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Preface

The past thirty years have seen the emergence of a growing desire world-
wide that positive actions be taken to restore and protect the environment from
the degrading effects of all forms of pollution — air, water, soil, and noise.
Since pollution is a direct or indirect consequence of waste, the seemingly ide-
alistic demand for “zero discharge” can be construed as an unrealistic demand
for zero waste. However, as long as waste continues to exist, we can only at-
tempt to abate the subsequent pollution by converting it to a less noxious form.
Three major questions usually arise when a particular type of pollution has
been identified: (1) How serious is the pollution? (2) Is the technology to abate
it available? and (3) Do the costs of abatement justify the degree of abatement
achieved? This book is one of the volumes of the Handbook of Environmental
Engineering series. The principal intention of this series is to help readers for-
mulate answers to the last two questions above.

The traditional approach of applying tried-and-true solutions to specific
pollution problems has been a major contributing factor to the success of envi-
ronmental engineering, and has accounted in large measure for the establish-
ment of a “methodology of pollution control.” However, the realization of the
ever-increasing complexity and interrelated nature of current environmental
problems renders it imperative that intelligent planning of pollution abatement
systems be undertaken. Prerequisite to such planning is an understanding of
the performance, potential, and limitations of the various methods of pollution
abatement available for environmental scientists and engineers. In this series
of handbooks, we will review at a tutorial level a broad spectrum of engineer-
ing systems (processes, operations, and methods) currently being utilized, or
of potential utility, for pollution abatement. We believe that the unified inter-
disciplinary approach presented in these handbooks is a logical step in the evo-
lution of environmental engineering.

Treatment of the various engineering systems presented will show how an
engineering formulation of the subject flows naturally from the fundamental
principles and theories of chemistry, microbiology, physics, and mathematics.
This emphasis on fundamental science recognizes that engineering practice has
in recent years become more firmly based on scientific principles rather than
on its earlier dependency on empirical accumulation of facts. It is not intended,
though, to neglect empiricism where such data lead quickly to the most eco-
nomic design; certain engineering systems are not readily amenable to funda-
mental scientific analysis, and in these instances we have resorted to less science
in favor of more art and empiricism.

Since an environmental engineer must understand science within the con-
text of application, we first present the development of the scientific basis of a
particular subject, followed by exposition of the pertinent design concepts and
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operations, and detailed explanations of their applications to environmental
quality control or remediation. Throughout the series, methods of practical
design and calculation are illustrated by numerical examples. These examples
clearly demonstrate how organized, analytical reasoning leads to the most di-
rect and clear solutions. Wherever possible, pertinent cost data have been pro-
vided.

Our treatment of pollution-abatement engineering is offered in the belief that
the trained engineer should more firmly understand fundamental principles,
be more aware of the similarities and/or differences among many of the engi-
neering systems, and exhibit greater flexibility and originality in the definition
and innovative solution of environmental pollution problems. In short, the en-
vironmental engineer should by conviction and practice be more readily adapt-
able to change and progress.

Coverage of the unusually broad field of environmental engineering has
demanded an expertise that could only be provided through multiple author-
ships. Each author (or group of authors) was permitted to employ, within rea-
sonable limits, the customary personal style in organizing and presenting a
particular subject area; consequently, it has been difficult to treat all subject
material in a homogeneous manner. Moreover, owing to limitations of space,
some of the authors” favored topics could not be treated in great detail, and
many less important topics had to be merely mentioned or commented on
briefly. All authors have provided an excellent list of references at the end of
each chapter for the benefit of interested readers. As each chapter is meant to
be self-contained, some mild repetition among the various texts was unavoid-
able. In each case, all omissions or repetitions are the responsibility of the edi-
tors and not the individual authors. With the current trend toward metrication,
the question of using a consistent system of units has been a problem. Wher-
ever possible, the authors have used the British system (fps) along with the
metric equivalent (mks, cgs, or SIU) or vice versa. The editors sincerely hope
that this duplicity of units” usage will prove to be useful rather than being dis-
ruptive to the readers.

The goals of the Handbook of Environmental Engineering series are: (1) to
cover entire environmental fields, including air and noise pollution control,
solid waste processing and resource recovery, physicochemical treatment pro-
cesses, biological treatment processes, biosolids management, water resources,
natural control processes, radioactive waste disposal and thermal pollution
control; and (2) to employ a multimedia approach to environmental pollution
control since air, water, soil and energy are all interrelated.

As can be seen from the above handbook coverage, the organization of the
handbook series has been based on the three basic forms in which pollutants
and waste are manifested: gas, solid, and liquid. In addition, noise pollution
control is included in the handbook series.

This particular book Volume 5 Advanced Physicochemical Treatment Technolo-
gies is a sister book to Volume 3 Physicochemical Treatment Processes and Vol-
ume 4 Advanced Physicochemical Treatment Processes. Volumes 3 and 4 have
already included the subjects of screening, comminution, equalization, neu-
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tralization, mixing, coagulation, flocculation, chemical precipitation, recarbon-
ation, softening, oxidation, halogenation, chlorination, disinfection, ozonation,
electrolysis, sedimentation, dissolved air flotation, filtration, polymeric adsorp-
tion, granular activated carbon adsorption, membrane processes, sludge treat-
ment processes, potable water aeration, air stripping, dispersed air flotation,
powdered activated carbon adsorption, diatomaceous earth precoat filtration,
microscreening, membrane filtration, ion exchange, fluoridation, defluoridation,
ultraviolet radiation disinfection, chloramination, dechlorination, advanced oxi-
dation processes, chemical reduction/oxidation, oil water separation, evapora-
tion and solvent extraction. This book, Volume 5, includes the subjects of
pressurized ozonation, electrochemical processes, irradiation, nonthermal
plasma, thermal distillation, electrodialysis, reverse osmosis, biosorption, emerg-
ing adsorption, emerging ion exchange, emerging flotation, fine pore aeration,
endocrine disruptors, small filtration systems, chemical feeding systems, wet air
oxidation, and lime calcination. All three books have been designed to serve as
comprehensive physicochemical treatment textbooks as well as wide-ranging
reference books. We hope and expect that the books will prove of equal high
value to advanced undergraduate and graduate students, to designers of water
and wastewater treatment systems, and to scientists and researchers. The editors
welcome comments from readers in all of these categories.

The editors are pleased to acknowledge the encouragement and support re-
ceived from their colleagues and the publisher during the conceptual stages of
this endeavor. We wish to thank the contributing authors for their time and
effort, and for having patiently borne our reviews and numerous queries and
comments. We are very grateful to our respective families for their patience
and understanding during some rather trying times.

Lawrence K. Wang, Lenox, MA
Yung-Tse Hung, Cleveland, OH
Nazih K. Shammas, Lenox, MA
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1. INTRODUCTION

Increasing population and improving standards of living are placing increasing bur-
dens on water resources. The preservation of the limited natural water supplies and, in
the near future, the necessity for direct recycling of water in some parts of the world will
require improved technologies for the removal of contaminants from wastewater.

There are many contaminants in wastewater, which vary from time to time, and they
are not well characterized with respect to chemical species. Commonly, the level of
organic contamination is expressed by biochemical oxygen demand (BOD), chemical
oxygen demand (COD), or total organic carbon (TOC). Ozone and oxygen are power-
ful oxidants, which can oxidize many contaminants in wastewater and sludge biosolids.
Ozone is more powerful than oxygen, but it must be generated at the point of use
because it is an unstable material.

For many years in European countries, ozone has been used for disinfecting drinking
water. It has also been used for treating some special industrial wastes, notably for
removing cyanides and phenols. Since 1980, ozone has been used for wastewater, indus-
trial wastes, and sludge treatment on a large scale (1-6). Oxidative purification and
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disinfection with ozone as a tertiary wastewater treatment or sludge treatment has a
number of inherent advantages:

Reduction in BOD and COD.

Reduction of odor, color, turbidity, and surfactants.

Pathogenic organisms are destroyed.

The treatment products are beneficial.

The effluent water has a high dissolved oxygen (DO) concentration.

o0 o

The relatively high cost of ozone generation requires a high ozone-utilization effi-
ciency if ozone treatment is to be economically competitive. A principal disadvantage
to the use of ozone in waste treatment is its cost. However, recent advances in ozone
generation have rendered the ozonation process more competitive.

This chapter deals with two newly developed oxygenation—ozonation (Oxyozosynthesis®)
systems for wastewater and sludge treatment. Each treatment scheme consists of a wet
well for flow equalization and pH adjustment, a hyperbaric reactor for oxygenation and
ozonation, a flotation clarifier for degasification and solid—water separation, and a filter
belt press for final sludge dewatering. Special emphasis is placed on theory, kinetics, and
disinfection effect of ozonation and oxygenation (7—12).

1.1. Oxyozosynthesis Sludge Management System

As shown in Figs. 1 and 2, the new sludge management system consists of the fol-
lowing unit operations and processes: sludge production from clarifiers, flow equaliza-
tion and pH adjustment in a wet well, oxygenation—ozonation in a hyperbaric reactor
vessel (Fig. 3), flotation, dewatering in a belt press, and resource recovery of final prod-
uct as fuel or for land application.

