic materials to be
converted into more readily biodegraded materials, which then were
d.egraded in the filters and GAC adsorbers placed downstream of ozona-
tlor;.l Total organic carbon (TOC) levels thus could be reduced to below 2
mg/l.

In 1980 Rom et al. [100] reported on more detailed pilot plant studies
of this same treatment process.

South Africa

‘ The city of Windhoek, South West Africa, has been processing munic-
Ipal sewage for addition to its potable water supply for a number of
years. In this process, breakpoint chlorination is used before GAC
adsorption for removal of ammonia and dissolved organics. Recently,
Va.n .Leeuwen and Prinsloo [101,102] discussed this process in papers des-
f:rlblng experiments conducted at the Stander Water Reclamation Plant
In Pretoria, South Africa. The objective of these studies is to improve on
the process being utilized at Windhoek and to test the substitution of
pzopation followed by a biological treatment step for breakpoint chlor-
Ination, currently used to remove ammonia, and GAC adsorption for
femoval of dissolved organic materials. Such substitution has been
accomplished successfully at the 3785-m’/day (1-mgd) Stander Water
Reclamation Plant. One advantage of the substitution is that the GAC
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medium following ozonation did not have to be regenerated during the
one-year study reported. In contrast, the GAC medium following break-
point chlorination had to be reactivated every 90 days. The savings in
GAC regeneration produced by substituting preozonation for breakpoint
chlorination were found to be more than sufficient to pay for the costs
of ozone treatment. This program at the Stander Water Reclamation
Plant will be described in greater detail in a later chapter.

INDUSTRIAL WASTEWATER TREATMENT

In this area, ozone has been developed for oxidation of cyanide in
electroplating wastewaters [103-105] decolorization of dyestuffs in
textile wastewater in Japan [106], removal of phenolic compounds from
refinery wastewaters in Canada [107], disinfection of seawater used for
depuration of shellfish in France, Spain, Greece and other countries
[108], recovery and reuse of spent iron cyanide photoprocessing bleach
waters [109] and recycle and reuse of auto washing wastewaters in
Vienna, Austria [110]. Many of these applications for ozonation will be
described in detail in later chapters.

OTHER APPLICATIONS

The combination of ozonation conducted simultaneously with expo-
sure of wastewaters to ultraviolet radiation has been developed for a
variety of purposes [111,112]. One of these is the destruction of poly-
chlorinated biphenyls (PCB), which has been determined by EPA to be the
best available technology for this purpose [113]. Bleaching of paper
pulps has been developed to the commercial demonstration stage in
Norway [114]. Swimming pool waters are treated with ozone in a number
of European countries [115-117]. A number of air-conditioning cooling
waters are treated with ozone in the United States [118,119]. Many appli-
cations for ozone as a deodorizing agent are known in sewage treatment
[120-122), fish processing plants in Japan [123-125], industrial process-
ing plants, and restaurants [126].

For a number of years, German, Austrian, Swiss, Romanian, French
and Italian medical and dental personnel have been using ozone for a
variety of therapeutic applications. In dentistry, solutions of ozone in
water are employed to maintain sterility in the mouth during oral surgery
and implantations [127]. In medical therapy, ozone is used for treating
cancer in conjunction with radiation therapy [128], fistules, osteolides
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and stasis ulcers [129], gangrene and atonic ulcers [130,131}, liver
ailments [132,133], circulatory disturbances [134-135], in gynecology
[136,137], and in hematogenic oxidation therapy (injection of ozone/
oxygen mixtures into the bloodstream) [138,139].

Finally, since the early 1950s, Emery Industries in Cincinnati, OH, has
been the largest single user of ozone for the manufacture of azelaic and
pelargonic acids by the ozonolysis of oleic acid [140]. The reader interested
in details of the reactions of ozone with olefins in the nonaqueous liquid
and in the gas phases is referred to Bailey [5] and later chapters in this
series.

There is little doubt that with a better understanding of the properties
and methods of application of ozone, these and other beneficial uses for
this versatile oxidizing agent will continue to be developed.
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CHAPTER 2
OZONE GENERATION BY CORONA DISCHARGE

James J. Carlins and Richard G. Clark
Union Carbide Corporation
Linde Division
Tonawanda, New York

Ozone, the triatomic allotrope of oxygen, has the formula O, and gen-
erally exists as a relatively unstable, reactive gas. Small, atmospheric
quantities of ozone are produced by several natural and man-made
sources. These include: lightning, the action of sunlight on smog compo-
nents, faulty light switches and motor brushes, power transmission lines,
copying machines; nuclear radiation, and ultraviolet (UV) light. Commer-
cially, large quantities of ozone are produced in specially engineered
corona discharges. This chapter presents the theory and practice of
commercial ozone generation by this method. The discussion includes
the electrical characteristics of a corona discharge, factors affecting
ozone production and descriptions of generic approaches commonly
taken by designers of commercial ozone generators.

The corona discharge method involves the passage of a dry oxygen-
bearing gas through a corona discharge. Common feed gas streams are:
oxygen, air and recycle streams containing oxygen, nitrogen, argon, car-
bon dioxide and perhaps other diluents.

CHEMISTRY

Although there are a number of mechanisms that may contribute to
ozone formation in a corona, one particular reaction path is considered
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dominant [1]. The reaction is initiated when free, energetic electrons in
the corona dissociate oxygen molecules:

e 1+0,—-20+e! (1
Following this, ozone is formed by a three-body collision reaction:
0+0,+M—-0;+M 2)

where M is any other molecule in the gas. At the same time, however,
atomic oxygen and electrons also react with ozone to form oxygen:

0 + 0, - 20, (3)
e ' +0,-0,+0+e"! )

In addition, the gas in the corona is at a high temperature, which pro-
motes ozone decomposition reactions. Therefore, the net ozone yield or
outlet composition is the sum of all of the reactions that form and decom-
pose ozone. This net rate depends on many factors, including the oxygen
content and temperature of the feed gas, contaminants in the feed gas,
the ozone concentration achieved, the power density in the corona, the
coolant temperature and flow, and the effectiveness of the cooling sys-
tem. All of these influence the design of practical, economically attrac-
tive ozone generators and systems.

ELECTRICAL CHARACTERISTICS

A corona is characterized by a low-current electrical discharge across a
gas-filled gap at a voltage gradient on the order of the sparking (electrical
breakdown) potential of the gap. During breakdown, the gas becomes
partially ionized and a characteristic, diffused bluish glow results. Kilo-
volt voltages and milliampere-to-ampere currents are typical within a
corona. On the opposite end of the spectrum, an arc discharge is char-
acterized by a high current density, causing a highly ionized gas and a
low voltage gradient in the gap. In general, an arc is a localized discharge
producing high temperatures and a bright white light [2].

Figure 1 depicts a typical corona cell consisting of two metallic elec-
trodes separated by a gas-filled gap and a dielectric material. An oxygen-
bearing gas flows through the discharge gap while high voltage is applied
to the electrodes. Most of the electrical energy input to the corona is dis-
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Figure 1.  Typical corona cell configuration.

sipated primarily as heat with smaller portions going to light, sound and
chemical reactions.

Electrically, a corona cell presents a capacitive load to the power
supply due to both the gas-filled gap and the dielectric materials present.
Ozone is produced in the corona as a direct result of power dissipation in
the corona. Therefore, a fitting starting point for understanding ozone
generation is the consideration of the electrical characteristics of a corona
cell. The relations defining corona power consumption are easily deriv-
able. It is useful to define the following fundamental parameters:

V4 = dielectric potential (V)
V, = gap potential (V)
V, = driving potential (V peak)

V, = gap sparking potential (V peak)
V., = corona start potential (V peak)
f = driving voltage frequency (H)

P = corona power (W)

C, = dielectric capacitance (f)

C, = gap capacitance (f)

C, = total cell capacitance (f)

V. = gap corona extinction potential (V)

Commercial ozone generators use two basic corona cell geometries:
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concentric tubes and parallel flat plates. The cell capacitance formulas
are, for the concentric tube:

_2mee, L

SA
In(b/a) GA)

for the parallel flat plate:

A
C-= 66: (SB)

radius of the outer concentric electrode

radius of the inner concentric electrode

length of the concentric tubes

flat plate electrode separation

relative dielectric constant (5-7 for glass, ceramic, etc., 1 for
air, oxygen, etc.)

absolute dielectric constant = 8.854 x 1072 f/m

area of capacitor surface

where

o

=T o

€, =
A =

Typically, the dielectric material chosen has a high dielectric strength
(V/mm) and a high dielectric constant, such as glass or ceramic.

The driving potential of the cell can be expressed mathematically as
V=V, sin(wt), where w=2=f. This is represented graphically in Figure
2. During the initial voltage increase, from t, to t,, the voltage gradient
in the gas space is less than that required to ionize the gas. Here the cell
behaves as two capacitances in series due to the dielectric and the air gap.
These act as a capacitive voltage divider, which demands that the charges
be equal on two series-connected capacitors. Therefore,

Qd = Qg
CsVy = C.V,
v, C
g _ d (6)
\Z C,

The dielectric constant of the gas is roughly one-sixth that of the dielec-
tric material. Therefore, the capacitance of the dielectric material is con-
siderably greater than that for the gas gap. From Equation 6, then, the
voltage drop across the gap is considerably larger than that across the
dielectric prior to gas breakdown.

At point wt, the driving voltage has reached a value V_, such that the
voltage across the gas space has reached its sparking potential V, and

CORONA DISCHARGE 45

DRIVING VOLTAGE WAVEFORM

Vp
W
&}
<
[
5, wt3 wt4
g - W1
—
—
w
[&]
'VCS —
v
DISCHARGE GAP VOLTAGE WAVEFORM
j |
| i
{ ]y wt3 wt4
o Wi

GAS GAP VOLTAGE
<)

(

J Wt‘] Wt2
.VS

Figure 2.  Driving voltage and discharge gap waveforms.

breaks down into a corona. Cobine [3] reports that the sparking poten-
tials for air and oxygen are:

V, =29.64 pt, + 1350 (air) )
V, = 26.55 pt, + 1480 (oxygen) 8
where  p = absolute gas pressure (kP)
t, = gap length (thickness) (mm)

Once again, using the capacitive voltage divider calculation, a relation-
ship between the corona start potential V. and V, can be obtained:

Ct Vcs = s = Cg Vs
Cq+C
V,=—2 -ty &)

Cqy :
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Because the gas in the gap becomes conductive with an impressed
voltage of V., the voltage drop across the gap itself remains essentially
constant at V; with further increases in V. Rosenthal and Davis [4] suc-
cessfully modeled a conducting corona discharge gap as a zener diode
that characteristically maintains a constant voltage drop during
conduction. This wave shape is shown in Figure 2. Note that the voltage
at the corona extinction (wt, & wt,) is less than the sparking potential V,.
This phenomenon is due to ionization of the gas in the corona [5].

Viewed another way, as the gap goes into corona at point wt,, the cell
changes in character from two series capacitors to a capacitor in series
with a voltage-clamped conductor (e.g., a zener diode). Therefore, the
voltage drop across the dielectric must first increase more rapidly and
then fall with the driving potential during the conduction period.

The characteristic shape of the dielectric potential during conduction
can be expressed mathematically as:

V4 = V,sin(wt) — V, (10)
The charge stored on the dielectric is then:

Qg4 = CyVy

Cq [V, sin(wt) — V] (1

I

The displacement current through the dielectric material is:

I, = dQ/dt

CywV, cos(wt) (12)

I

Since the currents through the gap and dielectric are equal, because
they are in series, the instantaneous corona power draw is:

P, = V]I,

1

wCyv, V, cos(wt) (13)

The average power can be obtained by integrating the instantaneous
power over the duration of the corona and accounting for the number of
corona discharges per second (2f).

/2
P = C,V,wV, [S cos(wt)d(wt)] 427

wty
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4C,4 V fV, [sin (wt)g{f

1l

AC, ViV [1 -V /V,]

4C4 V f(V, — V)

- (5%)]
4C4VLE |V, — (—Lo—=2 )y, (14)

Cy

Il

This expression has been verified experimentally by Reynolds [6].

An understanding of the power equation (Equation 14) reveals the the-
oretical basis for the various practical approaches commonly followed by
designers of corona cells. For a given geometry, gap thickness and gas
pressure, the power drawn by the corona can be increased (1) by oper-
ating at higher frequencies; (2) by employing thinner dielectrics with
higher dielectric constants; or (3) by operating at higher peak driving
voltages. Many generators in operation today are powered at 60 Hz,
although medium-frequency (400-600 Hz) and high-frequency (nom-
inally 2000 Hz) equipment is available. Dielectric materials commonly
are glass or ceramic, with thicknesses ranging from about 0.5 to 3 mm.
Driving peak voltages commonly range from about 8 to 30 kv,

From a practical standpoint, however, minimum dielectric thicknesses
usually are dictated by structural considerations, material quality
(freedom from imperfections) and dielectric strength. High peak voltages
tend to enhance dielectric failures. Therefore, lower peak voltages are
recommended for longer dielectric life. For a given dielectric cooling
system, extremely high power densities (W/m?) also increase dielectric
failures, due to dielectric heating. This imposes practical limits on power
density and stringent requirements for an effective cooling system for
highest dielectric reliability. Therefore, the corona cell engineer must
strike a practical compromise between high power draw, cooling effi-
ciency and dielectric reliability and maintenance.

The above comments apply to the interrelationships between dielectric
voltage stress, corona power consumption, dielectric cooling and dielec-
tric reliability. When ozone production due to corona power consump-
tion is discussed (below), it will be demonstrated that efficient cooling of
the corona discharge itself is also extremely important. This factor is not
reflected in the power draw equation (Equation 14), but cannot be over-
looked in corona cell design. The requirement for efficient corona cool-
ing generally leads the designer to consider thin discharge gaps cooled
from both sides.

Rosenthal and Davis [4] developed a valuable tool for investigating the
operation of a corona cell. By creating an oscilloscope plot of voltage
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V(t) vs charge Q(t), characteristic information concerning cell capaci-
tances and critical voltages can be obtained. Figure 3 depicts the resultant
idealized parallelogram. The two slopes of the parallelogram represent
reciprocal capacitances for the conducting C,; and nonconducting C;
portions of the corona cycle. With these values, the gap capacitance C,
then can be calculated using:

C, Cq

-4 15
C, + Cq )

T

The straight lines indicate constant dynamic capacitances. The peak driv-
ing voltage V, and sparking potential V, are also readily obtainable as

1
m = —
1 Cd
Cg +Cd XY, A
My = $
u,
S
g &
i /(5
s /&5
S <
Vo

Figure 3. Idealized Q-V plot for a corona cell [4].
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indicated. The energy dissipated per cycle can be determined by com-
puting the area enclosed by the parallelogram.

The experimental setup to create a Q-V plot on an oscilloscope is
shown in Figure 4. The voltage can be viewed using a 1000X voltage
attenuation probe or a capacitive divider. The charge is determined by
monitoring the voltage across an integrating capacitor C,. This capaci-
tance must be chosen much larger than C,, so that it does not interfere
with normal cell operation. Figure 5 represents an actual photo of a Q-V
plot utilizing a typical corona cell with ceramic dielectric, an arbitrary air
gap thickness and a high-frequency power supply. The variation in charge
for the ““corona off’’ portion of the parallelogram indicates the magni-
tude of voltage ripple in the power supply.

In summary, it is important that the factors giving rise to high corona
power dissipation are thoroughly understood. However, these relations
must not be followed blindly merely to maximize corona power draw. In
the last analysis, high dielectric reliability and high ozone yield from the
corona are the ‘‘bottom line”’ criteria for the designer. For these reasons,
the thrust of the state-of-the-art developments currently in progress
throughout the industry are toward higher quality and thinner dielec-
trics; thinner corona gaps; higher operating frequencies; lower driving
voltages; higher corona power levels per unit electrode area; and
improved cooling of both the dielectric material and the corona dis-
charge. It is likely that significant generator improvements will continue
to appear as the technology advances.

?

®,
S—— vV
—— 10pf =0
———— j SCOPE
CORONA G H
CELL 0.01,f Q Q
€ 4,
C @~
Ci -

Figure 4.  Experimental setup for Q-V plot [4].
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Figure 5.  Actual Q-V plot for a corona cell.

OZONE YIELD

The previous section dealt with some of the factors relating to the elec-
trical power consumed by a corona. This section discusses ozone pro-
duction in the corona and some of the major factors that affect it. The
discussion will deal primarily with the practicalities of ozone generation
rather than with a theoretical understanding. To simplify the present dis-
cussion, power is taken to be corona power. It includes all power supply
losses involved in the steady-state operation of the corona generator.
Specifically excluded, to be discussed later, are the power or other costs
associated with cooling of the corona and dielectrics. Corona power is
usually measured by means of a calibrated wattmeter or watt-hour meter
connected ahead of the generator. In this way, one is assured that all
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electrical losses within the generator are accounted for. The resulting
energy consumption is directly related to the utility charges for corona
operation.

Perhaps the most useful means for understanding the corona genera-
tion of ozone is to consider how specific energy input relates to ozone
concentration. The unit for specific energy is kWh/kg. This can be
understood either as the amount of energy that produces a kilogram of
ozone or as the corona power divided by the ozone production rate.
Clearly it is reciprocally related to energy efficiency. Concentrations are
often expressed either in percent by weight or in milligrams of ozone per
liter of gas.

Figure 6 illustrates the range of representative values of the corona
specific energy as a function of ozone concentration for dry oxygen feed.
The values are considered representative in that they typify the spectrum
of large-scale generators in commercial use at this time. One must survey
the major generator suppliers to determine the actual performance each
can offer for any particular set of requirements.

The major conclusion to be drawn from Figure 6 is that the energy
efficiency decreases rapidly as one tries to make ever higher ozone con-
centrations. This, of course, is the direct result of the reverse reaction,
represented in Equations 3 and 4, in which the corona makes oxygen out
of ozone. The reverse reactions are favored not only by higher ozone
concentrations, but also by higher temperatures, because ozone is ther-
mally unstable. The half-life of ozone decreases significantly as the tem-
perature increases. Therefore, as will be illustrated later, heat removal
from the corona strongly influences the net specific energy used, which
includes both the forward and reverse reactions. Commercial ozone sys-
tems are commonly designed to operate in the range of 2-3 wt % of
ozone from oxygen feed.

There are several approaches to varying the rate of ozone production.
One can, for example, maintain the corona power constant and vary the
feed gas flow through the discharge. The relative yield will vary with a
characteristic represented by Figure 7. For very low flows, the ozone con-
centration is very high. Therefore, small quantities of ozone are produced
because the specific energy is very high. As the gas flowrate increases, the
ozone yield approaches a limiting value because the specific energy is
nearly constant for very low ozone concentrations.

Alternatively, one can maintain a constant gas flow through the
corona and vary the corona powe level to achieve different ozone yields.
Characteristics similar to those in Figure 8 are common.

Note that the ozone yield increases more slowly at higher power levels.
Depending on the efficiency of the corona cooling system, it is possible
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Figure 7. Ozone yield vs gas flowrate for constant corona power.

to increase the corona power (heat generation) to the point that no fur-
ther ozone yield is achieved.

In Figure 9, representative energy values are shown for the production
of ozone with dry air as the feed gas. Again, a range of values is given to
represent the major types of commercial generators available at this
time. As suggested by Figure 9, it is generally not economically attractive
to generate high ozone concentrations with air feed. Commercial air-
based systems are commonly designed to operate at about 1-2 wt % con-
centrations.

Because the oxygen content of the air is about 21%, one might expect
the specific energy for ozone production from air to be about five times
less than that for production from oxygen. In fact, only about twice as
much energy is required to produce the concentrations of practical inter-
est. Therefore, it seems that nitrogen is not an inert diluent but must
somehow contribute to ozone formation. Popovich et al. [7] suggest that
activated nitrogen atoms collide with and dissociate oxygen molecules in
the corona. As is suggested by Equation 2, any mechanism that increases
the atomic oxygen concentration in the corona will enhance ozone pro-
duction.
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The designers of ozone generators and ozonation systems must not
forget that ozone generation is an extremely inefficient process. This can
easily be illustrated. The theoretical heat of formation of ozone is
reported to be 0.835 kWh/kg [8]. If one assumes that the “‘real-world’’
specific energy to make ozone from oxygen at 2 wt % is 7 kWh/ kg, then
it is evident that 88% of the electrical energy supplied to the corona is
wasted and ultimately must be rejected from the generator. For a specific
energy of 15.5 kWh/kg using air feed, 95% of the corona power must be
rejected. Generator and systems designers must be prepared to deal with
essentially all of the applied corona energy as waste heat. The actual
total costs of cooling must be evaluated for each generator type before a
true economic evaluation can be made.

From the viewpoint of the generator designer, the corona occurs as a
gas-phase reactor with internal heat generation. Because air and other
such gases are poor heat conductors, the gases in the corona can reach
temperatures high enough that the thermal decomposition of ozone be-
comes quite significant, thereby reducing the net ozone yield. Some even
suggest that the reverse reaction (ozone decomposition) dominates above
40°C [9]. For this reason, generators are usually designed with fairly thin
gaps to facilitate heat removal from the corona. Gap thicknesses of
1-3 mm are typical.

Because of the influence of heat removal on ozone yield, the ozone
yield from essentially all generators is sensitive to changes in the tempera-
ture of the coolant used. For air-cooled generators, the coolant is usually
ambient air. For water-cooled or water/oil-cooled units, the excess heat
is ultimately rejected to water. Figure 10 [10] presents the relative influence
of cooling water temperature on the ozone yield of a typical water-cooled
generator. More specific data should be obtained from the various gene-
rator manufacturers for each equipment type.

In addition to coolant temperature, coolant flowrate is often impor-
tant, too. It is not uncommon for suppliers of water-cooled generators to
recommend 2500-4000 liter H,O/kg ozone (300-480 gal/lb) of 15-20°C
cooling water, depending on the power density in use. Operating values
as high as 16,700 liter/kg (2000 gal/lb) have been reported in the litera-
ture [11]. Increased coolant flowrates tend to offset both yield deteriora-
tion due to high pwer densities (gas temperature) and dielectric failure
due to increased dielectric temperature,

Another important design consideration is that a relatively uniform
gas thickness must be maintained in the corona gap. Recall that the
power draw is proportional to V,(V, — V,,), and that V, and V., are both
functions of gap thickness. If the gap thickness is relatively nonuniform,
narrower portions will tend to draw more power per unit area and there-
fore establish a hotter corona. This results in less efficient ozone
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Figure 10.  Typical effect of cooling water temperature on ozone production
[10].

production (kWh/kg). Further, if the narrowing of the gap is severe
enough to cause gas flow restriction in that region, the localized ozone
concentration and the specific energy increase even further. Therefore,
the generator designer must establish a uniform gap thickness to achieve
the highest ozone generation efficiency.

Diluents in the feed gas have a strong, generally detrimental influence
on the ozone yield in a corona. The most common diluent that causes
trouble is water vapor. Trace amounts of water can substantially reduce
the ozone output from an ozone generator. Figure 11 presents the
relative yield of ozone as a function of the dew point of the feed gas [12].
These data generally lead ozone system designers to dry the incoming
feed gas to at least —40°C, and usually to below —60°C dew point. The
increase in ozone yield usually more than compensates for the additional
cost of drying the feed gas to such low dew points. These comments
apply, of course, to feed gases that contain water vapor, such as ambient
air or gases being recycled back to the generator from a contact reactor.
Pure oxygen gas being fed to the generator from either a liquid oxygen

|
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Figure 11.  Effect of water vapor on ozone production [12].

facility or a pressure-swing plant already has a dew point well below
—60°C and requires no further processing.

Water vapor in the feed gas can cause problems other than reduced
ozone yield. If the feed is air or nitrogen-containing recycle gas, oxides of
nitrogen formed in the corona continue to react with the water to form
nitric acid. The nitric acid can cause damage to both generator com-
ponents (for example, welds exposed to the gas stream) and to down-
stream equipment not designed to handle wet gas and nitric acid. These
problems also can be avoided by designing an effective, reliable drying
system ahead of the ozone generator.

For many systems, oxygen is the most attractive generator feed gas
because of the high ozone yields and high concentrations possible with it.
With oxygen, however, economics usually dictate that the offgases from
the ozone contactor be recycled back through the system rather than
vented, because of the high cost of the oxygen itself. Consider the ozone
disinfection of secondary effluent as a typical example. The contactor
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offgases will include not only ozone and water vapor, but also nitrogen,
argon and carbon dioxide, which are scrubbed from the effluent. In a
closed-loop recycle system, the recycling gas must be dried before rede-
livery to the ozone generator, for high energy efficiency and system
reliability. If the recycle compressor, dryer and piping components are
not ozone-compatible, an in-line ozone destruction system must be used
after the contactor. To keep the nitrogen concentration from continuing
to build up in the recycle loop, with a resultant dramatic decrease in
ozone yield, some of the recycling gas is vented to the atmosphere. The
vent flow is adjusted to control the nitrogen concentration at the desired
value. The argon and carbon dioxide levels also remain constant with
constant venting. The vent gas also contains high concentrations of oxy-
gen. This oxygen must be replenished from a separate supply to maintain
the oxygen inventory.

To optimize the design of an oxygen-rich recycle system, the designer
needs to know the influence that nitrogen, argon and carbon dioxide
have on ozone production. The fragmentary data in the literature seem
sufficient to support initial, first-cut estimates to be used until such time
as reliable test data become available. The following approach has
proven useful for preliminary estimates.

High concentrations of nitrogen in oxygen cause substantial reduc-
tions in the ozone output from a generator. This is proven by the fact
that a generator operating on air yields about one-third to one-half as
much ozone as one using pure oxygen. The addition of relatively small
amounts of nitrogen to a pure oxygen stream, however, produces a rather
unusual result. Cromwell and Manley [13] and Rosen [14] present data
indicating that the ozone yield actually increases between 2 and 7% as the
first 5 to 8 vol % of nitrogen is added to pure oxygen. The Cromwell and
Manley data, represented by the ‘‘nitrogen’’ curve in Figure 12, were
chosen for use because they suggest the least yield enhancement for low
nitrogen concentrations and are considered more conservative. Follow-
ing the initial increase in ozone yield with nitrogen addition, the yield
decreases essentially linearly as more nitrogen is added. The yield extrap-
olates well to values expected for air feed (Yy, = 79 vol %). It should be
evident that factor E in Figure 12 is the ratio of the ozone yield with the
listed diluent divided by the yield with pure oxygen, all other generator
operating parameters remaining the same. Therefore, E represents a per-
formance degradation. Figure 12 also contains values derived from
Cromwell and Manley for argon and carbon dioxide.

If one knows the performance of a generator with both oxygen and air
feed, the Cromwell and Manley nitrogen data can be used to construct a
graph, such as shown in Figure 13. These data are assumed for nitrogen
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concentrations up to 10 vol % for all ozone concentrations of practical
interest. Further, for each ozone concentration, it is assumed that the
ozone yield falls linearly from its value for 10 vol % added nitrogen to its
known value for air feed, at 79 vol %.

For illustration purposes, assume that Figure 13 represents the genera-
tor in question. One can estimate the specific energy for an oxygen
recycle stream containing 35 vol % nitrogen, 5 vol % argon and 4 vol %
carbon dioxide for generating ozone at 1.5 wt %%. Assume that 1.5 wt %
ozone can be made from dry oxygen for 7.0 kWh/kg (corona power only).
The nitrogen factor (0.77) would be read from Figure 13 at 35% N, at 1.5
wt % and the factors for argon (0.99) and carbon dioxide (1.00) come

from Figure 12. The estimated specific energy (corona only) would then
be:

7.0 kWh/kg

_ CTXMVRE 92 kWh
0.77 x 0.99 x 1.0 /ke

To this would be added the appropriate specific energy associated with
cooling and feed gas preparation to yield the total specific energy for
ozone generation.

ADDITIONAL SYSTEM DESIGN CONSIDERATIONS

There are a number of system design considerations that can affect the
efficiency and reliability of an ozone generator. The generator system
designer will want to address these potential problem areas.

The generator feed gas must be essentially free of hydrocarbons, cor-
rosive vapors and any other substance that can react in the oxygen/
ozone/corona environment to cause safety hazards or damage to the
equipment. Of the three factors required for an explosion (fuel, oxidant
and an ignition source), two are already present in the corona environ-
ment. Fuellike materials must be kept out of the feed gas stream. If
hydrocarbons are potentially present, hydrocarbon analyzers should be
installed to turn off the corona power if hydrocarbon concentrations
approach 25% of the lower explosive limit (LEL). Fluorocarbons such as
Teflon™ or refrigerants can be broken down in the corona to form
fluorine, which can attack the glass dielectric material, potentially accel-
erating dielectric failure. Cooling fluids circulated around the outside of
the corona cell may leak past seals and enter the corona space, resulting
in the formation of a varnishlike coating on the dielectric surfaces. When

*Registered trademark of E. I. du Pont de Nemours and Company, Inc., Wilmington,
Delaware.
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this happens, the dielectrics must be cleaned periodically, as the coating
reduces the efficiency of ozone production. The feed gas should be fil-
tered to about 5 u particle size to prevent small desiccant particles or
other particles from entering the corona. Desiccant fines have been
reported to cause a brown stain on dielectric surfaces {11].

The feed gas pressure should not be allowed to vary uncontrollably. As
gas pressure influences the corona power draw and the voltage applied
across the dielectrics, wide pressure variations can cause unreliable gen-
erator operation. Higher-than-expected corona power may cause fuses
or breakers to open. Higher-than-expected applied voltages can cause
premature dielectric failure.

The ozone system must be designed to prevent bulk water from enter-
ing the generator. Float valves for water-ring feed gas compressors or
condensation traps on feed gas dryers have been known to stick, causing
the ozone generator to become flooded with water. Bulk water in the
corona cell leads to concentration of the corona, high current density and
localized dielectric heating, causing premature dielectric failure. Even if
a detection system interrupts the corona power before the water enters
the corona cells, the debris in the water will be deposited on the cell sur-
faces. This debris must be removed prior to continued operation. Mal-
functions or operating errors have been known to force effluent from the
ozone contact chamber back into the generator. This can also cause at
least corona cell contamination and perhaps dielectric failure. In addi-
tion, the system design and operating procedures must prohibit flam-
mable, corrosive or even water vapors from migrating backward from
the ozone contact chamber into the generator.

For water-cooled generators, the quality of the cooling water is impor-
tant to minimize fouling of the heat transfer surfaces. Fouling will lead
to reduced heat transfer efficiency and, therefore, reduced ozone gener-
ation and higher maintenance costs. Potable water is the technically
preferred coolant. However, the consumption rates required for large
commercial generators generally make potable water economically unat-
tractive, except perhaps for systems in water treatment plants. On the other
end of the water quality scale, treated sewage treatment plant effluent
has generally been found to be an unsatisfactory coolant, as it often
results in fouling. If high-quality water or other fluids is used in a closed
primary cooling loop, effluent might be considered for final heat rejec-
tion if the final heat exchanger is specifically designed for minimum foul-
ing and for ease of cleaning. Experience generally leads the system
designer to use cooling-tower water or heat exchanger quality water (free
of suspended solids, <5 mg/l chlorides) for the best balance between
water costs and maintenance costs.

For air-cooled generators, the cooling air must be free of blown mois-
ture, debris, aerosols of corrosive, oily or conducting materials, and
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visible dust. In general, filtered air is not required except perhaps in an
extremely dusty industrial atmosphere.

COMMERCIAL OZONE GENERATORS—GENERIC
REVIEW

Several types of commercial-scale ozone generators presently are avail-
able. The basic differences between these units are: corona cell geometry,
power supply, heat rejection techniques, and operating conditions. Five
basic corona cell types and three power supply types are briefly and
generically discussed in this section. These types include:

1. corona cells: Otto plate (water-cooled), horizontal tube (water-
cooled), vertical tube (water-cooled), vertical tube [double-fluid-
cooled (oil and water)] and Lowther plate (air-cooled); and

2. power supplies: fixed low frequency (50-60 Hz), variable voltage;
fixed medium frequency (400-600 Hz), variable voltage; and variable
frequency (up to 3000 Hz) fixed voltage.

Table I gives a comparison of the various corona cell types of ozone gen-
erators and their associated power supplies. The two water-cooled tube
type units have been combined in this table due to their many similarities.
The comparative information presented is considered representative of
the various generator types. One should consult generator suppliers to
obtain more detailed information about specific units.

Otto Plate, Water-Cooled

The original design for this plate generator was developed by Otto in
the early 1900s. The basic unit is still in use today (Figure 14) [15]. The
cell consists of flat hollow blocks, separated by two glass plates and a gas
space. The water-cooled blocks serve both as the electrodes and heat dis-
sipators. A number of these generator elements are enclosed in one hous-
ing. In this unit, which is designed to operate at atmospheric or negative
pressure, air is drawn into the housing, through the corona discharge
area and out a central manifold passing through the glass plates and
metal blocks. Ozone is produced as the air passes between the glass plates
and is exposed to the corona discharge. Operation is designed to occur at
slightly below atmospheric pressure, because the system is not designed
to be leakproof. The dielectrics, for example, are made of ordinary win-
dow glass, which is not made to high tolerances. As a result of operating

Comparison of Commercial Ozone Generator Operating Parameters?

Table I.

Tube (Double Liquid) Lowther Plate

Tube (Water)

Otto Plate

Parameter

Air, oxygen
- 60

Air

Air, oxygen
—40 to —51

Air, oxygen

Air

Feed Gas

—60
Water

- 60

Feed Gas Dew Point (°C)

Cooling Fluid

Water and oil, typically

Water

Recommended Corona Cell Pressure

170-240

170-200

1.3
10

100-200

2-3.5

100

(kPa, abs.)
Nominal Discharge Gap (mm)

il

14-32

7.5-20
60/600
3-4.8

Nominal Driving Voltage (kV, peak)

Nominal Frequency (Hz)
Dielectric Thickness (mm)

2500
0.5

2500
2.4
7.6

60/600
1-3

0.15-0.75 0.3-1.5 15.8

Corona Power Density (kW/m?)

Power Supply Type

Variable
Fixed

Variable
Fixed

Fixed 60/600

Variable

Fixed 60/600

Variable

Frequency (Hz)

Voltage
Typical Cooling Water Usage
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NAP

1200-2500

NA

2500-4150

2500-4150
NA

NA

(liter/kg 05)
Cooling Air Usage (liter/kg 0;)

2.6 x 10¢

Ozone Production Rate (from air) for

Commercially Available
Generators (kg 03/day)
Cooling Water Temperature (°C)

Cooling Air Temperature (°C)

0.1-1500
NA

0.1-163
1-32

NA

0.2-680
7-65

NA

0.2-27
7-65

NA

<45

aInformation in this table was supplied by generator manufacturers. Detailed information must be obtained from specific vendors.

bYNA = not applicable.
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Figure 14.  Otto plate ozone generator module [15]. (A) Ground potential,
water-cooled block; (B) glass dielectric; (C) discharge gap; (D) high-tension,
water-cooled block.

at subatmospheric pressures, ambient air can leak into the ozone
generating cells.

Because of the low operating pressures of this cell, this type of ozone
generating unit is limited to negative dissolution applications, such as
vacuum injection or inductive turbine applications [14].

Horizontal Tube, Water-Cooled

This type of corona cell is currently the most commonly used for com-
mercial ozone applications. The tube and a complete unit are shown in
Figures 15 and 16. The corona cell consists of an outer, grounded stain-
less steel tube and a concentric glass dielectric tube having its inner sur-
face coated with a metallic material. The two metal surfaces make up the
two electrodes. Typically, a 3-mm gas space is maintained between the
glass dielectric and the outer steel tube with electrode spacers. Power is
supplied to the inner metallic coating through an axial bus bar containing
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G J F E K

Figure 15.  Corona cell details for a horizontal tube-type ozone generator [17].
A = air inlet; B = ozonated air outlet; C = coolant inlet; D = coolant outlet;
E = dielectric tube; F = discharge zone; G = tube support; H = HV terminal;
I = port; J = metallic coating; K = contact.

electrode brushes. Each corona tube can be individually fused to allow
the generator to maintain continuous operation in the event of a single
dielectric failure within the unit. Cooling of the corona tube is
accomplished by passing water of potable or heat exchanger quality
along the outside of the outer stainless steel tube. Flowrates of 2500-4000

liter H,O/kg ozone (300-480 gal/lb) of 15-20°C cooling water are
common.
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A. SINGLE-BAY 4 AIR

DOUBLE-BAY

H. V. DIELECTRIC TUBES

Figure 16. General arrangement of horizontal tube-type generators [16]. (1)
dielectric tube; (2) metallic coating; (3) HV terminal; (4) contact; (5) centering
piece; (6) ionization gap; (7) air inlet; (8) front chamber; (9) rear chamber; (10)
air outlet; (11) water inlet; (12) water outlet.
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Vertical Tube, Water-Cooled

This unit utilizes the cooling water as both the grounding electrode and
the cooling (Figure 17). Three separate compartments are formed for the
feed gas manifold, ozone-rich product gas manifold and cooling water.
Dry air enters the top of the central metal tube, which also serves as the
high-voltage electrode. The gas travels downward and emerges at the
closed end of the glass dielectric tube and passes through the discharge

gap. Each tube is almost entirely immersed in the cooling water of the
lowest compartment.
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Figure 17.  Details of vertical tube ozone generator [9].
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Vertical Tube, Double-Liquid-Cooled

This unit utilizes both water and a nonconducting oil or similar fluid
for cooling. This necessitates a more complex tube design (Figure 18).
The corona cell consists of three annular tubes: the inner, ground elec-
trode consists of a metal tube, and the outer, high-voltage electrode is a
metal coating on the outer surface of the glass dielectric tube [18]. The
ozone-producing corona discharge occurs between the inner electrode
and the glass tube. Cooling water flows through the inner, metal elec-
trode, and the cooling oil flows along the outer metal electrode. The oil,
in turn, is cooled by an external oil-to-water heat exchanger for the final
heat rejection. Typical water usage for this system is 2500-4000 liter
H,0/kg ozone produced (300-480 gal/Ib).

A typical double-liquid-cooled generator is shown in Figure 19. The
corona cells are located within the vertical cylinder on the left. The power
supply components are located behind the front panel. The generator skid
also contains an air compressor (at the left) and an air dryer (in the right
rear corner) which comprise the air feed supply for the corona cells.

Lowther Plate, Air-Cooled

This generator, although a plate type, is significantly different from
the Otto plate type. One major distinction is that the Lowther generator
is designed to operate at slightly elevated pressure (10-15 psig), whereas
the Otto generator operates at slightly below atmospheric pressure.

The basic cell (Figure 20) consists of air-cooled aluminum heat sinks, a
steel electrode coated with a high-quality, thin ceramic dielectric mate-
rial, a silicone rubber spacer to establish a uniform, thin discharge gap, a
second ceramic-coated steel electrode with inlet and ozone-bearing outlet
gas ports, and a second aluminum heat sink [20]. A module consists of
30-40 cells, stacked and manifolded together; a generator can contain
1-32 such modules. Heat rejection is accomplished by forced-air con-
vective cooling through the finned extruded aluminum heat sinks, allow-
ing for two-sided cooling of the cells.

A typical generator system is illustrated in Figure 21. Each generator
has a front control panel and power supply components in the base. The
corona cell modules are located in the midsection, behind the control
cabinet. The cooling fan in the top section draws ambient air into the
unit through the louvered panels to cool the power supply components
and the corona cells. Cooling air is exhausted through the top of the unit.
The feed gas and ozone manifolding is at the rear of each generator. For
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Figure 18.

Vertical tube, double-fluid-cooled ozone generator tube detail [9].
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Figure 21.  Typical installation of Lowther plate-type, air-cooled ozone gen-
erator [20].

the installation shown, the feed gas is oxygen produced by a cryogenic
plant located outside the generator room.

Power Supply Types

Assuming that the gas pressure within the discharge gap and all corona
cell dimensions are held constant during normal generator operation,
Equations 5, 7 and 8 show that C,, C, and V; must remain constant.
Then, Equation 14 shows that power consumption is directly propor-
tional to frequency f and peak voltage V,. Therefore, two convenient
methods of controlling ozone production are voltage and frequency vari-
ation. The three commonly used power supply control systems are shown
diagrammatically in Figure 22. Figures 23 and 24 show typical, simplified
electrical schematics for controlled voltage and frequency power
supplies.

The fixed low-frequency (50-60 Hz), variable-voltage power supply is
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A. FIXED LINE LOW FREQUENCY (60Hz), VARIABLE VOLTAGE

—v
= .
PS vT HTT ——]
POWER POWERSTAT HIGH-TENSION OZONE
SOURCE OR VARIABLE STEP-UP GENERATOR

TRANSFORMER TRANSFORMER

B. FIXED MEDIUM FREQUENCY (600 Hz), VARIABLE VOLTAGE
—y

PS FC vT HTT =_:-

POWER FREQUENCY VARIABLE HIGH-TENSION OZONE
SOURCE CONVERTER TRANSFORMER STEP-UP GENERATOR
TRANSFORMER

C. FIXED VOLTAGE, VARIABLE FREQUENCY
—v

=
-

POWER VARIABLE HIGH-TENSION OZONE
SOURCE FREQUENCY STEP-UP GENERATOR
CONVERTER TRANSFORMER

PS VFC HTT

Figure 22.  Representative types of power supplies for ozone generators [5,9].

AUTO TRANSFORMER
{SOMETIMES CONNECTED HIGH-TENSION
TO A POWERSTAT) TRANSFORMER
i VARIABLE _L_ OZONE
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INDUCTANCE
—— TO CORRECT
LINE VOLTAGE POWER FACTOR
@ 60 Hz

Figure 23.  Typical controlled-voltage, 60-Hz power supply schematic [5,9].

controlled by a variable transformer preceding the high-voltage, step-up
transformer (Figures 22A and 23). Electrically, the system has the advan-
tage of simplicity. The system transforms single-phase, 60-Hz voltage
and applies it to the corona cells. However, the low operating frequency
requires high peak voltages to achieve the desired power draw.
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FOUR THYRISTERS
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Figure 24.  Typical variable-frequency power supply schematic [5,9].

The fixed medium-frequency (400-600 Hz), variable-voltage power
supply adds a frequency converter to the previously described simple cir-
cuit. The frequency increase is added to boost the power density of the
corona cells for a given peak voltage.

The variable-frequency, fixed-voltage power supply is controlled by a
thyristor inverter bridge. In this manner, the direct current bus voltage is
chopped to produce variable-frequency alternating current power, which
then is applied to the load cells. The use of a high-frequency inverter
allows a high power density to be obtained in the corona cell while main-
taining a low peak voltage.
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CHAPTER 3

OZONE GENERATION
WITH ULTRAVIOLET RADIATION

Barry DuRon

Canrad-Hanovia Inc.
Newark, New Jersey

Absorption of light by oxygen has been observed from the far ultra-
violet (UV) region into the near infrared (IR) region of the spectrum.
Although the very weak absorption in the visible, near UV and near IR
regions is of some interest in connection with photochemical reactions of
oxygen with other molecules, for the purposes of this discussion, only the
middle and far UV regions of the spectrum are of importance.

MECHANISM OF PHOTOCHEMICAL
FORMATION OF OZONE

The formation of ozone from oxygen is endothermic [1,2]:
1.50,—-0,  AH =34 kcal 1)
From thermochemical considerations only, it would seem that light of
any wavelength shorter than 842 nm could form ozone from oxygen.
However, if we consider the probable mechanisms only, then the one
which requires the least amount of energy:

0,+0,—-0,+0  AH = 93 kcal )

corresponds to a wavelength of 307 nm [1,2].

i
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The observed evidence points to a mechanism whereby an oxygen mol-
ecule in the ground state (O, L, ) dissociates on absorption of light into
two oxygen atoms, the energy state of which depends on the wavelength
of the absorbed light [3]. The oxygen atom then reacts with an oxygen
molecule to produce ozone. The mechanism requiring the least amount
of energy will, of course, produce oxygen atoms in their lower energy
state [1,2]:

0,(L;)—~20(P), AH = 118 kcal. 3)

The energy here corresponds to a wavelength of 242 nm.
The other observed reactions are [4-8]:

0,C%;)+h» ~0O('D)+OCP) A< 175nm 4)
0,(L;) +hr - 0,(Ly)  175nm < \ < 200nm )

0,(’L;) ~20(’P) (5a)
0,(L,;)+hy—20(P)  200nm < A <242nm (6)

The energy state of the resulting oxygen atoms, whether triplet O (*P)
or singlet O (D) has no effect on the yield of ozone formation:

0,+0+M~—-0,+M )

where M is any inert body present, such as the reactor wall, a nitrogen
molecule or a molecule of carbon dioxide.

The quantum yield of ozone production by irradiation of light at wave-
lengths shorter than 242 nm is 2.0, as seen from Equations 4 through 7,
since every photon absorbed will produce two oxygen atoms, each of
which will produce one ozone molecule.

However, the observed quantum yield is lower than 2.0, in part, due to
the reaction:

0, + 0—20, )
and, in part, to the photodissociation (photolysis) of ozone:
O,+hy—0,+0('D) 200nm < \ < 308nm )

The resulting singlet oxygen can further enter the ‘‘dark’’ reactions:
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O('D) + 0; - 0,(L;) + 03 (L) (10)

where O3 is an O, molecule in a vibrationally excited ground state
0% —-20(*P) (10a)
O(CP) + 0, —20, (10b)

The quantum yield of ozone photolysis is 4, as can be seen from the
sequence of reactions given in Equations 9 through 10b [9,10].

PRACTICAL GENERATION OF OZONE
BY PHOTOCHEMICAL MEANS

Since in practice it is very difficult, it not impossible, to produce light
at a wavelength sufficiently short to produce ozone from oxygen without
the simultaneous production of the longer wavelength that photolyzes
ozone, the observed quantum vyield of ozone production is a balance
between the yield of production and the yield of photolysis. This balance
depends, of course, on the ratio of ‘‘ozone-producing’’ to ‘‘ozone-con-
suming’’ wavelengths present. It also depends on the presence of other
inert gases, which influence the yield of ozone formation via Equation 7.
Different inert gases will have different effects. Observed relative yields
of ozone formation by irradiation with the 185-nm wavelength radiation
of a low pressure mercury lamp at 1 atm total pressure and 0.25 atm of
oxygen pressure are [2]:

Added Gas Cco, N, Ar Ne
Relative Ozone Yield 1.0 0.8 0.7 0.5

Experiments conducted at Canrad-Hanovia Inc. with low-pressure
mercury lamps of 10 and 16 W show an observed quantum yield of 0.5 by
irradiation of dry air, at 25°C, moving at a linear velocity of 150 ft/min
in a direction parallel to the lamp axis. These lamps produce only two
spectral lines in the region pertinent to ozone formation: one line at
187 nm, which is absorbed by oxygen and causes ozone production, and
the other line at 254 nm, which is absorbed by ozone and causes its
photolysis.