A full-scale Oxyozosynthesis sludge management system was installed at the West
New York Sewage Treatment Plant (WNYSTP), West New York, NJ. The plant treats
domestic wastewater flow of 10 MGD and produces 22,000 gpd of primary sludge.
Primary raw sludge is pumped from sumps located at the bottom of the primary sedi-
mentation clarifiers by means of two positive-displacement pumps to a sludge grinder,
then to the wet well. As the wet well is being filled with ground sludge, a chemical meter-
ing pump is used to add a 10% sulfuric acid solution to adjust the pH value to between
3.5 and 4.0. A mechanical mixer and a pH meter are mounted in the wet well for proper
mixing and pH monitoring, respectively. Following acidification, the sludge is pumped
by a progressive cavity pump to one of the two batch-operated hyperbaric reactor ves-
sels, each capable of treating 1500 gal of sludge in 90 min by oxygenation and ozona-
tion. To start each reactor vessel, the pressure in the reactor is increased to 40 psig with
liquid oxygen first and then up to 60 psig with ozone. There are two operational modes:

a. Continuous oxygenation—ozonation. After the startup with oxygen and ozone, ozone is
continuously fed into the reactor for a total of 90 min. The pressure is maintained at 60 psig
by bleeding off (or recycling) the excess gas.

b. Noncontinuous oxygenation—ozonation. After the startup with oxygen and ozone, ozone
is then shut off, to isolate the reactor and maintain the conditions for 90 min.

During the first 90 min contact time in the oxygenation—ozonation reactor,
pathogenic bacteria, viruses, total suspended solids, and volatile suspended solids in the
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Fig. 1. General view of oxygenation—ozonation (Oxyozosynthesis™) system.

sludge are all significantly reduced. The reactor effluent is then released (at a flow rate
of about 1500 gal/90 min) into an open flotation unit where DO, ozone, and carbon
dioxide gases are released out of the solution to form tiny bubbles, which adhere to the
residual suspended solids causing them to float and thickened at the top of the unit. The
flotation unit is equipped with revolving paddles (or scoops) that transport these float-
ing solids onto a filter belt press for sludge dewatering. The subnatant liquor is recycled
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Fig. 3. The hyperbaric reactor vessel.

to the head of the sewage treatment plant for further treatment with the incoming
wastewater flow.

The filter belt press produces a dry high-nutrient sludge cake with low metal content
and high BTU value. The sludge cake can be recycled by spreading on agricultural land,
reused as a fuel source, or disposed off in a landfill. The dry sludge can also be reused
as secondary fiber in paper manufacturing or as raw material for building blocks.

1.2. Oxyozosynthesis Wastewater Reclamation System

As shown in Fig. 4, the new wastewater reclamation system consists of the following
unit operations and processes: wastewater collection and preliminary treatment (bar
screens and grit chambers), flow equalization and pH adjustment in a wet well, oxy-
genation—ozonation in a hyperbaric reactor vessel, dissolved gas flotation (DGF), and
filtration.

A pilot-scale Oxyozosynthesis wastewater reclamation system was installed at the
Lenox Institute of Water Technology, Lenox, MA. The pilot plant treats a wastewater
flow of 6 gpm and produces small amount of sludge. Raw wastewater is pumped from
sumps located at the bottom of the grit chambers by means of positive-displacement
pumps to a wet well. As the wet well is being filled with the raw wastewater, a chemi-
cal metering pump is used to add a 10% sulfuric acid solution to adjust the pH value to
between 3.5 and 4.0 by a chemical metering pump. A mechanical mixer and a pH meter
are mounted in the wet well for proper mixing and pH monitoring, respectively.

From the wet well, a progressive cavity pump delivers the acidified wastewater to a
batch-operated hyperbaric reactor vessel capable of treating 100 gal of wastewater in
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30-60 min depending on the characteristics of the wastewater. To start the reactor
vessel, the pressure in the reactor is increased to 40 psig with liquid oxygen first, and
then to 60 psig with ozone. There are two operational modes:

a. Continuous oxygenation—ozonation. After the startup with oxygen and ozone, ozone is
continuously fed into the reactor for a total of 30-60 min. The pressure is maintained at
60 psig by bleeding off (or recycling) the excess gas.

b. Noncontinuous oxygenation—ozonation. After the startup with oxygen and ozone, ozone
is then shut off, to isolate the reactor and maintain the conditions for 30-60 min.

During the first 30-60 min contact time in the oxygenation—ozonation reactor,
pathogenic bacteria, viruses, total suspended and volatile suspended solids, phenols,
cyanides, manganese, and so on, in wastewater are all significantly reduced. The reac-
tor effluent is released into a DGF unit, where flocculant(s) can be added and the dis-
solved gases come out of aqueous phase forming tiny bubbles, which adhere to the flocs
and residual suspended solids causing them to float to the top of the unit. Heavy metals,
iron, phosphate, humic acids, hardness, toxic volatile organics, and so on, will all react
with the flocculant(s) to form insoluble flocs that are floated. The flotation unit is
equipped with revolving paddles (or scoops) that transport these floating solids onto a
subsequent filter belt press for final sludge dewatering. A dual-media filter further
polishes the subnatant clarified water.

The filter effluent quality is close to that of potable water, having extremely low
color, turbidity, suspended solids, hardness, iron, manganese, trihalomethane precursor
(humic acid), heavy metal, volatile organics, phenol, cyanide, and so on. The product
water is suitable for reuse for industrial and agricultural purposes. Further treatment of
the final filter effluent by adsorption on activated carbon is optional.

2. DESCRIPTION OF PROCESSES
2.1. Ozonation and Oxygenation Process

Ozone gas is sparingly soluble in water. The solubility of ozone in water increases
with its increasing partial pressure, decreasing water pH, and decreasing temperature.
However, oxidation rate increases with increasing temperature. For economic operation
of the hyperbaric oxygenation—ozonation reactor, it is operated at room temperature and
a pressure in the range of 40—60 psig, the influent liquid sludge pH is reduced with sul-
furic acid to a value in the 3.5-4.0 range.

The addition of oxygen at 40 psig and ozone at 60 psig ensure proper partial pres-
sures for solubilizing both oxygen and ozone gases in the sludge. Both DO and ozone
act to oxidize chemically the reducing pollutants found in the liquid sludge, thus
decreasing BOD and COD, which results in the formation of oxygenated organic inter-
mediates and end products. Ozonation—oxygenation treatment also reduces color and
odor in waste sludge.

Because there is a wide range of ozone reactivity with the diverse organic content of
wastewater, both the required ozone dose and reaction time are dependent on the quality
of the influent to the ozonation process. Generally, higher doses and longer contact times
are required for ozone oxidation reactions than are required for wastewater disinfection
using ozone. Ozone tertiary treatment may eliminate the need for a final disinfection
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Table 1

Effectiveness of Ozone as an Oxidant

Ozone dosage COD (mg/L) BOD, (mg/L) TOC (mg/L)

(mg/L) Influent Effluent Influent Effluent Influent  Effluent
50 318 262 142 110 93 80

100 318 245 142 100 93 77

200 318 200 142 95 93 80

325 318 159 142 60 93 50
50 45 27 13 7 20.5 15.5

100 45 11 13 3 20.5 9

200 45 5.5 13 1.5 20.5 5

Source: US EPA.

step. Ozone breaks down to elemental oxygen in a relatively short period of time (its
half-life is about 20 min). Consequently, it must be generated on-site using either air or
oxygen as the feed gas. Ozone generation utilizes a silent electric arc or corona through
which air or oxygen passes, and yields ozone in the air/oxygen mixture, the percentage
of ozone being a function of voltage, frequency, gas flow rate, and moisture. Automatic
devices are commonly applied to control and adjust the ozone generation rate.

For sludge treatment or wastewater reclamation, it is a developing technology.
Recent developments and cost reduction in ozone generation and ozone dissolution
technology make the process very competitive. A full-scale application is currently in
the demonstration stage at the WNYSTP, West New York, NJ. If oxygen-activated
sludge is employed in the system, ozone treatment may be even more economically
attractive, because a source of pure oxygen is available facilitating ozone production.

For poor-quality wastewater or sludge with extremely high COD, BOD, and/or TOC
contents (>300 mg/L), ozone treatment can be economical only if there is adequate pre-
treatment. The process will not produce any halogenated hydrocarbons. Table 1 shows the
reduction of overall COD, BOD, and TOC, achieved in the US Environmental Protection
Agency (EPA) controlled tests after a 90 min contact time with ozone oxidation. Beyond
the 70% COD removal level, the oxidation rate is significantly slowed. In laboratory tests,
COD removal never reaches 100% even at a high ozone dose of 300 mg/L.

As a disinfectant with common dosages of 3—10 mg/L, ozone is an effective agent for
deactivating common forms of bacteria, bacterial spores, and vegetative microorgan-
isms found in wastewater, as well as eliminating harmful viruses. Additionally, ozone
acts to chemically oxidize materials found in the wastewater and sludge, forming oxy-
genated organic intermediates and end products. Furthermore, ozone treatment reduces
wastewater color and odor. Ozone disinfection is applicable in cases, where chlorine
(Cl,) disinfection might produce potentially harmful chlorinated organic compounds. If
oxygen-activated sludge is employed in the system, ozone disinfection is economically
attractive, because a source of pure oxygen is available for facilitating ozone produc-
tion. However, ozone disinfection does not form a residual that will persist and can be
easily measured to ensure adequate dosage. Ozonation may not be economically com-
petitive with chlorination under nonrestrictive local conditions.
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Table 2
Effectiveness of Ozone as a Disinfectant
Dose Contact Effluent
Source Influent (mg/L) time (min) residual
US EPA Secondary 5.5-6 <1 <2 fecal coliforms/100 mL
effluent
US EPA Secondary 10 3 99% inactivation
effluent of fecal coliform
US EPA Secondary 1.75-3.5 13.5 <200 fecal coliforms/
effluent 100 mL
US EPA Drinking water 4 8 Sterilization of virus
WNYSTP Primary sludge NA 60 >99% inactivation
of fecal coliform
SIT/LI Secondary NA 60 >99% inactivation
sludge of fecal coliform

Source: US EPA.

Easily oxidizable wastewater organic materials consume ozone at a faster rate than
disinfection, therefore, the effectiveness of disinfection is inversely correlated with
effluent quality but directly proportional to ozone dosage. When sufficient concentra-
tion is introduced, ozone is a more complete disinfectant than chlorine. Results of dis-
infection by ozonation have been reported by various sources, which are summarized in
Table 2.

2.2. Flotation Process

DGF is mainly used to remove suspended and colloidal solids by flotation resulting
from the decrease in their apparent density. The influent feed liquid can be raw water,
wastewater, or liquid sludge. The flotation system consists of four major components: gas
supply, pressurizing pump, retention tank, and flotation chamber. According to Henry’s
Law, the solubility of gas in aqueous solution increases with increasing pressure. A pres-
surizing pump is used to saturate the feed stream with gas at pressures several times the
atmospheric pressure (25-70 psig). The pressurized feed stream is held at this high pres-
sure for about 0.5-3 min in a retention tank (hyperbaric vessel) designed to provide the
required time for dissolution of gas into the treatment stream. Following the retention ves-
sel, the stream is released back to atmospheric pressure in the flotation chamber. Most of
the pressure drop occurs downstream from a pressure-reducing valve and in the transfer
line between the retention vessel and the flotation chamber, so that the turbulent effect of
depressurization is minimized. The sudden reduction in pressure in the flotation chamber
results in the release of microscopic gas bubbles (average diameter 80 [im or smaller) that
attach themselves to the suspended and colloidal particles present in water. This results in
an agglomeration, due to entrained gas giving a net combined specific gravity less than
that of water thereby resulting in flotation. The vertical rising rate of gas bubbles ranges
between 0.5 and 2 ft/min. The floated materials rise to the surface of the flotation cham-
ber, where they are continuously scooped by specially designed flight scrapers or other
skimming devices. The surface sludge layer or float can in certain cases attain a thickness
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Fig. 5. A single-cell high rate DAF system (Supracell).

of several inches and be relatively stable. The layer thickens with time, but undue long
delays in removal will cause release of particulates back to the liquid. The clarified efflu-
ent is usually drawn off from the bottom of the flotation chamber, which can be recovered
for reuse or for final disposal. Figures 5 and 6 illustrate up-to-date DGF systems using sin-
gle cell and double cell, respectively. The flotation system is known as dissolved air flota-
tion (DAF) only when air is used. In the Oxyozosynthesis system, the dissolved gases
include oxygen, ozone, carbon dioxide, and air.

The retention time in the flotation chamber is usually short, about 3—-5 min depend-
ing on the characteristics of process water and the performance of the flotation unit.
DGEF units with such short retention times can treat water, wastewater, or sludge at an
overflow rate of 3.5 gpm/ft® for a single unit, and up to 10.5 gpm/ft? for triple stacked
units. A comparison between a DGF clarifier and a sedimentation tank shows that (13):

a. DGF floor space requirement is only 15% of the sedimentation tank.
. DGF volume requirement is only 5% of the sedimentation clarifier.
c. The degrees of clarification of a DGF are similar to that of a sedimentation tank using the
same flocculating chemicals.
d. The operational cost of the DGF clarifier is slightly higher than that for the sedimentation
unit, which is offset by the considerably lower cost for financing the installation.
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Fig. 6. A double-cell high rate DAF system (Supracell).

e. DGF clarifiers are usually prefabricated using stainless steel. This results in lower erection
cost, better flexibility in construction, and ease of possible future upgrade compared with
the in situ constructed heavy concrete sedimentation tanks.

Currently used DGF units are more reliable, have excellent performance for sludge
thickening, and require less land area than gravity thickeners. However, the gas released
to the atmosphere may strip volatile organic material from the sludge. The volume of
sludge requiring ultimate disposal or reuse may be reduced, although its composition
will be altered if chemical flotation aids are used. US EPA data from various air flota-
tion units indicate that solids recovery ranges from 83 to 99% at solids loading rates of
748 1b/ft?/d. A summary of US EPA data that illustrate the excellent performance of
DATF for thickening various types of sludges is shown in Table 3.

DAF is also an excellent process for solids separation in water treatment and waste-
water reclamation (14—17). DAF is an integral part of the Oxyozosynthesis wastewater
reclamation system. A bird’s eye view of the advanced DAF unit with built-in chemical
flocculation and filtration (Sandfloat) is shown in Fig. 7. The influent raw water or
wastewater enters the inlet at the center near the bottom, and flows through a hydraulic
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Table 3
Sludge Thickening by Dissolved Air Flotation
Loading rate Loading rate
Feed solids w/o polymer w/polymer Float solids
conc. (%) (Ib/ft?/d) (Ib/ft?/d) conc. (%)
Primary + WAS 2 20 60 5.5
Primary + (WAS + FeCl,) 1.5 15 45 3.5
(Primary + FeCl,) + WAS 1.8 15 45 4
WAS 1 10 30 3
WAS + FeCl, 1 10 30 25
Digested primary + WAS 4 20 60 10
Digested primary + 4 15 45 8

(WAS + FeCl,)
Tertiary (alum) 1 8 24 2

Source: US EPA.
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Fig. 7. Bird’s eye view of a flocculation/flotation/filtration package unit (Sandfloat).
rotary joint and an inlet distributor into the rapid mixing section of the slowly moving car-

riage. The entire moving carriage consists of rapid mixer, flocculator, air dissolving tube,
backwash pump, sludge discharge scoop, and sludge recycle scoop. From the rapid mixing



Pressurized Ozonation 13

section, the water enters the hydraulic flocculator where flocs are gradually built up by gentle
mixing. The flocculated water moves from the flocculator into the flotation tank clock-
wise with the same velocity as the entire carriage including the flocculator, which is mov-
ing counterclockwise simultaneously. The flocculator effluent velocity is compensated by
the opposite velocity of the moving carriage, resulting in a “zero” horizontal velocity of
the flotation tank influent. The flocculated water thus stands still in the flotation tank for
optimum clarification. At the outlet of the flocculator, clarified or recycled water stream
with microscopic air bubbles is added to the flotation tank, in order to float the insoluble
flocs and suspended matter to the water surface. The float (scum/sludge) accumulated at
the top of the unit is scooped off by a sludge discharge scoop and discharged into the cen-
ter sludge collector, where there is a sludge outlet to an appropriate sludge treatment facil-
ity. The bottom of the Sandfloat is made up of multiple sections or wedges of sand filter
and clear well. The clarified flotation effluent passes through the sand filter downward and
enters the clear well. Through the circular hole underneath each sand filter section, the fil-
ter effluent enters the center portion of the clear well, where there is an outlet for the
Sandfloat effluent. The filter sections are backwashed sequentially.

For the wastewater reclamation plant, DAF is an important process unit. Filtration is
used for final polishing of the plant effluent. Table 4 represents the US EPA data on
removal of various classical pollutants, toxic heavy metals, and toxic organics by flota-
tion. For more information on the DAF process the reader is referred to refs. 18 and 19.

2.3. Filter Belt Press

The filter belt press or simply the belt press is used for sludge dewatering. Resembling
a conveyor belt, the filter belt press consists of an endless filter belt that runs over a drive
and guide rollers at each end. Several rollers support the filter belt along its length. Above
the filter belt is a press belt that runs in the same direction and at the same speed; its drive
roller is coupled with the drive roller of the filter belt. The press belt can be pressed on
the filter belt by means of a pressure roller system whose rollers can be individually
adjusted either horizontally or vertically. The sludge to be dewatered is fed onto the upper
face of the filter belt and is continuously dewatered between the filter and press belts.
After having passed the static pressure zone, further dewatering is achieved by the super-
imposition of shear forces to expedite the dewatering process. The supporting rollers of
the filter belt and the pressure rollers of the pressure belt are adjusted in such a way that
the belts and the sludge between them describe a S-shaped curve. Thus, there is a paral-
lel displacement of the belts relative to each other owing to the differences in the radii.
After further dewatering in the shear zone, the sludge is removed by a scraper.