The relative intensities of these two spectral lines are inherent in the
mercury spectrum, and although the ratio of 185 to 254 nm radiation can
be somewhat improved by choice of the wall material and inert gases in
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the lamp, the change will not be so large as to produce quantum yields
deviating significantly from 0.5 in air.

In practical terms, the information on quantum yields enables us to
calculate the amount of ozone obtainable by irradiation with ultraviolet
light. If the quantum yield is taken as 0.5—which is correct when low-
pressure mercury lamps are used as the radiation source—this implies
that two photons of light at 185 nm are necessary to produce a net one
molecule of ozone.

The energy of a photon of light at a wavelength of 185 nm is:

E = hv =hc/A

Planck’s constant, 6.63 x 10~%
speed of light, 3 x 10'° cm/sec
wavelength, 185 nm or 185x 107 cm

where h
c
A

E = (6.63 X 10-27) x (3 x 10°)/(185 x 10-7) = 1.1 x 10" erg

The number of photons per second in one watt (107 erg/sec) of UV
light at 185 nm is: 107/(1.1 x 10~"), or 0.91 x 10'® photons per second.
Since the quantum yield is 0.5, two photons are required to produce one
O, molecule. The number of O, molecules produced per second from one
watt of 185-nm radiation, therefore, is (0.91x 10'®)/2, or 4.5x 10" O,
molecules per second.

There are 6.02 % 102 (Avogadro’s number) molecules of gas in one
mole of that gas. Therefore, 4.5x 10" molecules per second of O,
correspond to (4.5 % 10'7)/(6.02x 10%), or 7.5x 1077 g-mole of ozone
per second, which, since the molecular weight of ozone is 48, corre-
sponds to (7.5x 107 7)x 48, or 3.6 x10~° g of ozone produced per watt-
second. This amount of ozone per watt-second corresponds to 0.13 g of
ozone produced per hour per watt, or 130 g of ozone produced per kilo-
watt-hour.

It must be remembered that the figure of 130 g O,/kWh refers to kilo-
watt-hours of actual UV light at 185 nm, and not to the power consump-
tion of the lamp! Since lamp efficiencies in the 185-nm wavelength range
lie between 0.6 and 1.5%, one will have to invest 67-167 kWh of elec-
tricity in the lamp in order to obtain that 1 kWh of UV light.

Actual ozone production per kilowatt hour, using low-pressure mer-
cury lamps optimized for 185-nm radiation will be 130/67 =1.94 g/hr.

This calculation of the amount of ozone produced per kilowatt hour
presupposes that all of the incident UV energy is absorbed by the oxygen.
It is quite common, however, that due to physical limitations of the size
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of the reaction chamber, or the duct, a portion of the radiation will reach
the reactor wall and be absorbed by it.

The minimum reactor size for efficient utilization of the UV radiation
can be obtained by using the Beer-Lambert law for attenuation of light
traveling through an absorbing medium:

log I/1, = — (a)(p){!)

where | intensity of light entering the layer of absorbing medium

]

I = intensity of light leaving the layer of absorbing medium
a = absorption coefficient

p = partial pressure of absorbing species

| = absorption path

To find the absorption path within which 99% of the UV energy will
be absorbed, the quantity I/1, =1% =0.01 is substituted into the Beer-
Lambert equation:

log I/I, = log 0.01 = -2

-2=-@MEW0

therefore:

[ =2/(a)(p)

For oxygen and at a wavelength of 185 nm, ‘‘a”’ is approximately 0.1
atm 'cm~! [3]. If air, in which the partial pressure of oxygen is 0.2 atm,
is irradiated with UV light at a wavelength of 185 nm, the path for 99%
absorption is:

! =2/(0.1)(0.2) = 100cm

It is not always practical to produce ozone in a duct 200 cm in diame-
ter. However, if 90% absorption is acceptable, log I/1, becomes —1 and
! becomes 1/(0.1)(0.2) =50 cm. If the partial pressure of oxygen is in-
creased to 1 atm, that is, if pure oxygen is employed rather than air, /
becomes 10 cm for 90% UV radiation utilization.

Passing air at 1 atm over a low-pressure mercury lamp which is placed
conveniently in a 20-cm-i.d. duct, will result in a UV radiation utilization
of:

log I/1, = —(0.1)(0.2)(10) = —0.2

/1, = 0.63
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In other words, only 37% of the available ultraviolet radiation is absorbed
by oxygen to produce ozone. The remaining 63% is absorbed in the reac-
tor wall. Under such conditions, the ozone production rate will be
1.94 % 0.37=0.72 g/kWh. This production rate can be greatly improved
if the reactor wall is made of, or is coated with, a reflective material, such
as polished aluminum.

It is also important to keep in mind that the formation of ozone from
oxygen by means of photochemical reactions is not affected by tempera-
ture. On the other hand, once formed, the decomposition of ozone is
accelerated as the temperature is increased.

Figure 1 shows the absorption spectrum of gaseous oxygen in the
region from 1200 to above 2400 A (120 to above 240 nm). Figure 2 shows
the absorption bands of ozone over the range 2000 to more than 2900 A
(200 to 290 nm). Figure 3 is a photograph of three types of ozone-pro-
ducing mercury lamps.

CONCLUSIONS

It is apparent that UV light is not a very efficient means of producing
large (Ib/h) amounts of ozone, at least until lamps having higher short-
wave UV output become commercially available. However, UV light is
very suitable for producing ozone in small amounts—for laboratory pur-
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Figure 1. Absorption spectrum of oxygen (after Calvert and Pitts [3]).
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Figure 3. Three ozone-producing low-pressure mercury lamps (courtesy of
Canrad-Hanovia Inc., Newark, NJ).
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poses, germicidal activity in small samples, odor elimination, etc. The
attractive features of ultraviolet are reproducibility, relative insensitivity
to moisture and easy control of the rate of ozone production by linear
control of lamp power.

REFERENCES

1. Volman, D. H. ‘“‘Photochemical Gas Phase Reactions,”’ in Advances in
Photochemistry, Vol. I (New York: Interscience Publishers, 1963), p. 43.

2.  McNesby, J. R., and H. Okabe. ‘‘Vacuum Ultraviolet Photochemistry,”’
in Advances in Photochemistry, Vol. III (New York: Interscience Pub-
lishers, 1964), p. 157.

3. Calvert, J. G., and J. N. Pitts, Jr. Photochemistry (New York: John Wiley

& Sons, Inc., 1966), pp. 205-209.

Warburg, E. Sitzber. Preuss. Akad. Wiss., Physik-Math. K1:216 (1912).

Warburg, E. Z. Electrochem. 27:133 (1921).

Groth, W. Z. Phys. Chem. (Leipzig) B37:307 (1937).

Vaughn, W. E., and W. A. Noyes. J. Am. Chem. Soc. 52:559 (1930).

Wulf, O. R., and E. H. Melvin. Phys. Rev. 38:330 (1931).

Castellano and Schumacher. ¢‘Kinetics and Mechanism of Ozone Decom-

position,”’ Z. Phys. Chem. (Frankfurt-am-Main) 83:1-4,54-63 (1973).

10. Popovitch, Popov and Tveritinova. ‘‘Problems of Quantum Yield of
Ozone Photolysis,”” Zh. Fiz. Khim. 50(3):816 (1976).

wENAU e

CHAPTER 4

STATUS OF RESEARCH ON OZONE
GENERATION BY ELECTROLYSIS

Peter C. Foller

The Continental Group, Inc.
Energy Systems Laboratory
Cupertino, California

DESCRIPTION OF THE PROCESS

Significant improvements to the electrochemical route for ozone gen-
eration have been demonstrated in recent research studies. Unlike con-
ventional ozonators in which predried and compressed air (or oxygen) is
passed through a high-frequency corona discharge, ozone is formed by
electrochemical oxidation of water.

Certain aqueous fluoroanion electrolytes have been discovered, from
which water may be oxidized to ozone at high current efficiency near
room temperature [1-3]. Advances in anode material selection also have
contributed to making near ambient electrolysis temperatures possible
[4]. In previous work, attractive current efficiencies for ozone generation
had only been observed at very low electrolyte (or anode surface) tem-
peratures. Operation at such temperatures (—20 to —60°C), in addition
to requiring costly refrigeration, disallowed the use of reduction of oxy-
gen as the corresponding cathodic process during electrolysis. The kine-
tics of oxygen reduction from air become very poor as temperature is
decreased. Hydrogen evolution had been considered as the only available
cathodic process, even though theoretically an additional 1.23 V of cell
potential is required. All economic projections for electrolytic produc-
tion of ozone were most unfavorable.

or
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The electrolytic process considered in this review (Figure 1) is com-
posed of the following half-cell reactions. At the anode:

3H,O0—-0O3; +6H" +6e~, V°=+1.51V
and parasitically
2H,0 — O, + 4H* +4e~, Vo= +1.23V
At present there is no direct evidence for the two-electron reaction:
0, +H,0—-0; +2H* +2~, Vo= +2.07V
At the cathode, not:

2H* + 2~ —-H,, V°=00V
but

O, + 4H* + 4e- —2H,0, V°= +1.23V

The theoretical cell voltage for the production of ozone is 0.27 V.
Nothing even close to this voltage is achieved in practice, because one
must suppress oxygen evolution by employing anode materials that have
very high oxygen overvoltages. Similarly, the oxygen reduction reaction,
which has been studied extensively in the development of fuel-cells, is
notoriously slow. Cell voltages on the order of 1.8-2.1 V are anticipated.

Overall, the process becomes: O, (air) — O;, and immediately certain
inherent advantages may be pointed out. The air feed to the reactor need
not be pretreated in any way. It need not be dried; in fact, slight humidi-
fication may be desirable to suppress water loss from the electrolyte.
Compression also is unnecessary. Atmospheric CO, is rejected by the
acidic electrolytes selected. On the anodic side, no NO, is produced, only
a mixture of ozone, oxygen and air serving as a carrier gas. Carrier gas
(air fed to the electrolysis cells in excess of the stoichiometric require-
ments of the cathodes) is used to dilute the ozone formed as it evolves
from the cells. Otherwise, ozone concentrations well over the explosion
limit would be formed.

Here again an inherent advantage of electrolytic technology can be
seen: the generated concentration of ozone is decoupled from power con-
sumption, unlike in corona discharge technology. Ozone concentrations
are determined first by current efficiency (which recent experiments [1,2]
have shown may be obtained in the range of 30-50%) and second by the
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Figure 1.  Schematic of ozonator electrolysis cell design.
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flowrate of diluent gas. Ozone concentrations of at least 10% will be
available using electrolytic technology. Air-fed corona discharge ozonators
normally produce 2% ozone at best, many times at an energy efficiency
lower than that found at concentrations approximating 1%.

HISTORICAL DEVELOPMENT AND RECENT RESULTS

Since ozone itself was first discovered by electrolysis of sulfuric acid in
1840 [5], approximately 25 publications have appeared dealing with its
electrolytic generation. The field has developed slowly because until
recently, the results have been uniformly discouraging and of academic
interest only.

Work on electrolytic ozone generation may be characterized by elec-
trolyte composition and by choice of anode material. The electrolyte
must engage in no reactions other than oxygen and ozone evolution at
the anode, and hydrogen evolution or oxygen reduction at the cathode.
Chemical reactions with the ozone produced also must not occur. Such
constraints led to the selection of acids of oxyanions and fluoroanions,
as well as their alkali metal salts, as the most suitable electrolytes.

Very few anode materials are inert to ozone evolution conditions.
Extremely high interfacial acid concentrations are produced during the
anodic decomposition of water. High anodic potentials lead to dissolu-
tion or passivation in the case of most metals. Platinum has been used
commonly, and proves to be sufficiently inert. Certain of its noble metal
alloys have been used, although their oxygen overvoltages are reduced.
Conductive oxides in their highest oxidation states have been used (e.g.,
the alpha and beta forms of PbO, and SnO,) and show promise. Pyro-
Iytic carbons also prove to be inert in certain electrolyte compositions.

The platinum/sulfuric acid anode and electrolyte composition have
been the subjects of intense study in two electrolysis regimes. Early
authors used narrow filaments of platinum to achieve current densities
on the order of 50-100 A/cm? [6,7]. Current efficiencies (the fraction of
ozone anodically evolved vs oxygen) of up to 27% were reported from

0°C electrolyte, however cell voltages of nearly 15 V were observed. A

glow discharge mechanism seems likely due to the high electric field
encountered and the gas-blanketing that must occur.

The second ozone generation regime explored in the platinum/sulfuric
acid combination was the electrolysis of eutectic electrolyte compositions
at the lowest temperatures possible [8,9]. Current efficiencies of up to
32% were reported; however, refrigeration costs (calculated as 1/3to 1/2
of the energy consumed during the electrolysis itself) eliminated commer-
cial consideration of the technology.
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The platinum anode/perchloric acid combination was studied exten-
sively in this same regime; however, maximum current efficiencies of
36% at —40°C still were inadequate for scale-up [10-12].

A major advance in electrolytic ozone generation came with the use of
PbO, anodes by three different groups of workers. Semchenko et al. first
electrolyzed phosphoric acid and found that yields of 13% current effi-
ciency can be obtained at temperatures of 10-15°C [13].

Semchenko and co-workers next studied the use of perchloric acid,
finding yields of 32% current efficiency at temperatures of —15°C
[14,15]. In conjunction with the use of PbO, anodes, a small quantity of
fluoride ion was added to the electrolyte with the apparent effect of rais-
ing anode potential (and therefore ozone current efficiency). As of 1975
these were the most encouraging results yet obtained. However, with
PbO, anodes, some erosion is observed during ozone evolution, follow-
ing a combined chemical/electrochemical mechanism advanced by Foller
and Tobias [16].

Fritz et al. [17] continued the characterization of phosphoric acid-based
electrolyte systems, notably a neutrally buffered system in which PbO,
erosion is suppressed. Yields of 13% current efficiency were obtained at
ambient temperatures.

Foller and Tobias [2] studied the use of fluoroanion electrolytes, and
continued to find yields using PbO, anodes much greater than those
obtained with platinum electrodes. Further, it was found that the elec-
trolytes HBF, and HPF were particularly well suited to ozone evolution.

Figure 2 illustrates the current efficiencies obtained during the elec-
trolysis of various concentrations of HPF¢ with beta-PbO, anodes at
0°C. Although the circumstances of this electrolysis (rapid weight loss
and high PF, vapor pressure) are not compatible with commercial devel-
opment, these experiments illustrate that high current efficiencies for
ozone generation may indeed be obtained. The research and develop-
ment problem is to find alternative conditions in which to run the oxida-
tion of water so effectively.

The platinum anode was found to give very high ozone yields in HPF,
as well, which led Foller and Tobias to propose a rationale for electrolyte
selection based on anion electronegativity. Electrolyte anion adsorption
on anode materials also was found to correlate with ozone current effi-
ciency [18,19].

Foller et al. [3] found that a certain form of carbon, known as glassy
carbon, also was capable of producing relatively high ozone current effi-
ciencies at temperatures above 0°C in fluoroanion electrolytes. Under
conditions ordinarily corresponding to ozone evolution, pressed carbon
blacks (high-surface-area carbons) rapidly degrade, exhibiting CO, evo-
lution and structural disintegration. Graphite also undergoes disintegra-
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Figure 2.  Current efficiency of the beta-PbO,/HPF, anode/electrolyte com-
bination as a function of current density and concentration at 0°C.

tion due to anion intercalation between its planes and consequent c-axis
swelling.

Glassy carbon is much more resistant to oxidative processes and anion
penetration due to its random, yet fully coordinated structure. This form
of carbon is made by heat-treating certain resins under controlled inert
atmosphere conditions. Attack is observed in oxyanion electrolytes and
in low-concentration acids of the fluoroanions, however not at all in high-
concentration electrolytes. The phenomenon is as curious as it is for-
tuitous, in that ozone yields reach their maximum at the highest concen-
trations of fluoroanion acid electrolytes.

Figure 3 presents ozone current efficiencies as a function of current
density for the electrolysis of various concentrations of tetrafluoboric
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Figure 3. Current efficiency of the glassy carbon/HBF, anode/electrolyte
combination as a function of current density and concentration at 0°C.

acid electrolyte with glassy carbon anodes at 0°C. The highest yields are
found at the highest acid concentration commercially available (48 wt %).
Figure 4 shows that these yields are stable over the periods of time inves-
tigated to date. No detectable weight loss is observed over 24 hours of
accumulated running time in acid concentrations higher than 5 M.
There is a certain amount of confusion over ex situ versus in situ elec-
trolytic ozone generation methods (when considering water treatment
applications). What has been discussed to this point centers purely on
gaseous ozone generation irrespective of contacting and end use. Methods
have been advanced, however, that propose in situ ozone generation as
an explanation of the efficacy of noble metal electrolysis as a treatment
of potable water streams containing the chloride ion at levels on the
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Figure 4.  Current efficiencies of the glassy carbon/HBF, anode/electrolyte
combination as a function of time at 0°C.

order of hundreds of parts-per-million [20]. Extraordinarily high vol-
tages must be applied to pass minimal currents (due to poor solution con-
ductivity). Actual anode potentials (independent of solution I-R) suffi-
cient to oxidize chloride ion to chlorine (1.34 V) and hypochlorite are
achieved. These then, in conjunction with the absorption and oxidation
of organic substances on the electrodes themselves account for the levels
of water sterilization observed.

From studies of ex situ electrolytic ozone generation, it is clear that
levels of ozone production in dilute electrolytes are quite small, and

ELECTROLYSIS 93

indeed may be attributable to analytical difficulties in separating the
effects of the other chlorooxidants, which most certainly are produced.
In any event, electrolysis at such high voltages (no matter what the as-
sumed reaction products or current efficiencies) cannot be economic in
comparison to ex situ optimized ozone (or chlorine) generation processes.

PROJECTED COSTS

An accurate detailed cost estimate of electrolytic ozone generation tech-
nology is not yet possible. Projections, however, can be made, assuming
that certain developmental milestones will be reached. Projections such
as the following demonstrate why interest in electrolytic technology
remains high.

Operating Cost

The operating cost of an electrolytic ozonator is almost entirely deter-
mined by the power consumption of the electrolysis cells. This power
consumption may be derived from the current efficiency and cell voltage.
Figure S plots the amount of ozone produced per direct current (dc)
kilowatt-hour as a function of various current efficiency levels and cell
voltages. Two regions of operation are indicated, which correspond to
projected cell voltages for either oxygen reduction or hydrogen evolution
as the cathodic process. The ranges of cell voltage chosen as represen-
tative of the two process configurations correspond to operation at
0.35-0.40 A/cm? (near the maximum of ozone current efficiency, but at
the same time avoiding the higher levels of polarization at higher current
density). An anode potential of 2.2-2.4 Vvs a standard hydrogen elec-
trode (SHE), and an air-cathode potential of 0.55-0.65 V vs SHE were
chosen for the purposes of this comparison. Electrolyte conductivity and
a projected interelectrode gap of 5 mm also were included in the calcu-
lations.

Several current efficiency levels are indicated in Figure 5, which then
may be used to determine power consumption. Horizontal lines on
the figure indicate the power consumptions of conventional corona dis-
charge ozonators. A fairly broad range is defined when the power con-
sumption of all auxiliaries such as air drying and compression are added
in, considering the entire spectrum of capacities commercially offered.

The energy efficiency of ozone production at a cell voltage of 2.0V
(anode 2.4 V, cathode: 0.6 V, heat disippation (I-R loss): 0.2 V), and a
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Figure 5.  Analysis of the power consumption of electrolytic ozone generators.
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current efficiency of 50% exceeds that of the best air-fed corona dis-
charge ozone generators. Similarly, a current efficiency of only 17% at
2.0 V is required to undercut the energy consumption of some of the
smaller air-fed units on the market today.

Projection of just where advanced electrolytic ozone generators will
lie within this range of energy consumption when fully optimized is prob-
lematical. The 2.4-V anode potential and 50% current efficiency neces-
sary to develop a 75-g/kWh ozone electrolyzer have been demonstrated
with platinum anodes at temperatures compatible with the flow of
cooling water. It is possible to achieve these performance levels under
laboratory conditions. Stable current efficiencies of 35-40% also have
been achieved with the much less expensive glassy carbon anodes in a less
volatile elecrolyte (HBF,), however, at somewhat higher anode potentials.

The optimization of energy efficiency in a commercially practical cell
design will include the selection of a current density (the trade-off is that
increasing current density increases current efficiency, but at the same
time increases electrode potentials, I-R losses and heat generation), selec-
tion of an operating temperature (the trade-off is that increasing elec-
trolyte temperature decreases air-cathode polarization, and increases
electrolyte conductivity, but at the same time diminishes ozone current
efficiency), and selection of anode, air-cathode, and electrolyte composi-
tions. It is very likely that energy consumptions on the order of 45 to 50
g/AC kWh (95+ % power supply efficiencies are common) can be
achieved with nonnoble metal electrodes and cooling water compatible
anode temperatures.

Operating costs also will include maintenance. Both anodes and cath-
odes probably will need replacement at certain intervals. Even platinum-
clad anodes probably will be subject to slow erosion. Glassy carbon
anodes so far have appeared extremely stable during 12- to 24-hour
testing. The air-cathodes should exhibit lifetimes in excess of the 40,000
hours projected for high-temperature (190°C) municipal power genera-
tion fuel cells. In these fuel cells, catalyst area loss through sintering is a
prime failure mode. At ambient temperature, longer lifetimes are
expected, as this sintering is reduced. Periodic electrolyte rebalance
through water or acid addition may also prove necessary.

Capital Costs

Electrolytic ozone generation should have initial cost advantages over
conventional air-fed corona discharge technology for three reasons.
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First, the cell stack can be assembled from injection-molded polypropy-

lene framework, and nonnoble metal electrodes. The power supply

required is very unsophisticated, a conventional dc source with minimal

regulation. A 90-V, 3500-A unit for a 1000-1b/day ozonator can be pur-

chased for $19,000 (1981). High-frequency and high-voltage power sup-

plies for corona discharge ozonators are much more expensive. Contact-

ing costs might be reduced because higher concentrations of ozone might

reduce contactor sizes and/or increase the rate of water (to be treated) ‘ |
throughput. However, mass transfer studies at the higher ozone concen-
trations available by electrolysis must be conducted first, to prove this
hypothesis.

The higher concentrations of ozone in air available by electrolysis
imply that a given quantity of ozone can be applied using a much lower
volume of air. This will provide savings, because of smaller gas-handling
equipment.

The size and capital cost of electrolytic ozone generators may readily
be estimated once some basic assumptions as to the progress of sub-
sequent research are made. Assuming that 40% current efficiency can be
achieved at cooling water temperature, and that a cell voltage of 2.0 V
will be encountered at 350 mA/cm?, a 1000-1b/day electrolytic ozonator
may be sized.

A total current of 158,000 A is required, therefore, if a 90-V power .
supply is used, two parallel stacks of forty-five 1750-A cells may be
envisioned. Each bi-cell would have an electrode area of 5000 cm?
(50 x 100 cm) and a thickness of approximately 3-4 cm, counting air and
coolant flow provisions. Thus cell stack dimensions of 1.5x1.5x2.0 m
appear likely.

Costs may be calculated on the basis of anode material ($50/ft?), cath-
ode material ($20/ft?) and cell framing. A filter-press design seems most
likely. Electrolyte, reservoirs, and auxiliaries such as monitoring equip-
ment, air blowers and filters also must be added in along with assembly
and overhead costs. Figure 6 compares the projected cost of electrolytic
ozone generator with the costs of conventional air-fed ozone generators
as determined in a 1979 study of the EPA Municipal Environmental
Research Laboratory [21]. A dramatic reduction in initial cost is forecast I
due to the basic simplicity of electrolytic technology. Whether this will 3 R
be, in the end, the 80% reduction exhaustively calculated in the prepara- SHY1100 40 SANVSNOHL
tion of Figure 6, or only a 50% reduction, it is clear that significant ad-
vantages in cost are promised.

The reduction of the capital cost of ozone generator is extremely im-
portant in that capital cost represents a very significant fraction of the
total cost of ozonation. Amortization of equipment costs can outweigh
operating cost (power consumption) for large installations. Figure 7,
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derived from the EPA-sponsored study of Gutmann and Clark [22],
shows that even at 7% interest rates and 20-year amortizations, the frac-
tion of capital-related costs in the total cost of ozonation (contacting
costs included) rises rapidly.

Contactor costs may be reduced because mass transfer rates from the
gas phase to solution phase are inversely proportional to one minus the
mole fraction of ozone in the gas phase [23]. Therefore, at the higher
ozone concentrations that are produced by electrolytic technology (at no
energy penalty), contactor sizes might be reduced, and/or a greater
volume of solution may be treated per unit time. Such potential advan-
tages of electrolytic technology must be analyzed in greater detail with
regard to specific applications of ozone.

DEVELOPMENT REQUIRED

To date, the electrolytic process has only been tested in small cells of
1-5 cm? electrode area. Further, testing has been performed only in half-
cell configurations (i.e., hydrogen-evolving ozone cells and oxygen-
evolving oxygen reduction cells). Only laboratory cell designs have been
tested, but commercially practical configurations are on the drawing
board.

Scale-up development involves co-opting the desirable features of
modern fuel-cell design (fuel-cells employ oxygen reduction) and
advanced water electrolyzer design (water electrolyzers produce H, and
0O,). Both technologies are now highly developed.

Assuming the glassy carbon anode and tetrafluoboric acid electrolyte
system will be selected for final scale-up, the following development
steps must be undertaken.

First, an optimized air-cathode formulation must be developed for
HBF, electrolyte and high current density operation. Air-cathode tech-
nology is quite advanced, and such formulations have been developed
for acid electrolyte fuel-cells, as well as alkali chlorine/caustic cells and
metal/air batteries. The air-cathodes will consist of a Teflon®-bonded
Pt-catalyzed high surface area carbon. A catalyst loading of 1.0-1.5 mg
Pt/cm? on a carbon such as Vulcan XC-72 bonded with approximately
20 wt % Teflon-30 seems likely. Techniques of cathode manufacture,
however, are complex, and in many instances proprietary.

The glassy carbon anodes also will have to be optimized for ozone evo-
lution. Sensitivity to production methods, such as heat treatment tem-
perature and starting resin, has been noticed in ozone current efficiency
data [4], and to some extent accounts for differences in yield seen between
Figures 3 and 4.

Most importantly, integrated cell testing to co-optimize operational
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temperature and current efficiency for minimal power consumption must
be performed in practical cell designs. At this point, long-term testing of
the cells would be begun.

Mass transfer studies should be conducted, using ozone-air combina-
tions that contain higher concentrations of ozone, so that optimally sized
ozone contacting chambers can be designed.

In addition, higher concentrations of ozone in air should be tested for
compatibility with materials of construction. Higher concentrations of
ozone probably will result in shorter lifetime of certain components of
ozone-handling equipment.

POSSIBLE APPLICATIONS

Electrolytic technology probably will find application in certain special-
purpose fields well-suited to its particular characteristics in advance of its
full optimization. These may be applications in which high
concentrations of ozone are required (any concentration up to the limits
of safety would be available), or in which relatively small quantities of
ozone are needed (say 0.2-1.0 lb/day) at low initial cost. If 50% current
efficiency at a 2.0-V cell voltage can be achieved in a commercial design
at cooling water temperature, electrolytic technology will, of course, find
the widest possible application.

Applications requiring very high concentrations of ozone are limited.
Many current applications should benefit from increased concentration
during contacting, which would, at the same time, require a fully opti-
mized power consumption, especially on large scale.

Hazardous waste treatment is a likely application, in that power cost is
not a central issue in disposal of certain highly toxic materials. The high
concentrations of ozone (previously unavailable) that electrolytic tech-
nology can provide most certainly will improve the oxidation kinetics of
organics. An advantage of ozone in this field is that it is nonspecific; it
can decompose many unsaturated aliphatics and aromatic organics even
when chlorinated. Known pesticide, phenol, cyanide, surfactant, nitro-
compound, dye waste, higher alcohol, and organophosphate decomposi-
tion processes should be more rapid at higher ozone concentrations.

Applications requiring very low initial cost may also be amenable to
unoptimized electrolytic technology. A low-maintenance, continuous-
treatment process for swimming pools may be devised, for example. The
electrode area required to treat a 20,000-gallon pool at 1-mg/l-day works
out to less than 500 cm?, and the power requirements lie in the range of
2-3 kWh/day (well below filtration pumping costs).
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CONCLUSIONS

Recent developments indicate that the electrochemical synthesis of
ozone may become an economically feasible alternative to corona dis-
charge. Additional basic research is required, along with substantial
engineering development. However, the needed development centers on
the available technologies of fuel cell and water electrolyzer (products:
H, and O,) design.

The possible outcome of continued efforts in electrolytic ozone gen-
erator development is that high-concentration ozone generators of quite
low cost may become available with power consumptions equal to those
of the best air-fed corona discharge technology. This new breed of ozone
generators also may enable contacting costs to be reduced. Further, the
technology will scale-up and scale-down with equal ease. Research in this
field undoubtedly will continue.
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Mass transport of ozone into aqueous solutions is important in both
air and water pollution abatement. Absorption and reactions of ozone
with organic and inorganic compounds in liquid droplets have been sus-
pected to play a major role in the formation and accumulation of second-
ary aerosols in the atmosphere [1]. On the other hand, ozone has been
used for the disinfection of drinking water and treatment of industrial
wastewaters for many years [2] because of its high oxidation potential.
All of these applications involve reactions of ozone in the gas phase with
one or more constituents in the liquid phase. Before ozone can react with
any substance in the liquid phase, whether the liquid is water or an
organic solvent, it must pass through an interface between the two
phases. This transfer of ozone from one phase to another is via diffusion
and convective mass transport [3].

The overall mechanism of the gas-liquid reaction system can be visual-
ized as consisting of several steps. These include diffusion of ozone
through the gas phase into an interface between the gas and liquid
phases, transport across the interface to the liquid phase boundary, and
then transfer into the bulk liquid. The amount of dissolved ozone present
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may be depleted during each of these steps by decomposition or reactions
with reactants diffusing from the liquid phase. Products formed in these
reactions may penetrate across the phase boundary into the main liquid
or may diffuse back into the gas phase if they are volatile.

This chapter examines the relative importance of diffusion in each
step, and introduces fundamental concepts governing transport of a gas
into the liquid phase. Effects of chemical reactions on the rate of mass
transfer are predicted, and various theoretical and experimental investi-
gations of ozone absorption into the aqueous solutions are reviewed. The
chapter concludes with a brief discussion of the advantages and dis-
advantages of many gas-liquid contacting systems that have been used to
conduct ozonation reactions.

MASS TRANSFER FUNDAMENTALS

The term ‘“mass transfer’’ refers to the motion of molecules or fluid
elements as a result of a potential or ‘‘driving force’’. The term encom-
passes both molecular diffusion and transport by convection, Mass
transfer can be divided into four broad areas: (1) molecular diffusionin a
stagnant medium, (2) molecular diffusion in fluids in laminar flow, (3)
eddy diffusion in a free turbulent flow, and (4) mass transfer between
two phases. Each area pertains to the environment in which the mass
transfer is occurring. Fick’s law of diffusion describes the molecular dif-
fusion that occurs in a stagnant medium as a result of a concentration
gradient. As this fluid (gas or liquid) begins to flow past a surface, mass
transfer rates are increased from the movement or mixing (eddy
diffusion).

In the laminar flow regime (flow characterized by a parabolic velocity
profile), mass transfer is predominantly by molecular diffusion. Eddy
diffusion is enhanced as the fluid velocity increases and flow becomes
turbulent. In the turbulent flow regime, eddy diffusion can be consider-
ably larger than molecular diffusion. Since the relative importances of
molecular and eddy diffusion in an overall process are not known, the
combined effects often are lumped together in the form of mass transfer
coefficients. Relationships among the various mass transfer coefficients
in the transport between phases will be developed. Several mathematical
models [3-5] proposed to describe the behavior of mass transport in the
liquid phase will be presented in this section.

Fick’s Law of Diffusion

Fick’s law of diffusion models molecular diffusion in a stagnant
medium. Molecular diffusion is concerned with the movement of indi-
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vidual molecules through a substance by their thermal energy. Molecular
diffusion may also result from temperature, pressure or electrical poten-
tial gradients applied to a system. In most cases, molecular diffusion is
associated with concentration gradients where mass is transferred to
equalize the concentration. When a homogeneous system, either gas,
liquid or solid, contains more than one component with a concentration
gradient, there is a tendency for the molecules to escape to the less
populated region.

Considering one-dimensional diffusion in the z direction, the molar
flux of component A relative to the average molar velocity of all con-
stituents is given by Fick’s first law of diffusion:

aC,
Ja= —Dy <_az_> 1

molar diffusion flux of A (mol/cm?-sec)

D, = molecular diffusivity of A (cm?/sec)
C, = concentration of A (mole/cm?)
z = distance of diffusion (cm)

The negative sign indicates that diffusion occurs in the direction of least
concentration. The diffusion coefficient (D,) or diffusivity, is a propor-
tionality factor and is a function of the system temperature, pressure and
concentration.

If the mass transfer flux is expressed with respect to a stationary coor-
dinate, the flux of A resulting from the bulk motion must be included.
For diffusion in a binary mixture of the two species A and B, the molar
flux of A is

Ny =Ja + (Nao + Np)xy 2

where N, = point rate of mass transfer of A per unit interfacial area
(mol/cm?-sec)
Ny = point rate of mass transfer of B per unit interfacial area
(mol/cm?-sec)
X, = mol fraction of A

Equation 2 can be integrated for various conditions to describe the total
mass transfer rate instead of diffusion flux at a single point. In the dif-
fusion of A through the stagnant layer of B, Ny can be considered negli-
gible. Under this circumstance, the steady-state rate of mass transfer of
A is directly proportional to the concentration (or partial pressure) dif-
ference across the stagnant layer.

In general, the concentration varies with time and position. By consid-
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ering a thin element of differential thickness, dz, normal to the direction
of diffusion, the mass balance for species A yields:

dN aC
dz at

where t = time of diffusion (sec)

In systems involving diffusion of ozone between the gas and liquid
phases, the molar flux due to bulk motion can be ignored if the plane of
transport is assumed to be stationary. The following form of Fick’s
second law then can be derived for cases of constant diffusivity by com-
bining Equations 1, 2 and 3:

PC,\  4C,
D = 4
A( az? > at )

Equation 4 can be solved with associated initial and boundary conditions
to yield the concentration of the solute as a function of time of diffusion
and position. The instantaneous rate of mass transfer per unit surface
area, then, can be derived from

aC
NA(t) = —D, <a—z"> (S)
z=0

Knowledge of diffusivities is needed in calculating the mass transfer
fluxes. Experimental values give the best results, but if these are not
available, several estimation techniques can be used [6,7]. Expressions
for estimating gas phase diffusivity are based on the kinetic theory of
gases. The Wilke-Lee [8] modification of the Hirschfelder-Bird-Spotz
method [9] is recommended. Liquid diffusivities may be estimated using
the Wilke and Chang empirical correlation [10,11]. Liquid diffusivities
vary considerably with concentration, and care should be taken in esti-
mating values. A thorough review is given by Reid and Sherwood [12].

Mass Transfer Between Phases

The area of greatest importance to the engineer designing a gas-liquid
system is mass transfer between the two phases. The transfer of a sub-
stance from one phase to another results from a concentration gradient
as sketched in Figure 1. In the absorption of a gas by a liquid, it can be
assumed that a fairly uniform composition is maintained in the bulk gas
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Figure 1.  Mass transfer between phases.

because of turbulent motion. As suggested by the two-film concept of
Lewis [13] and Whitman [14], the solute A must diffuse through a lam-
inar layer between the gas bulk and the interface and another layer
between the interface and the liquid bulk. Once the solute approaches the
liquid phase boundary, it is carried away by eddy diffusion into the tur-
bulent liquid, which is well mixed at a constant concentration. The
steady-state rate of diffusion of the solute A from the gas to the interface
is equal to the rate from the interface to the bulk liquid:

N, = ki(pag — Pai) = kK[ (Cai — Car) ©)

where k¢ = gas-side mass transfer coefficient for physical absorption
(mol/cm?2-sec-atm)

Pag = partial pressure of A in gas phase (atm)
pa; = partial pressure of A at the interface (atm)
k{ = liquid-side mass transfer coefficient for physical absorption

(cm/sec)

The mass transfer flux can also be expressed in terms of the overall mass
transfer coefficients K and K/ :

N, =Kg (PAg - Pa) =K{ (CAg = CaL) (7)
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where K¢ = overall gas-phase mass transfer coefficient (mol/cm?2-sec-atm)

P, = partial pressure of A in equilibrium with the bulk liquid (atm)
K[ = overall liquid-phase mass transfer coefficient (cm/sec)

C,y = concentration of A in the gas phase (mol/cm?)

C,. = concentration of A in the bulk liquid (mol/cm?)

The steady-state equations describe a dynamic equilibrium that is
established by the common substance between the two insoluble phases.
For example, if an air-ozone gas mixture is brought into contact with dis-
tilled water, the ozone will be absorbed into the water until the water
becomes saturated. This is shown in Figure 2 as the liquid-phase ozone

6 T | T ] !

Ozone Concentration,ppm

0 1 | 1 | ]
0 5 10 15 20 25
Time,min,

Figure 2. Concentration profile of ozone in absorption of ozone-air mixture
(1.1 wt %) into 20 liters of distilled water. Gas flowrate = 0.41 ft3/min;
temperature = 16°C.
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concentration increases asymptotically to the solubility limit. At this
point ozone in the liquid phase is in equil\ibrium with the gas phase. If a
mixture more concentrated in ozone is added to the system, a new equili-
brium would be obtained. These equilibrium concentrations can be
plotted to form an equilibrium distribution curve.

When ozone or another gas is relatively insoluble, a dilute solution is
formed and the equilibrium (solubility) curve can be approximated as a
straight line, in accordance with Henry’s law. At a specific temperature,
therefore, the mole fraction of A is related to the partial pressure of A
by:

P, = Hx, ®

where H = Henry’s law constant

Figure 3 shows ozone solubility and Henry’s law constant as a function
60 T T T T 30
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Figure 3.  Solubility of ozone in water and Henry’s law constant.
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of temperature. Henry’s law holds very well when the partial pressure of
the solute gas does not exceed one atmosphere.

In the absorption of a gas with low solubility by a liquid, the rate of
mass transfer is slow and the diffusional resistance at the actual interface
seems to be insignificant. Therefore, the two phases can be assumed to be
in equilibrium at the interface, and Henry’s law is obeyed. By combining
Equations 6, 7 and 8, the following relationships between the overall and
individual mass transfer coefficients can be obtained:

1t H ©)

and

Ki k[ Hkg (10

The above equations suggest that the overall resistance to mass transfer is
the sum of the individual resistances represented by the terms on the right
side. Since ozone is only slightly soluble in aqueous solutions, the
Henry’s law constant, H, is large, as indicated in Figure 3. Under this
condition, the resistance in the gas film is negligible compared with that
in the liquid film, and the process is controlled by the diffusion in the
liquid film.

Mass Transfer Models

Many theories or models have been proposed to explain the
phenomena of mass transport in the region adjacent to the liquid-phase
boundary. The most noted ones are the film, penetration and surface
renewal theories. These theories differ in two main aspects in postulating
the theoretical mechanism for interphase mass transport. One aspect
deals with diffusional behavior of the transporting species, and the other
with hydrodynamic activities of the two phases near the interface.

As mentioned earlier, the film theory of Lewis [13] and Whitman [14]
is based on the assumption that when two fluid phases are brought in
contact with each other, there exists on each side of the phase boundary a
thin layer of stagnant fluid. Accordingly, transport via convection is
insignificant and mass transfer can be represented by molecular diffu-
sion. This results in a simple model for a complicated transport process
by ignoring the influence of hydrodynamic behavior on the mass transfer
near the interface.
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The film theory is formulated on the assumption that the film is very
tl}in. Thus, the accumulation of the diffusing mass in the film is negli-
glble and steady-state diffusion is attained. At the interface, the contact-
ing phases are considered to maintain equilibrium, and the bulk of the
liquid phase beyond the stagnant film is well mixed at a uniform con-
ce':ntr.ation. In accordance with these propositions, the concentration
distribution in the liquid film is a linear function of the distance, as can
be seeq from Equation 4, and the mass flux can be derived from the
expression given in Equation 5. By defining the liquid-side mass transfer
coefficient k; in terms of the concentration driving force (Cai —Ca)

Nj = kﬁ(CAi = Car) (11)

where N, = average rate of mass transfer of A per unit interfacial area
(mol/cm?-sec)

Cai = concentration of A at the interface (mol/cm?)

the expression for k; can be derived for the film theory as

k{ =D,/L (12)

where L = thickness of film (cm)

The penetration theory postulated by Higbie [15] assumes that turbu-
lent eddies travel from the bulk of the phase to the interface, where they
remain for a short time. If the exposure time is short, it is possible that a
steady-state concentration gradient within a film may never have been
achi?ved before the film is disrupted or replaced. Also, the transporting
species may never approach the outer edge of the liquid film or element
in the short contact time, and the thickness of the liquid film or element
may be assumed to be infinite. The partial differential Equation 4 gov-
erning unsteady-state diffusion of the transporting species is applicable
according to the penetration concept, and the instantaneous rate of mass
transfer for an individual surface element can be derived from Equation
5. Higbie [15] assumed that every surface element is exposed to the solute
for the same length of time, t,, before being replaced. Therefore, the
average mass flux can be derived to be

1 5T
N, = ? SO N (dt = 2(Cp; = Cpp) VD 4/ (o) (13)

where  t, = contact time at the interface (sec)
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The expression for the liquid-side mass transfer coefficient is obtained
from Equations 11 and 13 as

ki = 2vVD,/(nty) (14)

Instead of a constant time of exposure, the surface renewal theory of
Danckwerts [16] pictures the liquid phase as completely disturbed and
with numerous infinitesimally small phase elements or eddies in the
phase. These eddies are constantly changing the structure and position,
resulting in turbulence in the interface boundary. Danckwerts proposed
that the eddies may vary at locations but are continuously bringing
microscopic masses of fresh phase from the bulk to the interphase sur-
face. The chance of an element or eddy being replaced with fresh liquid is
assumed to be independent of the length of time of exposure. If the frac-
tion of the surface is replaced at a rate s, Danckwerts [16] showed that
the distribution of the surface age can be represented by

() =se™™ (15)

surface age distribution function

where  o(t)
S fractional rate of surface renewal

o

The Danckwerts surface renewal theory adopts this surface renewal con-
cept to represent the hydrodynamic behavior and unsteady-state mo-
lecular diffusion for transport activities through elements or eddies.
Thus, the concentration distribution and point mass transfer rate can be
derived from Equations 4 and 5, respectively. The average rate of mass
transfer per unit area is

Ny = [ Na@sedt = VD5 (€ai - Ca) (16)
0

The expression for the liquid-side mass transfer coefficient is

ki = VD,s (17)

In addition to the above theories, other models also have been pro-
posed in the literature [5] to describe the diffusional behavior or hydro-
dynamic conditions at the interface. For example, Dobbins [17] and
Toor and Marchello [18] suggested in a film-penetration model that the
equilibrium condition may be established in a surface element of finite
thickness after a long residence time. They showed that the film and the
penetration theories are not separate concepts, but merely limiting cases
of the more general film-penetration model. Rate equations derived by
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these authors indicated the dependence of the mass transfer coefficient
on diffusivity in the following form:

ki =Dy’ (18)

where » may vary from 0.5 to 1.0, as concluded by many experimental
investigations [3]. According to the penetration and surface renewal con-
cepts, »is 0.5; on the other hand, the film theory yields » = 1. It should be
noted that the rate equations derived from various theories contain at
least one parameter that is not, in general, experimentally measurable.
Therefore, quantitative verification of the various theories may not be
permissible.

Factors Affecting Mass Transfer

Mass transfer rate is influenced by many factors, which can be sum-
marized into hydrodynamic and physicochemical effects. Hydrodynamic
behavior is concerned with the motion of the molecules. Turbulent flow
results in increased contact between phases, and therefore high mass
transfer rates. This is usually depicted in mass transfer equations as the
interfacial area (a) between the two phases per unit volume of solution.
For example, bubbles rising slowly to the surface in a column of liquid
have small interfacial areas, and therefore, mass transfer rates are gener-
ally low. If intense mixing is added, the bubbles are sheared and mixed
thoroughly, increasing both interfacial area and contact time. Mass
transfer rates are considerably higher under these conditions.

Physicochemical effects must be taken into account for ozone systems
due to the unstable nature of ozone. Ozone decomposes in the liquid
phase, creating a continuous demand for ozone. Therefore, true equi-
librium or solubility may not be attainable. Decomposition reactions of
ozone will be discussed later.

Other physicochemical effects include temperature, pressure and
chemical composition of a system. For example, an electrolyte must have
both ions diffusing at the same rate to keep from producing an electric
field. The intrinsic diffusivities of the two species are generally different,
creating a charge which may, in turn, increase the diffusion rate of the
slower diffusing ion. The effect of a charged solution may vary the dif-
fusion of a third species, making it difficult to evaluate. Temperature
and pressure affect both diffusivity and solubility. In general, the solu-
bility of a gas in liquid increases as the pressure increases and as the
temperature decreases.
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MASS TRANSFER WITH CHEMICAL REACTIONS

Astarita [4] has divided chemical mass transfer processes into three
major regimes controlled by gas- or liquid-phase transport or chemical
reaction rate. Since ozone is only slightly soluble in the aqueous solution,
resistance to transport of ozone from the gas phase into the interface is
insignificant. Thus, the process is controlled mainly by molecular dif-
fusion of the dissolved ozone and chemical reactions in the region
between the interface and the liquid phase boundary. In this region,
laminar flow behavior prevails and eddy diffusion is unimportant. Once
the ozone approaches the phase boundary, it is carried away into the tur-
bulent liquid by eddy diffusion. Since eddy diffusivity is much greater
than molecular diffusivity, the liquid bulk provides little resistance to the
overall mass transfer.

Decomposition of ozone in the liquid phase is an irreversible chemical
reaction. Several complex mechanisms of decomposition have been pro-
posed [19-23]. In spite of the complexity of the proposed mechanisms,
the overall reaction can be expressed as

03 hnd 1.502

The kinetics of this decomposition reaction have been reported by various
investigators [19-24] to be first-, 3/2- or second-order.

In a gas-liquid contacting system, constituents of the aqueous solution
may diffuse from the liquid bulk into the interface and react with the dis-
solved ozone, as discussed earlier. Products of the reactions then may
diffuse back into the liquid bulk, or may penetrate into the gas phase if
they are volatile. In addition, ozonation reactions also may occur in the
main liquid stream after ozone has diffused across the phase boundary.

Since ozone diffusion is accompanied by decomposition and ozona-
tion reactions in the ozone absorption processes, the rate equations given
in the previous section for physical mass transfer processes, in general,
are not applicable. The equations for physical absorption may still be
useful for certain ozone absorption systems in which the rates of chemi-
cal reactions are very slow compared with the rate of diffusion. Theories
of simultaneous mass transfer and chemical reactions have been devel-
oped by many investigators based on both steady and transient models.
The influence of chemical reactions on the absorption rate can be investi-
gated in terms of the enhancement factor, E:

E =k /k{ 19)

where  k; = liquid-side mass transfer coefficient for chemical absorption
(cm/sec)
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In the above equation, the chemical mass transfer coefficient k; is a
measurable parameter for a given ozone absorption system. The physical
mass transfer coefficient k; can be obtained from empirical correlations
[3] or from physical absorption experiments conducted in the same gas-
liquid contactor. Thus, the enhancement factor can be evaluated from
the experimental data, and the result can be compared with values
predicted by various theories. A few examples commonly encountered in
the ozone absorption process are discussed in this section.

Diffusion with Irreversible Chemical Reactions

Absorption of ozone by water is a mass transfer process involving dif-
fusion and an irreversible reaction for the decomposition of the absorbed
ozone, as mentioned earlier. In general, diffusion is accompanied by
complex reactions during the treatment of liquid wastes by ozone. Never-
theless, the rate of decomposition may be negligible compared with the
rates of ozonation in some systems. For example, the reaction between
ozone and formic acid in acidic solutions was much faster than the de-
composition of dissolved ozone, as reported by Kuo and Wen [25].
Under this circumstance, the process may be treated as diffusion with an
overall ozonation reaction by ignoring the effect of decomposition.

Processes Controlled by Diffusion

If the homogeneous chemical reaction is very rapid, the mass transfer
rate of ozone may be limited by diffusion alone. In considering an
instantaneous reaction of one mole of dissolved ozone (A) with b moles
of a liquid reactant (B) to produce p moles of product (P):

A +bB-—pP

the dissolved ozone may be depleted completely before approaching the
liquid phase boundary. The faster the reactant B is able to diffuse, the
shorter the distance that ozone will have to diffuse into the liquid film to
react with B. The rates of diffusion of A and B are governed by the par-
tial differential equation:

3°C, Ca ,

DA<322>:—at—, 0<z<z'(t) (20)
3*Cy aCy ,

DB<3Z2>=T, z’(t)<z<L 21
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where Dy = molecular diffusivity of B (cm?/sec)
Cg = concentration of B (mol/cm?)
z’(t) = distance from the interface (cm)

The instantaneous reaction occurs only in the reaction zone at z'(t), as
illustrated in Figure 4. Analytical approaches to this system have been
considered by Hatta [26], Danckwerts [5] and Sherwood et al. [3] from
viewpoints of both steady-state and transient diffusion.

Hatta [26] applied the film theory concept of Lewis [13] and Whitman
[14] by assuming that the reaction zone approaches its equilibrium posi-
tion in a very short time and that steady-state behavior prevails for the
absorption process. As sketched in Figure 4, the concentration distribu-
tions in the liquid film become linear in accordance with these proposi-
tions. The mass transfer rates of A and B can be expressed by:

NA=(2¢)mM—o> 22)
Ng = —bN, = <L13BZ, >(0 - Ca) 23)
CoL
Cg
Cai

_ Reaction Zone _ _ __

0 z L
Distance of Diffusion, z

Figure 4. Concentration profiles for chemical absorption controlled by
diffusion.
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where 2’ = distance of reaction zone (cm)
Ny = average rate of mass transfer of B per unit interfacial area
(mol/cm?-sec)
b = stoichiometric ratio
Cy. = concentration of B in the bulk liquid (mol/cm?)

By combining the above two equations, the absorption rate of A can be

obtained:
_ Dy Dy Cgp.
Ny= (=2} Cu - 24
e () 55) @

If the liquid-film coefficient is defined on the basis of the driving force,
(C4; —0), we have

D
ky = (f)(l +q) (25)
where
DB CBL
_ _BLBL 2
a=" D, C, (26)

Thus, the enhancement factor is

k
E=—S=1+q @7
ki

where the physical mass transfer coefficient is defined by Equation 12.

The effects of transient diffusion were considered by Danckwerts [5]
and Sherwood et al. [3] by utilizing the penetration concept of Higbie
[15]. They postulated that the reaction zone shown in Figure 4 may move
away from the interface during the course of diffusion. Without attain-
ment of a steady state, the diffusion equations may be solved by consid-
ering an infinite thickness for the liquid film, as suggested by Higbie [15].
Thus, the concentration profiles illustrated in Figure 4 may be expressed
in the forms of error functions. The instantaneous rate of absorption of
A can be derived as

N. = -D 6CA> _ CAi & %3 (28)
A A\ 8z /,_, erf(a/Dy)” \ wt

where o (cm?*/sec) is defined by

V4 % 2
&L—> 95) exp(a/Dy)erf [ =) = /Dyyerf | = 29
bCy/\D, p A)€r b, = exp(a/Dg)er D_B (29)
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The average rate of absorption, then, can be obtained as

i 1 2C,; D, \"*
Ny=— StON di= ——2 (—A> (30)

t Jo AT erf(a/Dy)” \ 7t

On the basis of the driving force equal to (C,; — 0), the liquid side mass
transfer coefficient is found to be

2 D, \*
L= - < ~ ) @y
erf(a/Dy)” Tt

The enhancement factor is

k. 1

E=—=—"
k/ erf(a/Dy)"

(32)

where the expression for the physical mass transfer coefficient for the
penetration theory is given in Equation 14,

Processes Controlled by Diffusion and Chemical Reactions

When the rate of chemical reaction between A and B is finite, the mass
transfer process is controlled by both diffusion and chemical reaction.
Under this condition, the chemical reaction will not be concentrated in a
thin reaction zone (Figure 5) and the approximate treatments are not
valid. The partial differential equations governing simultaneous dif-
fusion and irreversible reactions in the liquid film are:

82C 8C

DA<622A>—R=3—{‘, z>0 (33)
82C aC

DB<aZZB>—bR=a—tB, z>0 (34)

The rate of chemical reaction can be expressed in the form:

R =k;Co"Cy" (3%5)
where R = rate of homogeneous chemical reaction (mol/cm3-sec) .
k, = reaction rate constant for i order reaction [(mol/cm3)! ~1/sec]
m,n = orders of reaction

k;, m and n can be determined only by experimental investigation.
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L

cBi Ca

CaL

0 Distance of Diffusion,Z L

Figure 5.  Concentration profiles for chemical absorption controlled by diffu-
sion and reaction.

Since the mathematical system is nonlinear in general, exact solutions
to the above differential equations may not be possible. Analytical solu-
tions, however, can be derived for a special class of mass transfer pro-
cesses in which diffusion is accompanied by a first-order chemical reac-
tion. This corresponds to a first-order decomposition reaction of dis-
solved ozone in the absorption process, or a pseudo first-order ozonation
reaction in which reactant B is present in large excess in the solution. For
these cases of mass transfer with a first-order reaction, the concentration
of ozone in the liquid film can be derived by solving the following partial
differential equation:

3*C aC
DA< A>—k1CA=a—t", z2>0 (36)

On the basis of the steady-state concept of the film theory, Hatta [27]
obtained the rate of absorption of A as

) dc
Ny=N, = —DA< dz”‘) = k{ VM (C,; cothvM — C,; csch VM)

=0

(37
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where M = a dimensionless parameter, defined by
M = k,D4 /k{? (38)

When the reaction rate is much faster than the rate of diffusion, the con-
centration of ozone approaches zero at the edge of the liquid film, and
the chemical mass transfer coefficient and the enhancement factor can be
obtained as

k. = k{ yMcothyM (39)
and

E = yMcothyM (40)

For the unsteady-state model of the penetration theory, Danckwerts
[5,16] derived the following expression for the average rate of mass
transfer:

Va
S x aM exp(—4M/7)
= — =k/ . JEE— fl —— FEDAEL L
Ru= SO N, dt kL\/MCAl[<1 + 8M>er < . > T

G

The chemical mass transfer coefficient and the enhancement factor are:

k. = k{ VM [(1 + ?:7) erf(4M/m)" + exp(—4M/7r)/(2M‘/l)] (42)
and

E =M [(1 + SLM> erf(4M/ )" + exp(—4M/7r)/(2M‘/1)] 43)

Turning to the surface renewal model of Danckwerts, the average rate
of absorption can be derived to be [16]:

N, =k{VI+M Cyu; 44

Thus, the chemical mass transfer coefficient and the enhancement factor
are

k. =kivVI+M (45)
E=VI+M (46)
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It should be noted that the partial differential equation governing the
diffusion and first-order reaction also can be solved on the basis of the
more general concept of the film-penetration theory as discussed by
Huang and Kuo [28]. The equations derived on the basis of the film-
penetration theory can be reduced to the equations above under limiting
conditions postulated by the film, penetration and surface renewal con-
cepts. Huang and Kuo [28] showed that the maximum deviation among
the individual models is only 8.8% in the prediction of the enhancement
factor that occurs at a moderate M value of 2.1. When the rate of reac-
tion is much slower than that of diffusion, the rate of chemical absorp-
tion approaches that of physical mass transfer and the enhancement fac-
toris E=1. On the other hand, the enhancement factors for all models
approach VM if the rate of reaction is much faster than that of the
molecular diffusion (M >>1).

Concerning diffusion with bimolecular reactions of second or higher
order, analytical approximate solutions have been developed, though
exact solutions have not been possible. On the basis of the film theory,
Van Krevelen and Hoftijzer [29] obtained an approximate expression for
mass transfer accompanied by the second-order reaction:

R =k,C,Cp 47)

By assuming a step change in the concentration of B from Cg, at the bulk
to Cy; throughout the liquid film, simultaneous differential Equations 33
and 34 can be solved analytically to yield the following expression for the
enhancement factor:

E = (M[l - q(E - 1)]}" coth{M[1 — q(E - 1)]}* (48)
where M is defined by
M = k,Cy; D, /k[2 (49)

Instead of assuming that Cj is constant throughout the film, Peaceman
[30] derived another analytical solution based on linear variation of Cy
with the distance of diffusion. The solution of Peaceman [30] deviated
only slightly from that of Van Krevelen and Hoftijzer [29] with a maxi-
mum deviation of 8% at low values of q. Since the assumptions made in
the two studies represent the upper and lower extremes of the concentra-
tion profile of B in the film, it can be concluded that the analytical
approximate equations are correct to within 8% of the exact solution
[30]. Analytical approximations based on transient absorption are diffi-
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cult, but the partial differential equations have been solved numerically
by several researchers, as reported in the literature [3-5]. However, the
numerical results obtained by these investigators are not substantially
different from those predicted by Equation 48.

For ozone absorption accompanied by a decomposition reaction of
3/2 order, Kuo et al. [24] obtained a numerical solution utilizing the film
concept. The nonlinear differential equation

2

DA<d CA) —koCa¥2=0 (50)
dz?

was solved by finite difference methods to predict the mass flux and

buildup of ozone in an aqueous solution. They found that the con-

centration of ozone in solution is influenced by two dimensionless

parameters,

B =k{aD,/V 1)

M = koCp,” Do/k[2 (52)

where = specific interfacial area (cm?/cm? solution)

a
V = liquid volume (cm?)

At a given time, the ozone concentration increases as $ increases and as
M decreases. The concentration approaches an asymptotic value at large
times, and the saturation or equilibrium concentration may not be attain-
able for large M and small 8 values. This implies that buildup to the
equilibrium concentration may be impossible if the rate of decomposi-
tion is very fast or if the diffusion rate is very slow.

Diffusion with Complex Reactions

Complex kinetics, such as parallel, reversible and consecutive reac-
tions, often are involved in ozone treatment of liquid wastes. In addition
to the decomposition reaction, ozone may react with one or more con-
stituents in an aqueous solution to form intermediate products, and the
intermediates may react further with ozone or may be decomposed to
yield final products. For example, the following reactions occur in the
ozonation of methanol:

0, - 30,
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0, + CH,0H — HCHO + H,0 + O,
0, + HCHO — HCOOH + 0,
0, + HCOOH — CO, + H,0 + O,

Since rates of reactions for these steps all are comparable in magnitude,
as reported by Kuo and Wen [25], it may be necessary to account for each
reaction step in the formulation of a mathematical model for an ozone
injection process. This results in a set of highly nonlinear differential
equations for which solutions are difficult to obtain. Therefore, it is
desirable to examine carefully kinetics of ozonation reactions to simulate
an absorption process by taking into account only the diffusion and con-
trolling reactions.

If ozonation reactions can be considered to be instantaneous, the
absorption is limited by diffusion. Under this circumstance, the
approach similar to that of Hatta [26] may be utilized to derive the
expressions for mass transfer coefficient and enhancement factor. Ana-
lytical solutions may be possible for mass transfer accompanied by com-
plex reactions if the kinetics of reactions can be assumed to be pseudo
first-order. For instance, on the basis of the film, surface renewal and
film-penetration concepts, Kuo and Huang [31,32] developed theoretical
equations for the enhancement factor for diffusion with the following
complex reactions:

E & —=2F > P,
l\ i
A}
Q2 \ m Pn \\

The problem of selectivity in consecutive reactions involving gas-liquid
systems has been investigated [33-35]. Analytical approximations and
numerical solutions to systems of molecular diffusion and high order
complex reactions are discussed elsewhere [36-38].

In a recent study, Li and Kuo [39] investigated absorption of ozone by
phenolic solutions. Although the kinetics of ozonation of phenol were
very complex, the overall reaction was controlled by an irreversible reac-
tion between ozone and phenol [40]. On the basis of this finding, the dif-
fusion of ozone and the following decomposition and ozonation reac-
tions were considered:

kg
0, 2320,
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k
20; + CcH;0H = products

For steady-state transport, the absorption process is governed by the fol-
lowing differential equations:

dZCA 3/2

D, > — koCa¥? —2k,CoCr =0 (53)
dz
DB d22 - kZCA CB = 0 (54)

Where C, and Cy are concentrations of ozone and phenol, respectively.
The decomposition and ozonation reactions were 3/2- and second-
orders, respectively, as determined from kinetic data [24,40]. The non-
linear differential equations were linearized by a method similar to that
of Peaceman [30], and the concentration distributions and mass flux
were obtained in terms of Airy integrals. An approximate equation then
was derived by Li and Kuo [39] to predict depletion of phenol in the
aqueous solutions. Their theoretical results indicated that the rate of
depletion of phenol was influenced by the physical mass transfer coeffi-
cient as well as by the dimensionless parameter M, defined by Equation
49,

Ozone Absorption Experiments

Numerous studies have been conducted in gas-liquid contactors to
investigate ozonation reactions. Many of these experiments were carried
out to determine dosage requirements or design parameters for industrial
applications. A few cases were undertaken to examine reaction kinetics
by ignoring effects of diffusion on the gas absorption processes. Mass
transfer phenomena were investigated by only a few researchers, and
these will be discussed below.

The phenomena of diffusion in the gas phase and diffusion and chemi-
cal reactions at the gas-liquid interface were discussed in the previous sec-
tions. Once the unreacted ozone penetrates across the liquid phase
boundary, it may react with constituents of an aqueous solution. There-
fore, it is important to consider possible reactions in the liquid stream in
studies of mass transfer coefficient or concentration behavior in the
aqueous solution. To illustrate this, we consider the case of decomposi-
tion and ozonation reactions between the dissolved ozone A and the
liquid reactant B in the absorption process:
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k
A=2P

k,
A+bB 2 Q

The component mass balances at the phase boundary yield the following
relationships if the main liquid is well mixed:

_dCL —_ aCA ¢ m
d6 =a|D, 6z ), —KkoCar! — K Ca " Cp" (55)

G _ i (%CE) L bkclme e (56)
do B\ a7 . 2%aL “BL

By solving the differential equations discussed earlier for diffusion and
reactions at the interface, the mass fluxes can be obtained, and the above
equations can be integrated to predict the concentrations in the main
liquid as a function of absorption time.

Absorption of Ozone in Water

Absorption of ozone gas in aqueous solutions of various pH values
was studied by Kuo et al. [24] utilizing a bubble column. The experiments
were conducted at 25°C in a semibatch mode by controlling flowrate and
concentration of ozone in the gas stream. The concentrations of ozone in
solution were measured at different absorption times. The experimental
data were analyzed in light of theoretical predictions by numerical inte-
gration of Equation 55 for £=3/2 and k, =0 by utilizing the solutions of
Equation 50 to compute the mass flux of ozone. It was found [24] that
the theory agreed well with the experimental data in predicting the
buildup behavior of dissolved ozone in solution. The asymptotic concen-
tration achieved after long absorption time decreased as the solution pH
value increased and as the gas flowrate decreased. Therefore, low pH
values (slow decomposition rates) and high flowrates (fast diffusion
rates) favor achieving a high concentration of ozone in the reactor.

Mass transfer of ozone into distilled water in a stirred tank reactor was
investigated by Yocum [41,42]. The tests were performed at 12-25°C
with various gas flowrates and speeds of agitation. Concentrations
measured during the experiments were utilized to evaluate the volumetric
mass transfer coefficient, which was defined in terms of the average driv-
ing force (C, —C,.). Equation 55 was integrated analytically for ¢=1
and k, =0 by replacing the mass flux with the following expression:
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aC
Da <‘_A> =k (Cap — Car) (57)
0z /,

where C,p = equilibrium concentration of A (mol/cm?)

In the above equation, C,; denotes the liquid concentration in equilib-
rium with a mean gas concentration between the entering and exit values.
By expressing the equilibrium concentration and, in turn, mole fraction
in terms of the inlet gas concentration and mass transfer rate, Yocum
[41,42] showed that the volumetric mass transfer coefficient can be esti-
mated from the slope of a semilogarithmic plot of the ratio of mole frac-
tion against absorption time. The mass transfer coefficient was found to
increase with turbine speed and superficial gas velocity [41,42]. Since
these are factors contributing to the enhancement of molecular diffu-
sion, the results obtained by Yocum [41,42] are in agreement with those
obtained by Kuo et al. [24].

Absorption of Ozone in Alkaline Solutions

The rate of ozone absorption into aqueous solutions of potassium
hydroxide was studied in a packed column by Rizzuti et al. [43]. By
assuming negligible concentration of ozone in the liquid, a mass balance
over a differential volume of the column can be taken to relate the
volumetric mass transfer coefficient to inlet and outlet concentrations
measured in an experiment. The mass transfer coefficients were reported
by these investigators for experiments conducted at temperatures varying
from 18 to 27°C in the pH range 8.5-13.5. These chemical mass transfer
coefficients were much greater than the physical mass transfer coeffi-
cients, and a slope of 1/2 was obtained at high pH values in a semilog-
arithmic plot of k, a vs pH. On the basis of these results, these investiga-
tors suggested that the absorption of ozone in potassium hydroxide solu-
tions was controlled by diffusion and a rapid second-order reaction with
the chemical reaction rate governed by

R = k,[OH1[0;] (58)

Since the mass transfer rate was limited by diffusion of ozone into the
solutions, the enhancement factor (Equation 48) for diffusion and
second-order reaction can be reduced to

E = ki /kf = VM = (k;Cp Da)"/ ki (59)

or
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ki, = (k;Cp.Dp)" (60)

where Cg; represents the average concentration of hydroxylion [OH ] in
a solution. The reaction rate constant, k,, was determined to be 1500
M- 'sec™! at 27°C by Rizzuti et al. [43] utilizing Equation 60.

It should be noted that the actual mechanism of reaction of ozone in
the solutions might be quite complex, although the overall reaction was
controlled by the second-order kinetics as considered by Rizzuti et al.
[43]. For example, Hoigné and Bader [44] suggested that two reaction
pathways, including direct reactions of ozone and free radical reactions
involving hydroxyl free radical intermediates, may proceed simul-
taneously in aqueous media. In strong alkaline solutions, ozone decom-
poses rapidly resulting in formation of hydroxyl ions [OH ] at high con-
centrations. Under these circumstances a large fraction of the hydroxyl
ions may be converted to hydroxyl free radicals, OH" [19,23], and the
reactions between these hydroxyl free radicals and constituents in the
solutions may become predominant [44,45].

Absorption of Ozone in Phenolic Solutions

Absorption of ozone in aqueous solutions of phenol has been investi-
gated by many researchers [39, 46-49]. A wetted-wall column was used
by Rizzuti et al. [48] to measure absorption rates at various pH and
temperature values of the aqueous solutions. Inlet and outlet gas concen-
trations were utilized to compute the mass transfer coefficients for dif-
ferent systems. These authors considered that the rapid ozonation reac-
tion between ozone and phenol was zero-order with respect to ozone and
first-order with respect to the concentration of phenol. A simplified
equation (similar to Equation 59) was used by these investigators to eval-
uate the first-order rate constant at 25°C as 16 sec™!. As discussed
earlier, the kinetics of ozonation reactions between ozone and phenol in
the liquid phase was studied by Li et al.[40] They reported the second-
order rate constant at 25°C, for various pH values and at pH 5.2, to be
29,500 M 'sec!. Since the concentration of ozone in the solutions was
of the order of 1x10-* M, the first-order rate constant of 16 sec™!
appeared to be of the same order of magnitude.

Rates of depletion of phenol in the bubble column were measured by
Li and Kuo [39] in the absorption experiments conducted at 25°C with
pH values of the aqueous solutions ranging from 2.2 to 11.4. The overall
reactions in the absorption process were:

0, — 1.50,
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20, + C¢H;OH — products

No trace amount of ozone was detected in the aqueous solutions and,
therefore, the ozonation reactions in the main liquid were assumed to be
insignificant. The rate of mass transfer of phenol into the liquid film,
then, can be considered to be proportional to the rate of mass transfer of
ozone into the interface, less the rate of depletion by decomposition in
the liquid film. On the basis of these assumptions, Li and Kuo [39]
derived an approximate equation to show that the dimensionless concen-
tration to the 2/3 power changes linearly with the ozone absorption time.
This theoretical prediction was confirmed by experimental data measured
by these authors. They also reported that the depletion rate of phenol
increased with the gas flowrate (because of increasing k; a value) and the
pH (due to increase in ozonation rate and, in turn, the M value). At a
fixed gas flowrate, however, Li and Kuo [39] found little additional
depletion rate of phenol in the solutions with pH values greater than 7.

GAS-LIQUID CONTACTORS

This section presents a brief introduction to gas-liquid contactors,
drawn primarily from their uses in chemical process industries. Not all
types of contactors are suitable for ozonation reactions. Contactors may
also be referred to as reactors, since we are considering the addition of an
ozone-containing gas to a liquid for oxidation reactions. Major advan-
tages and disadvantages of the various systems are cited. A detailed dis-
cussion of ozone contactors is presented by Masschelein [50].

Before a design engineer can specify a gas-liquid contactor (reactor),
the overall process must be considered. Should the process be batch,
semibatch or continuous? A batch process is one in which the reactants
are charged to a reactor, and, after reaction, the products are discharged.
The batch process is difficult to use for ozonation, as a continual supply
of ozone is generally required. This leads to consideration of semibatch
operation. The common semibatch ozonation procedure is to charge the
liquid to the reactor, then continually charge ozone gas until the reaction
is complete. Continuous processes have simultaneous introduction and
withdrawal of reactants. An example of a continuous ozonation process
is drinking water purification, where ozone gas is injected into the water
as the water continuously flows through the reactor vessels.

The decision as to process type corresponds to the selection of an
ozone reactor. The gas-liquid contactor (reactor) selected is governed to
a large extent by the overall relationship between mass transfer and the
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chemical kinetics of the specific ozonation reaction(s). The controlling
mechanism dictates, to some extent, the type of contactor that can be
used. If ozone absorption is accompanied by fast reaction, a large inter-
facial area is desired to promote ozone mass transfer; therefore, the
packed column may be preferred. If, on the other hand, the reaction rate
is slow, so that a large liquid phase volume (holdup) is advantageous, a
bubble column is more efficient. Table I presents a summary of com-
monly used gas-liquid contactors. (In Table I, the term ‘‘conversion”
refers to that fraction of reactant transformed into intermediate or final
products, not to the conversion of ozone from gas to liquid phase.)

The design engineer must take into account many considerations when
designing a gas-liquid system. These include gas and liquid rates to
satisfy production criteria, mass transfer and chemical reaction relation-
ships and, ultimately, choosing a gas-liquid contactor and mode of oper-
ation that will function in the most economical manner.

In selecting a gas-liquid contactor, the following parameters need to be
examined for their effects on mass transfer: specific interfacial area a,
the mass transfer coefficient k; , solubility of the dispersed phase, dif-
fusivity of solute and the dispersed phase holdup. Other factors affecting
mass transfer indirectly are dispersed phase superficial velocity, and
bubble diameter and velocity. Many review articles and texts have been
written on designing gas-liquid contactors [2,3,51-57]. Several researchers
[2,58-60] have reviewed contactors specifically for ozone use. These ref-
ferences should be consulted for design equations. The contactors listed
in Table I will be discussed, and general design considerations will be
presented.

Packed Column

Packed columns are vertical pipes filled with packing to distribute the
gas and liquid, and to promote mixing. Packed columns used for gas
purification are commonly called absorbers, and normally operate with
countercurrent flow of gas and liquid. An example is the absorption of
carbon dioxide and hydrogen sulfide from solutions of ethanolamines.

Some packings also act as a catalyst to promote the reaction. Chen et
al. [61] showed that a ferric oxide catalyst used in a packed column
enhanced ozone utilization to oxidize phenol in aqueous solution, as
compared to an inert packing. Countercurrent operation was used, but
both counter- and cocurrent flows can be used with catalytic operations.
In the latter case, both up- and downflow operations are encountered.
Upflow provides better mixing of gas and liquid, but higher pressure
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drops and incidents of flow restriction are encountered. Cocurrent
downflow over catalytic packing, with a continuous gas phase and dis-
persed liquid, is commonly referred to as a “‘trickle bed reactor.”

Packed columns provide high interfacial areas; thus, they are good for
mass transfer-limited reactions. They do not require a large pressure
drop, but are somewhat limited in operating range. Since liquid and gas
travel essentially in the same channels through the column packing, the
ranges of liquid and gas loads are narrow for efficient operation. Iso-
lated temperature excursions can occur in the column.

New plastic packings have reduced the cost of packed columns, and
are capable of withstanding exposure to corrosive atmospheres. There
are numerous packing designs from which to choose. Packing companies
are helpful in supplying Ksa and other design data. However, it must be
realized that ozone reacts with many plasticizers. Proposed plastic mate-
rials should be tested in the presence of ozone before they are specified
for use.

Plate Column

Plate columns are more expensive than packed columns, but provide
wider operating ranges. Gas and liquid flow countercurrent, with the
liquid being redistributed on each tray. Since the liquid flow is evenly dis-
tributed over the complete height of the column, large diameters can be
used for high water throughputs. The trays can be designed to provide
liquid holdups necessary for slow reactions while providing high inter-
facial area for mass transfer. Valve trays, which are variable-orifice per-
forated trays, are the ideal type of tray for absorber service when the
wide operating flexibility of a plate tower is sought.

Bubble Column

Bubbles of gas are sparged into a liquid-filled column. This is the most
commonly used ozone reactor for drinking water disinfection. The
degree of mixing is dependent on the bubble size and superficial gas
velocities. Bubble columns are simple to operate and inexpensive. They
have been shown to be excellent for high-pressure ozonation [62]. Heat
exchangers may be inserted into the column for temperature control.

The bubble column also is excellent for chemical reaction rate-con-
trolled ozonation reactions. Gas contact time is governed primarily by
the rising velocity of the bubbles and the height of the liquid column.
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Mass transfer efficiency is not strongly influenced by pressure in a gas-
liquid contacting system as it is in a gas-gas contacting system.

In some chemical process reactions, catalyst particles can be injected
to form a slurry reactor. The particles are kept suspended by the bubble
movement. On the other hand, catalyst particles can lead to sparger plug-
ging problems, particularly if the gas flow becomes intermittent or if the
rate of bubble rise is too slow to maintain dispersion of the catalyst.

Spray Tower

In spray towers the liquid is dispersed into a volume of gas containing
ozone. This promotes very high interfacial area at the expense of high
pumping costs. Spray towers, because of low contact time and high inter-
facial area, are good for instantaneous or rapid reactions. They are used
commercially in several European treatment plants [63], and have been
found capable of destroying cyanide in laboratory experiments [64].

Agitated Vessels

Agitated vessels (stirred-tank reactors) are useful for intermediate
reaction regimes in which mass transfer and chemical reaction rates are
of the same order of magnitude. Agitated vessels economically provide a
system for high gas and liquid holdup. All three operating modes (batch,
semibatch and continuous) can be employed with agitated vessels. Semi-
batch operation with ozone gas fed continuously to a constant volume of
wastewater was used successfully to treat several refractory industrial
wastewaters [65].

Agitated vessels operated in a continuous mode are commonly referred
to as back-mixed reactors. Perfect mixing is assumed, which results in
uniform composition throughout the reactor. Accordingly, the exit
stream has the same composition as that within the reactor. For a chemi-
cal reaction rate-limited regime in which mass transfer effects are insig-
nificant, design equations for back-mixed reactors show that they require
the maximum theoretical volume to obtain a desired degree of chemical
conversion.

The major effect of agitation rate on gas-liquid equilibria is to vary the
interfacial area. Agitated vessels can approach the interfacial area of a
packed column by using intense agitation, and can approximate the
interfacial area of a bubble column in the absence of agitation. The tech-
nique of varying agitation rates can be used to identify the reaction
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regime. A curve similar to Figure 6 will be obtained for intermediate
reaction regimes as the reaction mechanism transforms from one that is
mass transfer-limited to one that is reaction rate-limited with increased
agitation (interfacial area).

The power consumed by an agitator is a disadvantage due to its signifi-
cant addition to the costs of operation. However, the power required
does decrease as gas is dispersed into the liquid, reducing the mixture’s
density. It is best to determine the power requirements for mixing using
the ungassed liquid.

Advantages of an agitated vessel are good mixing and heat transfer.
Mechanical agitation can keep an added catalyst suspended, thus improv-
ing slurry reactor operation [66]. Excellent heat transfer rates are possible
because of the agitation. Both jacket and inserted tube heat exchangers
can be used, with the latter providing better heat transfer.

A standard configuration was developed for stirred tank reactors from
the mass-transfer studies of Westerterp et al. [67] and Prengle and Barona
[52]. In the standard configuration, ratios are used to relate the various
reactor dimensions to the reactor diameter. These ratios allow for easy
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Figure 6.  Effect of agitation on a gas-liquid reaction with slow to fast reaction.
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scale-up of reactors from pilot-plant to commercial units. The standard
stirred-tank reactor configuration [68] is given in Figure 7. Several re-
searchers [3,67,69,70] studied the correlations between interfacial area
and mass transfer in stirred tanks with many operating variables, includ-
ing rate of agitation, gas velocity and reactor configuration.
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Figure 7. Dimensions of the stirred-tank reactor used by Prengle et al. [68].
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Injectors, Turbines and Pumps

Injectors and turbines are used when a high degree of mixing is
required. Moderate to high interfacial areas are obtained, and rapid reac-
tions can be effected in small contact times.

Pumps provide a residence time of 1-10 sec. For a higher degree of
mixing or sufficient shear to create interfacial area, in-line mixers may be
used.

Venturi reactors are used to draw ozonated gases into liquids. The
main advantages are ease of installation and low pressure drop. Plugging
can create problems.

Tubular Reactors

Tubular reactors are constructed of either a single continuous tube
(pipe) or several tubes operated in parallel. Most applications use co-
current flow through the tubes to obtain plugflow. The profile of a plug-
flow reactor assumes complete mixing in the radial direction, but allows
for no diffusion in the flow direction. This results in the velocity, temp-
erature and concentration profiles being flat over any cross-sectional
area taken perpendicular to the flow. Only the composition varies along
the flow path. For a chemical reaction rate-limited regime in which mass
transfer effects are insignificant, design equations for plugflow reactors
show that they require the minimum theoretical value to obtain a desired
degree of chemical conversion.

Tubular reactors are very difficult to design for gas-liquid reactions
because the gas-liquid flow patterns are very complicated to define.
Cichy et al. [53] and Rase [56] present discussions of the 25 possible flow
configurations. Some success has been achieved using Baker and Govier
charts to predict flow patterns [53].

Gas-liquid tubular reactors are used primarily because of their low
cost, ease of expansion and excellent heat transfer characteristics. Turbu-
lent flow usually is employed in horizontal tubular reactors to promote
mixing and give plugflow conditions. In-line static mixers are becoming
popular to redistribute the gas into the liquid in such an environment.
These are stationary structures placed inside the tube, which force the
cocurrently flowing gas and liquid to travel torturous paths, thus con-
tinuously increasing surface interactions between the two fluids. Since
these inserts are stationary in the tube, the degree of mixing they provide
and mass transfer enhancement thus are affected by the flowrates of
both fluids through the tube. If the rate of liquid flow is very slow, the
amount of mass transfer achieved approaches that obtainable in the tub-
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ular contactor operated with both phases flowing cocurrently. Richards
et al. [71] studied the mass transfer of ozone into water using static
mixers and reported improved transfer over standard tubular reactors.

The most common type of vertical tubular reactors used in the chemi-
cal process industries is the wetted-wall column, in which the liquid phase
flows downward along the wall. Gas may flow co- or countercurrently in
the center of the column. These reactors are excellent for very exothermic
chemical reactions, but are limited to instantaneous reactions due to the
limited interfacial area. Wetted-wall columns seldom are used for ozone
applications, as very few ozone reactions are highly exothermic. This is
because the reactions usually are present in small concentrations and are
diluted in a solvent.
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CHAPTER 6

CONTACTING OF OZONE WITH WATER
AND CONTACTOR OFFGAS TREATMENT

W. J. Masschelein

Brussels Intercommunal Water Board (CIBE)
Brussels, Belgium

Using ozone in water treatment involves a certain number of funda-
mental economic and engineering problems.

In practical use, ozone is not obtained as a pure gas. Therefore, the
theoretical evaluation of its solubility depends on mixtures, in which the
ozone concentration is often minor in comparison to that of the other
constituents of the process gas.

Moreover, ozone is a labile, highly reactive, decomposing compound,
which makes its use in experimental investigations outside of the labora-
tory difficult and even questionable, e.g., pilot-plant or full-scale uses. A
most important point is the correct comparison of the flow at the input
with that at the exit of the contacting system, in which appropriate
corrections for the partial pressures of the gases must be made.

Dissolution of ozone is said to occur by gas transfer in an exchange
process described by the double-film theory. Several fundamental
aspects of this theory, having a practical incidence on the methods for
transfer, are related here. A question for further development is the
duality (or perhaps the complementary aspect of the action) of dissolved
residual ozone and the concentrated ozonated bubble reaction mechan-
ism. The former corresponds to the batch or plugflow kinetic model,
while the latter is a ‘‘fully mixed reactor’’ concept. Further research on
the subject is, however, necessary.

According to present evidence, the fast reaction of suspended matter
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and even bactericidal action could take place favorably in the mixed reac-
tor, while the slower reaction with more resistant compounds requires
dissolved ozone (batch-type reaction). The implications of this duality on
the selection, operation and costs of the different contacting systems will
be discussed on a comparative basis.

An important detail in establishing the mass balance is that of the cor-
rect measure of the gas at the inlet and outlet of the contacting system.
During good practice the ozone concentration is accurately measured
and the quantity of ozone passing within a given time is deduced as being
the product of: ozone concentration X gas flow. Hence, this also
requires accurate measurement of the gas flow.

The best method for comparison of the results is to use a standardized
volumetric gas meter and to integrate during a measuring period. The
most usual units are in normal cubic meters (Nm?), that is, m® gas at 0°C
and 1 atm pressure (1.02 bar). :

In the case of the use of flowmeters, giving instant readings, appropri-
ate corrections must be made as follows:

Q(normalized) = Q(read) X Fp X Fr X Fp,

where  Fp = pressure correction factor (P absolute/1.02)%
F; = temperature correction (°K/273)"%
Fp = density correction (specific weight of the calibrating gas/

specific weight of the process gas)”

To apply the correction of the pressure factor to the read value, the gas
pressure must be measured at the flowmeter itself without the presence of
any hindrance such as regulating valves, releases, automatic valves,
restrictors, stoppers, etc. According to our observations, this precaution
often may have been overlooked in practice. Special attention has been
given to this question in comparison with experimental results presented
here. Although at first sight it appears to be a technical question, it is
thought that the correct flow measure in ozone contacting practice is of
sufficient importance to lay stress on the point here in the introduction of
this chapter.

The economic aspects of ozone contacting are of great importance, as
ozone is produced through processes having high losses in energy. An
appropriate cost-benefit appreciation of the contacting system requires
thorough consideration of:

1. practical yield of dissolution;
2. efficiency of the contactor in terms of reaction with solutes and/or
suspended matter;
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3. energy necessary to operate the contacting or dispersing system;
4. maintenance inherent in each different contactor; and
5. costs of treatment of offgases.

Problems relating to the engineering aspects are deduced from former
experience. In the choice of dimensions, concept and design, the objec-
tives sought play an important role: batch-type reactivity or concentrated
ozone bubble contact. In considering optimum dissolution through con-
tacting, the packed tower or plate contactors may be preferred from a
theoretical point of view. In this case, the theoretical yield of dissolved
ozone is higher than that of bubbling contacting. However, in water
treatment practice, attainment of the saturation yield of dissolved ozone
(as a residual concentration value) is not only never reached, but is not
really necessary. Therefore the practical dissolution equipment prefer-
ably must be selected on the basis of proven performance rather than on
theoretical yields of dissolution of the pure gas.

The aim of this chapter is to cast a critical eye on the different
parameters of ozone contacting systems so as to provide a basis for:

1. guidelines for further research on the subject;

2. criteria for selecting the most appropriate equipment in any particular
water quality circumstance; and

3. stimulation to achieve still further progress in this field in which sev-
eral ‘‘shadowy’’ points still remain regarding ozone reactivity and
actual yield of dissolution attainable with existing contacting systems.

SOLUBILITY OF OZONE IN WATER

The driving force for the dissolution of a gas, €.g., ozone in water, is
expressed by the difference between the actual concentration of the dis-
solved gas (C, ) and the saturation concentration (Cg) at the temperature
and pressure of the experiment of application.

The dissolved concentration at the saturation of a gas in a liquid, Cq,
has been expressed either in terms of the coefficient of solubility or solu-
bility ratio S (in German, ‘‘die L&slichkeit’’), or as an absorption coeffi-
cient 8. The former is defined by the volume of gas dissolved per unit
volume of liquid at the temperature and pressure under consideration
and in the presence of an equilibrating quantity of the gas at 1 atm. The
latter, often called the Bunsen absorption coefficient, is the volume of
gas, expressed at normal conditions of temperature and pressure, dis-
solved at equilibrium by a unit volume of liquid at a given temperature
when the partial pressure of the gas is the unit atmosphere. The latter
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condition is equal to the pressure of the gas, that is, the pressure of the
gas itself, minus the vapor tension of the liquid.

The ideal expressions of the saturation concentration of dissolved gas
are related as follows:

(%)gO3| Nm3air

Cg (kg/m?) = BM (kg gas/m? gas) Py

where M = mass volume of the gas
P~ = its partial pressure in the given gas phase as a whole

For ozone, M is 2.14, and for oxygen it is 1.43.

At a pressure of 1.02 kg/cm? (760 mm Hg column) of pure gas at 0°C,
the absorption coefficients for ozone and oxygen are 0.65 and 0.049,
respectively. This corresponds to the statement that pure ozone would be
about 13.3 times more soluble in water than is pure oxygen.

Expressed on this physicochemical scale, the relative absorption coef-
ficients at 1 atm and 0°C are established as shown in Table I for different
pure gases possibly involved during ozone contacting.

It is generally agreed in the literature that when ozone is dissolved in
water, Henry’s law is obeyed. This means that we should consider the Cg
values as being proportional to the partial pressure Py of ozone when
these values are at a given temperature (Figure 1). Hence, the more con-
centrated the ozone in the process gas contacted with the water, and/or
the higher the total pressure of the gases with a given ozone content, the
higher becomes the mass of dissolved gas at dissolution equilibrium.

Physical parameters other than the partial pressure also can have an
impact on the solubility of ozone in water. The most important is the
temperature of the liquid phase. The value of the Bunsen coefficient (m?
gas/m> water) varies as a function of the temperature where ozone,
oxygen and nitrogen are concerned, but also of that of the air mixture, as 2 [
indicated in Figure 2 [1-5].

Even though the solubility of ozone in water is much higher than that
of oxygen, concentrations above 1 g O,/m® water are rarely necessary,

g 03/m3 water at equilibrium

Table I.  Solubilities of Gases Associated with Ozonation

Gas Carbon Chlorine 1 15 2
Solubility Ozone Oxygen Nitrogen Dioxide Chlorine Dioxide = ( at m)
8 (vol/vol) 0.65 0.049 0.0235 1.7 4.54 =60
8 O3/8 gas 1 13.3 27.7 0.38 0.14 0.01

Figure 1.  Cg of dissolved ozone at 10°C as a function of a partial concentration of

3
Cs (kg/m’) 14 0.07 0.03 3.36 14.4 180 ozone in the equilibrating gas phase.
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Figure 2. Variation in gas dissolution as a function of temperature.

and 2 g O,/m’ (dissolved residual) is rarely obtained. The reason is due
to the fact that at present only dilute ozone concentrations are available
for the process gas.

Rawson, one of many investigators of the solubility of ozone in water,
states that the only general agreement we may come to is that Henry’s
law is obeyed, at least in the concentration range of 1-20 g O,/Nm? gas
and with partial pressures of up to 1% in air [5].

As the partial pressure of ozone in the process gas is low, the dissolved
concentration at equilibrium with the gas phase remains low. Although
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controversy still may exist on the subject, the best available data for the
equilibrium obtainable in practice are illustrated in Figure 3 [5]. In fact,
the experimental data usually are reported in dynamic conditions, in
which a process gas is dispersed or bubbled into a static or flowing liquid.

The correct measure of the incoming and outgoing flow is often ques-
tionable in reported experiments. Besides physical dissolution, several
side effects may affect the practical equilibrium (e.g., the pH of the
liquid phase affects both the solubility ratio and the decomposition rates
of dissolved ozone; or the presence of catalysts or reacting compounds)
hence the data of Figure 3, although generally accepted, still must be
considered as tributary to particular conditions.

At any given ozone concentration (g/Nm?) in the process gas, the pres-
sure of the ozone equilibrated with the liquid phase increases with the
increase of total pressure of the gas phase. For practical application, the
approximation of an ideal gas-phase behavior is sufficient. Hence, if Cis
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Figure 3.  Equilibrium ratio of solubility as a function of water temperature.
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the ozone concentration in the process gas at 1 bar absolute and P the
total pressure of the gas phase, the working concentration of the ozone
which can be equilibrated with the liquid phase is PC. In other words, an
increase in pressure favors the dissolution capacity of a water.

Ozone in the gas phase is scarcely compressible at values higher than 2
bars under conditions compatible with the practical resistance of equip-
ment used in large-scale applications. The technology most often
encountered limits the total pressure of the ozone-containing process gas
to 1.5 bars absolute. Indirect pressurizing, that is, change in pressure of
the liquid phase into which the gas phase is dispersed, frequently is inher-
ent to dispersing equipment.

When air is used as the process gas in ozonation, one obtains oxygen
saturation of the water at equilibrium equivalent to gas mixtures contain-
ing 20.94 vol % O, at the given water temperature.

By dissolution of the ozone (and eventually of the oxygen and other
minor accompanying gases such as oxides of nitrogen), the exhaust air is
slightly enriched in nitrogen (0.5-1 vol %) as compared to the standard
air composition. Therefore, the ozonated water probably is slightly over-
saturated in dissolved nitrogen in comparison to the equilibrium solu-
bility versus air. Progressive enrichment in nitrogen is one of the prob-
lems associated with the recycling of process gases.

This phenomenon is enhanced when oxygen or oxygen-enriched air is
used as process gases. In these cases, the water is always significantly
oversaturated with oxygen and the escaping gas is enriched with nitro-
gen. The equilibria for the dissolution of oxygen and nitrogen in moder-
ately saline water, e.g., 1 kg dissolved solids per cubic meter, are well
known in the literature [1-4].

Dissolved concentrations at equilibrium, at a gas pressure of 1 kg/m?
are given in Figures 4 and 5 as a function of the water temperature. Here
again Henry’s law is followed and the correction for total pressure (if dif-
ferent from 1 kg/cm?) applies linearly for values below 2 kg/cm?. As
established earlier [6,7], the practical yield of nitrogen stripping and
oxygen dissolution must be considered systematically in any situation.
For ozone contacting with a gas-water circulating turbine as used at the
Tailfer plant [6], the yields are given in Figures 6 and 7.

When working at higher pressures, e.g., in packed columns, the solu-
bility ratios of both oxygen and nitrogen increase linearly with the pres-
sure up to 10 bar. By this technique, part of the purge of the exhaust gas
for elimination of nitrogen can be avoided in the recycling gas. The con-
dition necessary for this to be economically feasible is that the ‘‘extra dis-
solved oxygen’’ inherent to the pressure technique must be effective and
useful in the treatment. This is the case in wastewater purification and is
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the basis of the Hoechst method (Federal Repu‘t?lic of Germa_my) for
using oxygen-enriched process gas in the ozonajuon step. B§s1des the
ozonation itself, the economics of the entire technique are carried out.by
selecting the relation between working pressure of the packed contacting
columns, the N, /0, ratio of the process gas, and thg oxygen dem'and of
the water. A similar approach is described in the application at Duisburg,
Federal Republic of Germany [8]. .