Some units consist of two stages, where the initial draining zone is on the top level fol-
lowed by an additional lower section wherein pressing and shearing occur. A significant
feature of the filter belt press is that it employs a coarse mesh, relatively open weave, and
metal medium fabric. This is feasible because of the rapid and complete cake formation
obtainable when proper flocculation is achieved. Belt filters do not need vacuum systems
and do not have the sludge pickup problem that is occasionally experienced with rotary
vacuum filters. The belt press can handle the hard-to-dewater sludges more readily. The
low moisture cake produced permits incineration of primary/secondary sludge combina-
tions without auxiliary fuel. A large filtration area can be installed in a minimum of floor
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Table 4
Removal of Various Pollutants, Toxic Heavy Metals, and Organics by Flotation
Data Effluent Removal
points concentration efficiency (%)
Full
Pollutant scale Range Median Range  Median
Classical pollutants (mg/L)
BOD; 9 140-1000 250 4-87 68
COD 12 18-3200 1200 8-96 66
TSS 12 18-740 82 6-98 88
Total phosphorus 6 <0.05-12 0.66 50 to >99 98
Total phenols 10 <0.001-23 0.66 3to >9%4 12
Oil and grease 11 16-220 84 57-97 79
Toxic pollutants (ug/L)
Antimony 9 ND to 2300 20 4-95¢ 76
Arsenic 7 ND to 18 <10 8 to >99 45
Xylene 3 ND to 1000 200 95 to >99 97
Cadmium 9 BDL to <72 3 0 to >99 98¢
Chromium 12 2-620 200 20-99 52
Copper 12 5-960 180 9-98 75
Cyanide 7 <10-2300 54 0 to <62 10
Lead 13 ND to 1000 70 9 to >99 98
Mercury 8 BDL to 2 BDL 33-88 75
Nickel 12 ND to 270 41 29 to >99 73
Selenium 3 BDL to 8.5 2 NM
Silver 5 BDL to 66 19 45
Thallium 3 BDL to 50 14 NM
Zinc 11 ND to 53,000 200 12 to >99 89
Bis(2-ethylhexyl) 8 30-1100 100 10-98 72
phthalate
Butyl benzyl phthalate 5 ND to 42 ND 97 to >99 >99
Carbon tetrachloride 3 BDL to 210 36 75
Chloroform 6 ND to 24 9 20 to >99 58
Dichlorobromomethane 1 ND >99
2,4-Dichlorophenol 1 6 NM
Di-N-butyl phthalate 6 ND to 300 20 0 to >99 97
Diethyl phthalate 1 ND >99
Di-N-octyl phthalate 6 ND to 33 11 61 to >99 78
N-Nitrosodiphenylamine 1 620 66
N-Nitroso-di-N- 1 84 NM
propylamine
2-Chlorophenol 1 2 NM
2,4-Dimethylphenol 2 ND to 28 14 >99
Pentachlorophenol 5 5-30 13 19
Phenol 8 9-2400 71 0-80 57
2,4,6-Trichlorophenol 1 3 NM
Benzene 3 5-200 120 NM
Chlorobenzene 1 57 NM

(Continued)
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Table 4 (Continued)

Data Effluent Removal
points concentration efficiency (%)
Full
Pollutant scale Range Median  Range Median

Dichlorobenzene 2 18-260 140 76
Ethylbenzene 7 ND to 970 44 3t0>99 65
Toluene 6 ND to 2100 580 10 to >99 39
Fluoranthene 2 0.5t0 <10 52 NM
Fluorene 1 14 NM
Naphthalene 9 ND to 840 96 33 to >99 77
Pyrene 2 0.3-18 9.2 0
Anthracene/phenanthrene 5 0.2-600 10 45 to >98 81
2-Chloronaphthelene 1 17 0

Source: US EPA.

Blanks indicate data not available.

Abbreviations: BDL, below detection limit; ND, not detected; NM, not meaningful.
“Approximate value.

Table 5

Belt Press Performance

Feed Secondary: Solids

solids primary Polymer Pressure Cake recovery

(%) ratio dosage?® Ib/in.? gt solids (%) (%) Capacity®
9.5 100% primary 1.6 100 41 97-99 2706
8.5 1:5 24 100 38 97-99 2706
7.5 1:2 2.7 25-100 33-38 95-97 1485
6.8 1:1 29 25 31 95 898
6.5 2:1 3.1 25 31 95 858
6.1 3:1 4.1 25 28 90-95 605
5.5 100% secondary 5.5 25 25 95 546
5.6 100% primary None NA 39-43 >97 NA
3.8 100% secondary None NA 25 >95 NA

Source: US EPA.

“Pounds per ton dry solids.

bPounds per sq. in. (gauge).

“Pound dry solids per hour per meter.

area. It is usually necessary to coagulate the sludge, generally with synthetic and high
polymeric flocculants, to avoid the penetration of the filter belt by sludge. The sludge
treated by ozonation, however, does not need any flocculants for sludge conditioning.

The process reliability is considered to be excellent. A period of more than 1 yr trouble-
free operation has been achieved at the WNYSTP. Table 5 shows performance data col-
lected at the WNYSTP. The last two entries in Table 5 represent the primary sludge at the
WNYSTP and the secondary sludge that was collected from a nearby secondary treatment
plant, which were oxidized before entering the belt press by oxygenation—ozonation for
dewatering.
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Table 6

Heavy Metal Contents of Dewatered Filter-Belt-Press Cake”

Heavy metals West NY NJ DEP US EPA ceiling US EPA high-quality
(mg/kg sludge limits for land limits” for land limits© for land
dry sludge) cake application application application
Cadmium 3 25 85 39
Chromium 14 1000 3000 1200
Copper 447 1000 4300 1500
Nickel 9 200 420 420

Lead 126 1000 840 300

Zinc 192 2500 7500 2800

Source: US EPA.

“The Oxyozosynthesis system hyperbaric unit was operated at pH 4.0 and contact time at 90 min.
> Absolute value of any single concentration (40 CFR part 503 regulations, US EPA, 1994).
“Monthly average values (40 CFR part 503 regulations, US EPA) (23).

Table 7

Toxic Organic Compounds in Dewatered Filter-Belt-Press Cake

Toxic organics US EPA WNY dewatered
(mg/kg dry sludge) limitations sludge cake
Aldrin 0.10 <0.001
Chlordane 0.10 <0.001
Dieldrin 0.10 <0.001
Endrin 0.10 <0.001
Heptachlor 0.10 <0.001
Heptachlor epoxide 0.10 <0.001
Lindane 0.10 <0.001
Methoxychlor 0.25 <0.001
Mirex 0.25 <0.001
p, p-DDT 0.25 <0.001
p, p-DDE 0.25 <0.001
p. p’-TDE (DDD) 0.25 <0.001
Toxaphene 1 <0.001
PCB 0.50 <0.001

Source: US EPA.

“West New York sewage treatment plant; US EPA.

>Oxyozosynthesis process’ Hyperbaric unit was operated at pH 4.0 and detention time at 90 min.
“1 mg/kg dry sludge = 1 ppm on dry weight basis.

2.4. Performance of Oxyozosynthesis Sludge Management System

The sludge management system consists of a pH adjustment unit, an innovative reac-
tor for oxygenation—ozonation under moderate pressure (40-60 psi), DGF for sludge
thickening, and an advanced filter belt press for sludge dewatering. The system’s overall
mechanical reliability is excellent. Tables 6 and 7 document the operational data at the
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WNYSTP (20). It is shown that the resulting cake is low in heavy metals and toxic
organics, and meets the requirements of the US EPA (40 CFR part 503 regulations) (21)
and the NJ Department of Environmental Protection for sludge disposal. The ozone-
treated sludge cake has low volatile solids content, high-suspended solids consistency,
high fuel value (>7500 BTU/Ib dry sludge), and is nonoffensive, odor free, and almost
coliform free. In addition, the ozone-treated sludge can be thickened easily by flotation
and dewatered by the filter belt press without any additional chemicals. The product
sludge cake can be disposed of safely in a sanitary landfill site, spread on land for crop
production, or reused as an ideal refuse-derived fuel (RDF).

The flotation unit uses the pressurized gases in the hyperbaric reactor vessel for water
sludge separation. The pressurized gases include oxygen, ozone, and carbon dioxide.
Under optimum operation, all gaseous ozone should disappear and the flotation process
should release mainly oxygen and carbon dioxide. Because supplemental air is not
needed in sludge flotation, a significant cost-savings in sludge thickening is achieved.

The side streams from the flotation unit and belt press are recycled to the top of the
treatment plant for reprocessing; these streams contain low concentrations of suspended
solids and no harmful microorganisms. The suspended solids, BOD, COD, and total
Kjedahl nitrogen (TKN) of the recycle liquors are significantly lower than that produced
from aerobic digestion, anaerobic digestion, and thermal treatment processes. Therefore,
if the side streams are recycled, there will be no adverse effect on the biological wastewater
treatment system. pH adjustment might be needed if the ratio of low pH recycle liquor
flow to the plant influent flow is high.