Economic considerations resulting from the oxygen and nitrogen solu-
bility rates, when using an oxygen-enriched process gas for the ozona-
tion, often make it seem attractive to dissolve the ozone and accompany-
ing gases in a substream of the water. This can be pgrt of the water to })e
treated or an auxiliary flow of clear water. Except. in the case qf heaV{ly
charged wastewater, this practice is perhaps questionable, as will be dis-

r on.
Cuf::dal;;eral rule, in the practice of ozonation, the volume of process
gas (expressed in Nm®) does not exceed 20% of tbe 'water volum.e cgn-
tacted in one injection stage. In ozonation as a finishing .step of drinking
water treatment, the volume ratio Nm® gas/m’ water is usually about
1/10. Therefore ozone dispersing and contacting teghmquc;s often have
negligible effects on gas stripping, therefore requiring higher gas-to-
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Figure 5.  Oxygen solubility in water at 1 kg/cm?.

liquid ratios. Hydrocarbons, if present, remain far below the low explo-
sion level concentrations of the offgas. Chlorine, present as free chlorine
at concentrations below 1 mg/l, can give rise to chlorine traces in the
offgases, e.g., <0.05 ppm vol. At these levels the risk of toxicity is negli-
gible; however, by accumulation, this gas is capable of poisoning palla-
dium catalysts used for ozone destruction in offgases. At concentrations
under 100 mg/m® of trihalomethanes (THM), the proportions of air to
water used in ozonation scarcely remove 10 mg/m? by gas stripping.
Moreover, the analysis is questionable owing to the possible effects of
ozone during the reactions of formation and degradation of THM. In all
contacting and dispersing systems, the offgas is saturated with water
vapor according to the equilibrium conditions at the pressure and temp-
erature of the operation.

From the preceding comments, it could appear that for ozone dissolu-
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Figure 6. Oxygen saturation yield of an ozone contactor. Gas pressure at vent
= atmospheric pressure.

tion at low pressure (P < 0.5 bar), even at low concentrations of ozone in
the process gas, e.g., <15 g O,Nm? air, the equilibrium Cg values could
reach 10 g O,/m?® water. Actually, in practice these concentrations are
neither attained nor sought when using existing contacting systems. This
is due to several factors:

1. kinetics of ozone absorption and losses of ozone in the offgas;
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Figure 7. Nitrogen stripping yield of an ozone contactor. Gas pressure at vent
= atmospheric pressure.

reaction of ozone during or immediately after the dissolving process;
decomposition of the dissolved ozone in water;

destruction of ozone by the action of the contacting device; and

reaction of ozone with substrates by the ‘““concentrated ozone bubble
reaction’’ during contacting.

v

In this contribution the “‘practical’’ yields of ozone contacting systems
are always expressed as

100 x ozone concentration (g/Nm?) in the offgas
ozone concentration (g/Nm?) in the input gas

In.the existi.ng plants with various contacting equipment and variable
physical conditions of the process gas and water flow, this yield is the
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parameter used for ozone contacting control and survey of the security
systems.

The measure of the residual concentration of the dissolved ozone after
a sufficient reaction time, e.g., =6 min, is the usual parameter for moni-
toring the ozone dose.

However, the real chemical mass balance for ozone in the process
should be:

one dose of ozone = ozone in the offgas + residual ozone in water

+ reacted ozone + decomposed ozone.

The last two parameters are not often measurable in practical conditions
of ozone contacting.

Decomposition of ozone into oxygen or more stable oxygen-
containing molecules or radicals is produced by thermal decomposition
and ionic or radical reactions.

Decomposition of ozone at residual concentrations in water depends
on a series of parameters, the most significant of which is pH, besides
temperature and possible presence of catalysts. At pH 7, the half-life of
residual ozone can vary from 2 to 30 min in practice. Generally, de-
composition is faster in less pure water. Also, the exact form of the
kinetic equations may vary, but in general practice, a first-order relation
describes the decomposition rate at the initial stage of reaction. Practical
examples for the water of the Tailfer plant (Brussels) are given in Figure
8. Other examples are given in Hoigné [9].

The increase in decomposition velocity as a function of pH has been
reported on several occasions [10]. Owing to present knowledge, waters
encountered in practice having a pH value equal to or higher than 6
exhibit an ozone half-life that decreases linearly with increasing values of
pH.

These general ideas are indicated here to support the appreciation of
dispersing devices in practical systems. The physicochemical basis of the
action of ozone at alkaline pH values may in fact be different from that
at neutral pH values, both by the reacting species and the catalytic
effects.

DYNAMICS OF OZONE TRANSFER TO WATER

Little experimental investigation has been carried out on the specific
dynamics of ozone transfer from gas phase to water. Most of the con-
cepts are based on the generalization of data known for oxygen transfer.
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Figure 8.  Residual ozone decomposition.

In the following comments, attention is drawn to simplified aspects of
theoretical developments, with the intention of quantifying preliminary
guidelines.

The diffusion of ozone in water obeys Fick’s law for molecular dif-
_fusion, which is shown in Figure 9. Correction for the diffusion constant
is given by the Nernst-Einstein relationship:

Dp
—— = constant
T

where
T

absolute viscosity
absolute temperature

Consequently, ozone transport in the gas phase is much faster than in the
liquid phase, hence the latter process is overall transport rate-determining.
Mpreover, air-bubbling is more generally used than liquid spraying, as
this technique is better adapted to transfers where the highest resistance
is situated in the gas phase, e.g., ammonia absorption.
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Figure 9.  Ozone transfer.

The practical exchange rate between gas and liquid is proportional to
the external surface of contact. Hence, to increase this surface, a bubble
mechanism is adopted in one of two possibilities: (1) bubbling and/or
dispersing the ozone-containing gas into the water, or spraying water
into contactors, e.g., packed columns, containing the gas phase, or 2)
contact of the liquid as a fine layer with the gaseous atmosphere. The
choice of the system must be considered on an economic basis. There-
fore, as long as the gas volume to be contacted with the liquid volume
remains low (5-10 volumes of gas/100 volumes of liquid), the most wide-
spread systems involve gas dispersing techniques.

From different empirical observations in gas transfer systems, the fol-
lowing rules can be accepted:

1. Atany moment, the rate of gas transfer is proportional to the surface-
to-volume ratio of the bubbles, except for very small, so-called rigid
bubbles.

2. Transfer is favored by increasing the ratios of the water column above
a diffuser and/or the relative downflow velocity of the liquid, to the
upflow velocity of the gas in countercurrent contacting; the rate of
transfer is in linear relation to 1/vt, where t is the contact time.

3. The rate of transfer is highest during the (very short) period of bubble
formation.

4. Mixing and turbulence promote ozone transfer within the limits of Re
(Reynolds) <2000 in flow systems and G <150 sec™! for dynamic
systems.

5. The driving force for transfer is the difference in concentration of dis-
solved ozone in the bulk of the liquid and the saturation concentra-
tion. Hence the water temperature, which influences the Cs value, is
important.

6. Countercurrent dissolution first appears as more favorable than equi-
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or cocurrent dissolution. However, practical parameters, such as pres-
sure and relative velocity of the aqueous or gaseous streams, may
invert the order. Therefore, existing evidence is conflicting and will be
reviewed below [11].

Conditions for Bubble Formation with Gas Transfer

The limiting condition for pressureless bubble formation through gas
emerging from the liquid using a capillary model (Figure 10) may be
approached by the simple scheme relating the maximum possible radius
of the bubble (assumed to be spherical) to the radius of the capillary, as
long as 27 7 < mg (7 =surface tension of the contact surface and mg=
weight of liquid displaced by the gas bubble). At the free surface of the
water without any counterpressure or vacuum, this condition is:

4
27r(max)72.8 = ({, — {,)g 3 7 r? (max)

) 3 72.8
rmax) = el

cm?

hence r(max)=3.4 mm.

The largest dimensions of the gas bubbles at the injection point of the
gas depend on the hydrostatic pressure in the system at that point (pi)
compared to the pressure at the water surface (ps):

pi vs

ps vi

If ps=1 and dispersing occurs at a depth of S m water column, then
1.5=(3.4)*/[ri(max)]*

3.4
ri(max) = 3.4/(1.5)? = TS 3 mm

These bubble dimensions are limiting on the maximum side. If exceeded,
the contacting system for dissolving ozone will not be operated effi-
ciently because bumping and formation of large gas mats or torches will
hinder the normal flow conditions and ozone exchange.

In practice, bubbles of much smaller dimensions are used to promote
higher exchange rates by increasing the surface-to-volume ratio. A
simple method for this purpose is to use gas diffusers with capillary
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Figure 10.  Schematic representation of capillary bubbling.

outlets. Typical pore sizes are smaller than 10~* m, usually in the range
of 50 to 100 u. In fact, the efficiency condition of the pore size and rela-
tive pressure in the liquid and the gas must be such as to constitute a
bubble volume within the limits of

4713 and $73°mm}

at the hydrostatic pressure at the injection point. The same holds for
mechanical dispersing systems.
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The energy necessary to fulfill these requirements depends on the
hydraulic systems used to introduce the gas into the water, and only to a
very small extent on the pressure conditions required for bubbling. The
inside pressure of a bubble (P,) is equal to the hydrostatic pressure above
the liquid layer plus the weight of the liquid layer plus the surface tension
at the gas-liquid interface

27
Pl = Patm + hg’g +
r

Consequently, the minimum ‘‘overpressure’’ required to form a bubble
is 27/t or only about 500-1500 dyn/cm?, respectively, for bubbles having
radii of 3 and 1 mm.

Rising gas bubbles are subjected to frictional forces due to the vis-

cosity of the liquid. For spherical bubbles, these forces are approximated
theoretically by Stokes’ law:

f=—6mprV
The driving force for bubble rise is the Archimedian force:
F=( - ¢)inrg

From these simple approximations one could conclude that when the
value of r increases, the net driving force for bubble rise will increase.
This conclusion is correct only in a limited range of bubble dimensions,
that is, in the case of ‘‘rigid surface’” bubbles. When the bubble sizes
increase at a given relative water-to-bubble-velocity V, the frictional
force increases, transforming the external surface of the bubble and the
originating internal movement of the fluid inside the rising bubble. The

critical radius at which this phenomenon starts is given by the empirical
formula:

; T 72.8 0.08
= = = U. cm
S -be 98l

The approximate value of r.=1 mm is consistent with the preceding
recommendations. Moreover, *‘rigid’’ or ‘‘dead’’ bubbles have a lower
gas exchange rate than ‘‘moving-surface’’ or ‘‘soft’’ bubbles.

These frictional forces also counteract the bubble rise, so that during
the contacting process, the bubble gradually expands by lowering of the
hydrostatic forces, and becomes deformed into flat-shaped globules by
the frictional forces and the internal circulation of the fluid. As a result,
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a macrorotational movement is obtained with secondary precession.
These appropriate movements are necessary for renewal of efficient con-
tact surface during gas-liquid exchange. Figure 11 gives a scheme of the
movements during bubble rise. The experimental velocity of bubble rise
in quiescent water is illustrated in Figure 12.

The bubble rise rate can be diminished in countercurrent contacting by
increasing the downflow velocity of the liquid. This technique (called
ballasting) is often used in practice, as it enables an increase in bubble-
liquid contact time without having to increase investments in contact
chambers. The new hydrodynamic conditions act in a very complex way
on the different force relationships involved with the bubbles. Therefore,
in practical systems, the average downflow velocity of the water should
be kept below 20 cm/sec and even preferably below 15 cm/sec. On the
other hand, to suck down the gas bubbles with the liquid flow, the
velocity of the latter must be higher than 40 cm/sec, preferably above
45 cm/sec. In the intermediate range, instability occurs in the flow, with
bubble agglomeration, hydrodynamic bumping phenomena and loss in
exchange efficiency.

From these comments it is apparent that hydraulic flow conditions of
the liquid to be treated in ozone contacting chambers are of primary
importance. Under ideal operating conditions, no short-circuiting should
exist and at no time should the systems be operated outside the critical
range of velocities for bubble ballasting: 15-45 cm/sec. (The practical
range is 20-40 cm/sec.)

Relative Performances of Counter- and Cocurrent Contacting

Since the driving force for ozone transfer is the difference between the
saturation and actual dissolved ozone concentrations, the countercurrent
process appears preferable as a technique for methodical exhausting of
the gas: the less concentrated the gas in contact with the water, the
higher the driving force for the dissolution of ozone. Moreover, ballast-
ing (increase in contact time) of the gas bubbles occurs. In cocurrent or
upflow injection, the gas is gradually exhausted of ozone, while the driv-
ing force diminishes concurrently. However, the initial dissolution is fast
and, in subsequent contact, the residual concentration is completed by
the slower gradual exchange of the already partially exhausted gas. This
enables maintenance of a residual concentration of dissolved ozone
which is sometimes even higher than that obtained by countercurrent
contacting. Typical experimental data are given in Figure 13.

In fact, this example should only be considered as indicative, because
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Figure 12.  Bubble rise velocity as a function of dimensions.

if the height of the contact column, water velocity or proportion of

ozone to water demand change, different results may be obtained. There-
fore literature data are often conflicting where the comparison of the

advantages of co- and countercurrent contacting are concerned [12,13].
The following conclusions, purely indicative, can be advanced:

—
1. To obtain the same residual ozone concentration after a prolonged
h contact time, countercurrent injection is more favorable than co-
current injection.
2. The instantaneous dissolved ozone concentration reached at low
’

iIse in cm

20

10

Bubble r

t=20°C

'

values of water head (1-2 m) is higher in the cocurrent-upflow systems.
3. Both systems can be applied, but if maintenance of a residual dissolved
ozone concentration is required, the countercurrent system is pre-

. ferred, since the ozone-water contact time is increased by ballasting of
Figure 11.  Scheme of movements during bubble rise. the bubbles.
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Figure 13.  Counter- and cocurrent efficiency. (A) countercurrent dissolution
(water flow downstream, upflow of air bubbles); (B) cocurrent dissolution
(upstream flow of air and water). Conditions: water flowrate = 15 cm/sec;
air/water flow ratio = 10%; ozone concentration in incoming air = 15 g/Nm?;
ozone quantity contacted = 1.6 g/m’; water column head = up to 4 m;
injection: porous ceramic diffuser (50-100 wm); inlet gas pressure = 0.5 bar;
water temperature = 11-13°C.

As a guideline, the minimum height of an ozone-contacting column can
be considered to be 2.5 times lower in the countercurrent contacting sys-
tems than in cocurrent columns.

Transfer of ozone without any reaction or decomposition occurs as a
double-film process. By investigating the liquid phase and expressing the
transfer in terms of ozone concentration in the liquid:

+ 3 kse -
dt_ L(s_)
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Considering C=0 at t =0 and integrating:

C
= k.St

S

where S is the specific exchange surface in the liquid film, which depends
on practical conditions, e.g., agitation, pressure and the ratio of total
volumes of gas and liquid.

In the gas phase, the practical concentration of ozone is expressed as a
partial pressure ratio:

_ p(O3)
p(T)

Part of Y is transferred to the liquid to form C and another part remains
in the gas phase:

._ POy
p(T)

Hence, (Y —Y*) is equal to the driving force in the gas phase for the
transfer of ozone to the liquid.

The practical exchange rate is proportional to the external surface area
of the gas phase (S) in contact with the liquid. In that case, the number of
molecules transferred as a function of the time is:

dM .
~— =keS( - YY)

The equilibrium condition is: what the gas phase releases, the liquid
phase receives. Thus, in the liquid:

dM
+— = +hSC - O

The whole process is schematized as in Figure 14.

Considering the integrated form of the transfer equation and plotting
log[(C, — C)/C] as a function of the time, an experimental value of k; S is
obtained as the slope. Under comparable conditions of S, that is the spe-
cific exchange surface, relative values for k; may be obtained for differ-
ent gases, €.g., k; is about 2.5 times higher for oxygen than for ozone
(0.05 cm/sec for oxygen and 0.02 cm/sec for ozone) [14,15]. These dis-
crete values result from the assumption that the nominal transfer ratio
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Figure 14,
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can be expressed as (k, SC,V)/W where V is the volume of the contactor
and W the power dissipated in this volume. In practice,

S [g7as flow per minute
'\j unit liquid volume

where F is a proportionality factor, depending on the concentration of
the ozone in the process gas (often =1.2).

For evaluation of the specific exchange surface, several equations have
been proposed. Besides the preceding approach, in a static water layer
through which an ozonated gas is bubbled:

Vi
k, =1.13 = 0.3-0.4 mm/sec
B
where D = diffusion constant for ozone in the liquid (e.g., 1.74x 103
cm?/sec)
Vi = relative upflow velocity of the bubbles in the liquid;
dp = average diameter of the bubbles.

The most reliable value for k, for ozone is 0.2 mm/sec while the kS
value appears to be about four times higher in agitated vessels than in
simple bubble rising systems [15].

CHEMICAL REACTIONS DURING OZONE TRANSFER

It has also been established [16] that if the rate of oxidation in a direct
ozonation process is limited by the chemical reaction rate of the dissolved
solutes (second-order reactions), the oxidation proceeds less efficiently in
batch plugflow reactors than in stirred contactors. In practice, the oxida-
tion of slowly reacting compounds kinetically takes place for the most
part as a function of the dissolved ozone concentration. More reactive
species react immediately during the contact process itself, and in this
case the reaction is favored by mixing.

As a consequence, if the ozone transferred to the liquid is consumed by
a chemical reaction, the specific transfer coefficient, k,, no longer is
influenced by the diffusivity only, since a significant part of the ozone
dissolved in the liquid phase is exhausted continuously. Hence:

k(®) _

L

B

k. (R) > k; and
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wherfa k; (R) is the transfer coefficient in the presence of the chemical
reaction. An approximation for B is [16]:

B= [1+2K
ki

where k, is the first-order reaction constant of the substrate oxidized by
the dissolving ozone (Figure 15).

The reaction is of the “‘slow”’ type if Dk, /k? < 1. If there is no residual
ozone present (C =0) the transfer equation is:

dM/dT = k,SC,V

wh'ere _V=volume of the liquid. If the reaction is very fast, as with the
_ox1dat10n of iodide, k, >>k, . Then the total quantity of ozone can react
in the exchange layer without diffusion into the medium and, in that

case, Cg —0 and
p= |2k
ki

Thus, dM/dt=CS vDk, and k; S=SvDk,
In this case, the rate of ozone transfer is influenced only by the value
of k; . Also, the bulk volume of the liquid phase may be neglected as long

as k, is sufficiently high. Mixing improves the reactions during the
diffusion.

OZONE DESTRUCTION BY THE CONTACTING SYSTEM

On several occasions it has been advanced that part of the ozone could
be decomposed in the bubble-forming process itself without efficient
reaction. Experiments with ‘‘superozonated”’ water, without any further
ozone demand, have given the following ozone losses during dispersion
in the order:

packed columns = bubble columns < gas disperser (< vortex impeller)

I\_Io comparative data are known for ejectors, static mixers or gas-liquid
circulating systems.
At alkaline pH (> 8), the same order is maintained, but the packed

column has lower decomposition losses than the countercurrent bubble
column.
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Figure 15.  Schematic representation of effect of reactions on ozone transfer.

Obviously, this situation only occurs in the absence of substances
reacting with ozone and for waters free of ozone demand. In such cases,
the losses can reach 5-10% for the static systems; and up to a maximum
of 25% has been advanced for certain dispersers (vortex impellers exhibit
variable losses of ozone with time due to the instability of the method).
This destruction of ozone may result partly from compression of the
ozonated gas or a mixture of gas-water containing the ozone.

Part of the specification for mechanical ozone contacting systems
must be: the concentrated ozonated gas must not be compressed at a
pressure exceeding 3 bars (absolute) and preferably less than 2.5 bars.
Therefore, although appearing similar at first sight, a difference exists in
this respect between the gas dispersers and the liquid circulating turbines.
The latter are in fact high-performance multiejectors (see below).

In these experiments, the process gas flow often is not measured at the
exit of the contacting chambers and, therefore, the data are often argu-
able (see above). The pressure applied for flow correction at the exit of
full-scale contacting chambers often is questionable.

Similar problems may be associated with the sampling method used in
the analytical determination of ozone concentration in the offgas. To
obtain comparative results for different contacting systems, the counter-
pressure at which the gas flow is measured must be constant or corrected
for normalization.

In the analytical determination of ozone, another method is advanced
for ozone decomposition: bubbling through sintered glass (Figure 16),
e.g., in a washing flask. Consequently, bubbling through a tube or into a
Muencke flask may be preferred. To investigate the question of ozone
decomposition by the bubbling systems, Masschelein et al. have con-
ducted some investigations in an experimental column [17].

In these preliminary experiments [17], the air containing ozone is cir-
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Figure 16. Scheme for testing ozone decomposition by bubbling through
sintered glass.

culated through the system and partly destroyed without passing through
the porous diffusing elements. This is due to several factors, which
include the influence of light and turbulence in the gas flow. Therefore
the concentrations taken into consideration for comparison must be
rigorously those measured at the exit after or without passage through
the diffusers.

Ozone concentrations are expressed at constant in- and outflow which
is measured with a volumetric apparatus. It appears that diffusion
through porous borosilicate glass has no measurable effect on ozone
decomposition when carried out under conditions free of ozone demand
and with negligible delays with respect to thermal decomposition of
ozone. In the literature, part of the discussions of this subject probably
may be related to the lower exchange capacities of rigid gas bubbles pro-
duced by fine diffusers even in analytical determinations.
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Table II.  Ozone Concentrations (g/ Nm3 gas)
for Fritted Diffuser

Water Column Height

Diffuser

Pore Size 0 mm 300 mm
(um) Ozone in Ozone out Ozone in Ozone out

150-200 2.48 2.50 2.47 2.49
40-90 2.52 2.53 2.52 2.53
10-20 2.47 2.42 2.47 2.46

PRACTICAL OZONE CONTACTING SYSTEMS:
GUIDELINES FOR DESIGN AND OPERATION

Ozone Bubbling Through Porous Pipes

This method still remains the most widespread contacting system for
water ozonation, especially in the treatment of clear waters. The dispers-
ing elements generally are porous ceramic pipes; however stainless steel
floors or plastic dispensers are also available.

The diffusers are installed at the bottom of the injection or contact
chambers in which a sufficient reaction time must be maintained, €.g.,
up to 20 min average residence time of the water. Typical arrangements
are a sequence of four to six baffled flow-through chambers as illustrated
in Figures 17 and 18.

The philosophy of the process is based on the plugflow reactor prin-
ciple, approaching ‘‘batch-type” reaction kinetics. Therefore, the total
ozone consumption can be divided into appropriate substreams in each
consecutive chamber to maintain a more or less constant residual concen-
tration of dissolved ozone. The purpose of the method is to destroy
refractory compounds and to provide viricidal action in the final treat-
ment. In most cases the first injection satisfies the immediate ozone
demand and is designed to inject 50-70% of the total ozone. A residual
ozone concentration of 0.4 mg/1 usually is attained in this first contact
chamber, and this concentration is maintained by injection of the
balance of the ozone.

The diffusers should produce bubbles with average effective radii of
about 2 mm. In practice, diffusers with a pore size of 50-100 pm are
installed at the base of a water column 4-6 m in height. The head loss of
the immersed porous diffusers must be maintained at 300-500 mm water
column. Average gas flow in each contacting column usually remains
below 10% of the water flow.
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Multistage contacting chamber equipped with porous diffusers.

Figure 18.
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Based on bubbles with r =2 mm, the total available surface for gas-
liquid exchange per m?® water is then approximated by the surface of the
gas bubbles, that is =0.150 m?/m?® water.

In conventional columns the average downflow velocity of the water is
about 4-5 cm/sec. This has a limited effect on the velocity of bubble rise.
The present tendency is to increase the velocity of the water up to 10-15
cm/sec. This method requires the injection of ozonated air at a pressure
sufficient to overcome the head losses of the water column and the dis-
persing system, e.g., to 0.7 bar. The transit velocity within the baffles
should be limited to a value below 30 cm/sec in order to prevent parasitic
sucking of the bubbles into the adjacent chamber. To be able to use them
as a prevention device, the different baffled chambers must be inter-
connected in the gas phase. As a general rule, which has sometimes been
overlooked, the injection chambers should be designed in every possible
circumstance to avoid short-circuiting and consequent over- or under-
dosing zones (Figure 19). Losses inherent to the experimental conditions
can vary between 5 and 20% of the incoming gas concentration [18].

The advantages of the diffusion process are:

1. static operation without troublesome mechanical or electrical main-
tenance;

2. simple operation for maintaining a residual concentration of ozone by
repeated injections; and

3. capability to double the air-injection capacity of given equipment.

The drawbacks of the method are:

1. tendency of vertical ‘‘channeling’’ of the air bubbles without intimate
mixing of the air with the water; less ozone bubble contact results;

2. extreme importance of the porosity distribution in the injection pipes
to ensure homogeneous injection. On leakages or breakage of a pipe,
‘“‘torches’’ of ozonated air form, shortening the time available for
transfer;

3. oxides of iron and manganese have a tendency to precipitate on the
surface of the porous pipes at the sites where ozonated air emerges at
high concentrations; porosity changes result; and

4. on rising, the bubbles expand because of diminishing hydrostatic
pressure; with decreasing concentration and decreasing pressure, the
tendency to dissolution diminishes.

The energy necessary to ensure sufficient air pressure is 2-3 W-hr/g
ozone to be injected.
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of overozonation; (3) possible zone of underozonation; (4) parasitic flow of gas (to be avoided); (5) auxiliary exit of gas; (6)

diffusers.
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Turbine Modified Diffusers
(Obermauch, Diiren, Federal Republic of Germany)

A very elaborate tower system to prevent short-circuiting in ozone con-
tacting has been designed at the city of Diiren, in the Federal Republic of
Germany, and operated with liquid circulating turbines. The concepts
illustrated in Figure 20 are just as applicable to dynamic dispersing sys-
tems as to static contacting with diffusers. In this design the net contact
time in the transfer zone ranges to about 150 seconds. The basic design of
the contact chamber as illustrated here is to treat 600 m*/hr. Operated
with a gas-liquid circulating turbine [19], the losses are below 5% even at
aresidual concentration at the water outlet of 1-1.2 g/m?. The success of
the method is for the most part attributed to the symmetrical construc-
tion avoiding short-circuiting.
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Figure 20. Design principle of ozone contacting chambers at Obermauch
(Diiren, Federal Republic of Germany).
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Gagnaux Multiple Diffuser

A particular design for repeated injection in a single vertically super-
imposed contact chamber with repeated injection, as illustrated sche-
matically in Figure 21, has been established by Gagnaux of the Swiss firm
Sauter [20].

The technique is founded on the idea of transporting the gas by the
horizontal flow of the liquid, enabling use of partially exhausted process
gas in a first preozonation. What is particularly interesting is that no
extra energy, other than that causing the water flow, is required. Further-
more, a longer contact time can be achieved with a comparatively lower
construction cost than for double diffusion chambers discussed earlier.
The system is proposed with static mixers as diffusers, hence the operat-
ing cost is comparable to that of the diffusers (=2-3 W-hr/g ozone to be
injected). As the achievability of the process depends mainly on the rela-
tive velocities of bubble rise and horizontal water flow, its flexibility is
low. In this double-stage process, total ozone losses can decrease to less
than 5%.

Van der Made and Welsbach Diffusers [21]

Other, more classical systems for diffusing ozone into water with
porous elements are the systems of Van der Made (Figure 22A) (co-
current) and of Welsbach (Figure 22B) (countercurrent). Ozone losses in
both of these systems currently reach 20-30% for a specific contacting
energy consumption of 2-3 W-hr/g.

Torricelli Contactor [21]

Another ozone contacting system is the Torricelli contacting chamber
in which the ozone in the offgas is rediffused into the downstream cur-
rent of incoming water (Figure 23). The basic diffusion of ozone-
containing gas is achieved with porous diffusers in baffled chambers 2 m
high and with inlet and outlet pipes 10-12 m high. Hydraulic compres-
sion of the process gas to 0.3-0.5 bar after the first injection is a typical
feature of the system. Therefore leakages of the gas phase are one of the
major operational problems of the system. In the downflow preozona-
tion column the water velocity is below 150 mm/sec.

Losses in this system are below 5% of the injected ozone at conven-



178 CONTACTING CONTACTING WITH WATER, AND OFFGAS TREATMENT 179

OFF

]
mmlm»
V=~30cm/s
Ozone IN
Gagnaux diffusion contactor [20]. Repeated injection through
7
”
o) )

OFF OPEN
N —| ]
oo —— = @)
Water - Lo \<__ Water
ouT i IN
n o
S | e
wn 3 -y 1)
! - é o BRI
o o - C
~3 2 2 _ s
&= N L
> | Ozone
N ‘ o osonelf |
l 'l “BHO000O0C Ty
- Diffusers
Z 8 Figure 22.  Van der Made (top) and Welsbach (bottom) contacting systems [21].



180 CONTACTING

tional residual concentrations of 0.2-0.4 g/m? in the retention chambers.
The operational cost may be estimated at 4-5 W-hr/g ozone produced
for pressurizing the process gas, and at least 1 W-hr/g ozone contacted
for water head loss (>1 m).

Static and Sonic Mixers

Most recently developed static mixers could replace the porous dis-
persers. Except perhaps for that of the VAR-mixer (Sauter), the use of
these systems is not yet widespread. Other similar equipment includes the
Kenics, Koch and Komax mixers (Figure 24A), the Ross ISG and the
Yonkers sonic mixer (Figure 24B) [22].

These systems appear less suitable for ozone injection with mainten-
ance of a residual concentration than for the treatment of rapidly react-
ing compounds, including immediate bactericidal action. Exact ozone
losses in the absence of compounds reacting with ozone are unknown,
but are estimated to be 10-20%. The flexibility of the air/water ratio for
operation of the systems is a basic criterion for choice of specific equip-
ment. Operating costs for full-scale use are unknown, but may be esti-
mated at 4-5 W-hr/g ozone contacted: 2-3 W-hr for gas conditioning and
2 W-hr for accurate water flow. In the case of sonic mixing, the liquid
introduced into the high energy field is dispersed in the form of droplets.
By reversing the gas and liquid flows, the gas is dispersed into the liquid
““as fine bubbles.”” Under conditions of high liquid flowrate and low gas
flow (about 1%), the sonic mixer produces an extremely fine bubble pat-
tern. At a more conventional operation of the system, e.g., one volume
of gas per four volumes of liquid, the yields are similar to those of con-
ventional systems. There exists no real cost evaluation as yet for pilot- or
large-scale application of the ultrasonic mixing systems.

Contacting with Injectors

Historically, ozone dissolution using an injector is the first system used
on large-scale since the Otto process was applied at Nice in 1906 (Figure
25). More recent versions are the partial injectors (contacting ozone with
a side stream), leading also to direct “‘pipe injection’’ and sophisticated
repeated injections, such as ‘‘slow downflow injection’’ including ‘‘deep-
shaft”” or ‘“‘multisubmerse’” methods. The Grace cocurrent contactor
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(now called the Union Carbide Partial Pressure Injector) is based on sim-
ilar principles.

In the Otto total injector system, (Venturi injector), ozonated air is
sucked into a contacting column 5-6 m deep by the flow of the water
system. By using a pressureless process gas, one must maintain a mini-
mum downflow velocity in the expanding zone of the ejector at 40 cm/sec.
Per phase of injection, the ‘““minimum’’ head loss of the water is about
2 m; however, in practice, head losses of up to 20 m frequently are en-
countered. This head loss is necessary to prevent sudden variations in the
offgas flow.

In this case the average energy required for ozone contacting approaches
15-20 W-hr/g ozone (costs up to 31 W-hr/g ozone are possible).

For a single injection the losses often are as high as 30-40% of the
ozone introduced; hence the system is less favorable except perhaps for
certain preozonation systems. Seeing that the process gas can be pres-
sureless, the suction of offgases to a separate contactor appears as one of
the attractive possibilities of this equipment. The water/air flow ratio
often is critical, but this difficulty can be obviated by operating several
injectors in parallel.

Direct injection of the ozonated gas to a transport pipe would be an
attractive possibility to develop an ozone contacting system. The process
is entitled ‘‘hydrokinetic injection’” and has been attempted (Figure 26)
[23]. The injection tube for the substream containing dissolved ozone is
oriented in the opposite direction of the main flow. The relative velocities
are given in Figure 26. The water flow of the substream is about 1/10 to
1715 of the total flow. There is an increase in total pressure in the sub-
stream, which on introduction to the principal water flow brings about a
certain expansion with bubble formation. Good results are obtained for
bactericidal effects not requiring dissolved ozone residuals for long
periods.

No practical data have been published on the dissolution yield or the
percentage of ozone losses released at the vent. The major problem of
this technique is associated with the gas purge after injection. This is
necessary for venting of the nitrogen stripped, but the offgases may con-
tain ozone in amounts of an unpredictable variability. Special attention
must be given to the problem of corrosion, as the method is not suitable
for use with standard materials.

At low ozonation rates, injection costs with this hydrokinetic method
can decrease to as low as 0.5 W-hr/g ozone if the water pressure of the
main flow is 5 kg/cm?®. The method could be suitable for partial pre-
ozonation of raw water to promote the micellization effect.

Multistage total injector systems have been described in the literature
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Figure 26.  Hydrokinetic injection system.

[24] to improve the overall efficiency of ozone used. To limit the costs of
the ““injector system’’ the method of partial injecting has been proposed,
in which ozonated air is sucked into and mixed with part of the water.
The mixture then is injected at the bottom of a contact chamber in which
the water to be treated is circulated. Obviously, from the standpoint of
reaction mechanisms and kinetics, the system involves an excessive expo-
sure of part of the water while another portion, the most significant, is
not treated directly with ozonated air at high concentration. As a general
rule, the proportional volume of air/volume of water operated in injec-
tors depends on:

1. adecreasing function of the immersion depth of the injector shaft into
the liquid;

2. an increasing function of water pressure; and . o

3. amaximum is reached at sufficient water pressure for a given injector.

In ideal operation, ozone losses can be below 15%, but the flex.ibility
being poor (less than 20% in variation of vol air/vol water is admitted),
the system is often difficult to operate in unsuited circumstances and
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therefore does not meet practical needs. In this case the losses increase
significantly.

Injection of the substream can be performed at low counterpressure
(CEO France or Diisseldorf system) or at high counterpressure (Chlora-
tor system) (Figure 27). These systems are suitable for the injection of
pressureless ozonated air. The injection depth is generally limited to less
than 5 m.

The substream represents 5-10% of the total flow. The low-counter-
pressure system, when ideally run, enables ozone contacting with a cost
of 4 W-hr/g ozone (e.g., Diisseldorf system) [25,26]. Average costs for
the high-counterpressure method may rise to 10-20 W-hr/g ozone, but
practical costs up to about 30-45 W-hr/ozone have been reported (e.g.,
Konigsberg and Salzburg) [27-29].

Above all, one must consider the process as being surpassed by newer
methods. It should only be emphasized in this present development when
water pressure is available, for instance through gravitational head and
in certain conditions for reinjection as a preozonation stage. The lack of
flexibility can lead to complex systems in which several injectors of dif-
ferent nominal flows are incorporated to enable more flexibility in
operation [30].

& OFF l
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Figure 27.  Scheme for low- and high-counterpressure injectors.
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Ozone transfer in the injector system is promoted by the high turbu-
lence in the injector shaft, in which the pressure increases gradually to
reach a maximum. The downflow velocity in the injector shaft is >2
m/sec.

A better knowledge of the bubble migration velocity and ozone gas
transfer has resulted in diminishing the downflow velocity of the water to
be treated (Figure 28) [12,18]. The advantages of the process are:

1. Operation without mechanical equipment for agitation is possible.

2. The process involves a gradual increase of the hydrostatic pressure on
the air bubbles when the ozone concentration in the air gradually de-
creases; this promotes dissolution.

The drawbacks of the method are:

1. There is a tendency for vertical travel of the air bubbles, with only par-
tial direct ozone-bubble-to-water contact.

2. Critical importance of the air to water ratio results in less flexibility of
operation of a given equipment; the process is characterized by prac-
tical operation conditions of 5-10% air flow compared with the water
flow.

3. High reliability of the safety equipment is required to avoid ozone
leakages when the flow of water is insufficient.

4. In the contact column, there is some tendency to strip off the residual
ozone on release of the exhausted air.

To favor the dispersion of the ozonated air, the gas is best admitted to
the system at a pressure of at least 0.5 bar. The resulting specific energy
consumption is about 2-3 W-hr/g ozone. The input point of the ozo-
nated air must be located at least 30-50 cm above the outflow level of the
water. The head loss of the water, resulting from the critical downflow
velocity, is 80-150 cm. The total necessary charge available ranges from
120 to 2 m water column. The additional resulting cost depends on the
concept of the entirety of water flow. The energy required is generally
about 2 W-hr/g ozone. The total energy required for the injectionof 1 g
O,/hr ranges from 4 to 5 W-hr. With less flexibility of operation, the
total injection technique presents comparable performance to the porous
pipe injection systems.

The principle has lead to commercial systems such as the Submers
reactor from Waagner-Biro (Vienna) and, to some extent the Grace co-
current contactor (now the Union Carbide Positive Pressure Injector).

In the Submers reactor (Figure 29) an underwater pump recirculates
process water at a head necessary to operate the system. Basic design
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values for ozonation are a downflow velocity in the shaft of =30 cm/sec
and a water head of about 1.0-1.20 m in the recirculating tube. Shaft
depths can vary from 4 to 10 m, according to the overall design.

The basic design is conceived to recirculate 10-20% of the total water
flow with an air-to-water volume ratio of 1/5. In the total contact basin
as many Submers units as necessary can be installed so as to meet the
demand. Hence, in principle the process is as suitable for low ozone
demands, e.g., in swimming pool water or disinfection of groundwater,
as for the treatment of highly polluted water, by installing the necessary
quantity of units.

To disperse the incoming gas, ozonation is best performed at a gas
pressure of 0.5 bar, hence 2-3 W-hr/g ozone are necessary for this pur-
pose. The additional costs for water lifting range to 2 W-hr/g ozone per
unit. Thus, the total cost ranges to 4 W-hr/g ozone for a single unit using
air as the process gas. Similar dispersion with rapid submersed pump-
ejector systems is more expensive and the dissolution yield can be lower
(e.g., the Penberthy injector).

In the Grace cocurrent contactor (now the Union Carbide Positive
Pressure Injector), the basic options for design are those of the slow
downflow injector (Figure 30). This system involves bubble forming by
direct contacting of the influent gas with the influent water, which is
assumed to be a high ozone-consuming water, such as wastewater. Hence,
the process is more or less related to the ICI deep-shaft technique for
oxygen saturation. Basically the system is proposed for the use of
oxygen-rich process gases. Consequently, it is suitable for extended oxy-
genation and ozonation in a single operation. The costs for contacting
are those of slow downflow injecting systems to which must be added the
additional head for benched overflow in consecutive baffles. The con-
tacting system must be compared to combined ozonation-oxygenation
(aeration) processes, rather than to ozonation alone.

Ozone Contacting by Liquid Dispersion into the Gas Phase

Spray contacting devices generally represent a lower investment cost
than gas bubble to liquid transfer equipment. However, high gas solu-
bilities are required to limit the number of stages necessary. Hence, direct
spray towers, by which the liquid phase is dispersed in the form of drop-
lets into the gas stream, are not used for ozonation except in cases of
fast-reacting systems. Even cyclonic and high-turbulence spray units [31]
are not suitable for maintaining a high level of dissolved residual ozone.
Therefore the system probably will find only limited use in ozonation.
Losses often range to 30-40% of the incoming ozone.
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Packed Towers and Plate Columns

Packed contacting towers may sometimes appear interesting, as do
plate columns. In these systems the wet contacting surface is incre‘as.ed by
the packing material or plates. Ozonated air (Figures 31 and 32) is intro-
duced at the base of a contacting column filled with liquid-surface gen-
erating material, e.g., Raschig rings or Berl saddles. .

The wet surface can attain 200-250 m?/m?®, thus increasing the ex-
change velocity. Computed on this basis and compared tp the exchange
surface of free gas bubbles, the theoretical equivalent height (HET) for
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gas-to-liquid exchange is about three times less in packed towers than in
bubble columns. Therefore, in this case the construction may be lower,
e.g., 2 m. Plate diffusion columns with suitable bubble caps may have
performances similar to those of packed columns. Normally, packed sys-
tems are operated so that the liquid forms a thin layer on the packing
material. The film then is in contact with a relatively continuous gas
flow.

The design of the spraying nozzles is largely similar to those for oxy-
genation. Ozonated gas is introduced under the contact elements where,
in normal operation, a gas layer is formed. In varying conditions the
column can also act as a ““flooded contactor”’ or, at extreme water flow,
as a bubble column. In normal operation the yield ranges to 95-98%.

The packed columns are often interesting, as they enable reaching
higher concentrations in ozone (concentrations approaching saturation);
however, under normal conditions of water treatment, this is not
required. Furthermore, pressure conditions make the process more
expensive: the minimum head loss for a 2-m contactor is about 4 m water
column. For both of these reasons the process more often is designed to
contact a substream of water to be treated with the total quantity of
ozonated gas, and subsequently to mix this partial volume with the total
flow of raw water.

Because ozonation, even as a final treatment step, may cause traces of
iron, manganese and other deposits to precipitate on the packings, the
substream more often is clear water. The relative flow of the substream
to the raw water is 8-15%. The absolute pressure in the substream can
attain 2 kg/cm?. In this case the ozonated gas must attain at least the
same pressure. A corrosion-free (AISI 316 or 318) water-ring compressor
is the sole reliable equipment for this purpose known to be in practice.
Operation is expensive. It may be estimated at 20 W-hr/g ozone (with air
as process gas). The water substream in the contact column must have a
pressure of 5-8 m water column. The cost, therefore, depends on the
local circumstances, but may be estimated at 5-10 W-hr/g contacted
ozone. For subsequent contact of the superozonated substream with raw
water, it is necessary to reach a pressure of at least 1 kg/cm? more than
that of the raw water flow. This may require a specific consumption of
6-40 W-hr/g ozone, depending on the pressure of the water to be treated.

Moreover, little is known about decomposition of dissolved ozone
under compression resulting from pumping of the substream. Thus, the
total costs of the system as a whole are likely to be high and dependent on
local parameters such as pressure, ozonation rate, etc.

From the above comments one can deduce the energy costs to be 20-50
W-hr/g ozone. In the Sipplingen low-pressure process [32], the operating
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costs for the total flow contacting may be less. In this case the construc-
tion can be carried out in concrete. Estimated costs for the low-pressure
packed columns are 15-20 W-hr/g ozone. In the high-pressure substream
process, e.g., in Duisburg, Federal Republic of Germany, or in similar
processes, €.g., the WABAG system, the construction must be airtight in
steel resistant to moist ozone. In the latter system, the substream con-
tacting and mixing towers are combined in a single pressure vessel.

Ozone Contacting with a Curved-blade Radial Gas Impeller

At the Tailfer station on the river Meuse (Brussels, Belgium), some
full-scale experiments have been run with an air dispersing impeller.
Injection of ozone into the water is performed during flow through
baffled chambers (Figure 33). The average residence time in each injection
chamber is 2 min. The residual concentration of ozone dissolved in the
water is that measured after a 6-min total contact time, e.g., 2-min injec-
tion time and 4-min residual action time.

Each injection chamber, whether ozonation or preozonation, is com-
posed of a square, 3- by 3-m compartment. The impeller is placed 5 m
under the water level in the ozonation compartment. In a recirculation or
reinjection compartment, the ozonated air is dispersed under a 3-m water
column. This preozonation involves a compressor for recirculation of the
air from the main ozonation chamber to the preozonation chamber. The
ozonated air disperser is a commercial radial impeller with a backward-
curved blade turbine. To favor lateral dispersion of the air admitted to
the turbine when rotating at 2840 rpm, sophisticated deflectors are
placed on a horizontal plate. Only movement resulting from dispersion is
transmitted to the liquid by the turbine. The general construction is iltus-
trated in Figure 34. Operational costs average 2-3 W-hr/g ozone per
injection phase.

To improve the ozone contacting with gas impellers, partial recircula-
tion of the liquid, e.g., water, has been applied. Although still basically a
gas dispersing unit, the KERAG turbine enables partial liquid circulation
(Figure 35).

Units of this type are capable of dispersing 25-1000 Nm® /hr at normal
water pressure, and 15-500 Nm®/hr at 2 m immersion. The capacity of
the equipment drops drastically on immersion, e.g., 7-250 Nm? at 0.5
bar are the comparative limits for this equipment. Hence, the system is
essentially a surface gas disperser capable of partial liquid recirculation.
It is most often set up just under the surface of the water to be treated. Its
quintessence is the instant interaction of the concentrated ozonated air
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Gas impeller turbine (Rotoxyde type).

Figure 34.
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Figure 35. The KERAG unit.

bubbles with the water rather than the delayed action of a residual ozone
copcentration. According to pilot investigations, the loss of ozone at the
C).(lt represents 20-30%, and to provide a sufficient suction effect, the
dls‘perser requires about 7-10 W-hr/g ozone. The method appears’ less
suitable for the principal ozonation, but can be adapted advantageously
to preozonation. The process is advanced and produces very fine bub-
bles; therefore it is somewhat in contrast to the double-layer transfer
theory. To limit the energy costs, it is convenient to apply a substream
teghmque as, for instance, in the Rotterdam Waterworks, Kralingen
(Figure 36) also repeated contacting can be favorable to the s?ystem [33])
Alth_ough this does not follow the historical development of mechanic;
ally ggltated contactors, presently accepted concepts are that liquid cir-
culating devices are more efficient than gas dispersing turbines. More-
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Figure 36.  Substream ozonation in Kralingen, the Netherlands.

over, partial ozone decomposition has been considered possible in gas
dispersing systems involving compression-decompression in the absence
of a circulating liquid. The KERAG turbine is an approach to these con-
cepts of gas-liquid circulating.

Several “‘reduced-scale’” and pilot systems based on this gas-liquid cir-
culation concept have given satisfactory results and increased efficiency
of bactericidal action [12].

When immersing a helix propeller to about one-third of the vessel’s
depth, one can create a vortex by rotating the propeller at an appropriate
velocity. The movement imparted to the liquid enables a direct dissolu-
tion of ozone by swirling the ozonated air at 0.5 bar into the vortex zone
(Figure 37). This process enables good solubilization rates under proper
operational conditions, and ozone losses amount to less than 5-10% of
the quantity introduced.