The heavy metal content in the recycle liquors will not be high if the wastewater
treatment plant treats only municipal sewage. In industrial areas, heavy metals could
settle with the sludge by chemical precipitation or biological assimilation. Many of
these heavy metals will become soluble and will be present in the recycle liquor if the
pH of the influent sludge is lowered to 3.0-4.0 before entering the hyperbaric reactor
for oxidation. In this case, two remedies are possible:

a. Operating the hyperbaric reactor without acidification. This implies a lower ozonation effi-
ciency; or
b. Operating the flotation unit with chemical additions for both pH adjustment and heavy met-

als flotation. This is the perfect solution for removing the heavy metals and maintaining
high ozonation efficiency in the hyperbaric reactor.

In summation, the Oxyozosynthesis sludge management system is a very promising
and sound engineering development (22). It will be extremely competitive under the fol-
lowing conditions:

a. In the case of the United States, ocean dumping is not allowed.

b. Federal and state regulations for disposal of sludge on land are very stringent, whereby the
treated sludge must be stabilized and rendered safe for cropland disposal.

c. Incineration is not allowed in urban areas with many high-rise buildings, because it cre-
ates air pollution.

d. Wet air oxidation is not allowed in urban areas or cannot be afforded in rural areas, because
it creates odor problems.

e. Distance is too far to transport sludge to another plant or site for disposal.

f. There are engineering demonstration grants available to encourage testing and/or using
innovative sludge management technology.
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Table 8
Water Quality Criteria for Reclaimed Water Use
in Apartment Complexes

Item Unit Criteria
Odor - Nonexistence
Color Unit <10
Turbidity Unit <5
TDS mg/L <1000
SS mg/L <5

pH Unit 5.8-8.6
COD mg/L <20
BOD, mg/L <10
PO; mg/L <l
MBAS mg/L <1
Coliform Count/mL Nonexistence
General bacteria Count/mL <100
Residual chlorine mg/L >0.2
TOC mg/L <15

2.5. Performance of Oxyozosynthesis Wastewater Reclamation System

The major components of the Oxyozosynthesis wastewater reclamation system (see
Fig. 4) are two hyperbaric oxygenation—ozonation reactors (see Fig. 3) and a Sandfloat
flotation—filtration package unit (see Fig. 7). The full-scale hyperbaric reactors have a
capacity of 22,000 gpd (20,23). The package unit consists of chemical flocculation,
DGEF, and rapid sand filtration with a full-scale plant capacity of | MGD that was
installed in the Town of Lenox, MA for potable water treatment (24).

The aim of this combined system is to convert municipal wastewater to a reusable
water meeting the water quality criteria as indicated in Table 8, for reclaimed water
reuse in apartment complexes (25). The ultimate goal is to renovate wastewater for
reuse as a potable water supply that meets the US EPA drinking water standards (26).

3. FORMATION AND GENERATION OF OZONE
3.1. Formation of Ozone

The conversion of oxygen (O,) into ozone (O,) requires the rupture of the very sta-
ble O, molecules. Because the breaking of the oxygen-oxygen bond requires a great
deal of energy, very energetic processes are required. In an electric discharge through
an oxygen stream, collisions occur between electrons and oxygen molecules. A certain
fraction of these collisions occur when the electrons have sufficient kinetic energy to
dissociate the oxygen molecule:

0,+e" — 2[0]+¢ (1

Each of the oxygen atoms may subsequently form a molecule of ozone:
[0]+20, — 0O,+0, (2)
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Collisions capable of dissociating oxygen molecules also occur when oxygen is
bombarded with a high-speed o~ or B-particles coming from radioactive processes or
with the cathode rays brought out through the thin metal foil window of a Coolidge X-ray
tube. The dissociation of oxygen, with subsequent formation of ozone, may also be
brought about by the absorption of ultraviolet (UV; 150-190 nm) or y-radiation, or even
thermal dissociation. For instance, if oxygen that has just been heated to a very high
temperature (>3000°C) is suddenly quenched with liquid oxygen, a certain amount of
ozone is found.

The energetic processes necessary for producing ozone molecules are also capable of
destroying them. Ozone can be dissociated according to Eq. (3):

0,—0,+[0] 3)

This would not matter, of course, if this reaction is always formed as in Eq. (2).
Unfortunately there is another reaction:

[O]+ 0, — 20, 4

The higher the ozone concentration, the higher the rate for ozone destruction. Therefore,
whatever may be the method that is used for producing ozone, the concentration cannot
be increased beyond the limiting value, at which the rates of formation and destruction
are equal.

Ozone can also be made from water by electrolysis. Under special conditions (high
current density, low temperature, adding the correct amount of sulfuric or perchloric
acid to the water, and so on) the anode gases might consist of a mixture of oxygen and
ozone. The reaction, which is shown in Eq. (5), is more endothermic (207.5 kcal) than
the reaction shown in Eq. (6) (34.1 kcal), therefore, it is difficult to carry out and poor
ozone yields are usually obtained:

3H,0 — O, +3H, (5)
30, 20, (6)

The yields and maximum concentrations attainable by these different processes vary
considerably, as seen in Table 9. It should be noted that maximum energy yields could
only be obtained by operating ozone generation at much less than the maximum ozone
concentrations.

3.2. Generation of Ozone

The two technologies for generating ozone that have found practical application are
the silent electric discharge and the photochemical methods. The latter is only used
where small quantities of ozone and very low concentrations are desired. Practically, the
electric discharge method is used for all other laboratory and industrial applications.

The instability of ozone with respect to decomposition back to oxygen dictates the
need for an on-site production facility. This in turn dictates the need for a cost efficient,
space efficient, low maintenance installation, if ozone is to be applied in wastewater
and/or sludge treatment applications. In recent years, great strides have been taken in
providing equipment and technology for such installations (27-30).
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Table 9
Energy Yield and Maximum Ozone Concentration Attainable
by Various Generation Methods

Methods Energy yield (g/kWh) Ozone concentration
Electric discharge in oxygen Up to 150 Up to 6 vol %
Electrolysis of water Upto 12 Up to 20%
Photochemical

18502537 A Up to 25 Up to 0.25%

1400-1700 A Up to0 3.5%
Radiochemical

Using O, gas 220 60 ppm

Using liquid O, 108 5 mole %
Thermal 56 0.33 mole %

z Heat

Electrode

Dielectric

@ 0y ————» Discharge gap —_— 0

/7
/ / Electrode
z Heat

Fig. 8. Cross-section view of principal elements of a corona discharge ozone generator (Source:
US EPA).

Figure 8 shows the principal elements of a corona discharge ozone generator (31,32).
A pair of large-area electrodes is separated by a dielectric about 1-3 mm in thickness
and an air discharge gap approx 3-mm wide. When an alternating current (AC) is applied
across the discharge gap with voltages between 5 and 25 kV in the presence of an oxygen-
containing gas, a portion of the oxygen is converted to ozone.

The excitation and acceleration of stray electrons within the high-voltage Ac field
cause the electrons to be attracted first to one electrode and then to the other. At suffi-
cient velocity, these electrons split some oxygen molecules into free-radical oxygen
atoms, as shown in Eq. (1). The free radical oxygen atoms then combine with other oxy-
gen molecules to form ozone according to Eq. (2).

The decomposition of ozone back to oxygen as shown in Eq. (3) is accelerated with
increasing temperature and moisture so that all generators must have a cooling device
for heat removal and a drying device for moisture removal from the feed gas. For
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Fig. 9. Types of ozone generators.

optimization of ozone generation, the following practical engineering requirements
should be met:

a. For prevention of ozone decomposition, heat removal should be as efficient as possible.
b. For dielectric material and electrode protection, the gap should be constructed so that the
voltage can be kept relatively low, while maintaining reasonable operating pressures.
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Table 10
Comparison of Conventional Ozone Generators (Ozonators)

Type of ozonator

Typical ozonator operating

characteristics Otto Tube Lowther
Feed Air Air, oxygen Air, oxygen
Dew point of feed (°F) -60 —-60 —40
Cooling Water Water Air
Pressure 0 3-15 1-12
Discharge gap (in.) 0.125 0.10 0.05
Voltage (kV peak) 7.5-20 15-19 8-10
Frequency (Hz) 50-500 60 2000
Dielectric thickness (in.) 0.12-0.19 0.10 0.02
Power requirements”

Air feed 10.2 7.5-10 6.3-8.8

Oxygen feed - 3.75-5 2.5-35

“kWh/Ib of ozone at 1% conc.

c. For high-yield efficiency, a thin dielectric material with a high dielectric constant, such as
glass, should be used.

d. For prolonged generator life and reduced maintenance problems, high frequency Ac should
be used. High frequency is less damaging to the dielectric surfaces than high voltage.

There are three basic types of commercial ozone generators (see Fig. 9). The charac-
teristics and power requirements for the generators are given in Table 10. In addition to
the generator’s ozone yield per unit area of electrode surface, the concentration of ozone
from the generator is regulated by:

a. Adjusting the flow rate of feed gas,
b. Adjusting the voltage across the electrodes, and/or
c. Selecting a suitable feed gas.

For economic reasons, it is advisable to feed oxygen or oxygen-enriched air
(instead of ordinary air) to the ozone generators. However, for an electronic ozone
generator using the latest semiconductors for power generation and titanium oxide
ceramic electrodes for ozone generation, feeding ordinary air is common. This type
of generator can deliver an ozone concentration of 2% by weight from predried air at
4.5 kWh per pound of ozone. This new ozone generation technology renders the cost
of ozonation competitive with the cost of chlorine oxidation. Table 11 represents
some comparative data in ozone technology. It is important to recognize that the low
operating voltage (6.5 kV) of the titanium oxide ceramic electrode ensures longer life
and minimum maintenance.