The total contact time plays an important part in ozone dissolution
and greatly influences treatment efficiency in liquid circulating contact-
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Figure 37.  Experimental vortex contacting system.

ing. The‘refore': a liquid circulating impeller was tested with and without
crown-dispersion of the incoming gas [12].
Advantages of the process are:

I. Intimate contact is guaranteed of each portion of the water with the

Incoming concentrated ozonated ajr.
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2. The pressure of the ozonated air can be limited to 0.15-0.2 bar, since
the injection point does not need to be immersed more than 1.5 m.

3. The dissolution yield is good, and the recirculating process promotes
the “‘concentrated ozone bubble contact,”” with instant bacterial
killing.

Calculation of the recirculating characteristics of the propeller can be
performed on the basis of continuous mixing. The process suggests a
preferable circular construction of the injection chimney in which the
downflow velocity of the water is best maintained at 15-20 cm/sec. This
velocity contributes to a ballasting of the air bubbles.

Operation costs for the process are 0.5-1 W-hr/g ozone for the air
compression and about 3 W-hr/g ozone for the propeller enabling a
single injection (Figure 38).

After preliminary full-scale experiments at the Tailfer plant, the latter
has been equipped for twofold injection systems using liquid-circulating
aeration turbines (Figure 39). The turbine consists of a water-circulating
millwheel that sucks and mixes the ozonated air into the circulated water.
The unit is powered by a 1450-rpm motor (resistant to significant over-
loading) for a turbine of an injection capacity of 100 Nm?®/hr. During
normal operation, equal volumes of water and air are circulated, e.g.,
100 Nm? air/hr into 100 m?® water/hr for a motor power of 5.5 kWh. The
device permits normal operation ranging from 50 to 170% of its total
operating capacity. If less air is admitted to the system, more water is cir-
culated. The circulated air/water mixture is dispersed into the bulk of the
water to be treated through a series of outlet pipes that are placed ina
crown form between the deflecting blades. The turbine acts like a series
of injectors in a crown position between horizontal deflecting blades.

An obvious advantage of the system is the excellent dissolution
obtained even when high residual ozone concentrations are maintained in
the water. Dissolution yield increases when less air and more water are
circulated. The turbine is self-aspirating, thus the ozonated air does not
necessarily need to be pressurized before injection. Such a turbine there-
fore is particularly suitable for preozonation techniques for which no
intermediate compressor is required.

Energy consumption of the system, expressed on a comparative basis
with the air disperser, was 5.7 kWh, for a nominal injection capacity of
100 Nm?/hr. These figures represent approximately 5-6 W-hr/g ozone
injected. The cost of the air compression (2-3 W-hr/g ozone) eventually
must be added to these values if the ozone is generated in pressurized air.
The turbines finally installed at the Tailfer plant for full production
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capacity have a higher injection rate (Frings type 600 T-VAS for ozona-
tion and type 900 T-VAS for preozonation phases, respectively).

The nominal capacity for injection in the ozonation step is 200 Nm? /hr,
but flow changes between 150 and 300 Nm? /hr are possible. In the Tail-
fer plant, process gas aspirated by the turbine is available with a pressure
of 0.5 bar and the turbine circulates between 110 and 215 m®/hr effective
gas volumes with a 1.4-m water head for aspiration. This aspiration level
equals the difference in levels between the dispersing deflectors and the
exit of the guard tube. In the preozonation phase, the flow aspirated by
the turbine is 320 m*/hr at an immersion level of 3.1 m. The minimum
aspiration level of the turbine for correct operation is 1 m water.

Results obtained on full scale are the same as those obtained during the
preliminary investigation of the system.

Conclusion

In selecting ozone/water contacting systems for any particular case,

the following fundamental and engineering criteria must be taken into
consideration on a comparative basis:

1. average vent losses at a given residual ozone concentration in water

equivalent to the practical dissolution yield attainable;

overall costs of operating the systems reported on a reliable basis of
ozone consumption;

3. flexibility of air/liquid contacting ratio;

4. combined action of instant bubble contact and prolonged residual dis-
solved ozone;

5. the possibility of combination of repeated or multiple contacting
units;

6. approach of bubble size distribution to the theoretical effectiveness of
the contacting process;

7. simplicity in prolonged operation vis-a-vis being complicated by mov-
ing parts or clogging of static elements;

8. operation in pressurized or vacuum systems related to the possible
escape of offgases;

9. necessity of protection of contacting basins against corrosion or alter-
ations; and

10. the possibility of up-rating flow conditions in the contacting

structures.

Table 1II shows comparisons of the salient features of the various
types of ozone contactors discussed above.

Comparison of Contacting Systems

Table III.

CONTACTING WITH WATER, AND OFFGAS TREATMENT

Average
Estimated

Operating

Cost (W-hr
per g O3)

Major Disadvantage

Major Advantage

System: Example

2-3

Clogging and Channeling

Static

Dispersion with Porous Elements: Obermauch, Diiren

Repeated Static Injection: Sauter

o
o <

Critically Flow-dependent

Losses
Costs

Static

Static

Static Mixing: VAR-mixer; Kenics; Ross ISB

Sonic Mixing: Yonkers

Unknown

Static

15-20

High Losses

High Contact Rate
Low Cost

Total Injectors (rapid): Ottf); PPI
Pipe Injection (Hydrokinetic)

Partial Injection

0-5

Bumping

10-45

Partial Over- and Under-

Ozonation

High Turbulence;
Dissolution

High Counterpressure: Chlorator

Low Counterpressure: CEO France; Diisseldorf .
«Slow Downflow” Injection: Submers, Waagner-Biro

Spray Towers

4-5
Unknown

Channeling

No Moving Parts

High Losses

Low Investments

High Yields
Breakages

15-40

Clogging and Pressure Dependence

Packed or Plate Column

Less Ozone-Bubble Contact (losses)

Losses

Gas Impeller: Tailfer, Brussels, Belgium

Surface Turbine: KERAG

Vortex System

Accessibility
Simplicity

Experimental; Instability
Moving Turbines

High Bubble Contacting

Recirculating Propeller

205
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TREATMENT OF OFFGASES OF
OZONE CONTACTING SYSTEMS

Background

When injection of ozone into water is accomplished with ozonated air,
the initial concentration of the process gas is on the order of 20 g O;/Nm’.
Assuming a 90% practical yield for an average contacting system, ozone
concentrations in the offgas may attain 2 g/Nm?. On repeated injection
or preozonation, the final losses in the offgas can be on the order of
0.2-0.5 g/Nm’.

The threshold limit value (TLV) for ozone is 0.1 ppm (vol) or about
0.2 mg/Nm’, while a concentration of 0.6 mg/Nm’ (0.3 ppm vol) is
allowable for short residence times (less than 30 min). The toxicity of
zone is reviewed elsewhere [9,34,35], particularly for ambient concentra-
tions higher than the TLV or maximum allowable concentration (MACQC)
values.

Another aspect of the treatment of offgases containing ozone is related
to the possible impact of ozone in the atmosphere. In most areas, the
“natural” atmospheric ozone concentration varies with altitude from
0.04 to 4 ppm. Average ground-level concentrations are on the order of
0.02 ppm (vol). Seasonal changes have an important impact on these
concentrations. Daily factors also influence ground-level concentrations
of ozone; the highest concentrations normally are observed at the end of
the day in highly populated areas.

According to the most recent studies on the stability of ozone in the
ambient air, the half-life of ozone in “‘fog’’ is about 4-5 hr. The problem
is related to complaints originating from the proximity of ozonation
plants to houses.

The detection limit of ozone odor is in the range of 0.02-0.05 ppm
(vol). Working capacity of humans is not inhibited at concentrations up
to 0.3 ppm; at this level, the complaints remain subjective. No adverse
effect on intelligence has been reported after exposure to 0.2-0.3 ppm of
ozone. The limiting concentration of ozone that does not damage plant
growth is 1 ppm at ground level.

Preventive measurements for the safety of working areas and of equip-
ment must also be considered, and have been reviewed in the literature
[35]. These include appropriate venting of the rooms, hydraulic joints to
tighten the contacting chambers, and special devices to isolate possible
leakages from cable and pipe joints into concrete contacting chambers.
Special stress must be placed on the fact that taking appropriate mea-
sures for the destruction of ozone in the offgases and the venting of the
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working areas also is necessary to protect the electronic parts of moni-
toring equipment. ‘ . .

Presently available methods for elimination or destruction of ozone in
contactor offgases are:

preozonation;

recycling of the offgases (to the ozone generator);

dilution (before venting);

washing and/or chemical scrubbing;

thermal decomposition;

adsorption and reaction on combustible support;

catalytic decomposition; and B
adsorption accompanied and/or followed by decomposition.

00~ R W

Some of the techniques are still experimental in nature. At presept,
thermal decomposition is the most widely used method, but the high
energy costs involved stimulate further research on the subject.

Preozonation

In preozonation, the air escaping from the contacting chamber is
reinjected into unozonated water (see Figure 33). In the case of ozona-
tion used as a finishing step in drinking water treatment, the yield of
ozone absorption in the preozonation phase is once again on t}.w O{der of
90%. The problem remains; however, the ozone concentration 1s now
lowered by a factor of 10, e.g., 0.1 g/Nm’ instead of 1 g/N'm3.

By preozonating raw water containing rapidly reacting dissolved sul?-
stances and bulk material, ozone in the offgases can be destroyed q1'1ant1-
tatively. However, most existing treatment plants have not been designed
for this purpose. Thus the raw water intake is often far from the ozona-
tion plant. Also the basins and work areas where the raw—wgte.r.flow is
accessible for ozone contacting usually are not foreseen in the initial con-
struction, with the securities required for ozone contacting. In new
designs the preozonation of raw water may receive more attention when
establishing designs for the future. . .

The preozonation system needs cither a self—aspiratlpg device, €-g. an
injector of water-circulating turbine, or a compressing stage with an
appropriate stainless steel water-ring compressor. Energy costs to oper-
ate the systems range in the following order:

e injector: 200 (max. 800) W-hr/Nm?;
e turbine: 100 (max. 200) W-hr/Nm?3; and
e compressor: 80 (max. 150) W-hr/Nm?;
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Part of these costs may be deduced as being due to the use of ozone in the
preozonation phase: +40 W-hr/Nm?® offgas recontacted.

Recycling

Recycling of the offgases to the ozone generator normally is practiced
when an oxygen-rich gas is used for ozone generation. This technique is
based on economical reuse of oxygen, which is the determining factor.
The method has been attempted by the city of Paris at the St. Maur
plant. To be successful, the offgas must be either pressurized or sucked
through the gas conditioning system of the ozone production chain, as
indicated in Figure 40.

However, gradual enrichment of nitrogen and carbon dioxide contents
in the recycled gas [6] is inherent to the process even if air only is used.
Therefore a purge and a supplement of fresh gas are necessary to prevent
a drop in the ozone production yield. Efficient trapping of trace organics
also is necessary, to avoid their gradual accumulation on the adsorbent in
the drying tower. Corrosion-free materials or materials resistant to moist
ozone also are necessary at certain points in the recycling chain.

Ozone in the contactor offgases gives no real increase in ozone concen-
tration at the exit of the ozone generator. This corresponds to the con-
cept of the ozone generator being a chemical reactor operating at
equilibrium [7].

The extra costs for treating the offgases associated with the process are
essentially those of compressing: 80-100 W-hr/Nm?®. The extra cost for
special corrosion-resistant materials used in the gas preparation and re-
cycling chains is dependent on the plant. It may vary between 5 and 10%
of the costs of the ozone producing and contacting system.

Dilution

Dilution of the offgas containing the lost ozone by fresh air in the
venting system is sometimes a practical method. However, the dilution
ratio needed to reach the safety objective of 0.1 ppm ozone in the vented
offgas directly could be extremely high, e.g., between 5000 and 10,000.
Therefore, the method is only practicable after extensive use of the resid-
ual ozone, e.g., through preozonation, and by ensuring an appropriate
rate of atmospheric dilution, e.g., 8-10, by adapting exhaust stacks.
Under these conditions, a dilution ratio by forced venting of 100-120 is
sufficient. With a lowering of 10 mm water column at the point of
aspiration, the operating costs amount to 8-10 W-hr/Nm? offgas.

Supplement gas
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Despite these very favorable operating costs, the technique remains
rarely used. Major problems are the noise produced by the enormous
centrifugal ventilators, which exceeds the permitted limit of 60 dBA and
gas flow regulation for the different conditions of production, which is
of very small variability and may interfere with the progress of ozone
contacting. Practical designs for application of the dilution method are
the use of air ejectors placed in a noise-absorbing space and thus aspir-
ating the offgas (Figure 41). By this technique, less regulating equipment
is necessary.

In the case of the Notmeir plant in Belgium, where the capacity of
ozonation is not high (max. 6 kg O, /hr), offgases from ozonation can be
mixed with the exhaust gas of diesel engines or pump motors. In the lat-
ter case, the residual ozone reacts with impurities of the exhaust gas. The
necessary dilution ratio thus can be lowered to 35 (max) or even, under
extreme conditions, to 10.

Washing

Washing the offgas with water in spraying towers is not an efficient
method for removal of ozone from offgases, even when the contact
tower is packed with Raschig rings [35]. At higher concentrations than
the usual, ozone abatement can reach 50%. Actually no studies have yet

?

chimney

(1)
OFFGAS

ditution{100) |
gas

Figure 41.  Treatment of offgases by air ejection.
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been reported that use ozone-reducing products. Operating costs are
limited practically to those of ventilation, and are about 5 W-hr/Nm?.

Elimination of residual ozone by scrubber-ventilation equipment using
an appropriate reductant at first sight may appear to be an attractive pos-
sibility. In this case, one must add to the ventilation costs (5-6
W-hr/Nm?) those for the reductant which are estimated at 20-50
W-hr/Nm?® and are dependent on the ozone concentration in the offgas.
Several different reductants have been studied in the scrubbing system.
The most important include solutions of ferrous sulfate and/or sodium
chlorite. From preliminary investigations, this technique seems less suit-
able, since the reaction rates are insufficient to remove the ozone to
appropriate levels {35].

Thermal Decomposition

Thermal decomposition is at present the most widespread technique
for elimination of ozone in the offgases of ozonation plants. Three prin-
cipal techniques are available:

1. heating in a single-passage electrical resistance;
2. heating through a thermal exchange; and
3. heating and combustion by burning.

The respective investment costs are 1, 2.5 and 1.3, respectively, for the
three techniques.

Ozone in air is more stable than in water; its half-life in the gas phase
may vary from 4 to 12 hours at ambient temperature.

Thermal decomposition of ozone in air starts as early as 30°C and is
significant at 40-50°C. At 200°C the destruction rate is about 70% and
at 230°C, 92-95% within 1 min. At 300°C and higher, 100% decomposi-
tion is achieved within a reaction time of 1-2 sec (Figure 42).

Heating in a single-passage electrical resistance is a simple flow-
through process with large capabilities for easy automation. Head losses
are on the order of 20-30 mm water column. The released gases attain
temperatures of 250-300°C, and require the use of refractory materials
in the construction of the exhaust chimneys. Moreover, overdimension-
ing of the exit pipes is required to enable localization of the heating units.
A gas flow of 300100 Nm?*/hr demands a section of 0.6 0.6 m to be
treated. Operating costs of the system vary from 130 to 170 W-hr/Nm?
offgas.

Heating the offgas in a heat exchanger enables recovery of part of the
energy by preheating of incoming gas. The total construction is larger
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Figure 42.  Ozone half-life in air as a function of temperature.

L{
Figure 43

than for resistance heating and is illustrated in Figure 43. Operating costs
may be evaluated on the basis of practical existing systems at 85
W-hr/Nm’. Because of the exchange process, the final temperature of
the exit gas attains 90-100°C, thus enabling the use of conventional
materials for construction of conduits.

Head losses in the systems can amount to 1 m water column. This high
value renders automation difficult. Furthermore, centrifugal ventilators
are hardly resistant to corrosion caused by moist ozonated gases. There- : — -
fore, they are best placed after the destruction units to evacuate the gases
by aspiration and blowing. For heat exchangers and blowers placed up-
stream, the exchanger must be built of corrosion-resistant materials,
e.g., stainless steel AISI 316 or 318. In this sequence, the blowers must be

3300

580
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of the water-ring type, and operation costs are prohibitive. Therefore,
aspirating equipment is best placed at the exit of the destruction unit. In
this case, conventional constructions with corrosion-resistant €poxy
coatings are sufficient. With oxygen-rich process gases the equipment
should correspond to the applicable safety requirements.

Besides the directly heated thermal exchanger, destruction can be
achieved in an indirect exchanger, e.g., of the Frolich type (Figure 44).
The system is installed in the Amsterdam works at Weesperkapsel. In this
system, the heated gases are exchanged with the inflowing offgases that
reach 200°C at the exit. The exchange yield is 60-70% and the preheated
gas is then directed to an oven equipped with a fuel-oil burner operated
to heat the offgases at 300°C. The exit gas of the oven is then directed to
the Frolich exchanger to preheat the incoming offgases. The exchanger is
constructed of stainless steel and equipped with borosilicate glass pipes
through which the heated gas is circulated.

The flexibility of the total system is based on the large flow fluctua-
tions admitted by the burner system, e.g., between 5 and 100% of the

* heated air stream

-
© O 6D
0. %0 o
e, e
LI

of f
gas

Figure 44.  Frolich exchanger.
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design capacity. Operation costs require 10 ml fuel oil/Nm? offgas and
10 W-hr/Nm? for the auxiliaries.

Preheating the offgases by a suitable exchange process not only
enables economizing part of the operation costs, but also enables lower-
ing of the process temperature in the combustion zone. At a 120-sec resi-
dence time of the offgas in the heated oven, 350°C is necessary to achieve
complete destruction. The design also must ensure sufficient mixing of
the gases in the oven. The total equipment occupies considerable space
(Figure 45).

[ [ B
N
7
Operating

u = 1

| Combhustion air ‘
{—. . . )

OZONATED AIR

Figure 45.  Scheme of a combustion oven for ozone destruction.
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The approximative dimensions of the oven illustrated in Figure 45,
designed to treat a flow of 400 Nm?/hr of offgas, are 2.2 m in diameter
and 10 m in length; hence, an interior volume of about 10 m? is required.
The total gas flow must be regulated as well as the combustion rate to
maintain the desired temperature. Without secondary heat exchangers,
the operational costs require 30 ml fuel oil/Nm? offgas to be treated,
while 10 W-hr/Nm?® is necessary for auxiliary equipment, blowing and
regulation of the burner.

Adsorption

Destruction of ozone by adsorption on a combustible support consists
in practice of the use of an upflow filter filled with an activated carbon
layer. The ozone consumes the carbon by slow-rate combustion.

Fundamental design parameters are to use 2 liters (~1kg) of activated
carbon to treat 1 Nm®/hr offgas and to construct the filter with a carbon
layer thickness of 1.2 m. The head loss which results is 0.2-0.3 bar. To
obtain a complete reaction, the filter layer is best heated to 60-80°C.
This warmup is best obtained by circulating boiling water into a periph-
eral exchanger surrounding the filter.

The process can sometimes evolve to unsafe conditions in which severe
explosions can occur. These are caused by accumulation of unstable
reaction products of ozonation, e.g., hydroperoxides. CO radicals also
can be formed, inducing high energy-releasing conversions of carbon
oxides. These risks are avoided by appropriate water-spraying over the
carbon layer. The system is also forbidden in using oxygen-rich gas for
generation of ozone.

Its low cost of operation is an advantage of the process, as it requires
only 12 W-hr/Nm? offgas to be treated.

Catalytic Decomposition

Catalytic decomposition of residual ozone in the offgas enables a
faster decomposition of ozone than with activated carbon. Most cur-
rently available catalysts are based on palladium, but other metal oxides
such as manganese and nickel oxides also can be active. Sometimes the
active catalyst is coated on a support to enable easier operation, e.g.,
palladium-based coating on aluminum granules. The exact formulation
of commercially available catalysts always remains proprietary to the
manufacturers. Furthermore, present knowledge in this field is only pre-
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liminary [35-37]. The most widespread catalysts for use in ozone destructlgn
are CO037 and E 221P, obtained from Degussa, and the Harsaw-Mn -
201T catalyst. All of these catalysts are rapidly exhausted when moisture
is present. As this is always the case in ozone contactor offgases, per-
ing of the mass is necessary.

maglcfrn tthteét(l)gﬂ (Degussa) catalyst the optimupl opera_Lting temperature
is between 70 and 80°C, while during regeneration pezlods tt}e ter.npera;"
ture must be raised to 120°C, but must not exceed 130°C. Acid qx1des 1(1)

boron, nitrogen oxides and most chlorine compounds may deactwatgt e
catalyst irreversibly. The minimum contact time necessary to obtain af
significant destruction rate is on the order of 0.4 sec at an ozone concen

tration of 10 g/Nm®.

The velocity number (hr ') is (Table IV):

vol offgas treated (Nm?)
vol catalyst (m?) x time of 1 cycle

VN = (hr 1) =

This velocity number is a direct function of the ozone concentration in
i i i 46).

the gas under consideration (Figure . .
Experiments on dry ozonized gases treated at 15°C have confirmed the

basic relationships of Figure 46 [37]. At amblgnt temperatures‘, thefsfame.

quantitative decomposition of ozone is obtained with a moist ofigas;

is shortened.

however, the length of the process cycle is s ' '
According to our experiences in Brussels, the Optlmtlm operating

temperature of the catalyst bed can be between 30 and 40°C [37], when

Table IV.  Ozone Decomposition Rates over COO37 Catalyst
as a Function of Catalyst Bed Temperature
(=99% Destruction)®

Gas/Catalyst
Dew Point Volume Ratio
Tem(;:e(l;s)iture G N/
15 20 4,800
26 20 13,300
31 23 280,000
42 20 590,000
46 20 107,000
60 5 67,000

aEmpty bed contact time = 1 sec.
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Figure1 46.  Correlation of velocity number and ozone concentration for CO037
catalyst.

.the Siestruf:tion yield is considered with the costs associated with the heat-
g mntensity.

The E 221P catalyst is a palladium catalyst described to be able to sup-
port a more intensive regeneration than COQ37. Regeneration tempera-
t}lres up tp 520°C during 8 hours have been advanced. Also the inactiva-
tl‘OIl by nitrogen oxides and chlorinated products is reversible on inten-
sive thermal regeneration. Sulfur compounds poison this catalyst.

Qn the same basis as the data for the COQ37 catalyst, the volume
ratios for at least 99% decomposition (at the initial cbnéentration of
3+1.5 g O;/Nm’ are established for the E 221P catalyst as shown in
Table V. The Harsaw MnO-201 T (1/8 in.) catalyst provides equal per-
foFmance.s at ambient temperature when applying a dry process gas
Wlth moist offgases, however, the catalyst gives a lower yield, even a£
hlgl:e? t'emperaltures of the contact bed (Table VI). These ma’nganese-
containing catalysts appear ici ioni
e saturatedywnhp‘saterfo be less efficient for ozone destruction in an
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Table V.  Ozone Decomposition Rates
over E 221P Catalyst?

Catalyst Gas/Catalyst
Temperature Volume Ratio
(&) (Nm3/m?)
15 36,000
25 13,000
28.5 27,000
30 400,000
37 1,070,000
43 560,000

aBased on a theoretical contact time of 1 sec. Dew point is 20°C.

Table VI.  Ozone Decomposition Rates
over Mn0O-201 T Catalyst?

Catalyst Gas/Catalyst
Temperature Volume Ratio
(8} (Nm?/m?)
40 32,000
50 67,000
60 93,000

aTheoretical contact time = 1 sec. Dew point = 20°C.

At present, further investigation is necessary of both the costs and
operational characteristics of the use of catalysts for ozone destruction.
The available data reported here enable a first approximation of direct
operation costs of about 5 W-hr/Nm® offgas to be treated. These include
heating of the contacting layer containing the catalyst. Poisoning fre-
quency and the price of the catalyst are other important economic
aspects inherent to the process.

Adsorption/Decomposition

Adsorption and decomposition is another technique for possible aux-
iliary destruction of ozone, e.g., in the gas recycling processes.

Silica gel has the property, when freshly activated, to fix the ozone
from a transient gas. The data are summarized in Figure 47. The contact
time theoretically amounts to 8-10 sec and the mass is gradually
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Figure 47.
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exhausted. After several thermal regenerations, the ozone decomposition
properties of the mass are lowered. Zeolite-containing components
behave similarly to silica gel but exhaust slower than does silica gel.
Moreover, the deactivation of active sites is not irreversible after a pro-
longed operation time.

The exact conditions for the operation of the adsorption-decomposition
technique, involving thermal decomposition of the adsorbed ozone dur-
ing the regeneration, still require further investigation. These are more
particularly concerned with the abrasion and degradation of the
adsorbing material on repeated thermal regeneration.

The basic idea of these processes is to find a contact material capable
of concentrating ozone by adsorption from the offgases and to enable
thermal and/or catalytic destruction by heating a reduced volume com-
pared to that of the original flow of the offgas. Data on the subject have
already been published [35], but further research is still under way. The
most promising materials are adsorbing zeolites.

Some manufacturers of ozonation equipment, however, are concerned
that adsorption of ozone onto solid surfaces may pose a safety problem.
This is because volatile organic materials, as well as ozone, may also con-
centrate onto the adsorbent surfaces. If the concentrations of ozone and

organics become high enough, oxidation of the adsorbed organics (along
with decomposition of the adsorbed ozone) may occur violently. Because
of these possibilities, the manufacturers recommend that ozone in con-
tactor offgases be destroyed before the treated gases are recycled through
adsorbents.

The possible operating costs of the adsorbent process are on the order
of 4-6 W-hr/Nm?, necessary for thermal regeneration of the adsorbing
mass.

As a conclusion to this discussion of the principles of the treatment of
ozone contacting offgases, a comparative table of operation costs of the
different systems may be illustrative (Table VII).
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Table VII.  Comparative Operational Costs of
Ozone Offgas Treatment Systems

Operation
Cost
System (W-hr/Nm®)  Major Advantage Major Disadvantage
Preozonation 80-150 Ozone is Used Partial Destruction
. . Only
‘?cy?lmg 80-100 No Effluent Corrosion Risks
Dl]lltl().n 8-10 Easy Operation Noise Problem
Scrut?bmg 25-60 Safe Equipment Partial Reaction Only
Heating
Single 130-170 Easy Monitoring Hot Offgases
Coli)j(tc)ha?ger 85 Good Yield Difficult to Automate
ustion =150 Total Destruction Large Equi
Adsorption on Activated 8¢ Favipment
Carbon 10-15 Static Operation Explosion Danger
Catalyst§ 3 5 Small Equipment Catalyst Poisoning
Adsorption on Silica Gel 2 Partial Yield Irreversibility on
a . . Regeneration
sorption on Zeolites 1-2 Long Cycle Periods  Still Experimental
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CHAPTER 7

RECENT EXPERIMENTAL STUDIES
DEALING WITH CORROSION AND
DEGRADATION OF MATERIALS

IN OZONE-CONTAINING ENVIRONMENTS

R. Zawierucha and H. Charleson

Materials Engineering Laboratory
Union Carbide Corporation
Linde Division

Tonawanda, New York

A key aspect of any system for generating or contacting ozone in liquid
or gaseous environments involves the materials of construction. This
chapter acquaints the reader with recent experimental studies dealing
with this aspect. The experimental studies were conducted by the Linde
Division of Union Carbide Corporation at its Tonawanda, NY, site.

BACKGROUND

Producers of air separation plants and industrial gas distribution sys-
tems use components handling dry oxygen that require the selection of
materials to minimize oxygen compatibility problems, e.g., combusti-
bility. Through years of testing and plant operation the material data-
base is well established. /

Introduction of the oxygen activated sludge UNOX® system (Union
Carbide Corp., New York, NY) resulted in requirements for material
suitability data in high-humidity gas- and liquid-phase applications. To
obtain these data, extensive environmental testing was done using speci-
men racks in UNOX pilot plants and a number of early commercial
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plants. Hundreds of UNOX plants, in operation and under construction,
testify to the feasibility of this approach.

Of particular interest in this chapter is the use of high-purity oxygen to
generate ozone. Two basic systems for using oxygen-based ozonation
systems are (1) the recycle system used for municipal and industrial water
and wastewater treatment, and industrial process applications, and (2)
the once-through system integrated with an oxygen-activated sludge
wastewater treatment system for wastewater disinfection. The authors’
laboratory participated in a program to generate corrosion data appli-
cable to these requirements. Candidate materials were tested in high-
humidity ozone-bearing gaseous environments and in aqueous phases
containing high levels of dissolved oxygen and ozone. The results of
these tests will be discussed in this chapter.

EXPERIMENTAL

The testing of materials for use in ozone contactors has been con-
ducted in a fashion similar to the previously discussed UNOX systems
materials testing. All of the testing has been done at Tonawanda in the
course of ongoing development activities. This is because of the still-
limited number of operating ozone water and wastewater treatment facil-
ities in this country, and the lack of demand for onsite pilot-plant testing
of the type done in the early days of oxygen activated sludge design.

Alloy selection included a number of materials that were desirable
because they had worked well in oxygen systems, and materials that were
reputed to work well in ozone environments. Resistance to combustion in
oxygen environments, corrosion resistance, economic considerations and
fabricability were the major factors considered in choosing materials for
testing.

The sample racks were prepared according to generally accepted tech-
niques used in field or laboratory corrosion tests. The coupons were nor-
mally several inches square with a mounting hole in the center. The
samples were dielectrically isolated from each other and the mounting
structure, to eliminate galvanic interaction between samples. Samples
and spacers were clamped together with a threaded rod. The area of
sample under the spacers, therefore, provided an area for evaluation of
the material’s susceptibility to crevice corrosion. The samples were
weighed and identified before being installed in the contactor.

When the racks were removed, they were disassembled, and all of the
samples were examined individually before and after cleaning. Chemical
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cleaning via inhibited agents was utilized, when required, on metallic
samples to remove corrosion products. Nonmetallic samples were cleaned
using only a soft brush, soap and water. After the postcleaning observa-
tions were made, all of the samples were weighed. The weight changes of
metallic samples were used as the basis for calculating general corrosion
rates.

Metal samples were examined further for evidence of general corro-
sion, pitting, crevice and edge attack. As a final step, the maximum pene-
trations due to pitting or crevice attack were measured and recorded.
Due to the localized nature of pitting and its tendency to proceed at
erratic rates, general corrosion rates determined by weight loss data can
be used only as rough guides to serviceability where pitting has occurred.

In contrast to metals, permeability and chemical aging considerations
may affect the compatibility of plastic and rubber materials with an envi-
ronment. Therefore, for the nonmetallic materials, it was necessary to
analyze not only kind and rate of material removed but also the change
in overall properties. For this reason, the nonmetallics in most cases were
tested as-received for hardness and ultimate tensile strength, as well as
for their post-test hardness and strength. The range of variation in these
properties is often much higher in these materials than in metals, particu-
larly after environmental exposure. This is especially true of materials
that are composite in nature, where selective attack may leach the strength-
producing fibers and/or remove the material around them. Also, the
number and direction of fibers in any given sample may vary greatly. The
values presented in this report are average values.

The results of this testing are presented in Tables I through IV. It may be
noted that ozone and dissolved ozone concentrations were higher during
these experiments than normally might be expected in an ozone con-
tactor. This was done intentionally to accelerate the results as much as
possible, since the exposure periods, ranging between 86 and 187 days,
were relatively short.

OBSERVATIONS/RESULTS

While Tables I through IV summarize the test data, selected photo-
macrographs will be presented to enable the reader to interpret the tabu-
lated numerical results. These are particularly illustrative when effects of
crevice corrosion and pitting were significant (with metallic samples) and
when other forms of deterioration were noted (with the nonmetallic
samples).
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Figure 1 shows a good example of a specimen that suffered severe local
pitting and crevice corrosion, and was perforated at location P. The
specimen shown in Figure 1 was 6061-T6 aluminum, exposed to a liquid-
phase environment.

Figures 2 and 3 show Monel® K-500 samples (Huntington Alloys, Inc.,
Huntington, WV) exposed to vapor- and liquid-phase attack, respec-
tively. Both samples suffered heavy crevice attack, but the vapor phase
sample suffered a much heavier pitting attack.

For comparative purposes, several nonmetallic and coated samples are
of interest. Extensive surface checking is visible in a vapor-phase
Hypalon® sample (E. I. du Pont de Nemours & Co., Inc., Wilmington,
DE) shown in Figure 4, while spalling and checking damage were sus-
tained by a vapor phase Ceilcote® 640 sample (General Signal Company,
Cleveland, OH) shown in Figure 5.

Figure 1. Photomacrograph of 6061-T6 aluminum after testing in a liquid-
phase environment containing ozone.
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Figure 2. Photomacrograph of Monel K-500 after testing in a vapor-phase
environment containing ozone.

Metallic Materials

Stainless Steels

The subcategories of stainless steels tested were the following:

austenitic stainless steel, e.g., 302, 303, 304 and 316,
martensitic stainless steel, e.g., 410;

ferritic stainless steel, e.g., 444L; and

precipitation hardening stainless steel, e.g., 17-4PH.

o

Subcategories 1 and 2 are hardenable via heat treatment, whereas the
others are not. -

Tables 1 and II show that 44L stainless steel, a ferritic a‘lloy of the
18Cr-2Mo type, was the best performer of the alloys tested in both the
vapor and liquid phases. This assessment included bot.h parent metal and
simulated weld (sensitized) exposures. Sensitization is the term used to
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Figure 3. Photomacrograph of Monel K-500 after testing in a liquid-phase
environment containing ozone.

describe thermally induced carbide precipitation, which may have a dele-
terious effect on the corrosion resistance of many stainless steels.

In general, the performance of the stainless steels was better in the
vapor phase than in the liquid phase. Sensitization heat treatments
designed to simulate weld heat-affected zones resulted in a marked
increase of the susceptibility to corrosion damage of the 304 and 316
stainless steels, particularly in the liquid-phase tests. Chromium levels
seemed to be important; the 410 stainless steel, the only stainless alloy
with a nominal 12% chromium, was markedly inferior to the other stain-
less alloys with nominal chromium levels of at least 17%. Molybdenum
steels gave mixed results. The 444L and 316 stainless steels both contain
approximately 2% molybdenum, but the latter alloy was markedly infe-
rior to the former. Alloys 17-4PH and 410, which are hardenable via heat
treatment, were more susceptible to corrosion than the nonheat-treatable
stainless steels.

Aluminum Alloys

As with the stainless steel samples, it is obvious that corrosion was
more severe in the liquid phase than in the vapor phase. Examination of

Figure 4. Photomacrograph of a Hypalon sample after testing in a vapor-
phase environment containing ozone.

the specimens revealed that local corrosion mechanisms, e.g., pitting and
crevice corrosion, were much more significant than general corrosion. In
fact, perforation via pitting can occur even in the presence of a low gen-

eral corrosion rate.

Copper and Nickel Alloys

In contrast to the previous two groups, these materials exhibited more
serious corrosion damage in the vapor phase than in thg liqui'd phase,
particularly with respect to general corrosion characteristics. This is con-
sidered somewhat unusual and unfortunate, since the selectlor} of
cuprous and nickel alloys presumably would be made on the basis of
combustion resistance in oxygen- or ozone-rich gas. Of these alloys, the
free machining brass appeared to be the most promising.

Nickel Superalloys and Plating

The nickel superalloys, represented by a number of Inconel®‘ alloys
(Huntington Alloys, Inc., Huntington, WYV), performed very well in both
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Photomacrograph of a Ceilcote 640 sample after testing in a vapor-

phase environment containing ozone.

Figure 5.

the liquid and vapor phases. Generally, the corrosion behavior of these
materials was similar to that of austenitic stainless steels. Inconel 625,
which, on the basis of its molybdenum content would be expected to be

the most resistant to pitting, was not tested. The Inconels generally show
oxygen compatibility, i.e., resistance to combustion, that is better than

average. However, these materials are not as resistant to combustion in

oxygen as the cuprous alloys, although they are superior in this regard to

stainless steels.

Only one plated composition was tested: Kanigen® nickel (Chemplate
Corp., Los Angeles, CA), on a substrate of CF-8M (a cast equivalent of
316 stainless steel). The performance of these samples was considered to

Babbitt alloys are alloys of tin that may also contain some copper,
antimony and, possibly, lead. It is clear that the #1 Babbitt (which con-

be excellent; this material is worthy of further consideration for use in

ozone environments.

Babbitt
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Table II, continued

Max. Pit Depth

General
Corrosion

(in.)

OQutside

Test
Duration

Inside

Rate
(mil/yr)

Visual Observation/Comments

Crevice

Crevice

(days)

Material

Heavy crevice attack; general and pitting corrosion outside crevice;

heavy edge attack; difficult to assess because of geometry

f

8.56

105

#1 Babbitt

Severe crevice attack; general and pitting corrosion outside crevice;

f

15.69

105

#4 Babbitt

moderate to heavy edge attack; difficult to assess because of geometry

Heavily encased in rust after exposure; severe crevice attack; general

corrosion and pitting; one side more heavily attacked

f

1.69

105

Bare Carbon Steel

Dark residue on surface; two small pits in crevice; uniform attack on

galvanized surfaces; attack on uncoated edges

Nil

5.39

105

Galvanized Steel

Heavy crevice and edge attack; heavy pitting on one side, moderate

on the other

f

3.87

105

D,M Austenitic Iron

aDissolved ozone concentration = 2.6-8.2 mg/1.

bGeneral corrosion rate is based on weight loss data and should be used only as guide where pitting is noted.

¢Less than 0.001 in.
40.001-0.005 in.
€0.005-0.010 in.

fGreater than 0.010 in.
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tains no lead) was much superior to the #4 Babbitt. Although the #4
Babbitt exhibited the highest general corrosion rate of any material
tested in both liquid and vapor, the #1 Babbitt was susceptible to crevice
corrosion in both vapor and liquid phases.

Carbon Steel and Austenitic Iron

Bare carbon steel and austenitic iron samples performed poorly in
both liquid and vapor phases. In addition to exhibiting relatively high
general corrosion rates, they proved to be highly susceptible to pitting
and crevice corrosion.

The effect of galvanizing was to reduce the general corrosion rate of
carbon steel in both the liquid and vapor phases and to decrease suscep-
tibility to pitting and crevice corrosion. It should be noted that dis-
appearance of the galvanized layer would result in an increase in corro-
sion rate of the carbon steel which would be equivalent to that of bare
carbon steel. For short-duration service requirements, galvanized steel
surfaces could be acceptable.

Nonmetallic Materials

Tables I1I and IV tabulate the test results obtained with nonmetallic
materials. In general, there was an increase in the hardness of the
materials with exposure that generally accompanied a decrease in tensile
strength, although there were several exceptions to this observation. This
effect probably was due to changes in the internal structure of the mate-
rial during exposure, similar to those which occur during the aging of
plastics and rubbers. In some of the tests, the sample racks were located
in areas where they were subjected to splashing when exposed to the
vapor phase, or to relatively high liquid velocities when exposed to the
liquid phase. This might have accounted for the weight losses observed in
some materials, while similar materials showed a weight gain in other
tests. Hypalon compared to Hypalon 9102 is a good example of this.
Weight gains are evidence of permeation of the materials by the
environment.

Most of the plastics and rubbers tested did not perform satisfactorily
in the tests. Only the Teflon® (E. I. Du Pont de Nemours & Co., Inc.,
Wilmington, DE) and unplasticized polyvinyl chloride (UPVC) samples
performed in a satisfactory manner in both phases. Type F polyethylene
and the Viton® (E. I. Du Pont de Nemours and Co., Inc., Wilmington,
DE) sample also appeared to perform well in the vapor phase, if the sur-
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face erosion and weight loss can be attributed to the abovementioned test 2
conditions. Sikaflex-1A® (Sika Chemical Corp., Lyndhurst, NJ), an elas- - = ? =
tomeric joint compound, also showed good performance, although it | § § ge 8 Eg g ZE
was apparently quite permeable, judging from its weight gain. All other | 3 E E’ é § o) § ==
samples were unsatisfactory in performance, either by change in strength, Y|l2g 222 g¢g=8
ductility, weight or general evidence of attack. ; 5% 25 FZF
[Editor’s note: Data given in Tables III and IV for the performances of 'i
UPVC in ozonated atmospheres were gathered with maximum exposure i
times of six months. On the other hand, UPVC ozone-piping systems in a
number of operational U.S. wastewater treatment facilities have mani- 2 g2
fested embrittlement and longitudinal cracking on long-term (> 6-month) £ z €8
dry ozone service (Reid, Quebe, Allison, Wilcox & Associates, Indian- fé‘ wz [ T3 § 333
apolis, IN, unpublished report, 1981). The recommendation of a leading 2 222 g3 2 ZEz
ozone systems supplier (Cottier, D., Welsbach Corp., Philadelphia, PA, E &a § g IS 235
personal communication, 1981) to use stainless steel (304/304L above 2 g2 228 =¢g¢8
water; 316/316L below water) is a more conservative approach, based on g a SZ ZZZ ZzZ7Z
the current knowledge of UPVC in ozone services. See Chapter 12 for a ‘ 5‘ 3
more detailed discussion of this topic.} ' z S
Limited testing of nonmetallic materials in dry ozone indicated con- 2 g
siderable variability in the performance of materials belonging to a £5 é o
generic classification. It appears that nonmetallic materials used for g é = 0 Du_‘i EN - % - o
ozone should be specified precisely in terms of proven chemical compo- ga B~ 12 2q S8 :f: 2888
sitions, instead of by general material type. This in fact is no different 23 SE | 2E 2338 mIIT
from what is done when metallic alloys are specified for a given applica- § & = § A LZ27 ¢ p ZZ7Z
tion. Future nonmetallic materials evaluation will involve evaluation of £ é =5 Z A
individual materials within generic classifications to define more pre- S % ~ s
cisely optimal materials for use in ozone generators. ¢ E E
g3
g @
DISCUSSION ? | _8. %8s ~n_s 5858
) Eef |39 929 ¢SC9
@ S — O — <
Tables I and II presented the results of the ozone exposure tests in Z S g E a' El "Zﬁ kv ;l- Zl El zl
vapor and liquid for various metals. This information is compared with E S S
similar results obtained with material exposed to oxygenated wastewater .
environments (Tables V and VI). These tables contain a brief summary,
which shows the range of data obtained in UNOX pilot plants situated at
Wyandotte, MI; Philadelphia, PA; Tampa and Jacksonville, FL, and B -
Tonawanda, NY. Wastewaters treated at these sites are classified as £ 2 E E E’ &
municipal, industrial and mixed industrial-municipal. Consequently, > | B E 2 2 2 2 £
they showed varying degrees of corrosivity. While the tests are not exact % @ E g TE EE S
duplicates of the ozone tests, it may be seen that with few exceptions the g < 333 A4 z’
ozone data are similar to those obtained in the UNOX pilot plants. 5 § § § § § 3 §
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Summary of Corrosion Data Obtained via Exposure of Sensitized (Simulated Welds)

Stainless Steel Samples at Five UNOX Pilot Plants for Periods up to 198 Days

Table VI.

General
Corrosion Rate

Crevice

Pitting

Pit Depth

Corrosion

(in.) Density

(mil/yr)

Alloy

Nil to Intense
Nil to Heavy

to Moderate
to Moderate
to Heavy

Slight to Heavy
Nil to Heavy

to Heavy

Nil to Moderate

to Moderate

R R

N
N
N

= m ==

== ===

202 Stainless Steel

304 Stainless Steel

400 Stainless Steel

439 Stainless Steel

4441 Stainless Steel
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The best universal performer in the UNOX tests cited was 444L stain-
less steel, an 18Cr-2Mo material. Corrosion rates for carbon steel in
ozone and UNOX environments are similar. The behavior of the as-
received stainless steels and simulated welds are also similar. The perfor-
mance of the Monel 400 was notably different in the UNOX and ozone
environments. While the performance of Monel 400 in the UNOX envi-
ronment was affected by the type of wastewater treated, i.e., municipal
vs industrial, its behavior in ozone environments was much worse.
Copper and nickel alloys, with the exception of nickel superalloys,
simply do not perform well in ozonated environments.

The test results obtained in this study are limited when compared to
the vast range of potential of ozone requirements expected to be encoun-
tered in the future. Fruitful areas for future work have been identified,
however. Further testing of materials should serve to reduce further the
data gaps that remain and increase the latitude of the designer. While the
testing results presented here are limited, they do provide sufficient
information to enable the design of safe, reliable oxygen-based ozone
systems. This is particularly true when these data are integrated with the
vast materials database available in the air separation industry and more
recent information obtained by operation and testing in UNOX plants. It
can be concluded that materials that are unacceptable for oxygen service
will also be unacceptable in ozone service. However, good performance
in oxygen service does not guarantee good performance in ozone service.

SUMMARY

Compatibility data were generated for a number of materials in high-
humidity ozone-bearing gaseous environments and in liquid phases with
high levels of dissolved oxygen and ozone. With the exception of the
copper and nickel-copper alloys, which performed poorly, the perfor-
mance of the metallic materials in the ozone test program was very simi-
lar to what has been experienced in UNOX and air activated sludge sys-
tems. This finding tends to increase confidence in the safety of high-
purity oxygen-based ozone systems.

Severe pitting and crevice corrosion may occur in wet ozone applica-
tions. Perforation may occur even when accompanied by low general
corrosion rates. From the standpoint of pitting and crevice corrosion, the
444L stainless steel (18Cr-2Mo) proved to be a superior performer. While
individual alloys exhibited markedly better performance in either the
vapor phase or liquid phase, neither environment is generally more
severe than the other.
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Caution must be exercised in the specification and use of nonmetallic
materials due to compositional variations within generic groupings. Con-
sequently, significant performance differences in ozone service may
occur. Further experimental work with nonmetallic materials on a
generic basic in ozone service may be warranted, depending on specific
requirements.

SECTION 4

ANALYTICAL ASPECTS



CHAPTER 8
ANALYSIS OF OZONE IN AQUEOUS SOLUTION

John Stanley and J. Donald Johnson

University of North Carolina at Chapel Hill
Chapel Hill, North Carolina

The application of ozone for water treatment processes usually involves
onsite generation of an ozone-containing gas mixture, which is intro-
duced into the aqueous solution using a gas-liquid contacting system.
Control of this process is based on the measurement of the applied or
utilized ozone dose, or the dissolved residual ozone. The applied ozone
dose is determined by measuring the ozone concentration in the gas feed
stream to the ozone contactor. The utilized, or absorbed, ozone dose
generally is taken to be the difference between the concentrations of
ozone in the contactor exhaust gases and in the contactor feed gas.