4. REQUIREMENTS FOR OZONATION EQUIPMENT

Basically, an ozonation system consists of (33):

a. Feed gas equipment.
b. Ozone generators.
c. Ozone contactors.
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Table 11
Comparative Data in Ozone Technology

23

Electronic ozone generators

Conventional ozone generators

L

Air preparation:

Oilless compressor and heatless air dryer
Dryness of air: —60°F dew point

Ozone production in relation to

dryness of air: 98%

I. Air preparation:
Refrigerated
Dryness of air: —60 to —40°F dew
point Ozone production in relation to
dryness of air: 70-85%

II. Air requirements per 1b of ozone: II. Air requirements per 1b of ozone:
10.69 scfm at 80 psi 20 scfm

III. Power requirements per Ib of ozone: III. Power requirements per Ib of ozone:
4.035 kWh 10-12 kWh

IV. Energy saving per Ib of ozone: Iv.

VL

VIL

Air: 2.13 kWh
Power: 6.965 kWh
Total: 9.095 kWh

. Ozone concentration from predried air:

1.6-2% by weight, which represents two
to three times higher sterilizing and
oxidative power as compared with 1%
Ozone producing electrodes:

Material: titanium oxide ceramic
Dielectric strength: e = 85

Dielectric constant: >15 kV/mm
Operating voltage: 6500 V

V. Ozone concentration from predried air:
Maximum of 1% on the average

VI. Ozone producing electrodes:
Material: glass

Dielectric strength: e = 25
Dielectric constant: <10 kV/mm
Operating voltage:

12-16,000 V on the average

VIL

VIII. Probable failure in relationship to VIII. Probable failure in relationship to
high voltage: 0.35% high voltage: 8%
IX. Physical size of ozone generator: IX. Physical size of ozone generator:

19 1bs/d 30 ft?
Weight: 330 Ibs

19 1bs/d 60 ft?
Weight: 2000 Ibs

Source: US Ozonair Corp.

4.1. Feed Gas Equipment

Conventional ozone generators are fed either with predried air or pure oxygen. The
reason for the use of pure oxygen is primarily to increase the ozone concentration
from 1 to 2% by weight. This factor represents a 2-3 times higher sterilizing and
oxidative power. Because new electronic generators do not have any appreciable gain
when fed with pure oxygen, it is therefore recommended that only predried air should
be used.

For air preparation, equipments are required for air compression, air filtration, and
air-drying:

a. Air compression. Oil-free compressor should be specified. More than 15 hp screw-type

compressors are recommended owing to their extended life. The compressor rating should
be up to 100 psi.
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b. Air filtration. Prefilter, after-filter, and after-cooler are integral parts to be supplied and
mounted on the compressor. Smaller size compressors up to 5 hp are mounted on air
receiver tanks of appropriate size.

c. Air drying. Predried air at —60°F dew point is required in order to deliver 98% of the rated
ozone capacity. Refrigerated or heated air dryers are capable of delivering a maximum
of —50°F dew point and they are subject to failure. Only heatless air dryers should be spec-
ified. A pressure regulator is required to control an appropriate pressure for the ozone gen-
erator in 10-20 psi range. A moisture indicator (colometric) should be mounted after the air
dryer. The required amount of air is usually based on a maximum flow rate of 10.7 ft>/min/Ib
of produced ozone.

4.2. Ozone Generators

Previously, the specifications called for conventional ozone generators to have glass
electrodes with transformers rated at 16,000 V. Many design engineers have specified
two identical ozone generators (one as standby) especially for larger installations. New
ozone generators are being designed for a constant ozone production and constant
ozone concentration. Independently wired modules control the ozone output. The spec-
ifications are currently written along the following lines (34-36):

a. Ozone generator. The capacity is specified as weight of ozone per unit time such as 1b/h
or Ib/d (kg/h or kg/d).
Ozone concentration from predried air. Minimum 1.6% by weight.

c. Air requirements at —60°F dew point. Maximum 10.7 ft>/min/Ib of ozone. Air pressure
supplied to generator is 15 psi.

d. Overall design. Modular. Each module wired and controlled from the front panel or by

remote control.

Power consumption. Not more than 4.5 kWh/pound of ozone produced.

Power requirements. 220 V aAc, 50 or 60 cycles.

Operating voltage. Maximum 7 kV.

Control. Front panel pushbuttons (Start/Stop), power indicating light, airflow meter, DC

ammeter, and AC voltmeter.

Ozone resistant materials. All parts, components, tubing, and piping that are in direct con-

tact with ozone should be ozone resistant materials.

50 om0

—

4.3. Ozone Contactors

It is essential to have efficient mass transfer of ozone into the liquid. The widely
used diffuser system can transfer a maximum of 65-70% of the ozone into solution.
The balance ozone (30-35%) is collected as an exhaust gas and burned. Several
recently developed ozone contactors are being marketed with ozone transfer efficiency
of more than 95% (37,38).

a. In-line contactor for water treatment (Fig. 10). The in-line contactor consists of Venturi-
type ejector and two or more built-in static mixers. It is mounted directly in the water sup-
ply line. One or several contactors may be used and grouped into a single manifold. The
maximum diameter of the contactor is 3 in. with a minimum of 40 ft of pipe run after the
contactor. A minimum water pressure of 30 psi is required upstream of the contactor in
order to balance the 40% pressure loss within the contactor. Depending on the degree of
contamination, it is possible in some instances that only part of the flow can be supersatu-
rated with dissolved ozone and then it is mixed with the untreated water flow.
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Fig. 10. In-line ozone contactor.
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Fig. 12. Multicompartment turbine ozone contactor.

b. Film layer purifying chamber (FLPC) contactor for water treatment (Fig. 11). The
basic principle is the reverse of bubbling. Contaminated water is emulsified (sprayed) into
a powerful ozone concentration. The net result indicates that about 1.5 mg/L of ozone is
dissolved instantly in the water (compared with 0.5 mg/L concentration in ozone bubbling).
Under an influent water pressure of 30 psi, FLPC-treated water is discharged under gravity
with a subsequent retention period of 2—4 min in the tank.

c. Turbine contactor for wastewater treatment (Fig. 12). The turbine contactor is used for
wastewater treatment, where the ozone contact time has to be extended. Mass transfer of
10-12 1Ib of oxygen per horsepower as compared with 2-3 b with an average aerator. At
this stage ozone transfer of 99—-100% can be achieved. For efficient wastewater treatment
depending on the effluent contamination and the flow, one to four turbines may be used in
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Fig. 13. Diffuser ozone contactor.

an oxidation ditch. Approximately more than 20% treatment effect will be obtained in a
multicompartment contactor, where the effluent is introduced into fresh ozone residual,
compared with treating the effluent in single compartment.

Diffuser contactor for water and wastewater treatment (Fig. 13). Disinfection and some
chemical oxidation processes are mass-transfer-rate limited, whereas others are chemical-
reaction-rate limited. Diffuser contactors are designed as a part of an overall system to
optimize the tradeoffs between ozone transfer and the contact time required for achieving
a specific treatment objective. Systems are designed for a minimum ozone transfer of 90%
and a typical disinfection contact time of 15 min. Both the influent upward velocity and
the effluent downward velocity should be <0.5 ft/s. Extensive pilot plant and modeling
studies, considering such factors as diffuser type, size and porosity, and arrangement in
relation to mass transfer, mixing, baffling, wall effects, and materials of construction, have
led to the currently recommended designs.

Hyperbaric vessel for both wastewater and sludge treatment (Fig. 14). This innovative
ozone—oxygen contactor is a combination of conventional diffuser contactor, FPLC con-
tactor, and turbine contactor. It is an advanced contactor, which is suitable for wastewater
effluent and sludge treatment. Oxygen is first pumped into the hyperbaric vessel until a
pressure of 40 psig is reached. Ozone is then pumped into a small compartment in the reac-
tor through a gas diffuser, eventually making its way into the second main compartment of
the reactor. Part of the wastewater or sludge is recycled by a recirculation pump and emul-
sified (sprayed) into the powerful ozone—oxygen concentration zone near the top of the
reactor with the aid of a comminutor. A film layer is thus created for efficient gas transfer.

S. PROPERTIES OF OZONE

Ozone is an unstable, colorless gas, and condenses as a dark blue liquid. It has a char-

acteristic odor and the name is derived from the Greek word “ozein,” which means to
smell. The odor of ozone in the vicinity of an electrical machine is well known. It is gen-
erally encountered as a mixture of air or oxygen in a dilute form. Ozone is formed pho-
tochemically in the earth’s stratosphere but, at ground levels, it exists only at large
dilution. It is commercially produced in the form of electric discharge from air or oxy-
gen. It is a potent germicide and powerful oxidant in both inorganic and organic reac-
tions. With unsaturated organic compounds ozone adds the carbon—carbon double bond,
forming ozonides. Decomposition of these ozonides always results in cleavage at the
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Fig. 14. Pressurized oxygen—ozone contactor (hyperbaric reactor vessel).

double bond, a property that has been used for structural analysis and in the commer-
cial preparation of chemicals.

Ozone is normally produced at ordinary temperatures and concentrations. The color
is not noticeable unless the gas is viewed through considerable depth. Ozone condenses
as a dark blue liquid at —112°C. When the concentrations of 0zone—oxygen mixtures are
more than 20%, liquid ozone is easily exploded in either the liquid or vapor state.
Explosions may be initiated by minute amounts of catalysts or organic matter, shocks,
electric sparks, sudden changes in temperature or pressure, and so on.

Ozone has strong absorption bands in the infrared, the visible, and the UV. The max-
imum absorption is at 253.7 nm and it is particularly strong and affords a convenient
means of measuring ozone concentrations in the stratosphere, in the laboratory, and in
industrial situations. Other properties of ozone are given in Table 12.

Liquid ozone is reported to be miscible in all proportions with the following liquids:
CCIF,, CCLF,, CH,, CO, F,, NF,, and OF,. It forms two-layer systems with the fol-
lowing liquids: CF,, N,, and O,; and ozone solutions in CCIF, (approx 105 g/L) has been
prepared commercially in small cylinders. It is necessary to refrigerate these cylinders
(=75°C) to minimize the decomposition of ozone at higher temperatures.

The limited miscibility of ozone in oxygen is of practical importance because of the
dense, oxygen-rich layer, which settles at the bottom and easily explodes. The mutual sol-
ubility of the two liquids decreases when the temperature is reduced. Thus, liquid ozone
and oxygen are completely miscible at more than 93.2 K (at which temperature, the total
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Table 12
Properties of Pure Ozone
Parameters Data
Melting point (°C) -1925+£04
Boiling point (°C) -111.9£0.3
Critical temperature (°C) -12.1
Critical pressure (atm) 54.6
Critical volume (cm?3/mole) 111
Density and vapor pressure of liquid
Temperature (°C) Density (g/cm’) Vapor pressure (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 (g/cm?) at 77.4 K 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 x 1078
Liquid 0.150
Heat capacity of liquid from 90 to 150 K Cp: 0.425 +

0.0014(T-90)

Heat of vaporization, (kcal/mole),

at—111.9°C 3410

at —183°C 3650
Heat and free energy of formation AH P (kcal/mole) AGf (kcal/mole)

Gas at 298.15 K 34.15 38.89

Liquid at 90.15 K 30 -

Hypothetical gas at 0 K 34.74 -

“My"4(D—d), where M, molecular weight; v, surface tension; D, liquid density; d, vapor density.

pressure is 1.25 atm) but at 90.2 K (the atmospheric-pressure boiling point of liquid O,),
there is a separation into two layers, containing 17.6 and 67.2 mole percent ozone, respec-
tively. At still lower temperatures the separation becomes even more pronounced.

Ozone gas is sparingly soluble in water and, especially at low temperatures, more
sparingly soluble in other liquids. The solubility of ozone in water is given in Table 13.
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Table 13
Solubility of Ozone in Water
Temperature (°C) Bunsen coefficient Henry’s law coefficient (H x 107%)
0 0.49 3.95
5 0.44 3.55
10 0.375 3
20 0.285 2.29
30 0.20 1.61
40 0.145 1.17
50 0.105 0.85
60 0.08 0.64
B= Ozone concentration in liquid 7)

~ Ozone concentration in gas, reduced to STP

where B = Bunsen coefficient of solubility; H = Henry’s constant, mole/atm (mole frac-
tion of ozone in solution/partial pressure of ozone in gas, in atm).

The preparation of saturated ozone solutions is difficult to achieve because of the
great tendency of ozone to react or to undergo decomposition. The thermal decomposi-
tion of ozone has been extensively studied in the temperature range 80-500°C. The
mechanism is as shown in Egs. (8)—(10).

0,+[0]+M =——= 0,+M (8,9)
[O]+0, — 20, (10)

where M is a third element, O,, O, N,, He, or whatever is present. This leads to the rate
expression as shown in Eq. (11).

~d(0,)/dt =2k k,(0,)? /k,0, (11)

where k|, k,, and k; are the rate constants. Because the thermal decomposition of ozone
is not a first-order process, the half-life of the ozone varies inversely with its initial
concentration and directly with the oxygen concentration. Typical values are given in
Table 14 (39).

Numerous substances can catalyze the decomposition of ozone. The reaction with
N,O, proceeds according to the mechanism as shown in Egs. (12)—(15).

N,O, — NO,+NO, (12)
NO,+NO, — N, O, (13)
NO,+0, - NO,+0, (14)

NO,+NO, — 2NO,+0.50, (15)
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Table 14
Uncatalyzed Thermal Decomposition of Ozone in Ozone-Oxygen Mixtures”

Half-life for indicated initial conc.?

Temp k2 Wt%: 5 2 1 0.5
°O) 2k1k3 Vol%: 3.333 1.333 0.667 0.333
120 22.4 11.2¢ 28¢ 56¢ 112¢
150 1.40 41.8 104.5 209 418
200 0.030 0.9 2.2 4.5 9
250 0.00133 0.04 0.10 0.20 0.40

4See ref. 39.

bHalf-life = (k,/2k,k;) (100/vol% O,) in seconds.

“In minutes.

N,O; is regenerated as long as any ozone remains, so that the net effect is the decom-
position of ozone. This process was studied at 20°C and 400°C, because air always con-
tains traces of N,O5 and may be of some importance in the case of ozone generated
from air.

At room temperature, the decomposition of ozone apparently depends on surface
reactions. A half-life of 20-100 h might be expected in clean vessels of glass, stainless
steel, or other inert materials. Many solids catalyze the decomposition of ozone. The
activity of such catalysts depends on subdivision, crystal structure, presence or absence
of moisture, and so on. Preparations of iron oxide have been made that are extremely
active in decomposing ozone.

In aqueous solutions, the decomposition of ozone is much more rapid than in the
gaseous state. It is catalyzed by the hydroxyl ion. The initial reaction is shown in Eq. (16):

O,+0OH™ — O, +[HO, ] (16)
followed by the reactions shown in Egs. (17)—(20).
O,+[HO,]— 20,+0OH" (17)
0,+0H" — O,+[HO,] (18)
2[HO,]— O,+H,0 (19)
[HO, ]+ [HO]— O,+H,0 (20)

Ozone is more soluble in water than is oxygen, but because of a much lower avail-
able partial pressure, it is difficult to obtain a concentration of more than a few milli-
grams per liter under normal conditions of temperature and pressure. A comparison of
the solubilities of ozone, chlorine, and oxygen by water temperature and gas concen-
tration are represented in Table 15. A mathematical model describing DO concentration
can be found elsewhere (40). The DO concentration is a function of water temperature,
pressure, and chloride concentration.

In 1981, Hill et al. (41) performed ozone absorption in a pressurized bubble column
(7.7 m tall and 5.25 cm inside diameter), which was operated in a semibatch mode with
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Table 15
Comparison of the Solubilities of Ozone, Chlorine, and Oxygen

Solubility by water temperature (mg/L)

Gas 0°C 10°C 20°C 30°C
Oxygen
At 100% 70.5 54.9 44.9 38.2
At 21% 14.8 11.5 94 8
Ozone
At 100% 1374.3 1114.9 789 499.6
At 4% 55 44.6 31.6 20
Chlorine
At 100% 14,816.5 9963 .4 7263.6 5688.8
At 99.8% 14,789.4 9943.5 7249.1 5677.4

gas pressures up to 791 kPa (100 psig) and water temperatures ranging from 20 to 40°C.
Also in 1981, Roth and Sullivan (42) reviewed and investigated the solubility of ozone
in water under various pH values and water temperatures. Their reviewed data are pre-
sented in Table 16 and Eq. (21) is a mathematical model fitting their experimental data:

H=3.84x107[OH" " exp (~2428/T) Q1)

where H is the Henry’s Law constant (atm/mole fraction of ozone); [OH] is the hydroxide
concentration (g mole/L); T is the temperature (K).

Ozone apparently decomposes in water, but this is probably as a result of its strong
oxidizing ability rather than simple decomposition. Ozone is much more soluble in acetic
acid, acetic anhydride, dichloroacetic acid, chloroform, and carbon tetrachloride than in
water. More technical information on ozonation can be found elsewhere (43-62).

It should be noted that HO, and HO in Egs. (16)—(20) are free radicals, which are
formed when ozone decomposes in aqueous solutions. The two free radicals have great
oxidizing power, and in addition to disappearing rapidly as shown in Eq. (20), might
react with impurities or pollutions present in solution, such as metal salts, organic sub-
stance, hydrogen, hydroxide ions, and so on. It is believed that the free radicals formed
by the decomposition of ozone in water are the principal reacting species (58).

6. DISINFECTION BY OZONE

Smith and Bodkin (43) compared the bactericidal action of ozone and chlorine at
varying values of pH. Ozone was much more as effective as chlorine over a wide pH
range. At a temperature of 27.5°C and pH 5.0 and 6.0, ozone affected the sterility of a
1-L sample containing 8 X 10° bacteria/mL in 5 min. At pH 7.0, 8.0, and 9.0 the steril-
ization time was 7.5 min. The ozone concentration varied from 0.13 to 0.20 mg/L. In
contrast, the concentration of chlorine required to sterilize as rapidly as ozone varied
from 2.7 mg/L at pH 5.0 to 7.9 mg/L at pH 8.0.