In applications where dissolved ozone concentrations can be main-
tained in solution, dissolved residual ozone measurements assist in
control and evaluation of process performance. Ozone residuals are
observed once the spontaneous ozone demand of the solution has been
satisfied. Total ozone demand consists of three factors:

1. relatively slow, continuous decomposition of ozone to oxygen;
conversion of ozone molecules to hydroxyl radicals, which occurs
rapidly only at high pH values; and

3. often fast, chemical reduction of the ozone molecule by reaction with
oxidizable constituents of the solution.

These chemical reductions of the ozone molecule often produce new oxi-
dants, which may mistakenly be measured as residual ozone. The use of
residual ozone measurements to control ozonation processes is most
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common in the disinfection or oxidation of drinking water supplies.
Here, in contrast to wastewater treatment, the ozone demand can be
satisfied by applying excess ozone to obtain a residual ozone concen-
tration and thus assure ozonation process completion as a measure of
microbiological safety.

In comparison with aqueous analytical methods, gas-phase measure-
ments of ozone can be performed with relative accuracy and freedom
from interferences. Gas-phase ozone analysis and its application for
ozonation process control purposes is an important subject, but is
beyond the scope of this chapter [1]. On the other hand, the use of dis-
solved residual ozone measurements is not as well developed as is gas-
phase analysis, in part because of the questionable sensitivity and lack of
selectivity or accuracy due to interferences in present methods applied to
measure and monitor dissolved ozone. Analytical procedures in solution
are influenced by the chemical instability of the ozone molecule in water
and often are subject to interferences from oxidizing compounds, either
present in solution initially or formed during the ozonation step.

The present availability and use of analytical techniques for measure-
ment of ozone in water are the subject of this review. It is intended to up-
date earlier reviews [2,3] and to include recent analytical developments in
this field. Currently available methods are examined and compared in
light of potential interferences and limits to detection sensitivity. Devel-
opments in the application of electrochemical methods of analysis also
will be reviewed. From this discussion, it is anticipated that the analyst
will be better able to select the most appropriate analytical methodology
with a full understanding of its advantages and limitations for use in a
given specific test situation.

GENERAL CONSIDERATIONS IN SELECTING
AN ANALYTICAL METHOD FOR OZONE

Although ozone is approximately 13 times more soluble in water than
is oxygen at equilibrium at the same partial pressure of each gas [4], con-
centration levels observed in water during actual practice seldom exceed
a few milligrams per liter, and are usually maintained below 1.0 mg/I by
design [5]. Rapid depletion of the concentration of the ozone molecule is
caused by autodecomposition of molecular ozone or by reduction to
highly reactive intermediate free radicals (Figure 1) [6,7]. It is very
important to note here that the rate of ozone decomposition depends on
a number of factors, including the solution pH, degree of mixing, tem-
perature, the type of organic and inorganic substrates present, and the
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relationship between the various reaction rates of competing chemical
oxidation/reduction reactions.

Evidence for this can be found in the conflicting reports of numerous
research efforts to define decomposition rates for ozone in water [8,9].
First-order reaction rate constants from 5 to 9000 hr~' and reaction
orders from 0 to 2 have been reported in various buffer media at dif-
ferent pH levels. In the most recent study [8], the decomposition of ozone
in water was catalyzed by hydroxide ions to the 0.5 order and was second-
order from pH 2.0 to 9.5. Direct reactions between the O, molecule and
other compounds are selective and relatively slow. Indirect reactions
through intermediates like hydroxyl radicals are rapid and nonselective.
The rates of these latter reactions can be decreased by materials such as
carbonate ions and aliphatic alcohols, which ‘‘scavenge’ the reactive
hydroxyl radical intermediates formed by decomposition of the ozone
molecule. Both direct and indirect reactions of this type, in which the
ozone molecule is chemically reduced, are responsible for the large dif-
ferences between applied ozone doses and measured ozone residual con-
centrations. They make it important to measure and control ozonation
processes on the basis of residual ozone concentration. These reactions,
in general, do not constitute interferences to the analytical determination
of ozone, unless they occur because of contaminated reagents or dilution
water.

A secondary effect of ozone decomposition is the formation of prod-
ucts that possess chemical or physical characteristics similar to those of
ozone. Consequently, some of these decomposition products interfere by
causing a positive response during the measurement for ozone. The most
frequently encountered situation is the case in which ozone forms new
compounds that are strong oxidants and react with analytical reducing
agents in the same manner as does the ozone molecule. One of the princi-
pal decomposition products of ozone, the hydroxyl radical (OH"), is a
highly reactive oxidant [6,10,11]. At least two workers have observed a
response on ozonation of phenol to iodometric test methods in the
absence of molecular ozone [8,12]. It is thought to be a response to per-
oxides, like peroxyacids and hydrogen peroxide, formed as end-products
of the radical processes. More common components of natural waters
like manganous and ferrous ions also are oxidized in ozonated solutions
to forms that can interfere significantly with certain test procedures.
While not specifically identified, it is speculated that other classes of
compounds, including organic acids, aminoorganic compounds and
some unsaturated compounds, when present in sufficient quantities dur-
ing the ozonation step, will form potential oxidant interfering materials,
such as peroxy compounds.

Some estuarine waters contain bromide, so that the addition of ozone
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(or chlorine) produces elemental bromine and a number of bromoinor-
ganic and bromoorganic species with oxidizing capabilities that will not
be distinguished from ozone in some analytical test procedures [13,14].
Finally, in treatment processes where chlorine or chlorine dioxide is
added in conjunction with or in sequence with ozone, it should be recog-
nized that chlorine, chloramine compounds and chlorine dioxide all have
been reported as potential interferents in analytical tests for ozone [15].

Obviously, knowledge of the chemical fate of or the chemical nature
of by-products produced by the ozone molecule in any application is
essential for the analyst to be able to select an accurate ozone measure-
ment technique. As discussed above, analytical selectivity is a key param-
eter influenced by decomposition rates of the ozone molecule as well as
the specific water treatment process design. The question of potential
interferences is better understood when knowledge of the chemical con-
stituents of the treated water is obtained. A most common occurrence
during ozone analysis is failure to distinguish between the content of
total oxidant and molecular ozone, O,.

Sensitivity of ozone analytical measurements is also important. Detec-
tion below levels of 1.0 mg/l is essential and detection at the microgram-
per-liter level is desirable. Finally, a third concern, often underem-
phasized, is adaptability of the analytical method. This consideration
includes a number of procedural factors influencing method selection,
such as response time of the analysis, its mode (discrete, intermittent or
continuous) and its costs. For example, the needs of process control
analysis are significantly different from those of a bench-scale pro-,
cedure. A process control application might require a continuous mea-
surement, but allow some reduction in sensitivity and selectivity. Sim-
plicity of analysis and costs of maintenance and calibration would be a
critical factor in any evaluation. A procedure for laboratory purposes,
on the other hand, would likely be intermittent and might specify a
higher degree of sensitivity and selectivity. Here, simplicity and costs of
operation would not necessarily be limiting factors. This generalized
comparison of two applications for an analytical method is merely
presented to illustrate the importance of evaluating method adaptability
along with detection sensitivity and selectivity.

AVAILABLE METHODS

In the following discussion, the various methods available for
dissolved ozone analysis will be examined in detail. A summary of these
analyses is presented in Table I for the purpose of comparing methods.
In practice, two methods are employed most frequently and are con-
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sidered to be standards against which other techniques can be compared.
These two methods are the iodometric procedure and the direct ultra-
violet (UV) absorbance method.

Iodometric Oxidation

The iodometric procedure originally was proposed in 1959 for gas-
phase analysis and was adopted by the U.S. Environmental Protection
Agency (EPA) as a reference technique for ozone determinations in air
[16,17]. However, it has recently been abandoned in favor of the UV-
absorbance method [1]. The iodometric procedure has been adapted [18]
for analyzing for dissolved ozone after stripping it from aqueous
solution into the gas phase.

The Standard Methods procedure [18] requires that the dissolved
ozone be purged from solution and transferred into a trap containing a
potassium iodide “‘scrubber’’ solution present in large excess. lodide is
oxidized to iodine while the ozone is reduced to oxygen. The coupled
redox reaction is assumed to be as follows:

0,+31" + H,O— 0, + I~ + 2(OH)"

In neutral solution, this reaction produces one mole of iodine for every
mole of ozone present that is reduced. The quantity of liberated iodine
then can be determined by several procedures and related stoichiometric-
ally to the quantity of ozone originally present (in the absence of inter-
ferences).

Qualitatively, iodine or triiodide ion can be observed in the absence of
other colored ions to levels of about 2x 1075 M (100 pg/1) [19]. More
precise determinations are obtained by titration of the iodine with a re-
ducing agent, such as sodium thiosulfate or phenylarsine oxide. The end-
point of this reaction, or the point at which all of the liberated iodine is
reduced to iodide, can be seen by the disappearance of the dark blue
iodine-starch complex (formed when starch is added prior to the end-
point) or by amperometric methods. The intensity of the iodine-starch
color diminishes below detection limits at about 2 x 10~° M (1.0 mg/1),
whereas electrochemical techniques have sensitivities to 4x10°3 M (2
ug/1) [19]. The liberated iodine also may be determined colorimetrically,
based on the ability of triiodide to absorb light at a wavelength of 352 nm
[20]. The detection limit is reported to be 2x 10~7 M (10 ug/1).

Often the purge step specified in the Standard Methods iodometric
procedure will be omitted, with a corresponding loss in selectivity. Even
with the purge procedure, ozone losses are likely because of the chemical
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instability of the molecule. Many times a known aliquot of the dissolved
ozone solution is added directly to the potassium iodide reagent solu-
tion. Here the risk of interference may be enhanced because the purge
procedure is abandoned. It is also possible, even with the purge step,
that volatile compounds that interfere with the determination of ozone
can be purged from solution along with the ozone, or that losses of ozone
by decomposition in the purge assembly may negate efforts for improved
accuracy.

A disagreement in the iodide-based procedures centers around the
actual stoichiometry of the iodide oxidation reaction, particularly at low
concentrations. Ingols {21] and Boyd et al. [22] have reported that addi-
tional iodine is produced at neutral pH, while others [23,24] confirm a
stoichiometry of 1 mole of iodine per 1 mole ozone. More recent inves-
tigations [25-28] show that reduction of ozone, when present in low con-
centrations (<1 mg/1), results in the liberation of iodine in excess of the
predicted stoichiometric amount. Flamm [25] reports that the buffer sys-
tem (0.1 M Na,HPO,/0.1 M KH,PO,) employed with the potassium
iodide reagent solution may be the source of a second product, tenta-
tively identified as hydrogen peroxide, which, in turn, liberates addi-
tional iodine. He has suggested the use of a 0.1 M boric acid buffer solu-
tion to eliminate this inaccuracy in the iodometric method.

The iodometric method is commonly employed for the volumetric
analysis of a large number of oxidants. Most oxidants have more positive
reduction potential values than the standard redox potential of the iodine
half-cell reaction which is +0.53 V [vs the Standard Calomel Electrode
(SCE)] [19]. Similarly, iodine is used as an oxidizing agent for reductants
of redox couples such as sulfide with more negative half-cell reaction
potentials. Consequently, it is apparent that this technique is highly sus-
ceptible to inaccuracy due to either the liberation of additional iodine
from reaction with oxidants other than ozone or to the reduction of lib-
erated iodine in solution by reducing agents which react slowly with ozone.

To summarize, the iodometric procedure is based on the oxidation of
iodide to iodine by ozone. It is highly susceptible to interference from
other oxidizing and reducing agents, if present, due to the relative ease of
oxidation of iodide and reduction of iodine. The boric acid buffer system
is recommended, to avoid the potential stoichiometric error when
measuring ozone concentrations of less than 1 mg/1 by this procedure.
Quantitative measurement of the liberated iodine can be accomplished
based on visual examination or titration of the starch-iodine complex
indicator solution, or absorbance by the liberated iodine as the triiodide
ion, or with amperometric titration. It can be an extremely sensitive
method, but suffers either from many interferences if measured directly
in solution, or from losses if stripped through the gas phase.
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Direct Ultraviolet Absorbance

In ozone-oxygen or ozone-air mixtures, the ozone molecule absorbs
UV light over the 240- to 300-nm range [1,29]. The maximum absorption
peak is at 254.7 nm, with a molar absorptivity of approximately 3000
liter/mol-cm. This procedure recently has been adopted by the EPA as
the reference analytical method for ozone in the atmosphere [1]. Adler
and Hill [30] first demonstrated that molecular ozone dissolved in water
retains UV absorption characteristics similar to those of ozone in the
gaseous phase. They observed a maximum absorption at a wavelength of
260 nm with a molar absorptivity of approximately 2900 liter/mol-cm at
20°C. Thus, the direct measurement of dissolved molecular ozone is pos-
sible once the absorption characteristics of the molecule in the particular
solution under consideration have been defined.

Applying the Beer-Lambert principles with a molar absorptivity of
only 2900 liter/mol-cm (at 20°C), it is possible to measure dissolved
ozone at the 0.2 mg/l level. For example, using a 10-cm cell with an
absorbance of 0.1, the concentration of ozone present is 3.45x 1076 M
(165 ng/1). Beyond the problem of sensitivity, the most serious limitation
to the use of the UV method in natural waters is the potential interfer-
ence from dissolved organics and inorganics which absorb in the same
wavelength region. Many oxidants used for water treatment purposes,
such as chlorine or bromine compounds, and organic compounds such as
aquatic humic materials, have been found to absorb UV light at wave-
lengths between 200 and 300 nm. UV absorbance measurements at 254 nm
often are employed as a surrogate measurement for total organic carbon
in natural waters. Problems also have been encountered in the direct
measurement of ozone in highly turbid waters where light scattering
effects influence the accuracy of the UV absorbance readings.

A variety of UV spectrophotometers are available having differing
degrees of precision for ozone analysis. Several industrial process photom-
eters have been designed based on the UV absorbance principle and
applied successfully in water treatment applications. One design utilizes a
dual light beam approach with additional compensation for optical and
temperature effects (Figure 2) {31]. The reference beam reads a sample
stream from which ozone or other oxidants present have been reduced
chemically. The sample absorbance signal then is compared to the
reference beam signal, with the difference being related to the amount of
dissolved ozone present.

In summary, dissolved molecular ozone can be determined quanti-
tatively based on the direct measurement of its UV absorbance at a wave-
length of 250-260 nm. With the appropriate cell path length selection,
most concentration ranges normally encountered in water treatment ap-
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Figure 2.  Differential photometric measurement of ultraviolet absorbance of
ozone in solution at 254 nm [30].

plications can be measured with accuracy. A high degree of selectivity for
molecular ozone is possible with this method.

The direct UV method is more selective for ozone, but is less sensitive
than the iodometric method. Principal interferences are dissolved
organic and inorganic materials that absorb UV light at or near the same
wavelength region as does ozone. Particulates in suspension also affect
measurement accuracy.

Other Colorimetric Techniques

The two methods we have discussed to this point are considered to be
the standard techniques against which other analytical procedures must
be compared. Both, however, suffer from a significant matrix of inter-
ferences. Yet there are a number of other methods employed to varying
degrees which are procedurally simpler than the iodometric or direct UV
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absorbance methods. Most of these methods were developed for halogen
analysis and have since been adapted to allow their use for the analysis of
ozone. The major advantage of many of these methods is that they can
be readily adapted for field testing. Sample color and turbidity are poten-
tial interferences in all methods to be described. The major disadvantage
of these methods is lack of selectivity.

Leuco Crystal Violet

In the procedure, leuco crystal violet (LCV) is oxidized to crystal violet
in the presence of an oxidant such as ozone [32]. The absorbance maxi-
mum for the bluish-purple oxidation product occurs at 592 nm with a
molar absorptivity of 1 x 10° liter/mol-cm. At an absorbance of 0.10
using a 10-cm cell path length, the minimum concentration of ozone
which can be detected is about 10~ * M (0.5 ug/1). The reagents and prod-
uct have been found to be quite stable also. The extent of color devel-
opment has been reported to be sensitive to reagent/sample mixing
technique. It must be noted, however, that this technique is subject to
most of the interferences of the iodometric procedure, since other oxi-
dizing agents may also liberate crystal violet. Principal interferences are
the halogens and the oxidized forms of manganese. Reducing agents are
also possible interfering agents that may reduce crystal violet.

Diethyl-p-phenylenediamine

Ozone reacts directly with diethyl-p-phenylenediamine (DPD) indi-
cator to produce a red product, which can be detected quantitatively by
titrimetric methods with ferrous ammonium sulfate or by photometric
analysis at 515 nm [33]. The method does not obey Beer’s law at ozone
levels above 2 mg/I1 and the indicator is unstable. Detection of ozone at
the sub-mg/1 level is possible with both the titrimetric procedure and
photometric method, but this method is not as sensitive as the LCV or
FACTS (see below) procedures. Oxidized manganese and free halogens
again are the principal interferences. In the presence of free halogens, the
use of an ozone scavenger, glycine, enables separate determination of
residual ozone (total oxidant minus oxidant excluding ozone). The preci-
sion and accuracy of this procedure, however, are not well documented.

Free Available Chlorine Test with Syringaldazine (FACTS)

A saturated solution of syringaldazine (3,5-dimethoxy-4-hydroxybenz-
aldazine) in 2-propanol is employed as an indicator. Ozone is added to an
iodide solution at pH 7.0. The liberated iodine then is added to a syrin-
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galdazine solution (pH 6.6) and the resulting color is measured spect.ro-
photometrically at 530 nm. This method is an indirect a‘naly_tlce‘ll
approach, in that the iodine actually oxidizes the syringaldazine indi-
cator. The procedure obeys Beer’s law over concentration ranges up tp
4.5 mg/1 O, with complete color development within 1 minute [3f4]. This
method is slightly more sensitive than the DPD procedure. Again, how-
ever, interferences include all those compounds capable of oxidizing
iodide to iodine and agents capable of reducing iodine.

Glycine also can be employed as an ozone scavenger, as noted in t'he
DPD procedure. A measure of total oxidant is obtained using an alkaline
iodide solution and the syringaldazine indicator solution [35]. A separate
determination of total oxidant minus ozone is made with the added
glycine scavenger. The difference between the two measurements repre-
sents the amount of ozone present in solution.

Indigo-Blue Dye

At a pH below 3.0, indigo di- or trisulfonate is bleached rapidly by
ozone. The loss of color due to the ozonolysis of indigo then is deter-
mined photometrically and related to the concentration of ozone present.
The maximum absorbance of the dye is at 600 nm with a molar absorp-
tivity of 2.0 x 10* liter/mol-cm [36]. The precision of the megsure.m.ent
is affected by the initial concentration of indigo dye present, since it is a
bleaching method. Detection at the 3-pg/1 concentration level is possible,
however. The method is subject to fewer interferences than most colori-
metric and all iodometric procedures. At pH 2, chlorite, chlorate, hydro-
gen peroxide and manganese(II) do not interfere. Some other interfer-
ences can be corrected for by adding malonic acid.

Acid Chrome Violet K

Acid chrome violet K (ACVK) is readily bleached by ozone [37]. Using
a S-cm cell path length, the detection sensitivity approaches 25 wg/l as
ozone. Chlorine and chlorate below 10 mg/! do not interfere. Perlauric
acid does not interfere up to 100 mg/1 and the ozonide of 2,3-hexene up
to 40 mg/1 does not interfere. Manganese does not interfere below 1 mg/1
of potassium permanganate. The reagent, however, is not stable, espe-
cially when exposed to light.

Electrochemical Methods

The application of electrochemical methods for the analysis of ozone
has been extensively examined over the past two decades. The success of
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these electrochemical systems for the measurement of oxygen and halo-
gen compounds in water has promoted interest in development of a
similar in situ system for ozone [38-40]. Galvanic, amperometric or
steady-state voltammetric, and, more recently, pulsed voltammetric elec-
trode systems have been employed successfully for this purpose. All of
these techniques are based on the electrochemical reduction of ozone at
an electroactive surface as follows [41]:

O; + HyO +2¢~ — 0, + 2(0OH ")

The response of the electrochemical circuit current is directly propor-
tional to the activity of molecular ozone in solution [39]. A comple-
mentary anodic electrode providing electrons is coupled with the active
cathodic electrode where the above reaction takes place in an electrolytic
medium. An additional feature often employed for greater measurement
selectivity is the use of a gas-permeable membrane separating the electro-
chemical cell from the measured solution.

Bare Amperometric Electrodes

The first reported application of this procedure to ozone analysis was
the use of a galvanic cell with a gold cathode-copper anode cell [41]. The
response has been demonstrated to be linear with a reported detection
sensitivity of 200 ug/l. A commercially available galvanic system em-
ploying gold and copper electrodes is illustrated in Figure 3. Other gal-
vanic systems have been employed with sensitivities to 10 pg/l [42]. All
bare amperometric electrode systems are subject to loss of sensitivity
with use, due to the accumulation of surface impurities at the electrode
surfaces. With uncovered electrode surfaces, fouling has been observed
to be a significant problem, as was the case in earlier tests with oxygen
electrodes [38,39]. Additionally, the response is influenced by numerous
surface-active agents and also halogens and oxygen.

Membrane Amperometric Electrode Systems

A further step in the development of electrochemical methods for
ozone analyses has been the application of a gas-permeable membrane
for increased selectivity and prevention of electrode fouling [43]. The use
of an external applied voltage to the electrochemical circuit has further
increased selectivity for molecular ozone in the presence of other
oxidants. Again, these modifications were patterned after similar devel-
opments with oxygen and halogen membrane electrodes.

ANALYSIS OF OZONE IN AQUEOUS SOLUTION 269

. roweR
< switcn
MILLIVOLY - e _e :f:‘;'““
TO- CURRENT
CONVERTER Pt HOUSING
HOUSING =~ B
Ty BRUSH
b .. counecrion
INDICATOR Y H
(WHEN SPECIFIED) =Y
ZERO SCALE GRADUATED n L:.
CONTROL \ IN PPN JACK h
SPAN W
" uoTOR
coNTROL ” :: B
@ i
LOAD "
RESISTOR | l:
! MOUNTING
BRACKET
VENT LINE —~—_] ! /
ELECTRODE
' -  d— CELL
L. u MOUNTING
HEAD w R SCAEWS (4)
ook ' i AUX. SANPLING
' “‘ / e VALVE
NETANER
. .  ood—
FLOWMETER 1 ‘ PN (2}
V TUBE MEASURING
1 b -
o] | g 1 eLecTaooe
ks :
PIN - 1~ counteR
] JacK L] fLecTrooe
; ™~ eLecTrooe
- HOUSING
TUBE
SAMPLE FI.W/ FLOW CONTAROL BLOCK C(‘Ll.v:lAlﬂ
GONTROL VALVE VAL
cTION
AMPLE ENTERS FROM mu_’ L SAMPLE FLOWS TO ORAIN CONNE
* ON REAR OF CASE ON REAR OF CASE

Figure 3. Bare-electrode amperometric membrane electrode for dissolved
ozone [41].

More recently, various membrane materials, electrode materia!s, ele'c-
trolyte media and applied voltage potentials have been examined in
efforts to enhance both sensitivity and selectivity [44,45]. These efforts
have produced an amperometric or steady-state membrane electrode
with a demonstrated linear and reproducible response to dissolved mo-
lecular ozone in the presence of chlorine, chlorine dioxide, hydrogen per-
oxide and other oxidants. Current sensitivities have been reported on the
order of 0.2-0.9 mA/mg/], or detection limits near 60 ug/l. The elec-
trode current output has a large temperature response of nearly 607?/ °§.
Stirring of the solution at the membrane electrode is required to maintain
an adequate ozone concentration at the membrane surfa?e. A commer-
cially available amperometric membrane electrode design 'Wlth these
characteristics is illustrated in Figure 4. With this electrode design, a 95%
response to ozone is observed in 20 sec.
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Figure 4.  Dissolved ozone amperometric membrane electrode.

Recent work using pulse voltammetry techniques (as compared to
steady-state) has virtually eliminated stirring and temperature effects
[46]. Here, quasisteady-state conditions are created by numerous voltage
pulses to the cathode. The current response to ozone reduction processes
during the potential pulse is dependent primarily on the concentration of
ozone and is nearly independent of membrane properties. With certain
membranes, sensitivity has been enhanced by nearly 50-fold.
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Selectivity of Membrane Amperometric Electrodes

The application of positive voltage potentials and the use of polymeric
membranes that are selectively permeable to gases has enhanced the
opportunity for selective measurement of molecular ozone. This is a very
significant improvement over bare amperometric electrodes as well as
colorimetric and titrimetric methods. With an applied voltage of +0.6 V
(vs SCE) at the cathode, only the most powerful oxidizing agents can
overcome the ‘‘resistance’’ of this anodic voltage and cause electron flow
cathodically through the electrochemical circuit. The use of membranes
that discourage transport of dissolved organic and inorganic species in
favor of gaseous molecules is another major limiting factor for potential
interferences. Studies [45] have demonstrated that the current response
to some oxidants commonly found in water and wastewater was less than
2% of the response of the membrane amperometric electrode system to
ozone. These oxidants included trichloramine, hypobromous acid, bro-
mine, hypochlorous acid, hydrogen peroxide and chlorine dioxide. At
the University of Michigan, a membrane amperometric electrode system
was utilized in ozonated tap water, river water, and secondary treated
sewage effluent and compared favorably to a referee procedure [46]. In
fact, these researchers found the electrode response to be slightly higher
in all instances than the referee method, suggesting that some ozone
apparently was lost during sample collection and preparation. The
results are promising and additional work in this area should continue
with particular attention to selectivity and applications in ozonated
waters.

Other Electrochemical Advances

In addition to their use as direct measures of ozone, amperometric
methods are commonly used for endpoint detection in titrations. One
recently proposed method uses a predetermined amount of phenylarsine
oxide (PAO) added to a solution to reduce the dissolved ozone present
[47]. The reaction mechanism is similar to that described earlier for PAO
and iodine. The excess PAO then is measured quantitatively by pulse
polarographic techniques. The difference between the amount of PAO
added and the amount in solution after the ozone reacts with the excess
PAO represents the amount of ozone initially present. Detection at the
2-to 3-pg/l level is reported with sample volumes as low as 5 ml. Interfer-
ences are minimized because of the selectivity of the PAO reaction. Free
halogens thus would interfere, but not halamines or manganese.
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WHICH METHOD TO USE?

As indicated earlier, there are four key considerations in selecton of a
specific analytical method:

1. decide if a molecular ozone, residual, or if only total oxidant residual,
is desired;

2. with the aqueous ozonation chemistry in mind, attempt to identify
potential interferences that are present or will be formed during the
ozonation step;

3. consider the ozonation process design and aqueous chemistry, and
define the required analytical detection sensitivity; and

4. understand what information the analytical measurement is intended
to provide and how it will be utilized.

The various analytical methods for ozone presently available have been
reviewed, with considerable attention focusing on the two standard pro-
cedures, iodometric oxidation and direct UV absorbance. The promising
electrochemical techniques also have been discussed.

Whenever possible, two independent procedures should be used: for
example, a total oxidant method, such as an iodide-based amperometric
titration using Flamm’s buffer [25], the UV method [31], a membrane
electrode [44] or a colorimetric procedure not using iodide [36]. This
approach minimizes the possibility that interfering substances will go
undetected in many applications. It may also allow for more accurate
determination of ozone concentration levels, since many techniques
suffer from varying degrees of ozone loss during sample collection and
preparation,

When the iodometric procedure is employed, the effect of the purge
step on the measurement should be examined by comparing it with direct
addition of the sample to the potassium iodide. If possible, the purge
step should be avoided when accuracy is not affected, so as to make the
task of analysis simpler. Use of the boric acid buffer media suggested by
Flamm [25] is recommended. It must be recognized that the iodometric
method is very sensitive to interferences. For highest sensitivity, ampero-
metric endpoint titration amplifying the current from a rotating elec-
trode is recommended. Shechter’s photometric method of analysis [20] is
an acceptable alternative to the titration procedure in most cases.

The UV-absorbance method is highly selective and can be sensitive
(with 50-cm cells). It is one technique which does not suffer interference
from oxidizing agents, although it must be pointed out that many halo-
gen species and organics absorb UV light in the 200- to 300-nm range.
This method is unpredictable when turbidity levels increase above 10-30
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NTU; thus it is most applicable in waters of high clarity. An advantage
of the UV method is that process on-line analyzers are available which
employ this technique.

The other colorimetric methods—DPD, LCV, FACTS, Indigo—are
simple procedures for field applications and require little sophisticated or
complicated equipment. DPD and FACTS procedures are subject to
interferences from oxidizing agents since they are iodometric procedures.
The LCV and Indigo Blue methods apparently are more selective, since
these reagents react directly. The use of selective ozone reducing agents is
a promising approach to improved selectivity, but the necessity for
duplicate measurements is a drawback. Many of these colorimetric
methods are particularly useful for field test applications because of the
stability of the product formed by oxidation of the indicator chemical.

The use of membrane electrode systems is encouraged. These cells
offer an advantage of in situ measurement with good sensitivity and
potentially excellent selectivity. Their adoption as process control instru-
ments could result in substantial reductions in ozonation costs as well as
operational difficulties. Ozonation process performances also could be
enhanced. However, the need for commercial development and applica-
tion testing is apparent.
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CHAPTER 9

INTERFERENCES BETWEEN
OZONE AND CHLORINE

Y. Richard and L. Brener

Société Degrément
Suresnes, France

Ozone is the most powerful oxidizing and viricidal agent used in drink-
ing water treatment. Its effects (elimination of organics, tastes, odors
and color) have been described widely.

In numerous cases, however, it has been observed that after post-
ozonation treatment, nonpathogenic organisms proliferated in the water
distribution network, whereas they were absent from the treated water at
the outlet of the plant [1-7]. To avoid this bacterial growth, (caused by
rapid decomposition of ozone in water) a more stable oxidizing agent,
such as chlorine or chlorine dioxide, is added continuously.

The dose of chlorine or chlorine dioxide that must be added in the
presence of ozone for maintaining water disinfection in the distribution
network is affected by:

1. the level of each specific oxidizing agent present;
2. specific reactions of ozone with chlorine or chlorine dioxide; and
3. the effects of the two combined oxidants.

INTERFERENCE IN MEASUREMENT

Monitoring of the final oxidation treatment requires measurement of
the residual oxidant. It is necessary to verify that the amount of residual
oxidant corresponds to the minimal dose to be applied to the water to be
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treated during the minimal period of time. To know the effect of each
oxidizing agent in the treatment process, it is necessary to measure these
oxidants separately.

Colorimetric and Spectrophotometric Methods

Ward and Larder [8] measured the ozone content of a water in the
presence of chlorine by means of 1,5-bis-(4-methylphenylamino-2-sodium
sulfate)-9,10-anthraquinone. This method is not suitable for analyzing
mixtures of ozone and chlorine dioxide.

Palin [9] measured ozone, chlorine and chlorine dioxide contents sepa-
rately and spectrophotometrically by colorimetric reactions with N,N-
diethyl-p-phenylenediamine (DPD).

Richard [4] titrated the amount of ozone in the presence of chlorine by
means of syringaldazine. The total oxidant (O, and Cl,) is measured in
the presence of an alkaline iodide. The total chlorine content is obtained
after destruction of the ozone by addition of glycine. The amount of
ozone is obtained by subtracting the two results.

Electrometric Methods

Coin et al. [10] proved that to disinfect water—to destroy all patho-
genic bacteria and viral particles—it is necessary to maintain a 0.4-mg/1
ozone residual in the water for 4 min.

Introduction of ozone into an oxidation tower in a drinking water
treatment plant is controlled by measurement of residual ozone. Manage-
ment and automation are effected by continuous measurement of the
residual ozone using galvanic cells.

Richard and Brener [11] proved the interaction of ozone and chlorine
in an ozonation tower by using a continuous differential measurement of
two galvanic cells fitted with a gold-copper metallic couple. They noticed
a reduction of the chlorine content in the tower (Figure 1). Monitoring of
oxidant content with a simple galvanic cell fitted with a gold-copper
couple is not selective for ozone. The instrument reads greater than the
actual ozone content, resulting, in this case, in insufficient ozone treat-
ment and, hence, incomplete disinfection of water (Figure 2).

Masschelein [12] described a nickel-silver galvanic couple to continu-
ously and selectively measure ozone at the outlet of the ozonation towers
in the presence of chlorine. However, this result was obtained when
chlorine preoxidation of drinking water was employed.
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Figure 1.  Effect of ozone on chlorine consumption in an ozonation tower.

REACTION OF OZONE WITH CHLORINE
OR CHLORINE DIOXIDE

Action of Ozone on Chlorine

Kolle [13] showed that ozonation of a 20-mg/1 chlorine (hypochlorite)
solution lowers the pH and causes formation of chlorine derivatives of
higher oxidation number. At pH values less than 7, ozone oxidation of
chlorine leads to the formation of chlorate and perchlorate ions (Figure
3). At very low chlorine and ozone concentrations, it has been noted that
the shorter the contact time between chlorine and ozone, the lower the
partial deactivation of the two oxidants.

However, Buydens and Fransolet [14] did not notice any interaction of
ozone and chlorine. The dose of ozone introduced was not modified, at
least during the time necessary for dissolution of ozone and within the
limits of the concentrations tested. They noted, however, that the resid-
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Figure 2.  Influence of ozone measurement during water disinfection.

ual chlorine concentration decreased or disappeared. This was attributed
to the action of chlorine on the organic matter fractionated by the in-

jected ozone. In other words, ozonation of the organic matter made it
reactive to chlorine.

Action of Ozone on Chiorine Dioxide

Kolle [13] proved that the reaction kinetics of ozone with chlorine di-

oxide are very fast. The resulting products of this oxidation reaction are
chlorate and perchlorate.

Buydens and Fransolet [14] noted that the introduction of ClO, to

waters containing residual ozone caused a drop in the ozone content,
resulting from:

2CIO, + 0, — 2C10;~ + O,

In the course of the same study they observed that 0.6 and 0.3 mg/1 of
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Figure 3.  Ozonation of chlorine solution.

ClO, reduced the ozone residual levels by 0.34 and 0.21 mg/1, respec-
tively, an average ratio of 1.44, which they expressed as:

ClO, + 0, — ClO;~ + O,

A stoichiometric ratio of 1.40 results from this equation. Therefore, the
oxidation of ClO," requires twice as much ozone as ClO,.

Masschelein [15] noted that in an aqueous solution of pH 5-6, ozona-
tion of chlorite ions leads to the formation of chlorine dioxide:

2NaClO, + O, + H,0 — 2NaOH + CIO, + O,

Richard and Brener [16] showed that ozone reacts rapidly with ClO, and
ClO, " . Figure 4 shows that ClO, " is first oxidized to ClO,, which is fur-
ther oxidized by ozone.

It can be concluded, therefore, that when a postozonated drinking
water is to undergo a final disinfection with chlorine dioxide, the injec-
tion point of this chemical must be sufficiently distant from the ozone
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Figure 4.  Ozonation of a chlorite solution.

treatment to allow the ozone to disappear with time, to avoid any inter-
ference of the chlorine dioxide with the ozone.

INTERFERENCE WITH OZONE

Richard [4] noted that ozonation interferes with absorbed chlorine
levels. Ozone is a powerful oxidizing agent that breaks up high-molecular-
weight molecules into smaller molecules, thus creating a new chlorine
demand in the water (Figure 5).

Somiya and Goda [17] proved that ozonation of nitrogenous sub-
stances, such as amino acids, proteins and ethylamine, is accompanied
by an ammonification reaction, and, if the pH is favorable, by nitrifica-
tion.

It can be expected that ozonation in this case will be accompanied by a
new chlorine demand. Chlorine reacts with ammonia to form chlora-
mines, the disinfection capability of which is weaker.

Stettler [5] noted that in many Swiss plants the addition of chlorine to
an ozonated water led to a marked proliferation of saprophytic micro-
organisms in the distribution networks. Ozone treatment was totally
stopped in one or two plants in favor of chlorine, and the micro-
organisms totally disappeared with a low dose of chlorine. To avoid
these interferences of chlorine and ozone he suggests:
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Figure 5.  Effect of ozone treatment on chlorine absorption.

1. Residual ozone should be destroyed by granular activated carbon
before chlorine and chlorine dioxide are added.

2. If there is no filtration through activated carbon, ozonation should be
adjusted so that the ozone residual is reduced to 0.05 mg/l before
chlorine or chlorine dioxide is added.

CONCLUSIONS

Once ozone has been used at the end of the drinking water treatment
line, it is generally necessary to use chlorine or chlorine dioxide as a safe-
guard against bacterial growth in the distribution network. Use of ozone
after clarification often leads to an increase in chlorine demand in the
water. The use of granular activated carbon partially makes up for this
inconvenience and results in a water with a low chlorine demand.

It is important to check with care each residual oxidant that is used for
water treatment to be certain of its action. This is particularly important
when ozone is used for its viricidal properties. A chlorine dioxide preoxi-
dation leads to a significant increase in the ozone treatment rate.
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CHAPTER 10

ANALYTICAL INSTRUMENTATION FOR
CONTROL OF OZONATION SYSTEMS

M. Pare

Société Degremont
Rueil-Malmaison, France

Ozone occurs naturally in the atmosphere; the layer it forms in the
upper atmosphere provides a barrier to short-wavelength ultraviol?t
(UV) radiation, thus protecting the earth. Ozone is alsF) an atmospheric
pollutant: in sunlight, UV rays react with nitric oxides in the presence of
hydrocarbons to form ozone.

Ozone is used increasingly in industry, particularly in water treatment,
for its high oxidizing and bactericidal powers. Commercial production of
ozone is obtained in reactors, known as ozonators, using the corona dis-
charge process whereby air or oxygen is passed through a strong electric
field. Ozone utilization consists of placing the ozonated gas into contact
with the product to be treated. In the case of water treatment, for
instance, a specific treatment parameter is the amount of residual ozone
measured in the liquid after a certain contact time. Any leaks occurring
during ozone production or application processes may be hazardous to
operating personnel and surrounding equipment. These various areas of
ozone occurrence or application require that ozone be measured continu-
ously, automatically and accurately in gases and liquids over wide con-
centration ranges. '

Three types of instruments are available to measure (1) atmospheric
ozone or ozone present in the ambient air; (2) commercially produced
ozone; and (3) ozone in liquids, particularly in water. For these three
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fields, the orders of magnitude of concentrations, expressed in their
usual units, are as follows:

I. ozone in the atmosphere or the ambient air: 1-20 ppm;
ozone produced commercially: from air—1-2% by weight, from oxy-
gen—2-10% by weight; and

3. residual ozone in water 0.1-2 g/m3 (mg/1) of water.

As a reminder, under standard conditions:

* 1ppm=2.14x10-%kg/m? =1.66x 10~4% by weight
¢ 1% by weight in air=12.9 g/m? ~6000 ppm
* 1% by weight in oxygen =14.3 g/m3 = 6700 ppm

MEASUREMENT METHODS

Depending on the fields of ozone generation or application, different
continuous measurement methods are used. Atmospheric ozone or ozone
in ambient air is measured by:

1. absorption of UV radiation,

2. ethylene or chemiluminescence, or
3. amperometry.

Commercially produced ozone is measured by:

1. absorption of UV radiation or
2. calorimetry.

Residual ozone in water is measured by
1. absorption of UV radiation,

2. amperometry, or
3. potentiometry.

OZONE MEASUREMENT BY
ABSORPTION OF RADIATION

Principle

Absorption of radiation by a gas or liquid is governed by the Lambert-
Beer law:

I=1 e-KC
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where I, = intensity of the incident light beam with no sample present
I = intensity of the light beam after passing through the sample
(gas or liquid)
1 = length of the light path through the sample
C = concentration of absorbing material in the sample
K = specific absorptivity coefficient of the material for the wave-

length of the light

This type of measurement implies accurate knowledge of K for the mate-
rial at a given wavelength,

Ozone Measurement

Ozone absorbs light in the short-ultraviolet wavelength region (200-
300 nm, the Hartley band, with maximum absorption at 253.7 nm (Fig-
ure 1). For the 253.7-nm wavelength, the generally accepted value for the
absorptivity coefficient ranges from 303.9 to 313.2 cm™!, base e,
at 273°K and 760 torr [2]. Researchers have verified the value of
3024 cm~'-mol -1 {3].

Available Instruments

Ozone measurement by absorption of UV radiation is used by several
manufacturers, including Dasibi, Mast, Sigrist, and Bran and Liibbe.

Dasibi and Mast

Dasibi (Glendale, CA) and Mast Development Co. (Davenport, 1A)
sell instruments that work on the same principle; the difference lies in the
fact that Dasibi units are more sophisticated. Figure 2 shows a schematic
diagram of a Dasibi analyzer designed to measure ozone in ambient air.

On entering the instrument, the sample is diverted by a valve into a cat-
alytic converter that selectively decomposes any ozone present to oxygen.
This treated sample, now containing no ozone, then passes through an
absorption chamber, where a detector measures the amount of UV light
transmitted through it. This measurement is made digitally, and its value
is stored in the instrument. This value includes those of all the other gases
and particulates present in the sample, and serves as the reference
measurement,

On completion of this reference measurement, the valve is then acti-
vated, the absorption chamber is flushed with the sample containing



INSTRUMENTATION FOR SYSTEM CONTROL 289

288 ANALYTICAL ASPECTS

‘I9zZAeUR SUOZO IqIse(] JO WRISRIP dNeWaydS

137IN1

FAILEIR |

3I1dAVS SVI

X

1ndino viva 4I143IANDD
4 J1LATVLVY)
NOILVYDILINI 3IAILVOIN LHVILS
N W NOILVHOILINI JAILISOd 1HVIS
93LNI
uoLvy 1SnvHX3
— 3191SHIAT Y
__dwnd _ /|
q LSNVAX3 3T _
1J4N0S
TYNIIS mesz: - H0123130 I.A.. HIGWVHD - o ITLIR
YI113IW0 -
NOILVH9OILNI 1viioila ITdANVYS NOILdHOSEY I:ufs_
3svid MOONIM A —*— MOONIM X
LoN 401923130
‘@] HOLYNIWIHIS!IO | HOLVHDILNI [={ HILIWOH1311 [
JINIHI4IY
VL1910
‘[1] wu gOE-QQT WOISa1 JY] Ul SUOZO JO JudIFe00 uondiosqy  ° a8y
(V) HLINITIAVA
000¢ 008¢ 009¢ 00%¢ 002°¢ 0002
p -]
1 T T | T (| -
9NOOHI +AN - 8 | s
| -V \ =
7 NNI+VIVNYL \\ W.
52 2
[y ]
A -
<
™
=
g, —
—
[ 1]
/ 3
\ U —
\ 001
o
o
(- J
=]
/ \ G2l —
/l\

oSl



290 ANALYTICAL ASPECTS

ozone, which now is ready to be measured. A digital counter now mea-
sures the reduced amount of UV light the detector sees with the ozone in
the sample. The value of this measurement is subtracted from that of the
stored reference measurement, and the difference is displayed as parts
per million of ozone, or grams per cubic meter.

Sigrist

The Sigrist (Ziirich, Switzerland) instrument uses a double optical
beam, as shown in Figure 3. A light source directs a beam to the swinging
mirror, which alternately reflects back a measurement beam and a ref-
erence beam at an approximate frequency of 600 Hz. These beams pass
through the sample cell and the reference cell, respectively, and arrive at
the photoelectric cell. The current emitted by this cell is amplified by the
unit to control a servomotor. The servomotor actuates an optical iris,
thus modifying the intensity of the reference beam until both beams have
the same light intensity when they reach the photoelectric cell. In this
state of balance, the position of the iris corresponds to the ozone concen-
tration in the sample under examination. Thus unit is suitable for mea-
surement of ozone concentrations both in air and water.

Bran and Liibbe

The principle of the Bran and Liibbe (Hamburg, Federal Republic of
Germany) instrument is shown in Figure 4. The radiation of a mercury
lamp is focused by a condenser to form a parallel beam that passes
through the measuring cell on the light receiver. A portion of the radia-
tion is deflected by the light divider and is projected to a second light
receiver for reference measuring. The light intensity is adjusted to identi-
cal levels by a variable iris. The light receivers are in a bridge circuit.
Light absorption in the measuring cuvette causes unbalance of the
bridge, and a servomotor provides for rebalancing. This correction
movement corresponds to the light absorption. This instrument incor-
porates automatic zero compensation. When ozone is measured in air, an
inert gas is introduced into the measuring cell through the solenoid valve.
When ozone is measured in water, a standard solution is introduced into
the measuring cell.

All of these instruments are guaranteed to provide an absolute measure-
ment of ozone concentration, and theoretically require no calibration.
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-beam ozone analyzer. 1. Light source; 2. swinging mirror; 3. measurement

Schematic diagram of the Sigrist double
beam; 4. reference beam; 5. sample cell; 6. reference cell;

Figure 3.

7. photoelectric cell; 8. amplifier unit; 9. servomotor; 10. optical iris.
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Figure 4. Schematic diagram of the Bran and Liibbe ozone analyzer. (1)
mercury lamp; (2) condenser; (3) parallel beam; (4) light divider; (5) measuring
cell; (6) second light receiver; (7) solenoid valve; (8) inert gas; (9) light receiver;
(10) variable iris.

OZONE MEASUREMENT BY
ETHYLENE CHEMILUMINESCENCE

Principle

Measurement of ozone by ethylene chemiluminescence uses the reac-
tion of ozone with ethylene in the gas phase, which is accompanied by the
emission of light. Ozone reacts with ethylene to give formaldehyde and
oxygen. The formaldehyde molecules thus formed are initially in an ex-
cited state, and their deactivation is accompanied by the emission of pho-
tons. The intensity of light emission, which is in the region of 10 nA/ppm
of ozone, is proportional to the concentration of ozone in the sample and
can be measured using a photomultiplier tube.

This method is specific to ozone, and is suitable for ozone measure-
ment in the ambient air, because any other compounds present in the
sample have no effect on this measurement.

Available Instruments
The manufacturers of instruments applying this method include:

® Analytical Instrument Development (Avondale, PA)
* Beckman (Fullerton, CA)
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e Meloy Laboratories (Springfield, VA)
®  Monitor Labs (San Diego, CA)
e REM (Santa Monica, CA)

Beckman

As an example, the unit marketed by Beckman is shown in Figure 5.
Ethylene is introduced into the reaction chamber at an approximate
rate of 20 cm3/min, through a solenoid valve, which automatically
shuts off gas delivery in the event of a power failure. The air sample is
delivered to the reaction chamber at a constant rate by an internal pump
and a regulator. Zero setting is obtained by passing chemically purified,
completely ozone-free ambient air through the reaction chamber. To pre-
vent the explosion risks inherent in the use of ethylene, Beckman recom-
mends the use of a mixture of 10% ethylene and 90% CO,.

Because this method does not provide an absolute measurement of
ozone, all marketed instruments must be calibrated against an accepted
reference method, e.g., the iodometric technique.

OZONE MEASUREMENT IN AIR BY AMPEROMETRY

An analyzer based on this principle is sold by the Mast Development
Company (Figure 6). A chemical solution containing the proper amounts
of sensing reagent is metered into the sensor through the solution supply
tube. The solution flows in a fine film down the electrode support, on
which are wound many turns of a fine-wire cathode and a single turn of a
wire anode. An air sample is pumped through the sensor, where it comes
into contact with the solution contained on the electrode support, and
exits through a precision vacuum pump.

Sensing of ozone in the air sample is accomplished by oxidation-reduc-
tion of potassium iodide in the sensing solution. This reaction takes place
on the cathode portion of the electrode support. In this region, any
ozone in the air sample reacts with the sensing solution. When no voltage
is applied between the electrodes, a thin layer of hydrogen gas is pro-
duced at the cathode by a polarization current. When a voltage is applied
to the electrodes, the hydrogen layer builds to its maximum and the
polarization current ceases to flow. When free iodine (I,) is produced by
the reaction with ozone, it immediately reacts with the H,, and reduces
it. The removal of hydrogen from the cathode causes a repolarization
current to flow in the external circuit, reestablishing equilibrium. The
current is directly proportional to the mass of ozone entering the sensor
per unit time.
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Figure 6. Schematic diagram of the Mast Development Co. amperometric

ozone analyzer.

OZONE MEASUREMENT IN WATER
BY AMPEROMETRY

Principle

A sample cell, continuously fed with the water to be analyzed, contains
a nonconsumable but polarizable gold or platinum cathode, and a cop-
per, cadmium or silver anode.

When there is no oxidant present, the galvanic cell thus formed is
polarized by a layer of hydrogen; a very low current flows. When the
water to be analyzed contains an oxidant, the depolarization of the cell,
and hence the intensity of the current it delivers, are proportional to the
concentration of oxidant reduced at the cathode.

Available Instruments

The analyzers applying this method include the units marketed by
Fisher and Porter, Wallace and Tiernan, and Degrémont.
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Fisher and Porter

In the Fisher and Porter (Horsham, PA) analyzer (Figure 7) the mea-
suring electrode is made of gold, and the counterelectrode is made of
copper. Both electrodes are concentric. The sample to be measured flows
in the annulus between them. The gold electrode, driven by a motor,
rotates at a high speed (1550 rpm). The annulus contains plastic pellets,
which are continuously stirred by the water flow, to clean the electrodes.
The sample flowrate is not a critical parameter, since the relative speed of

the water with respect to the measuring electrode is ensured by the rota-
tion of this electrode.

Wallace and Tiernan

In the Wallace and Tiernan (Giinzburg, Federal Republic of Germany)
analyzer (Figure 8), the measuring electrode is a platinum wire arranged

BRUSH CONNECTION

-
MOTOR
SAMPLE OUTLET
A -
ELECTRODE CELL
MEASURING ELECTRODE
| +—
o]
— ~ COUNTER ELECTRODE
—
SAMPLE INLET
——

Figure 7.  Fisher and Porter amperometric analyzer for ozone in water.
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Figure 8. Wallace and Tiernan amperometric analyzer.

concentrically inside a ring-shaped copper electrode. The space petween
the electrodes contains a certain amount of calibrated quartz grains. The
flow of water to be analyzed enters the cell tangentially, and causes the
quartz grains to circulate and clean the electrodes.' .

These two analyzers give satisfactory results provided there is no other
oxidant than ozone in the sample. In the presence of chlorine, for
instance, ozone concentration measurement is erroneous. Both'ozonf
and chlorine will be determined, and the value of ‘‘total oxidant
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measured will be the sum of the concentrations of ozone and chlorine, as
well as other oxidants which may be present in solution.

Ozone Measurement in the Presence of Chlorine

The problem of ozone measurement in the presence of chlorine led
Masschelein [4] and Richard and Brener [5] to develop an electrode
couple which, under certain conditions, proves to be specific for ozone
measurement.

Masschelein designed a nickel-silver couple (actually nickel-silver—
silver chloride) wherein no hydrogen forms at the cathode; thus, the cell
cannot be depolarized by the chlorine present.

After experiments, Richard and Brener [5] concluded that ozone mea-
surement was dependent on the nature of the chlorine in the sample,
according to whether it is present in the form of free chlorine or chlor-
amines. When calibration is made in the chloramine phase, the calibra-
tion curve is displaced to the right by a constant value in the presence of
free chlorine, regardless of the amount of the latter.

Degremont

These conclusions led Degrémont to introduce a nickel-silver cell unit
fitted with a continuous ammonjum chloride feed device (Figure 9) to
convert the chlorine present in the water to chloramines. The measuring
cell consists of two planar, circular, parallel electrodes. The flow of
sample enters the interelectrode space tangentially and initiates the rota-
tion of a bed of glass beads designed to favor oxidant diffusion toward
the cathode and to ensure continuous cleaning of the electrodes. To feed
the cell at a constant rate, the sample is introduced under a constant
head, providing a flowrate of the order of 60 liter/hr.

Ammonium chloride is fed at a constant flowrate by a compressor
bubbler unit designed to apply a constant air pressure (corresponding to
the immersion depth of the tube in the bubbler) to the ammonium chlor-
ide storage tank. A capillary tube on the delivery pipe from the compres-
sor permits the output of the latter to be limited.

The storage tank is fitted out as a Mariotte bottle. Two air inlet and
injection tubes are immersed in the ammonium chloride solution. The
injection tube, fitted with a capillary tube, plunges deeper in the liquid
than does the air inlet tube. This arrangement allows the capillary tube to
be placed under a constant head regardless of the level of the chemical

solution in the tank, and thus permits ammonium chloride to be fed
regularly at a low flowrate.
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The signal picked up at the electrodes of the cell is corrected by a ther-
mistor as a function of sample temperature, and next is passed into an
electronic box where it is amplified to be displayed on a galvanometer as
mg O;/1. Zero setting nullifies the residual current, and a second poten-
tiometer adjusts the scale range. The electronic box also sends a signal to
an external recorder or an ozone production control device. Addition-
ally, two comparators permit the sensing of minimum and maximum set
points adjustable from 0 to 100% of the scale, by means of two potentio-
meters. Whenever the set point is overrun, a changeover switch initiates
the control of an external element.

OZONE MEASUREMENT BY CALORIMETRY

This method is based on the enthalpic decomposition of ozone in the
presence of a catalyst. Knowing the enthalpy of destruction of ozone,
i.e., AH=144.41 kJ/mol, ozone concentration in a gaseous mixture can
be determined by measuring the differential temperature of the gas
between the inlet and outlet after passing over a catalyst.

Ozone concentration is given by the following formula:

0:] = AT E)
[0;] = AH

where AT = differential temperature measured
M = molecular weight of ozone
C = specific heat of the gas (air or oxygen)

Messer Griesheim (Diisseldorf, Federal Republic of Germany) manu-
factures a unit based on this principle (Figure 10). In this analyzer, a con-
stant flow of gas (air or oxygen) containing ozone is directed to a heat-
insulated measurement cell containing a proprietary catalyst. This cell is
fitted with thermoelements that measure the gas temperatures at inlet
and outlet. Any nitrogen oxides in the carrier gas, liable to poison the
catalyst, are retained on an adsorbent, which does not destroy ozone.
This adsorbent has a service life of 4-5 weeks.

OZONE MEASUREMENT BY POTENTIOMETRY
This method also is reserved for the measurement of ozone in water.

The Thiedig Company (Berlin, Federal Republic of Germany) manufac-
tures a unit using this principle, known as the Digox “0Z-2"’ analyzer.
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Figure 10.  Schematic diagram of the Messer Griesheim calorimetric ozone
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In this unit (Figure 11), the measuring cell includes a gold electrode and a
stainless steel counterelectrode, between which flows the sample to be
analyzed. A reference electrode is in contact with the measuring cell
through a KCl bridge and a diaphragm. The measuring electrode is main-
tained at a constant potential with respect to the reference electrode by a
potentiostat. The cell thus delivers a current whose intensity is only
dependent on the amount of ozone in the water. Other oxidants, such as
chlorine or chloramines, do not interfere with the measurement.

SUMMARY

Table I compares the various analyzers described in this chapter.

Table I.  Characteristics of Various Ozone Analyzers

Measurement Type of Phase of Max. Measuring
Principle Manufacturer Unit Measurement Range
UV radiation Dasibi 1003 AH Atm. 20 ppm
1008 AH Atm. 20 ppm
1003 HC  Gas 10%
1008 HC Gas 10%
Mast 727-2 Atm. 10 ppm
Sigrist UP 62 B6 Gas =13%
UP 62 B6  Water 0.5 g/m3
Bran and Liibbe Uvameter  Gas =2
Uvameter  Water 0.5 g/m3
Chemiluminescence AID? 560 Atm. 10 ppm
of ethylene Beckman 950 Atm. 2.5 ppm
Meloy OA-300 Atm. 10 ppm
Monitor Labs 8410 A Atm. 10 ppm
REM 612 Atm. 2 ppm
Amperometry Mast 725-3 CS  Atm. 1 ppm
Fisher and Porter 17 L 2000 Water 1 g/m3
Wallace and
Tiernan Depolox 3  Water 2 g/m3
Degrémont Amperazur  Water 1 g/m?
Calorimetry Messer Griesheim Gas 7%
Potentiometry Thiedig Digox OZ-2 Water 1g/m?

2 Analytical Instrument Development
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The technology of individual components of ozonation systems (gas
preparation, ozone generation and gas diffusion) is discussed in other
chapters of this book. However, none of these chapters includes a con-
sideration of the details required to provide an operable integrated ozon-
ation system.

The author has had an opportunity to evaluate large, operating Euro-
pean and Canadian drinking water ozonation facilities, and is now asso-
ciated with the design and construction of two major U.S. wastewater
ozonation facilities. He has reviewed the design and startup experience of
many U.S. facilities, and seeks in this chapter to address details of con-
cern to the designers and operators responsible for ozonation systems,
including those treating drinking water, domestic wastewater and indus-
trial liquids.

FEASIBILITY STUDIES
Initial Considerations

There must be at the outset of any project some initial consideration
that ozonation is an appropriate application. This consideration may be

UT
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based on a literature review or on direct knowledge of other successful
applications. The potential multiple benefits of the application of ozone,
such as oxidation, oxygenation and disinfection, in drinking water treat-
ment must be considered. In any case, ozone should not be considered as
merely an expensive substitute for chlorination as a terminal disinfectant.

The sparsity of U.S. operational facilities and authoritative literature
increases the difficulty of identifying ozonation as an appropriate process
application. However, it is expected that documents such as this book
and periodicals such as Ozone Science & Engineering (the journal of the
International Ozone Association) will increase the awareness of the many
process applications of ozone. Selection of ozonation for further study
for specific applications will be based on considerations, including:

1. liquid stream quality, such as strength, color and turbidity;
quantity of liquid to be treated, as well as flow variations; and

3. applications of ozone, such as disinfection, taste and odor removal,
color removal, oxidation, and oxygenation.

Bench-Scale and Pilot-Plant Testing

There is almost universal agreement that some level of testing is required
before further consideration of ozonation as a treatment process. Testing
can range from a simple bench-scale procedure to a complex pilot-plant
testing program.

Nebel [1] summarizes the questions that must be addressed in the pilot
program as follows:

1. quantity of ozone required;

2. point of ozone application: (1) pretreatment, (2) posttreatment or (3)
multiple injection points;

best method of ozone application;

optimum ozone application concentration;

optimum contact time;

applicable ozonation control systems; and

possible requirement for ozonated liquid retention basins.

N AW

An initial consideration is the ozone demand of the liquid at the pro-
posed point of application. Légeron [2] suggests the use of an ozone-
demand flask, into which known quantities of ozone and water are intro-
duced and manually shaken. After a predetermined shaking period,
residual ozone and other significant parameters are measured. The test is
repeated to provide data for test results with differing ozone dosages.
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Bench-scale static testing involves a higher degree of testing sophisti-
cation. This type of test generally will provide answers to the following
questions:

1. Is the ozonation process technically feasible?
2. Is the ozonation process economically feasible?

The static test is conducted in a container filled with a sample of the
liquid stream into which ozonated gas is diffused. The ozone concen-
trations of influent and effluent gas streams are determined. Also, sam-
ples of the liquid are analyzed for selected parameters at predetermined
periods. The quantity of ozone consumed, in achieving a desired degree
of treatment, can be determined using this data. Figure 1 illustrates a
static test equipment schematic. Figure 2 illustrates the type of informa-
tion available through this level of testing.

A further level of testing, the dynamic pilot plant, is used to determine
criteria for the proposed full-scale facility. As such, it perhaps could be
addressed under Design, but much of the information is also valuable in
the initial feasibility study considerations. Figure 3 illustrates a dynamic
pilot-plant schematic.

Dynamic pilot-plant testing can be used to determine the optimum
ozone contact time and other design parameters. The relationship of a
particular dynamic pilot-plant contactor to a prototype unit is not totally
clear, but a diffuser column or series of diffuser columns appears to be a
common type of pilot-plant contactor currently used. These types of
facilities are available by loan or by lease from ozonation equipment
suppliers. However, the value of operational experience and expanded
data to be derived from a pilot unit purchased and operated for a pro-
longed period of time should be compared to the cost of a relatively short
test period with a leased unit.

Operational Facility Visits

It is important for design and operational personnel to make inspec-
tion visits to operational facilities incorporating equipment or processes
similar to those under consideration for the facility in question. This is
the ultimate test of the equipment or process vendor’s optimism, and is
particularly important in the field of ozonation. There is little published
information describing design and operational experience of North
American ozonation facilities, and site inspection trips appear to be the
only current way to obtain authoritative information on operational
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facilities. This is necessary to avoid repetition of previous design errors.
It is also important that operational personnel discuss operation and
maintenance problems with their peers who are involved with the day-to-
day operation of an ozonation facility.

A list of the operational ozonation facilities treating drinking water,
domestic wastewater and industrial liquids in North America is compara-
tively short, but growing. The installations range from small (334 kg
0,/day, Upper Thompson Sanitation District, Estes Park, CO, to the
very large, (3300 kg O,/day, Charles J. Des Baillets Water Treatment
Plant, Montreal, Quebec, Canada). The operational facilities represent a
wide range of types of ozone generators and contactors.

Preliminary Design

Preparation of a preliminary design is required to determine site require-
ments, unit dimensions, control strategies and other considerations nec-
essary to prepare a feasibility study report. Questions that should be
addressed in the feasibility study include the following:

1. applicability of ozone to the liquid or gas treatment system at one or
more points in the system;

2. ozone dosage(s) required to perform the proposed ozonation task(s);

3. determination of whether the proposed ozonation application(s) is/are
mass-transfer-or reaction-rate-limited and, therefore, some idea of
contactor types and size;

4. the ozone generation feed gas to be used such as: (1) high-purity oxygen,
(2) recycled high-purity oxygen, or (3) air; and

5. an estimate of the ozonation system cost.

Cost Estimating

Total cost is a major factor in deciding to incorporate a new process in
a treatment system. Total cost includes original capital cost amortization
as well as operational and maintenance expenses. Very little authoritative
information can be offered at this time, although it is addressed in other
chapters of this book. Development of cost estimating data from recently
bid ozonation projects is difficult, as many of the projects are signifi-
cantly different in terms of feed gas, ozone generators and contactors.
Another complicating factor is the entry of a number of ozone generator
suppliers into the U.S. municipal marketplace who may bid an unreal-
istically low price to achieve an initial installation of their equipment.
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A cost estimate for an ozonation facility should be prepared with as
much detail as possible, in view of the site-specific nature of the appli-
cation. It is recommended that the cost estimate address the factors
shown in Table I.

Table I.  Factors to Be Addressed in an
Ozonation Facility Cost Estimate

Estimated Cost

Subunit Description Capital Operation Maintenance
Gas Preparation b c
Ozone Generation and Power Supply a b d
Ozone Dissolution e f
Offgas Destruction b g
Controls and Instrumentation h

Interconnecting Piping i
Process Housing, Including
Environmental Considerations j

2Vendor-supplied data will probably group items 1 and 2.

bWill include electrical power.

“Will include labor and gas filtration media replacement.

dWill include labor costs and dielectric replacement.

¢Capital cost is a function of type and size. An appropriate basis for a first estimate would
be a two-stage, porous diffuser unit with the appropriate retention time.

fWill be a relatively minimum cost unless a turbine-type contactor is used, or if addition of
the ozonation process requires additional pumping head.

EWould include labor and possibly media replacement, depending on ozone destruction
system selected.

b Cost will depend on degree of system sophistication control desired.

iCosts should take into account special materials for handling ‘“‘dry”’ and ‘‘wet’’ ozonated
gas.

iSpace required should be estimated conservatively, depending on the wide range of equip-
ment available. Environmental control of equipment noise and ozonated gas must be
included.

DESIGN

The formal design phase begins with the owner’s acceptance of the
feasibility study and the decision to incorporate ozonation into the gas or
liquid treatment system. Design of the ozonation facility currently must
be performed without the formalized guidance of design standards or
other rigorous guides.
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Process and Instrumentation Diagram

Preparation of a process and instrumentation (P&I) diagram is an
essential first step in the design. Although it is subject to revision through-
out the project, the initial P&I diagram presents, on one or more draw-
ings, the initial conception of the ozonation facility. The following items
would be addressed in the P&I diagram:

design characteristics of liquid or gas to be treated, including flow;

design ozone dosages;

design feed gas quality and quantity;

number of gas ozonating trains;

number and size of contactors;

types and number of primary monitoring elements, such as flow,

pressure, temperature, ozone levels and dew point;

7. system controls, including interlocks and automatic shutdown capa-
bility; and

8. ozone generator cooling systems.

N AW N =

The P&I diagram serves as a strong basis for the facility design and as a
key document for process and instrumentation design review by those
experienced in the field. Although the designer cannot abdicate final
responsibility for the design of the facility, it is currently necessary to
take advantage of the experience and insight of ozonation system ven-
dors, and others in the field, to avoid needless repetition of previous mis-
takes manifested in other operational ozonation facilities. This is partic-
ularly important in areas of the world where ozonation is not an accepted
and well understood technology.

Equipment Selection

Carlins and Clark [3] describe the wide range of size and type of ozone
generation systems available. Although it is recognized in North America
that publicly owned facilities normally require that more than one sup-
plier be allowed to bid, the bid documents must clearly establish the
standard of quality to be provided. As the market for ozonation equip-
ment continues to expand, even more suppliers may enter the field. The
facility owner must be assured of receiving operable equipment of pre-
dictable longevity. It may be noted, in passing, that the Otto-type ozone
generators installed in the Bon Voyage Water Treatment Plant of Nice,
France, operated from 1906 to 1970, at which time the Bon Voyage Plant
was superseded by the Super Rimiez facility. Although it is recom-
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mended that the supply of at least the gas preparation, ozone generation
and electrical power subunits be the responsibility of a single vendor,
minimum standards of quality of the individual subunit components
must be established. The subunits to be addressed should include the fol-
lowing:

gas preparation;

electrical power supply;

ozone generation;

dissolution, including off-gas destruction;
controls and instrumentation; and

piping and valving.

N AW N ==

The need to establish ozonation system quality standards is clearly illus-
trated in deficiencies manifested in recent U.S. installations constructed
as part of the aggressively bid U.S. Environmental Protection Agency
funded wastewater treatment plant construction program.

Gas Preparation

Gas preparation subunits of some type are part of every ozonation
system. For once-through, high-purity oxygen systems, the gas prepara-
tion subunit may consist of little more than a gas pressurization device.
However, more complex systems are required for a system using recycled
oxygen or ambient air as the feed gas. Figures 4, 5 and 6 illustrate three
types of gas preparation systems used for preparing recycled oxygen or
air to be the feed gas for an ozone generator.

Gas preparation subunits are not unique to the ozonation process.
Similar subunits are required for pneumatic control systems and other
air-handling applications. However, a reliable supply of a gas with a dew
point of —60°C and free from specific contaminants such as hydro-
carbons is essential for high levels of ozone production. The gas prep-
aration system warrants careful selection to ensure that it is appropriate
for the ambient conditions of the raw feed gas. Air preparation systems
are well addressed in the literature {4,5], and will not be covered further
in this chapter. Provision of a conservatively designed gas preparation
subunit is inexpensive insurance against the problems that have resulted
from marginal or deficient gas preparation subunits.

Electrical Power Supply

Ozone generation is a function of applied voltage and frequency as
well as gas quality, temperature and pressure. Electrical distribution
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Figure 4.  Process diagram of low-pressure gas preparation system.
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system voltage and frequency are modified within the ozonation system
electrical power subunit to provide the particular needs of the ozonation
system. Electrical power supply to an ozone generation system remains a
highly proprietary portion of the ozonation equipment supplier’s pack-
age. The supplier’s method of controlling the high voltages, and in many
cases high frequencies, is part of the system’s electrical power supply
subsystem. The voltages and frequencies used to generate ozone com-
mercially can be classified as follows:

Frequency Category Frequency (Hz) Voltage (V)
Low (or Line) 50 or 60 25,000
Medium 600 20,000
High 2,000 10,000

While the low-frequency (high-voltage) system has been the most common
contemporary ozone installation, recent advances in electronic circuitry
have led to higher frequencies often being used for new installations.

Reliability of operation is a major factor in an ozone generator power
supply unit. The specific requirements of generating ozone leave the selec-
tion of subunit equipment almost exclusively as the responsibility of the
generator supplier. However, some level of responsibility must be borne
by the designer.

Ozone Generation
Larocque [6] defines ozonation systems as follows:

¢ small: 0-200 Ib (0-440 kg) of ozone per day;
¢ medium: 201-1000 1b (442-2200 kg) of ozone per day; and
* large: > 1000 1b (2200 kg) per day.

Ozone generators may be provided as completely preengineered and pre-
fabricated modular systems or as custom-designed systems. The modular
system, consisting of a frame-mounted ozone generator, air preparation
subunit, electrical power supply subunit and control package, generally is
applied for small- and medium-sized installations. Custom-designed units
with each unit supplied separately, but under a single supplier responsi-
bility, are used for larger-medium and large installations. Larocque
[6] discusses the advantages of each type of unit, but they can be sum-
marized as follows:

¢ modular system: standardized, shop-tested units, each unit to be oper-
ated as a single train; and
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e custom design: most flexible installation which requires more design
expertise and knowledge and a clear definition of the supplier’s respon-
sibility.

Questions to be answered in selecting an ozone generator include the
following:

1. What is the design capacity of the installation?

2. What is to be the feed gas: air, high-purity oxygen or recycled high-
purity oxygen?

3. What are the projected variations of ozone demand? Are the units
likely to be operated for prolonged periods at their rated capacity?

4. What level of control is desired?

5.  What level of maintenance is expected?

Ozone Dissolution

The wide range of ozone dissolution devices or contactors is illustrated
by Masschelein [7]. Mignot [8] provides further information. There are
several types of ozone contactors that can be employed for a given appli-
cation; however, a conservative approach, using contactors of proven
process application and established ozone transfer efficiency, should be
employed in selecting a contactor. For example: ceramic diffuser, multi-
stage contactors frequently have been applied for ozonation of highly
purified water and wastewater. On the other hand, turbine contactors are
frequently used for raw water ozonation.

Questions to be answered when selecting an ozone contactor include
the following:

1. Is the ozonation process mass transfer- or reaction rate-limited? For
example: disinfection is mass transfer-limited while chemical oxidation
of chlorinated organics many times is reaction rate-controlled.

2.  What hydraulic head is available?

3. What is the gas pressure available throughout the ozone generation
system?

4. What level of ozone utilization is required?

5. What is the ozone uptake rate of the liquid in question?

Selection of an ozone dissolution subunit will be based not only on the
answers to the preceding questions, but also on other basic considera-
tions. For example: site constraints might require a very deep diffuser-
type contactor, or bidding constraints might preclude the use of a pro-
prietary type of turbine contactor.
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Contactor Offgas Treatment

Ozone contactor offgas treatment normally is included as part of the
contactor designer’s task but is discussed separately in this presentation,
for clarity. Some level of treatment is required to minimize personnel
health hazards and possible deleterious effects within the plant structures
or in the surrounding area.

An acceptable ambient ozone level of less than 0.1 ppm by volume
normally requires consideration of offgas treatment, since a 90-95%
ozone transfer contactor efficiency would still result in a contactor off-
gas concentration of 2000 ppm of ozone on a weight basis. Contactor
offgas treatment methods include the following:

1. dilution by prevailing winds or by supplementary air;

2. wet granular activated carbon (dry GAC treatment is not recom-
mended);

thermal destruction;

catalytic thermal destruction; or

5. recycling to other parts of the process.

How

In addition to Masschelein [7], Tritschler [9] and Schalekamp [10] ad-
dress the various methods of contactor offgas treatment.

The ozone destructor type selected must reduce ozone concentrations
to acceptable limits and satisfy the following criteria:

simple to operate,
low capital cost,

low operational cost,
energy efficient,
reliable,

long service life, and
compactness

Ozonation Control

Ozonation control systems vary considerably in operational ozonation
facilities. French drinking water treatment plants, using ozonation pri-
marily for disinfection and viral inactivation, incorporate a closed-loop
control system, in which the residual dissolved ozone level in the ozon-
ated water is used to control the amount of ozone supplied to maintain
that ozone residual. The key to successful operation of such a system is
an accurate and reliable dissolved ozone analyzer. On the other hand,
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many German drinking water treatment plant ozonation systems, which
are used primarily for iron, manganese and/or organics oxidation, are
manually controlled by means of a periodic manual ‘‘sniff’’ test of
offgas from the holding tanks after ozonation or by visual observation of
the permanganate pink color which identifies oxidized manganese in the
ozonated water. Even in these plants, there is a trend to higher degrees of
control system automation. U.S. wastewater treatment ozonation facil-
ities currently use flow-paced, ozone dosage control because of the cur-
rent lack of a recognized parameter that can be measured downstream of
the process to enable closed-loop control.

Continuous residual dissolved ozone monitoring equipment may be
applied successfully to drinking water that has already received a high
degree of treatment. This has been observed in the most common French
application of ozone as the primary means of disinfection near the end of
the treatment system. However, a more cautious approach must be taken
with the application of continuous, dissolved ozone monitoring equip-
ment for water that has only received chemical clarification, or for treated
wastewater, because the ozone demand has not yet been completely satis-
fied and therefore the measured residual dissolved ozone level is not stable.
Continuous monitoring of the ozone concentration in the gas phase ap-
pears to be reliable due to greater experience and the availability of more
well proven equipment, which has been developed for air pollution moni-
toring.

There are various methods for controlling ozone production rates,
which are required for several reasons. First, since excess ozone cannot
be stored, power is wasted in generating needless excess ozone. Second,
excess ozone in the contactor offgases must be destroyed before being
discharged to the environment for safety and health reasons. This also
requires energy. On the other hand, when water quality decreases, addi-
tional ozone is required immediately, since underozonation of certain
organic contaminants present in the liquid can produce partially oxidized
organic intermediates which, under certain circumstances, can be more
toxic than the initial materials [11].

Methods of controlling ozone production include the following.

Manual Operation-Manual Sampling

The change in water characteristics brought about by ozonation is
determined by periodic visual inspection or chemical analyses. The re-
quired ozone production rate is controlled by manually changing either
the voltage or the frequency of the electrical power supply, or by chang-
ing the number of ozone generators in operation (Figure 7).
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MANUALLY MONITOR

SELECTED PARAMETER

VARY VOLTAGE/ FREQUENCY MANUALLY

OZONE
GENERATOR

CONTACTOR

OZONE

Ozonation control: manual operation-manual sampling.

Figure 7.
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Manual Operation-Automatic Sampling (Figure 8)

The ozone production rate is controlled manually through continuous
monitoring of a selected parameter such as:

residual dissolved ozone level in the water being treated;
* residual ozone level in the contactor offgases; or
* liquid characteristics such as color or turbidity.

Closed Loop Control-Automatic Sampling (Figure 9)

The ozone production rate is controlled automatically (voltage or fre-
quency) by a signal generated by the continuous monitoring of a selected
parameter, such as those listed above.

Closed Loop Control of Voltage/Frequency
and Gasflow-Automatic Sampling (Figure 10)

The system is fully automatic and is designed to operate at peak elec-
trical efficiency with ozone-containing gas concentration controlled for
optimum dissolution. Many system parameters are monitored contin-
uously and a preprogrammed controller adjusts both gas flow and vol-
tage or frequency.

Full Computer Control-Automatic Sampling (Figure 11)

The computer receives the same information as in the immediately pre-
ceding system and more from the ozonation control system, including
diagnostics, prefailure shutdowns and optimum energy balance.

Selection of a specific control strategy is based on the ozonation appli-
cation as well as the size and sophistication of the overall treatment
facility.

Larocque [6] divides instrumentation/control into the following cate-
gories:

1. necessary,
2. desirable, and
3. redundant

He lists the following ozone generator monitoring requirements as essen-
tial:
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feed gas flow;

feed gas pressure;

feed gas temperature entering and leaving the ozone generator;
cooling medium inlet and outlet temperature; and

power consumption.

s W N -

Experience elsewhere [11] indicates that feed gas dew point monitoring
and associated calibration equipment should be considered as essential or
very desirable. Another desirable control attribute is an equipment start-
up sequence that purges the gas preparation system and ozone generator
of moisture prior to system startup.

Materials of Construction

Zawierucha and Charleson [12] give a more complete discussion of
materials of construction of ozonation systems. However, design guid-
ance can be derived from experiences of recent U.S. ozonation install-
ations [13-15]. The following list of materials, considered appropriate
for ozone applications, was prepared after a review of published liter-
ature and interviews with operators of U.S. ozonation facilities:

* ‘““dry”’ ozonated gas piping: (1) flanged or screwed—304 and 316 stain-
less steel; (2) welded—304L and 316L stainless steel;

e ‘“‘wet’’ ozonated gas piping: same as for dry service;

* valves: stainless steel face and body;

* gasket material: Viton, Teflon, Hypalon in compression (silicone
under certain circumstances);

* flexible couplings: stainless steel; and

® concrete joint materials: Sikaflex-1A.

Welded stainless steel piping systems are preferred using tungsten-arc
inert gas (TIG) welding procedures. Polyvinyl chloride (PVC) or unplas-
ticized polyvinyl chloride (UPVC) piping systems are not recommended,
based on a review of the experience at the previously referenced installa-
tions [13-15]. Although conventionally designed reinforced concrete
appears appropriate for ozone contactor structures, the use of galvanized
steel reinforcing bars for the gas space portions of the structures should
be considered. This consideration is based on unpublished test work at
the Springfield, MO, wastewater treatment plant ozone contactors.
These contactors utilize surface aerators to diffuse ozonated gas into the
nitrified and filtered wastewater. It may be argued that ozone concentra-
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tions in the headspace of the Springfield contactors were atypically high
in contrast to those encountered with the more conventional porous tube
diffuser type contactors. This question requires further study.

Environmental Considerations

Designs must take into account environmental considerations, includ-
ing sound levels and ambient air quality. These factors must be consid-
ered in the absence of well established industry guidelines in areas of the
world new to ozone technology.

Sound Levels

Noise is generated within the ozonation system by the gas pressur-
ization and refrigerant gas drying subunits. Noise also may result from
high-frequency electronic systems associated with certain types of ozone
generators. Isolation of the gas pressurization equipment in a specially
treated room is common practice. Careful consideration and specifica-
tion of acceptable noise levels normally will allow the refrigerant cooling
and other equipment to be housed in conjunction with other equipment
of the ozonation system.

Air Quality

Ventilation requirements of enclosed spaces housing ozone generation
facilities are currently ill-defined. Many operational Canadian and
French drinking water ozonation facilities appear to be designed to take
advantage of the fact that physically detectable ozone levels are far below
hazardous levels as defined by current environmental standards [16].
Other European facilities incorporate more formal ozonation facility
ventilation systems. Maintaining a pressure slightly below atmospheric in
areas where ozone leakage could occur is practiced. A means of initiating
an emergency, high rate of room ventilation frequently is provided at the
exterior doorways of ozonation areas. Some German plants incorporate
room ambient ozone level monitors which, when ozone levels exceed 0.1
ppm, automatically: (1) sound an alarm; (2) interrupt power to the gen-
erators; and (3) start exhaust fans. Current French design philosophy
appears to be similar.

In the absence of any formal North American standard, the author
suggests a two-level ventilation system; one level to meet normal room
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heating and cooling needs and a second, emergency level to provide an
air change every two minutes for enclosed spaces that could be contam-
inated by ozone leakage. Separate areas, complete with separate heating,
ventilation and air conditioning, as well as separate exterior access, are
suggested for the ozonation facility. Comfort can be taken in regard to
ozonation room ventilation in that ozone generation can be terminated
by interrupting power to the ozone generator. This is in contrast to the
hazards associated with handling a leak of chlorine gas from a pressur-
ized container.

Treatment of the offgas from the ozone diffusion unit or other areas
of high ozonated gas concentration is important with respect to the ven-
tilation of other work spaces of the treatment facility. Several recently
constructed U.S. ozonation facilities manifest the problem of ozonated
offgas being short-circuited to the ventilation system intakes of other
plant work areas when an offgas treatment system was not provided or
was not being operated. The provision of an offgas treatment system
and careful consideration of building ventilation intakes are two impor-
tant aspects of maintaining outdoor and indoor plant ambient air quality.

General Considerations

Evaluation of operational ozonation facilities indicates that conven-
tional building construction materials and design are adequate if noise
and air quality problems are properly addressed. A minimum level of
heating would be required in cold climates for worker comfort and to
prevent equipment and piping damage due to cold temperatures. Since
the ozone generation is an exothermic reaction, it has been suggested that
the waste heat generated could be used for building heat. Equipment
layout should provide for easy access to the equipment. The space require-
ments and piping arrangements of the various types of ozone generators
should be taken into account. Here again, although perhaps bound by
the low bid requirements, the design must establish the basic measure of
quality. These would include the following:

1. architectural treatment, including exterior and interior finishes;

2. doors and windows, including: size, number and location;

3. vertical and horizontal clearances required for equipment, including
aisleway considerations and the possible provision of an overhead
crane; and

4. space and other provisions required for associated items, such as wash-
rooms, lockers, sample points, tool storage and janitorial needs.
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Plans and Specifications

Plans and specifications must be specific to guide general contractors
and their suppliers bidding the project and to protect the owner from
unsuitable materials and equipment.

Ozonation system supplier recommendations must be reviewed care-
fully, especially in North America, in view of the low bid supply concept.
This is particularly true in view of the entry of promoters of European
systems into the U.S. marketplace. Advice may be given in good faith by
European-trained sales engineers who do not realize that many of the
desirable, and even essential, features of a system that would be supplied
under a negotiated contract would not be supplied under a low-bid con-
tract unless they are clearly specified. An example of such an expensive,
but essential operational tool, which would not be supplied if not spec-
ified, is a feed gas dew point meter and accompanying manual dew point
calibration unit.

The ozonation system may not, in itself, be the reason for selection of
the low bidder for the construction of an overall gas or liquid treatment
facility. Since operational costs may vary from one ozone generator to
another, an additional qualification frequently is used in evaluating the
ozonation system. By this procedure, the bidder is required to submit the
power requirements to produce the specified quantity of ozone as part of
his bid. Liquidated damages would be assessed for actual power require-
ments in excess of those listed in the bid.

Preparation of ozonation facility bid documents which both protect
the owner’s interests and allow free competition between the wide range
of available ozonation systems is extremely difficult, if not impossible.
Therefore, the concept of prebidding, and thereby preselecting, key ele-
ments of the ozone generation system should be considered. Once the
specific system has been determined, the aesigner is better able to design
a facility to serve the owner’s needs, in terms of operation and main-
tenance. The designer is also better able to work with the selected equip-
ment supplier to optimize the application of the equipment to be sup-
plied. The bid documents must carefully specify the procedures and con-
ditions of the ozone generator tests. Industry standards are being
developed slowly, but currently specifications should err on the side of
being too detailed. A recent EPA document [11] includes such a test pro-
cedure. A review of comments of Naimie and Okey [17] regarding spe-
cific details of such testing is recommended before writing the specifi-
cation.

Considerable initial startup and training assistance by the ozonation
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system vendor should be specified. Three or four visits by operationally
oriented vendor personnel during the warranty period should be required.

CONSTRUCTION

In this chapter, construction is defined to include all activities con-
ducted during the period between advertisement for bid and the owner’s
acceptance of the facility. There is little, if any, difference in constructing
an ozonation system than any other treatment system. However, the
general unfamiliarity of construction trades with installation of ozona-
tion facilities requires extreme attention to assure that the specified
materials and procedures are used in the work. The attack of wet and dry
ozone will quickly reveal any deficiencies after commencement of opera-
tion, but this involves added delays and costs, which otherwise can be
avoided.

Testing of the constructed ozone diffusion device is necessary to deter-
mine ozone transfer efficiency as part of a program to minimize opera-
tional costs. Procedures for testing the generator itself are covered in the
preceding section. Effective use of startup and operator training are of
great importance since ozonation systems are still comparatively uncom-
mon in many parts of the world. Manufacturers’ operation and main-
tenance manuals should be reviewed closely for clarity and adequacy.

OPERATION AND MAINTENANCE

The responsibility for operation and maintenance of the ozonation
facility ultimately comes to rest on the plant operational staff. Their
efforts now will determine whether the ozonation system will reliably
meet the demands placed on it. Operation and maintenance procedures
will be major factors in determining the uninterrupted operational life of
the facility. Although the majority of any overall ozonation system con-
sists of conventional equipment, the ozone generator and the electrical
supply subunits are new to the average operator. Therefore, the plant
management may choose to enter into a maintenance contract for the
initial years of operation of the ozonation system. Full use should be
made of the vendor services required by the contract.

Good maintenance procedures are as important for successful opera-
tion of the ozonation system as for any others. Oil changes, air filter
media replacement and dielectric cleaning are obvious requirements.
Record keeping procedures to provide baseline information for future
troubleshooting evaluation must be established as well. Performance

DESIGN OF OZONATION SYSTEMS 335

data, such as kilograms of ozone produced per kilowatt-hour, generator
feed gas dew point, and other data will be important in determining main-
tenance cycles and solutions to operational problems.

The frequency with which the air preparation subunit filter medium is
changed is a function of ambient air quality. Filter medium cleaning or
replacement is commonly scheduled twice per year. Experience indicates
a minimum absorber medium life in excess of 10 years for the desiccant
dryers [11].

Two factors that affect ozone generator operation and maintenance
include the effectiveness of the air preparation system and the period over
which the ozone generator is required to operate at maximum capacity.
Maintenance of the ozone generators commonly is scheduled once per
year. However, many plants perform this maintenance every six months.
Dielectric replacement, due to failure as well as to breakage during main-
tenance, can be held as low as 1-2% by adhering to the manufacturer’s
recommended maintenance program. However, it appears reasonable to
predict an average tube life of ten years if a maximum feed gas dew point
no higher than —60°C is maintained and if the ozone generator is not
required to operate for prolonged periods at its rated capacity.

Ozone generators normally are operated at 50-75% of their maximum
rated capacities. This allows more efficient use of electrical energy to
produce a given amount of ozone, as well as to reduce the extent of dielec-
tric wear and more frequent dielectric failure. Excess ozone generating
capacity thus is required, but also becomes available for sudden surges in
ozone demand and to allow for downtime during scheduled maintenance.

Operation and maintenance of the ozone contactor also must be con-
sidered. Turbine diffusers require electricity to power the drive motors.
In comparison, porous diffusers require little or no added energy, but
regular inspection and maintenance is required to ensure uniform distri-
bution of ozonated gas in the contact chamber. Experience with periodic
maintenance of the diffuser type contact chambers in the Morsang-sur-
Seine plant in France indicates that even after purging of the contact
chambers with air, maintenance personnel entering the chambers should
be equipped with a self-contained breathing apparatus, since the density
of ozone is heavier than air and is difficult to remove completely by air
purging [11].

CONCLUSION

Studies and research are revealing the broad applications of ozone in
treating gases and liquids. However, there is little nonproprietary infor-
mation in scaling up laboratory scale or pilot-plant-scale processes into
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full-sized production facilities. This chapter addresses some of the fre-
quently tedious details which should be considered by the designer to
provide the owner with an operable installation with a minimum of
unanticipated (and unappreciated) operational and maintenance prob-

lems.
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MECHANISMS OF ORGANIC OXIDATIONS
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CHAPTER 12

MECHANISMS, RATES AND SELECTIVITIES
OF OXIDATIONS OF ORGANIC COMPOUNDS
INITIATED BY OZONATION OF WATER

J. Hoigne

Swiss Federal Institute of Technology, Ziirich
Institute for Aquatic Sciences and Water Pollution Control
Diibendorf, Switzerland

OBJECTIVES

The final products accumulating in water during ozonation reflect the
mechanisms and kinetics with which the different oxidation reactions of
the parent molecules and transient intermediates proceed. The goal of
this chapter is to present kinetic data and to establish a framework within
which observations of the chemical effects of ozonation can be localized
and rationalized. This type of information is needed when one must con-
sider ozonation of waters of varying composition; it can further be
applied to decisions concerning reactor design. It also helps in the com-
parison of results of different research programs.

When describing the kinetics of ozonation processes in water, we are
confronted with the following problem: in nonaqueous solvents, the
direct reaction of dissolved ozone is generally the relevant reaction. In
water, however, this direct reaction can hardly be separated from other
reactions that arise from decomposition of aqueous ozone to secondary
oxidants that are much more reactive than ozone itself. Here, the choice
of pathways followed by the reaction is sensitive to changes in composi-
tion of the aqueous solution. Therefore, a comparison of results is rather
complex unless sufficient information is presented to allow discrimina-

-~ 4w
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tion between different effects. Consequently, I have preferred to restrict
my attention to those papers from which kinetic results can be evaluated.

Officials of waterworks and health departments are understandably
eager to learn about possible treatment techniques to remove occasional
contaminants that might appear in raw waters; one of the methods to be
considered is ozonation. In Switzerland, for instance, ozonation
processes are already installed in more than 150 drinking water treatment
plants to improve disinfection, taste and odor. However, to learn about
the efficiency of such processes for individual micropollutants and to
optimize the processes involved, we must know the parameters that reg-
ulate the mechanisms and kinetics of the reactions. Such information
could also be applied to advanced wastewater treatment processes, and
treatment of air-scrubber water or treatment of cooling water systems.
Moreover, kinetic data should give a basis for quantification of ozona-
tion reactions that can occur in rain droplets exposed to ozone in the
atmosphere.

The types of products expected to be formed during ozonation of
aqueous solutions of organic material already have been described [1-5].
From such information we conclude that organic materials dissolved in
water (solutes) may selectively become oxidized by ozonation, and that a
parent molecule (M) yields some daughter products, which can be oxi-
dized further to form additional daughter products if ozonation is con-
tinued (Figure 1).

In most cases, only extended ozonation would lead, by a series of con-
secutive oxidations, to ‘‘full mineralization” of the solutes, i.e., to
carbon dioxide, water, nitrate, sulfate, etc. In practice, ozonation
processes are stopped long before such a mineralization is achieved, e.g.,
in water treatment, the conventional processes are generally restricted,
for physical, technical and economic reasons, to the conditions given in
Figure 2. The values of these parameters are much lower than those nor-
mally used by organic chemists in their investigations and organic
synthesis.

—->X1 : X11 B s evee C02
M +03 H20
(C/H/O/N/S- +03 — X2 — NO3
compound ) L X» 502"

Figure 1.  Scheme of consecutive reactions of a micropollutant and its daughter
products with ozone.
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Figure 2.  Reaction conditions typically encountered in drinking water ozona-
tion. M = aqueous micropollutant.

PATHWAYS OF REACTIONS
AND OXIDANTS INVOLVED

The primary reactions initiated by ozone in water can be described by
the reaction sequences given in Figure 3. During ozonation, part of the
dissolved ozone reacts directly with dissolved impurities. Such direct O,
reactions are often rather slow. This makes them highly selective and
often the most important reactions to be considered in water ozonation
(disinfection, decoloration, etc.). The rates of these reactions are dis-
cussed below.

On the other hand, part of the added O, decomposes before it reacts

O3 stripped

o |
03 pMoxis. £ Direct-0g Reaction

ARG R BRI

Radical-Type Reaction

IR NV S A AR AN LR IR

Figure 3.  Scheme of primary reactions of ozone [6,7].
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with solutes and before it is stripped off. Decomposition of O, is
catalyzed by OH - ions, and proceeds more rapidly with increasing pH. It
is additionally accelerated by a radical-type chain reaction in which free
radicals, such as OH" and HO; (which are produced from decomposed
O,), can act as chain carriers. Furthermore, benzene derivatives, for
instance, react with OH" radicals and form secondary radicals (R*) that
also act as O,-decomposing catalysts. Other solutes, such as bicarbonate
ions [8] and methylmercury hydroxide [7] or chloride (at low pH),
consume the OH" radicals by forming species that do not act as chain
carriers. Such solutes thereby extend the lifetime of O, in water. Con-
sequently, this lifespan depends on pH as well as on the types of solutes
present. It is still uncertain as to which type of reaction dominates for
decomposing O, in given systems [9]. We therefore base our approach on
measured lifetimes of ozone in different types of waters (Figure 4).

As indicated above, secondary oxidants are produced by the decompo-
sition of aqueous O;. The most significant species formed are cdmpiled

t/2 (s)
10° I m I I

0 &= | 1 |
2 4 6 8 10 pH

Figure 4.  Half-life of ozone (t,,,) in different types of waters [7,8,10]: I =
distilled water; phosphate buffer; II = distilled water; 2 mM carbonate phos-
phate buffer; III = 70% Lake Ziirich water (DOC = 1. 2/m3), 0.05 M borate
buffer, A without buffer, O Lac de Bret water (DOC = 3.2 g/m3); IV = 70%
municipal wastewater; secondary effluent; borate buffer (DOC = 7 g/m?3).
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in Figure 5. Many of these are identical to those which are produced by
high-energy irradiation of (aerated) water [11]. Their reactions and
products formed are thus well documented in the literature dealing with
radiation chemistry, biology and food preservation technology [12].

Of all the secondary oxidants formed, the hydroxyl radicals (OH")
seem to play a key role. Their occurrence in ozonated water was reported
by Weiss in 1935 [13]. Critical experimental identification of these spe-
cies was later performed by Taube and Bray within an excellent series of
kinetic studies [14-16]. These OH" radicals are among the most reactive
oxidants known to occur in water. They can easily oxidize all types of
organic contaminants and many inorganic solutes by a radical-type reac-
tion. They are therefore immediately consumed on their formation
(within microseconds) and exhibit little substrate selectivity. Nonethe-

Moxid /*H;O; 6’1‘6‘}

BO——O3—> BrOo; —

H02 :H++O2 +M - l(;l id
X1

M, > Miy (*Hy05)

slow

HO® (E=H™+07)

—> Mn (Vi)

+03 _
_— BI’O3 E—

Bro

Figure 5.  Secondary oxidants formed in ozonation processes.
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less, if one considers the oxidation of relatively stable compounds, the
reactions of these secondary oxidants may become of major importance.
These radical-type reactions are therefore discussed explicitly below.

The occurrence of perhydroxyl radicals, which may dissociate to
superoxide ions (HO; =05 ; pK, =4.9), is also expected from the de-
composition of ozone [9,13,14,16]. Generally, these species are of rather
low reactivity in initiating oxidations [17]. Those types of chemical com-
pounds which might be easily attacked by such radicals will already have
been oxidized earlier by the direct action of ozone. However, these oxi-
dants could still be important contributors to the overall oxidation fol-
lowing the primary atack of OH' radicals on stable molecules.

In the presence of carbonate or bicarbonate ions, the OH" radicals can
oxidize these ions to CO;~ or HCO;, a carbonate or bicarbonate radical,
which might act as a tertiary oxidant. These subsequent reactions are also
expected to be rather slow and highly selective [8]. To date, their effects
have not been observed in ozonated water.

In the presence of organic solutes, oxidations may lead to organic
hydroperoxides or hydrogen peroxide. These species can also act as
secondary oxidants or, in some cases, as reducing agents. The formation
of permanganate on large doses of ozone is reported for some waters
that contain dissolved manganese(Il). In waters that contain bromide
ions, a relatively rapid formation of bromine (hypobromous acid/hypo-
bromite ion) is observed. These oxidants are selective and are more per-
sistent than ozone. They are of importance when seawater is ozonated
[16,18-22]. Addition of bromide to swimming pool water is proposed to
convert ozone into a more persistent disinfectant [23]. (e.g., Hydrozone
Process®, Hydro-Elektrik GmbH). Continued ozonation, however, may
convert these oxidants to less reactive bromate ions [18-22,24].

All of these reagents formed during ozonation must be considered as
potential secondary or tertiary oxidants, which contribute to the oxida-
tion processes initiated by ozone in water. In the present survey, how-
ever, we will focus only on those two types of reactions that are of pri-
mary importance for drinking water: direct O, reactions and OH" radi-
cal-type reactions.

DIRECT O; REACTION WITH SOLUTES
Reaction-Rate Parameters

Some solutes are oxidized directly by molecular O,. If 4 denotes the
stoichiometric factor, i.e., molecules of M oxidized per molecule of O,
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consumed by the sequence of reactions initiated by a primary attack of
0O, on M, we may write:

+0, + 0,

M+ O, _ﬂi‘i%xl L’Xz — - — M. o)
k03 is the apparent reaction-rate constant for the overall consurpption of
0,, by means of all the reaction steps leading from M to a quasifinal end
product, M,,,. By definition, the oxidation of the transient inter-
mediates, X, , proceeds sufficiently fast (as compared with the rate of the
initiating step), so as not to limit the overall kinetics. It follows from
Equation 1 that k,,, the rate constant for the consumption of M, is given

by:
ky = TIko3 )

Case A

Some substrates, if present at sufficiently high concentrations, such as
nitrite and a few organic compounds, consume O, so quickly that the
overall rate of the reaction, —d[M]/dt, is regulated only by the rate of
O, supply:

—d[M]/dt = g x (O, supplied/time)/volume 3)

If no buildup of intermediate daughter products takes place, the integra-
tion of this equation yields:

M], — [M], = 5 X (O; supplied/volume) 4)

Here [M], and [M], are the concentration of the solute M at reaction
times 0 and t. In this case, the absolute solute concentration decreases
linearly with the amount of O, added (Figure 6A) until the conceptration
of the substrate becomes so small that the system becomes reaction rate-
limited (Figure 6B).

Case B

On the other hand, if one considers ozonation of drinking water, most
dissolved impurities are present in low concentrations and react so slowly
with Oj that the rate of the overall process is limited instead by the rate of
the chemical reaction step. In these cases, experiments show that the rate
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Figure 6.  Oxidation rate of solute M by direct O;-reaction. (A) Reaction rate is
limited by the rate at which ozone is added to the system. Assumptions: absence
of a significant buildup of secondary ozone-consuming intermediates (see
Equation 4). (B) The reaction rate is limited by the rate of the chemical reac-
tion. Assumptions: constant ozone concentration during process; M is an

individual type of molecule; batch-type or ideal plugflow reactor (see Equation
6).
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of the overall consumption of O, is proportional to the concentration of
O, and the concentration of the solute. Therefore, the rates of oxidation
of M and consumption of O, are described by:

—d[M}/dt = - d[0;]/dt = nko, [03] [M] = ky [O;][M] &)

Integrating Equation 5 over time, results in, for a batch or ideal plugflow
reactor:

In(M],/[Ml,) = —nko, [03]t = —ky [O3]t (6)
or

[M],/[M], = exp(— ko, [03]1) = exp(~ku[05]1) M

where [0, ] is the mean ozone concentration as averaged over the reaction
time t:

O3t = | [0}t ®

(for mixed reactors see Equations 27 and 28).

Equation 6 shows that it is now the logarithm of the relative residual
concentration that declines directly with ozone concentration and ozona-
tion time,_[63] xt. A straight-line relationship is found for systems
where k,,[O,] does not change during the reaction (see Figure 6B). This is
the case if M represents a single type of compound. If M stands for a
mixed system, then the apparent ky, value would change (decrease) as
ozonation proceeds. This is the case if M is based on collective param-
eters of mixed systems, e.g., total dissolved organic carbons (DOC),
ultraviolet (UV) absorbance, or the permanganate value.

The stoichiometric factor 5 is about 1.0 for cases in which M is an
olefinic compound. It is somewhat lower for many other types of solutes,
e.g., 0.25-0.5 for aliphatic or aromatic molecules [25].

The reaction rate can be characterized by the lifetime 7,;, during which
the concentration of a specified individual solute M decreases to 37%
(1/¢) of its original value in the presence of a constant amount of ozone.
This time is achieved when the exponent in Equation 7 becomes —1:

7 = 1/(1ko,[03]) ©)

The 7, value is indicated in Figure 6B.

The relationship between reaction-rate constants and the lifetime of a
specified solute M is presented in Figure 7 for various O, concentrations.
In this graph, the line for an O, concentration of 50 g/m” represents an
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Figure 7.  Relation between reaction-rate constant k and lifetime 7 of solute M
for different concentrations of ozone. Assumptions: 5 = 1.0.

upper theoretical limit in water treatment applications. Typical O, con-
centrations achieved in practical processes (atmospheric pressure) are
much lower: the line for 5 g/m? represents a value achieved with com-
mercial ozonators operating with dry air. However, 0.5 g/m? is more
often used for drinking water plants. In Figure 7, the ‘‘slow’’ region
denotes the region in which solutes have reaction-rate constants
<1 M~ 'sec™'. Their lifetimes 7, are larger than 10,000 sec even if a
concentration of O, of 5 g/m? should be applied. Solutes located in this
“‘slow’’ region will not be oxidized within a practical process time. In the
“‘fast’’ region, solutes have reaction-rate constants that exceed 10,000
M 'sec™!. Here, ozonation leads to eliminations within seconds, and the
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rate of the ozonation process is limited instead by physical transfer and
distribution of ozone into the aqueous solution (Case A, Equation 2). The
““medium’’ region represents solutes with reaction-rate constants
between 1 and 10,000 M ~'sec™'. Practical ozonation processes are rele-
vant for these solutes and the rate of the chemical reaction determines the
overall reaction rate (Case B, Equation 6).

For ozone application, it is of interest to learn which types of solutes
(including intermediate ozonation products) have to be classified as fast,
medium or slow. We need to know the value of the reaction-rate con-
stants accurately for solutes in the ‘‘medium’’ category. It enables calcu-
lation of the rate of the chemical reaction, which here determines the
overall rate of the process. The magnitudes of the reaction-rate constants
of solutes classified as ‘‘fast,”” may also be of some interest as they give
information on the selectivity with which different solutes react relative
to each other (see Equation 12).

The parameters that control ozonation of a dissolved compound are:

Case A: rate of process limited by rate of O, supply

Oj3,44.: total amount of O, added during ozonation
* q:stoichiometric factor (molecules M oxidized per molecule of O, con-
sumed)

Case B: rate of process limited by the chemical reaction rate

[M]: concentration of the solute

[0;]: concentration of O, (mean over reaction time t)

t: duration of ozonation

ky (or 7 kKo,): second-order reaction-rate constants as defined by
Equation 1 or §

® reactor design: see below

Reaction-Rate Constants

Reaction-rate constants have been reported for many organic solutes in
nonaqueous solvents. Preliminary comparisons with measurements may
be rather different for aqueous solutions. For instance, aromatic hydro-
carbons react 30 times faster in water than in chloroform at comparable
temperature. Moreover, in water, acids and bases may dissociate to form
ions, which react very differently than the nondissociated species [25].

We therefore determined the k values for many aqueous solutes by
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measuring the rate of ozone consumption. This was achieved in the
presence of different concentrations of solutes in closed containers.
[6,25,26]. For these measurements, the concentration of solutes was
several times higher than the initial concentration of ozone. This made
the reaction pseudo first-order, i.e.,

—d[0;]/dt = ko, [M], [O;], (10

The results of these measurements were supported by conclusions of fur-
ther experiments, in which we measured the relative rates at which differ-
ent organic substances are eliminated from a solution, i.e., when they
compete with each other for reaction with ozone. The main problem with
these experiments performed in water was to avoid interactions by
radical reactions (see Figure 3). This could generally be achieved by
lowering the pH and/or adding free radical scavengers. Criteria for the
occurrence of pure direct ozone reactions were:

1. The kinetics remained first-order in ozone and solute concentrations
over the entire concentration range measured.

2. Within the pH range employed, small changes in pH did not affect the
apparent reaction-rate constant. (In case of acids or bases the reaction
rates were based on the concentration of the appropriate species
present at the given pH.)

3. The addition of further radical scavengers (bicarbonate, propanol,
tert-butanol, methylmercury) had no effect on the results.

Figure 8 gives examples of measured reaction-rate constants. Diagonal
lines for particular elimination factors are drawn for illustration. They
indicate reductions of concentrations to 37% (A), 1% (B) and 0.01% (C)
of the original value when a plugflow or batch-type reactor is used. The
required ozonation time leading to such eliminations may be read off the
horizontal time scale. This scale is calibrated for a mean ozone concen-
tration of about 5 g/m? (10~* M). It increases inversely with the ozone
concentration. As shown in Figure 7, a rate constant of at least 10
M~ 'sec™! is required for an appreciable reaction within 1000 sec deten-
tion time, even in the presence of 5 g/m? of ozone.

A more extended list of reaction-rate constants is presented in Table I.
A comparison of the rate constants listed shows that direct reactions of
ozone with dissolved compounds are highly selective. Even small modifi-
cations of a chemical structure can have a large effect on these values.
(To visualize the lifetime of a solute M in the presence of a given ozone
concentration, the rate constants given in Table I should be used in con-
junction with Figures 7 or 8.)
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Figure 8.  Examples of direct reactions of ozone with solutes. Vertical axis:
reaction-rate constants k. Horizontal axis: reaction time required to reduce the
solute concentration to the relative value indicated on the diagonal elimination
lines. Assumptions: 7 = 1.0; [0,] = 104 M (about 5 g/m’3). (*) values for a
batch-type or ideal plugflow reactor (see Equation 22); (**) values for a com-
pletely stirred reactor (see Equation 28)
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Discussion of Reaction-Rate Constants koj [25]

The C=C double bond of olefinic compounds reacts so rapidly with
ozone that its rate of ozonation is generally not limited by the rate of the
chemical reaction, i.e., it belongs into the ‘‘fast’’ category of Figure 7
(see Table I). However, if hydrogen atoms adjacent to the double bond
are replaced by electron-withdrawing groups, e.g., chlorine atoms, the
reactivity of the bond becomes markedly depressed; tetra- and trichloro-
ethylene are hardly attacked by the ozone molecule, even during ex-
tended ozonation (see Table I).

The reaction rate of benzene is rather low. Several hours are needed
for oxidation even at elevated O, concentrations. The rate increases if
benzene contains substituents that elevate the electron density on the
ring. As few as three methyl groups on the ring are sufficient to increase
the rate to such an extent that the reaction becomes appreciable within 10
min in the presence of 0.5 g/m® ozone. Phenol, nitrophenol, chloro-
phenols and cresols can even be oxidized within minutes in the presence
of this low ozone concentration. In the pH region where phenolic com-
pounds dissociate to phenolate ions, the rate constants increase to very
high values. In the case of nitrophenol or polychlorinated phenols, which
have relatively high acidity constants (e.g., on the order of pK, =7), the
effect of the high reactivity of the phenolate species already becomes
apparent at very low pH values (pH > 2). At pH > 4, the apparent rate
will be mainly due to the phenolate-type species, even in the case of such
phenols which have low acidity constants (pK, > 9-10) (see Table I).

The electrophilicity of ozone in reactions with aromatic hydrocarbons
can be quantified and correlated with rates of other types of reactions by
comparing reaction rates within series of related compounds. From such
correlations, we can extrapolate that dissolved polynuclear aromatic
hydrocarbons (PAH) would also be relatively easily oxidized by molecu-
lar O, [25].

Based on measured data, aliphatic aldehydes and glyoxylic acid, which
occur as ozonation products in lake water [6,27] or wastewater [28], are
expected to accumulate as intermediates and only become oxidized dur-
ing extended ozonation or if another type of oxidation mechanism
becomes effective.

Ions of aliphatic saturated carboxylic acids (except formate and
malonate), formed as oxidation products of larger organic molecules
[29-37], also accumulate in water when only the direct O, reaction
occurs. It is important to note that formate ions may still react directly
with ozone; this is in contrast to the reactivity of oxalate or acetate ions,
which are refractory. Therefore, if the pathway of oxidation proceeds via
formate ions as intermediates, extended ozonation can result in a loss of
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Table 1. Reaction-Rate Constants (kg , M~ !sec ™)
for Different Aqueous Solutes at 20°C*
Compound k
Olefins
1-Hexene-4-ol =2 x 10°
1-Hexene-3-ol =1 x 10°
Styrene >10°
1,1-Dichloroethylene 110
trans-Dichloroethylene 4 %103
cis-Dichloroethylene < 800
1,1,2-Trichloroethylene 17
Tetrachloroethylene <0.1
Maleic Acid ~1.0 x 10°
Maleate Anion ~5 % 103
Fumaric Acid ~6 x 103
Fumarate Anion ~1 x 10°
Substituted Benzenes
Benzene 2
Naphthalene 3,000
Toluene 14
o0-Xylene 90
m-Xylene 90
p-Xylene 140
1,2,3-Trimethylbenzene 400
1,2,5-Trimethylbenzene 700
Nitrobenzene 0.1
Benzenesulfonate 0.2
Benzoic Acid 1
Chlorobenzene 0.8
1,4-Dichlorobenzene <3
1,2,4-Dichlorobenzene <2
Anisole 300
Phenols =1,000 (see below)
Phenolates 107-10? (see below)
Aniline =108 (see below)
Compound PK, Ky on koo-" Kapp. (on1 8)°
Substituted Phenols?
Phenol 9.9 1,300 1.4 x 10° 2 x 107
o0-Cresol 10.2 1.2 x 104 Very highd Very highd
m-Cresol 10.0 1.3 x 104 Very highd Very highd
p-Cresol 10.0 3.0 x 104 Very highd Very highd
2-Chlorophenol 8.3 =1,000 =10° =3 x 108
4-Chlorophenol 9.2 =600 5 x 108 =3 x 107
2,4-Dichlorophenol 7.801 =1,500 =8 x 10° =5 x 10°
2,4,5-Trichlorophenol 6.941 <3,000 >10° >10°
2,4,6-Trichlorophenol 6.10! <10* (=8 x 109 (=6 x 10%
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Table 1, continued Table I, continued
Compound pK, K, on k¢_0_b Kapp. (ol 8° Compound k
Pentachlorophenol 4,70 >3 x 10° »3 x 10° Miscellaneous
4-Nitrophenol 7.1 <50 =2 x 107 =2 x 107 Hydrogen Cyanide =1 x 1073
Salicylic Acid 300 Cyanide Anion ~10%b
Salicylic Acid Anion 13.4 2.8 x 104 Very highd d Acetone 0.03
1,3-Dihydroxybenzene 9.3 >3 x 105 2-Butanone 0.07
Dimedone >10°
Compound k Saccharose 0.1
Glucose 0.5
Aliphatic Alcohols n-Propyl Acetate 0.03
Methanol 0.02 Diethyl Malonate 0.06
Ethanol 0.4 Cystine, pH 2/3 600/1,000
1-Propanol 0.4 Cysteine, pH 2 3 x 104
2-Propanol 2 Creatine, pH 2/6 0.5/1.8
1-Butanol 0.6 Creatinin, pH 2/5 =2/=11
tert-Butanol =0.003 Dimethylnitrosamine, pH 2/8 3/500
Octanol <0.8 Ethylmercaptan, pH 2 >10°
Cyclopentanol 2 Dipropylsulfide, pH 2 >10°
Methylmercury, pH 2/4 <1073
Compound PK, Kacon kAcO_(Ekapp.(pH 8))b Trimethyltin Chloride, pH 3/4 =5 x 1073
Tributyltin Chloride, pH 3/4 =0.8
Carboxylic Acids?
Formic Acid 3.8 <3 120 aThe values given here are only approximate. The original literature should be consulted
Acetic Acid 4.8 <105 =3 x 10-5 for detailed information or discussion of errors involved [23].
Propionic Acid 4.9 <10-3 =10-3 YExtrapolated value for dissociated compound (values from data measured below pH 5).
Butyric Acid 4.8 <10-2 <10-2 ¢ Apparent reaction-rate constant at pH 8 (extrapolation from data measured at varied pH
Oxalic Acid (1.0)/3.9 <1072 0.04 values).
Malonic Acid 2.6)/5.2 <4 7 dCannot be calculated by extrapolation (spontaneous O; decomposition initiated by sol-
Succinic Acid (4.2)/5.6 0.03 utes).
Glutaric Acid (4.3)/5.4 =0.008 ¢All measurements were made at varied pH values (1.7 to <8).
Glyoxylic Acid 3.2 0.18 1.9 pra values of protonated amine.
Benzoic Acid 4.0 1 2 8Reaction-rate constant of protonated compounds (such as present at low pH).
Salicylic Acid 2.8 300 2.8 x 104 hReaction-rate constant based on the amount of free amine present at pH value used for
measurement.
Compound pK,f K_nm, +8 k_Nth Kapp.oH 8° ipK, values from our measurements performed with the same buffer concentrations and
pH calibrations as used for kinetic experiments. Method: concentrations of acid and base
Nitrogen Compounds® measured vs pH by UV absorption (multicomponent method).
Ammonia 9.3 0.00 20 1
Methylamine 10.7 <1 14 x 104 280 total DOC. However, reduction in DOC levels cannot be expected if
Dimethylamine 11.0 <1 1.9 x 107 19,000 oxalate and acetate ions are intermediate degradation products, and if
g’lmfthYIamlne 9.9 <1 4 x 10? 50,000 only direct O, reactions are operative.
Glll;ziz?me lg:; <<1 (l)ﬁz :; : :gs ) 2$ Based on the electrophilicity of Q,, it is not surprising that amines
w-Alanine 10.0 <10-2 6.4 % 10° 640 show an appreciable reaction rate when they are present in the non-
B-Alanine 10.3 6.2 x 10* 310 protonated form (see Table I). As only the free amino groups show high
Aniline 4.6 9 x 108 9 x 106 reactivity, the apparent rate with which the sum of protonated and non-
Urea <0.05 <0.05 protonated compounds react corresponds to only a fraction of the rate
constant of the free compound given by the factor «:
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free amine ~ R-NH, K,
total amine R-NH, + R-NH; K, + [H*]

(11

Hence, o depends on the difference between the pH of the aqueous solu-
tion and the pK, of the protonated amine. For pH <9, « and, therefore,
the apparent reaction rate of aliphatic amines, amino acids or ammonia,
is reduced by a factor of 10 when the pH is lowered by one unit.

Free methylamines or amino acids react about 1000 times faster than
NH, at the same pH [26,38]. The reaction-rate constant of free aniline is
comparable to that of other amines, but free aniline exists even at fairly
low pH values [25].

The accumulation and eventual depletion of intermediate oxidation
products, observed during the continued ozonation of aqueous organic
compounds, is in good agreement with the reaction-rate constants given
in Table I. Examples: phenols [30,31,33,34,37,39-42] and even malonic
acid [29,31,32] are always observed to be easily oxidized. Formic acid or
glyoxylic acid often arise as dominant temporary intermediates and dis-
appear on further ozonation [31,32,35,37]. In contrast, oxalic and acetic
acids accumulate as final daughter products even during extended ozona-
tion [29,32,35,37,41]. [A temporary accumulation of compounds such as
oxalic acids is even observed in processes in which the OH" radical-type
reactions prevail; even OH' radicals attack oxalic acid significantly
slower than they do most other organic compounds (see Figure 10)].

All reported oxidations of aqueous amines also proceed as expected
from the rate constants given in Table I [44-46]. For many of the systems
studied at elevated pH, however, a preceding decomposition of ozone to
OH" radicals must also be accounted for when analyzing the experi-
mental results [44,46]. Also, the inert character of urea can now be
explained by its low reaction-rate constant.

Reaction rates of ozone often parallel those of other types of electro-
philic reactions. One of the many implications of this result is that pre-
ozonation treatment is expected to oxidize functional groups that other-
wise might react with chlorine or bromine in a subsequent chlorination
process and produce undesirable products [24,41,42,47-49]. Rook et al.
[19] and Maier and Mickle [50], however, did not observe a real inhibi-
tion of haloform formation, but rather a shift in the type of halogenated
products formed. An explanation of the different results has been sub-
mitted for discussion [41,51].

Selectivity of Direct O; Reactions

For the elimination of two solutes (M,, M,) exposed to O, in the same
system, we may deduce from Equation 4, for a batch-type reactor:
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In([M,1,/IM,],) — K, /K, (12)

In([M,],/[M.1,)
In Equation 12, it is the logarithm of the ratios of the residual concen-
trations to the concentration at time zero, In[M],/[M],, that is propor-
tional to the relative rate constants with which the two solutes react. The
high selectivity of the direct O, reactions can be visualized easily in
Figure 8: different degrees of solute removal, [M],/[M],, are reached
within a given reaction time, for two compounds of different rate con-
stants, e.g., the elimination factor of xylene k ~100 M !'sec™! ap-
proaches 0.37 after a reaction time of 100 sec, where the concentration of
phenol (k ~1000) is already reduced to 0.01% of its original value.

Since the direct reaction of ozone is so highly selective, a clear distinc-
tion is possible between micropollutants that are oxidized by the direct
O; reaction before a significant amount of ozone is decomposed and
those that react so slowly with ozone that only the indirect, less selective,
OH'-radical-type reaction is significant. The latter is easily depressed by
the addition of scavengers such as bicarbonate or tert-butanol.

The disinfection power of ozone is largely due to the extreme selec-
tivity with which O; reacts by direct reaction and thereby allows it to per-
sist until it encounters a microorganism (a particle). It is this selectivity,
rather than only its overall oxidation potential, that makes it a good dis-
infectant. The latter criterion is of secondary importance for the kinetics
of such reactions which are primarily regulated by the activation energies
required.

OXIDATIONS INITIATED BY
OH'-RADICAL REACTIONS

Half of the O, introduced into water from Lake Ziirich (pH 8; 1.5 meq/I1
HCOj ) is decomposed within 10 min (c.f. Figure 4). As indicated in
Figure 2, this time corresponds approximately to the duration of a typi-
cal ozonation process. In other types of surface waters or in the event of
elevated pH, an even higher percentage of added ozone decomposes dur-
ing ozonation (see Figure 4). From experimental experience we deduce
that about 0.5 mol of OH" radicals is formed per mol of ozone decom-
posed in drinking water [8,11]. These are the predominant species that
initiate further oxidations. Even organic substances that are known to be
nonreactive with ozone or other oxidants can be attacked by OH".

Speciation of the OH" radicals does not change with pH as long as the
pH remains well below 11 [pK,(OH")=11.8]. However, at higher pH
values, the reactivity of the O~ ion would also have to be considered.
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Types of Reactions Initiated by OH' Radicals

OH" radicals initiate oxidations by three main types of reactions:

O i _on
> radical addition
k~6 x 10°M 'sec! ‘ reaction

+CH;CH,0H
k~2 x 10°M lsec-!

CH,CHOH + H,0 hydrogen abstrac-
tion reaction

OH"

+CO;?%- -
k~3 x 108M 'sec !

CO;~ +OH- electron transfer
reaction

The secondary radicals (R*) formed by these three types of reactions may
react with each other. In an ozonated system, however, there is always an
ample amount of dissolved oxygen (O,), so that the radicals may add an
O, molecule before they encounter each other:

R’ + O, — ROO" (13)

The peroxy radicals (ROO") formed in this manner act as strong oxidants
which can abstract many types of hydrogen atoms from organic com-
pounds (R’ H):

ROO" + R'H — ROOH" + R’" (14)

A new radical, R’", is formed which again may add O,. In principle,
chain reactions that lead to autoxidations may become operative, In
natural waters, however, such chain reactions are quenched by many
types of dissolved impurities, which act as chain-terminating reagents. In
most aqueous systems studied so far, only 0.4-0.5 organic molecules
were oxidized per ozone molecule decomposed, even if M was the domi-
nant solute.

Because OH" radicals do not react very selectively with the dissolved
materials, their reactions always lead to a great variety of daughter
products.

Overall Efficiency of OH'-Radical Reactions

The reaction sequence can be represented as follows:
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AO; — 7' (OH") (15)
where A O; = amount of decomposed ozone
n’ = yield of OH" radicals produced per mole of A O, (~0.5)

OH-" radicals are so reactive that they are even reduced by carbonate or
bicarbonate ions [8], humic material [S2], or ammonia [38]. Oxidation of
a specified trace impurity (M) following the decomposition of ozone will,
therefore, only occur in competition with the reaction of all OH - -radical
scavenger material present, Z[S;}:

ks [M] ,
oxid

v

M
onr o — (16)

+IS; consumption of OH"
Lk{[SD) by all scavengers S;

v

It follows that the fraction f of OH" radicals that can oxidize solute M is
given by the ratio of the rate with which OH" radicals react with M to the
rate with which OH" radicals are concurrently consumed by the sum of
all solutes present, LS;, (£S; includes M and O;):

ky [M]

=— 17
Lk{ [SiD )

Taking Equations 15 and 17 into consideration, the rate at which M is
oxidized by the OH" radical mechanism is:

d[M] d(A0;)
= ‘r’, f
dt dt

(18)

It is possible to estimate the factor f, defined by Equation 17, from the
chemical composition of a water and from the rate constants known for
OH"-radical reactions [8]. For practical use, however, it is more con-
venient to determine experimentally the OH"-radical consumption rate of
a water relative to the rate with which a known reference solute becomes
oxidized [7,10,52]. Therefore, we have defined a parameter Q,, i.e., the
oxidation-competition value [10,52]:

_ IS

19
7" ky

M

This parameter now includes the stoichiometric yield factor n’ which is
difficult to determine by direct measurements.



362 ORGANIC OXIDATION MECHANISMS

Comparing Equations 17, 18 and 19, we find:

_aM__d@oy 0)
dt dt 2y,

Integrating this equation we get:

In([M1./[M],) = —AO,/Qy 1)
or

M]./[M], = exp(—AO;/Qy) (22)
Assumptions made for Equations 21 and 22 are:

1. M s an individual, chemically uniform type of micropollutant.

2. kyM] < ZKk{[S].

3. Batch or ideal plugflow reactor is used (equations for completely
stirred reactors, see below).

[M]../[M], is the relative concentration of M remaining after a given
amount of O, has been decomposed in water. According to Equation 22,
(y is the amount of decomposed ozone (AQ,) required to reduce the
concentration of M to 37% (Figure 9) of the initial value in a given water.
It does not depend on the solute concentration when [M] << T [S;].

The introduction of this empirical @ parameter allows for a practical
characterization of the effectiveness of the OH-radical-type reaction
with few parameters:

* [M],: initial concentration of micropollutant M
AQOj;: amount of O; decomposed during ozonation
2\: oxidation-competition value of the water based on the rate with
which the solute M is eliminated

Qy, itself is a collective parameter that comprises several subparameters,
each of which depends on the type of water and on the ozonation
process. It would be difficult to separate each of these subparameters
and to evaluate them individually.

In principle, we expect that the @y, value of a water varies during pro-
gressive ozonation. However, in all natural waters we have examined, the
(0 values remain rather constant if M denotes a uniform type of
compound and after the region of immediate ozone consumption is over-
come. This behavior can be explained as follows:
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Figure 9.  Oxidation of solute M by the radical-type reaction. Assumptions:
Qy is not changed during ozonation; batch or ideal plugflow reactor (compare
Equation 21).

1. The concentration of carbonate or bicarbonate ions which contributes
to the oxidation competition is not changed significantly during
ozonation.

2. The NH; consumed during ozonation becomes replenished by dissoci-
ation of further NH, *.

3. The reactivities of many of the organic materials present in a natural
water or in a secondary effluent (DOC) are not changed by partial
ozonation. Even octanol, which we have used as a model type of DOC
compound, never changed its efficiency for scavenging the oxidants in
ozonation experiments. In this case, the invariant competition value
may be caused by the net effect of the sum of the oxidation products
which scavenge OH" at a rate which is comparable to that of the parent
molecule.

Equation 19, as well as experimental experience, shows that the Q,, value
increases linearly with the concentration of OH'-radical-consuming
solutes [52]; Qy is a composite value. It can therefore also be expressed
by the sum of the contributions of all solutes S, present, when the con-
centration of these solutes is multiplied by their appropriate oxidation-
competition coefficient w;:
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QM = E(‘*’M.i[si]) (23)

Comparing Equations 23 and 19, we may express the individual coeffi-
cients by:
1 k/

i = (24)
K

Q) Values and » Coefficients for Different Types of Solutes

If a Q or wy value is known for one solute A (2,; w,), then the cor-
responding values for a solute B (24; wy) can easily be calculated since
Q5/Q, = (ks /kg). The ky; values can be found for many solutes in pub-
lished tables, e.g., Dorfman and Adams have critically compiled hun-
dreds of known reaction-rate constants of OH" radicals with different
types of organic solutes [53]. In addition, an extended list of data has
been published by Farhataziz and Ross [54]. Some of the data are given
in Figure 10. Most of the constants k’ lie within 10° to 10" M 'sec~, but
the selection of entries in Figure 10 emphasizes also the existence of
slowly reacting compounds, e.g., organic acids of low molecular weight.

Q Values and w Coefficients for Different Types of Waters

Examples of individually determined w values are given in Table II.
Where a comparison is possible, the ratios of these values, relative to

Table II.  Examples of Oxidation-Competition Coefficients
(w) Exhibited by Different Types of Solutes (S)?

S w
HCO,~ 0.1 g/mol
CO,%- 3.0 g/mol
NH; 2.0 g/mol
NH,* 0.0 g/mol
Octanol 0.5g/g
Glucose 0.13 g/¢g
DOC? 0.4g/g(s = 0.1)
Dextran T-10 0.03 g/g
Fulvic Acid 0.2g/g

aMeasurements are based on the oxidation of benzene as a reference micropollutant
[55,56].

bDissolved organic carbon after filtration (0.45-p filter). This w is a mean value determined
on 22 Swiss lake and river waters. s = standard deviation of single values.
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Figure 10.  Examples of oxidations initiated by OH"-radical reactions. Vertical
axis: reaction-rate constants k'. Horizontal axis: amount of ozone required to
be decomposed to reduce the solute concentration to the relative value indicated
on the diagonal elimination lines. The scale on the horizontal axis is calibrated
for a water in which Q. ,ene = 1 8/m3 (typical value for Swiss lake water, see
Table 7). (*) values for a batch-type or ideal plugflow reactor (see Equation 22);
(**) values for a completely stirred reactor (see Equation 28)

each other, range within a factor of two within those expected from the
relative values deduced from published rate constants for OH' consump-
tion. These coefficients seem to be relatively independent of water type
when only drinking waters are considered, and independent of pH in the
range 7-10.5 (the pH effect on the ionic speciations of the dissolved com-
pounds must naturally be accounted for) [55].
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As can be seen from Table II and Figure 10, carbonate ions (CO.*7)
are about 30 times more efficient than bicarbonate ions (HCO, ") in scav-
enging oxidants. This means that the @ value of a water that contains
bicarbonate increases if the pH is increased such that HCO, ™ dissociates
to CO,*~ (pH >9). NH,, typically present in wastewater, is also expected
to act as a dominant scavenger for consuming the oxidants if the pH is
increased to a value where ammonium ions begin to form appreciable
amounts of free NH, (pH > 8) [10,38].

Some examples of Q,, determinations are given in Figures 11 to 13. In
certain natural waters or in secondary treated municipal effluents of
communal wastewater, the Qy, values only achieve a steady value (i.e., a
constant slope in Figures 12 and 13) after a primary immediate ozone
demand D is overcome. Easily oxidizable material, e.g., nitrite, con-
tributes to such immediate demands.

Table 111 lists examples of Q values for representative types of waters.
In a recent compilation of @, values of different types of waters in
Switzerland, a good correlation was found between the Q,, value of the
water and the concentration of the dissolved organic material: the oxida-
tion-competition value @ increases by 0.4 g O,/m?® per mg DOC/1 present
[56]. Thus, the ozone required to achieve a certain removal of a specific
micropollutant increases appreciably with the amount of total dissolved
organic material. These Q values do not change by prefiltration or pre-
chlorination of the raw waters.

Selectivity of OH'-Radical Reactions

The relative yield with which different solutes present in the same
water are simultaneously eliminated by OH'-radical-type reactions can
be calculated from Equations 19 and 21, if the relative rate constants of
the OH" reactions are known. For solutes M, and M, present in a batch-
type or plugflow reactor, we deduce:

In([M,]../IM, ],)
I ——— — k! A 2
(M1 /M, /B = kixks = ki @5)

Relative eliminations of two solutes from the same solution can be esti-
mated from Figure 10; vertical lines of given amounts of decomposed
ozone meet the horizontal lines of given reaction-type constants at dif-
ferent elimination lines.

Equation 25 is formally the same expression as Equation 9, which
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Figure 11.  Mineralization of methylmercury hydroxide (CH;HgOH) by the
OH’-radical type reaction. The solutions containing 5 g/m3 octanol as a radical-
scavenging-model-type impurity. pH = 10.5; 0.05 M sodium phosphate buffer;
batch-type reactor [7]. This figure shows that QCH3Hg0H is independent of initial
concentration of methylmercury hydroxide and that it does not change with
progressive ozonation.

describes the selectivity of the direct O, reaction. However, the relative
rate constants for OH'-radical reactions are much smaller than the cor-
responding k/, values of direct O, reactions. The difference is evident if
one compares the scales given in Figures 8 and 10. Due to this difference
in selectivities, it is generally easy to determine if the direct O, reaction or

the radical-type reaction is dominant.
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Figure 12.  Oxidation by the OH -radical-type reaction of different types of
solutes spiked into water of Lac de Bret. (DOC = 4 g/m? £[CO,] = 1.6 mM;
pH 8.3). (a) [benzene], = 80 mg/m?; (b) [toluene], = 100 mg/m?; (¢) [tetra-
chloroethylene}, = 500 mg/m3. Batch-type reactor [7]. The slopes of the lines do
not change with progressive ozonation. The relative Q values are as expected
from the different k' values known for these solutes (compare Figure 10).

RATES AND SELECTIVITIES OF OXIDATIONS
IN COMPLETELY STIRRED AND NONIDEAL
PLUGFLOW REACTORS

We may summarize that if the rate of the oxidation of an individual
solute in an ozonation process is regulated by the rate of the chemical
reaction, and if the reaction proceeds in a batch- or plug-type reactor, the
relative concentration of this solute decreases as:

M),/ [M], = exp(—pwm) (26)
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Figure 13.  Oxidation of benzene spiked to a communal wastewater by the
radical-type reaction (secondary effluent diluted to 0.6; DOC = 7 g/m?;
NH,* = N = 9¢g/m3; £[CO,] = 1.8 mM). pH varied by 0.05 M sodium borate
buffer. Batch-type reactor. This figure illustrates that the Q values increase with
pH; at pH 8 part of the NH,* and HCO,~ present is dissociated to NH; and
CO,%-, which act as more efficient OH' scavengers (see Table II). At pH 10.4
this effect is even more pronounced.

where

Pm = Pu + Py
pir = ky[O;]t @7
pm = AO;/Qy

In Equation 27, py; corresponds to the elimination effected by the direct

O, reaction (Equation 7) and py; corresponds to the radical-type reaction
(Equation 22).
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Table III.  Examples of Oxidation-Competition Values
in Different Types of Waters

Type of DOC Alkalinity Q
Water? (g/m%) (meq/1) (g/m3)
Lake Constance, Switzerland® 1.1 2.4 0.6
Lake Ziirich, Switzerland® 1.6 2.5 0.6
Baldeggersee, Switzerland 4.0 3.9 1.2
University Lake, Chapel Hill, NCbP 5.7 0.4 2.4
Groundwater, Diibendorf, Switzerland? 0.6 6.0 1.0
Groundwater, Schaffhausen, Switzerland® 0.2 4.8 0.9
Groundwater, Samedan, Engadin, Switzerland® 0.1 0.6 0.25
Secondary Effluent, after Nitrification 13 2.5 3

2All pH values = 7.5-8.1. For detailed specifications of waters, see Hoigné and Bader
[56).
PRaw waters from municipal waterworks.

Based on Equations 5 and 20, we may also describe the overall effect
of ozonation processes for a completely stirred reactor for which the
effluent concentration is equal to the concentration in the reactor. This
becomes:

M]¢/[M], = 1/(1 + py) (28)

where p,, is the same as in Equation 27, and { is the hydraulic retention
time in the stirred reactor. If we compare Equations 26 and 28, we may
deduce that the elimination in a completely stirred reactor proceeds less
effectively than in an ideal batch or plugflow reactor. A comparison of
the efficiency of the different types of reactors is shown in Figures 8 and
10. The constant elimination lines drawn in these figures, indicated by A,
B and C, for 37, 1 and 0.01% elimination in batch and ideal plugflow
reactors, now correspond to eliminations to only 50, 20 and 9%, respec-
tively, for completely stirred reactors. Note that the difference in perfor-
mance between the two types of reactors becomes more significant as the
design value of elimination efficiency is increased.

The ozonation reactors used in practice often operate as nonideal plug-
flow reactors: in many reactors, the air bubbles rising through the
columns seem to induce mixing over the whole column. In a few installa-
tions, this nonideal flow is corrected somewhat by the installation of two
or more reactors in series. An ideal plugflow, however, is still not
achieved.

The selectivity with which a solute M,, relative to a solute M,, is oxi-
dized in a completely mixed reactor is:
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/M =1 o ki (29)
Malo/Mo); — 1 2 v
for a direct O, reaction or for a radical-type reaction.

This expression can be compared with Equations 12 and 25, which
were derived for batch-type and ideal plugflow reactors. The selectivity
with which a pair of solutes is eliminated in such a mixed reactor may
again be estimated from Figures 8 and 10, but taking into account that
the lines A, B and C now represent eliminations to only 50, 20 and 9% of
the initial concentrations.

RELATIVE EXTENT OF
DIFFERENT OXIDATION MECHANISMS

The foregoing section described how the two main oxidation path-
ways, the direct O, reaction and the OH *-radical-type reaction, lead to
the oxidation of solutes in water. It is now advantageous to visualize the
relative importance with which these different pathways contribute to the
overall effect.

The extent of the direct O, reaction is a function of the ozonation time
multiplied by the concentration of ozone present in the solution (see
Equation 6). The OH'-radical-type reaction, however, increases with the
amount of ozone decomposed and from which the OH' radicals arise (see
Equation 21). The situation is illustrated in Figure 14, where the hori-
zontal axis represents [O,]t and the vertical axis represents AO,. For
each type of water there will be a correlation between these two param-
eters: curve A traces the correlation estimated from measurements of the
lifetime of ozone for a typical Swiss lakewater at pH 8 (Lake Ztirich). If
the pH is raised by one unit, the ozone would decompose about three
times faster (line B): at pH 9, about three times more OH" radicals are
released within a given ozonation time than at pH 8, provided that the
ozone concentration is kept the same in both cases. The relative impor-
tance of the OH'-radical-type reaction would therefore increase.

To compare the oxidation effects on a particular solute M, the hori-
zontal scale in Figure 14 has to be calibrated with the rate constant ky,,
and the vertical scale with 1/Q,,, (compare p), and py; parameters in
Equations 26 and 27). This renders both scales dimensionless.

As an example, a fictitious straight line C is drawn into Figure 14,
approximating the situation of ozone decomposition in a nonpolluted
surface water of pH 8. This line is transformed from Figure 14 to Figure
15, taking into account different k,, and Q,, values. The resulting line C’
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Figure 14.  Amount of ozone decomposed to secondary oxidants (OH" radicals)
vs ozonation time and ozone concentration. (A) correlation estimated from
measurements on Lake Ziirich water (pH 8; £ [CO,] ~ 1.3 meq/l; DOC = 1
g/m?). (B) correlation for similar water, after pH is raised to pH = 9; (C) cor-
relation for ozone decomposition in a fictitious water. Approximate correlation
value for a surface water (pH 8-9). (Line C is used for construction of lines C’,
C" and C" in Figure 15.)

would represent the effect of an ozonation process on a substance of
ky =250 M~'sec™! and Q,, =1 g/m?. Such reaction constants correspond
to those of anisole in a good surface water (compare Table I for k,, value
and Table III for typical 2,, values, and assuming that Q anisole ~Q
benzene). For a compound of such a high (or higher) reaction-rate cons-
tant k,,, the effect of the direct reaction of ozone (value of p’ parameter)
clearly predominates. The line C” is constructed for k,;, =50 M ‘'sec™!
and Q,, =1, i.e., for a compound such as xylene. For such a compound,
the direct O, mechanism (py, parameter) and the OH'-radical-type
mechanism (py; parameter) are of comparable magnitude. The line C” is
based on a ky =10 M~ 'sec™ and Q,, =1 (such values correspond to
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Figure.15. . Extent of OH " -radical-type reaction (pm) vs extent of direct (O
reaction (py,) in a fictitious water in which the ozone decomposition follows the
ideal line C of Figure 10.

toluene). For solutes of such low (or lower) reaction-rate constants, ky,
the direct O; reaction is insignificant when compared with the extent to
which the OH"-radical-type mechanism contributes to the oxidation in
relatively clean waters.

When comparing the above examples with the list of rate constants
presented in Table I, we may conclude that only a small fraction of all
possible micropollutants in a water is eliminated simultaneously by the
direct reaction of ozone and by the free radical type mechanism. For
most compounds, either one or the other pathway of oxidation is clearly
predominant. Therefore, situations encountered in practice are generally
easier to handle than they might appear in the more general description
given here.

The elimination of different types of organic micropollutants, which
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we observed in water of Lake Ziirich, can well be quantified by the data
shown in Figure 15 [6,57].

QUALIFICATIONS OF OZONATION PROCESSES

The direct O, reaction and the OH’-radical-type reaction, which is
also initiated by ozonation of water, lead to two different branched trees
of different alternative product formations. These trees will overlap with
some of their branches as shown in Figure 16. From the foregoing sec-
tions we may conclude that the sizes of these two trees can both be quan-
tified whenever the types of dissolved material, water and ozonation
process are specified.

(|IOO'
Co0~

CO2

Figure 16.  Entangled branched trees of alternative product formations initi-
ated by the direct O, reactions and by the radical-type reactions [26].
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It appears that most experiments in the hygienic domain have been
performed under laboratory conditions favoring the O, tree. Organic
chemists who work with nonaqueous solutions placed a ladder against
this tree. With this ladder, at least the lowest branches of alternative
product formations may easily be reached. Since the direct O, reactions
are fairly selective, this O, tree is characterized by a few main branches of
different daughter products.

In the discussion of the elimination of inert types of impurities, how-
ever, the branched tree of products grown by OH'-radical reactions
becomes larger and more important. This tree also increases whenever
the pH of the water is raised and more ozone is decomposed during the
process. A ladder goes up even to this tree: the ladder built by radiation
chemists who studied OH"-radical reactions. From the viewpoint of the
classical ozone chemist, this OH" tree of oxidized daughter products
might often have been hidden by the more familiar O, tree. The tree of
products formed by OH'-radical reactions generally will show more
branches; the OH*-radical reactions are of low selectivity and may attack
organic molecules in many different positions.

In special types of waters, even further trees of reaction products must
be accounted for, e.g., in the ozonation of seawater and other waters
containing bromide ions, a tree growing by secondarily produced hypo-
bromite ions should also be considered (compare Figure 5). This tree
would grow on account of the ozone and on account of the OH" tree.
Similar complications may also arise due to other circumstances. There-
fore, to test the validity of the assumption made, experiments will still be
necessary whenever special types of waters are considered. The basic
information presented here should, however, help to plan experimental
tests.
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