Leiguarda et al. (44) presented a detailed account of the bactericidal action of ozone in
both pure and river waters. Varying amounts of ozone were added to pure water free from
ozone demand, and the water was inoculated with dilute suspensions of Escherichia coli
or Clostridium perfringens. Samples were taken at various time intervals to determine the
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Table 16
Ozone Solubility in Water?
Investigator Temperature (°C) H (atm/mole fraction)
Kawamura (1932) 5 2880
10 3400
20 4610
30 6910
40 9520
50 13,390
60 18,980
Kawamura (1932)
7.57 N H,SO, 20 7420
2.02 N H,SO, 20 5810
1.01 N H,SO, 20 5350
0.18 NH,SO, 20 4770
0.11 NH,SO, 20 4770
Kirk-Othmer (1967) 0 2530
5 2820
10 3330
20 4370
30 6210
40 8550
50 11,770
Li (1977)
pH 2.2 25 7840
pH 4.1 25 7600
pH 6.15 25 9000
pH 7.1 25 9400
4See ref. 42.

See refs. 108-111.

concentration of ozone and the number of bacteria present. The effects of temperature and
pH on bactericidal action were also investigated. The results indicated that initially 10*
E. coli/mL and 0.12 mg/L ozone were contained in water at pH 6.0 and maintained at a
temperature of 10°C. No viable bacteria were found after 5 min and the ozone content had
reduced to 0.09 mg/L. At pH 8.0 and higher temperatures, the efficiency was not signifi-
cantly affected by temperature but was slightly more at pH 6.0 than at pH 8.0. In addition,
tests were made on the effects of ozone on the naturally occurring bacterial flora of river
water. The demand of ozone in this water was high and tests were made using 1-6 mg/L
of ozone. There were sizable reductions in the number of bacteria even when the amount
of ozone added was insufficient to satisfy the ozone demand of the water. All organisms
were destroyed in the presence of 0.08 mg/L residual ozone after a contact period of 5 min.
Similar results were obtained in experiments with river water samples that were coagu-
lated, settled, and subsequently inoculated with E. coli. A total reduction of vegetative
forms of C. perfringens occurred within 5 min when 0.12 mg/L ozone was initially
added to water containing 1.4 X 10* bacteria/mL. In water containing C. perfringens in
concentrations of 2 x 103 spores/mL, at a pH of 6.0 and maintained at a temperature of



Pressurized Ozonation 33

24°C, no viable spores were found after a contact period of 15 min with 0.25 mg/L of
ozone, or after 2 min with 5 mg/L. At pH 8.0, bactericidal efficiency was reduced. Spores
were not affected by 0.25 mg/L of ozone even after 120 min.

In a symposium on the sterilization of water, Whitson (45) reported that ozonation
affected the removal of microorganism and improved water filterability, color, taste, and
odor. Bernier (46), while comparing the bactericidal efficiencies of chlorine and ozone,
asserted that ozone was far superior disinfectant, being considerably faster than chlorine
and not as notably affected by external factors such as pH and temperature.

Bringman (47) observed that 0.1 mg/L of active chlorine required 4 h to destroy 6 x 10*
E. coli cells in water, whereas 0.1 mg/L of ozone required only 5 s. When the tempera-
ture was raised from 22 to 37°C, the ozone inactivation time decreased from 5 to 0.5 s.
Wuhrmann and Meyrath (48) carried an investigation on the kinetics of ozone disinfec-
tion. During each experiment, the ozone concentration was kept constant by continu-
ously bubbling air—ozone through the test solution. The results indicated that ozone
disinfection was mainly a function of contact time, ozone concentration, and water tem-
perature. These investigations revealed that the contact time with ozone was necessary
for 99% destruction of E. coli, which was only one-seventh when observed with the
same concentration of hypochlorous acid. The death rate for spores of Bacillus spp. was
about 300 times more with ozone than with chlorine.

Hann (49) presented a detailed review of the differences between chlorination and
ozonation as determined by other workers. It is reported that ozone disinfection was
found to be more expensive. Turbidity interfered with its use and organic demand had
to be satisfied before germicidal action was effective.

Based on experimental data Scott and Lesher (50) postulated a mode of action of
ozone on E. coli. The primary attack of ozone was thought to be on the cell wall or the
membrane of bacteria. The reaction is probably with the double bonds of lipids and that
cell lysis depended on the extent of that reaction. Bringman (47) reported that the mode
of action of ozone differed from that of chlorine. It was concluded that chlorine selec-
tively attacked and destroyed certain enzymes, whereas ozone acted as a general proto-
plasmic oxidant. Christensen and Giese (51) suggested that the primary locus of activity
of ozone was the bacterial cell surface. Barron (52) hypothesized that the primary bac-
tericidal activity of ozone was the oxidation of sulthydryl groups on enzymes. Murray
and co-workers (53) at the University of Western Ontario recognized that the outermost
layer of Gram-negative organisms is a lipoprotein followed by a lipopolysaccharide
layer. It was surmised that these layers would be the first subject to be attacked by
ozone. They also concluded that the attack by ozone on the cell wall results in a change
in cell permeability eventually leading to lysis.

Smith (54) stated that under experimental conditions, where there were <1% survivors
of E. coli and Streptococcus faecalis after 60-s exposure to 0.8 mg/L ozone, the unsatu-
rated fatty acids (mainly C, . and C,; monoenoic acids) of the cell lipids were oxidized in
the same time interval. The lipids present in bacteria are largely confined to the cytoplas-
mic membrane. Thus, the mechanism of disinfection of ozone is still open to question.

At the Eastern Sewage Works in the London Borough of Redbridge, Boucher and his
associates (55,56) conducted experiments on microstraining and ozonation of wastewater
effluents. Using an ozone dose of 1020 mg/L most organisms were killed, although a
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sterile effluent was never obtained. Chlorine followed by ozone produced better results. In
his conclusion, Boucher commented: “Chlorination as an additional treatment to ozonation
has not produced any advantage except to destroy most of the few organisms that some-
times survive ozonation. This is not considered a sufficient advantage in view of its many
known disadvantages for effluent treatment, namely, the production of chloro-derivatives,
which may be toxic to fish and other aquatic life or, which may produce persistent tastes,
difficult to remove by subsequent waterworks treatment, and the possibility of rapid after
growth of microorganisms in a receiving river and all its attendant problems.”

Huibers et al. (57) determined that ozone treatment of effluents from secondary
wastewater treatment plants could provide product water, which is within the United
States requirements for chemical and bacteriological quality of potable water. Virtually
all color, odor, and turbidity were removed. Oxygen-consuming organic materials, mea-
sured as COD, were reduced to <15 mg/L. Bacteriological tests revealed that there were
no more living organisms.

In Los Angeles County, CA, a well-oxidized secondary effluent was treated with
ozone for disinfection (62). It was found that 50 mg/L of ozone was required to meet
the California requirement of 2.2 total coliforms per 100 mL. To achieve the 200 counts
of fecal coliform per 100 mL, the ozone requirement was 10 mg/L. It was also found
that the removal of suspended solids to 1 mg/L greatly improved the efficiency of ozone
treatment. This study further revealed that to achieve excellent disinfection, the COD
should be <12 mg/L and the nitrite should be <0.15 mg/L. The minimum required
ozonation contact time was reported to be 10 min.

The kinetics of disinfection has been investigated by Morris (63). His concept of the
lethality coefficient for a given disinfectant is presented next:

L=1n (100)/CT=4.61/CT (22)

where L is the lethality coefficient, (mg/L)~! min~!; C is the residual concentration of

disinfectant (mg/L); T is the time in minutes for 99% microorganism destruction
(2-log destruction).

Table 17 indicates the effectiveness of ozone for disinfection of various bacteria and
viruses at pH 7.0 and temperature of 10—15°C. Table 18 further illustrates that in com-
parison with various forms of chlorine, ozone is a much more powerful disinfectant
against enteric bacteria, amebic cysts, viruses, and spores by factors of 10-100. The dis-
infection efficiency of ozone does not seem to be affected significantly within the nor-
mal pH range of 6.0-8.5. Table 19 further presents the oxidation potentials of nine
strong chemical disinfectants among which ozone has the highest oxidation potential.
This makes ozone the strongest disinfectant as well as the strongest oxidizing agent.
The exact effect of temperature on ozone disinfection is still unknown. However, it is
known that higher the water temperature, lower the efficiency of ozone mass transfer,
which might translate to lower disinfection efficiency.

In summation, the advantages of using ozone for disinfection include, but are not
limited to:

a. Ozone is a better virucide than chlorine.
b. Ozone removes color, odor, and taste (such as phenolic compounds).
c. Ozone oxidizes iron, manganese sulfides, and so on.
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Table 17

Relative Efficiency of Ozone Disinfection
Organism L C
Escherichia coli 500 0.001
Streptococcus faecalis 300 0.0015
Polio virus 50 0.01
Entamoeba histolytica 5 0.1
Bacillus megatherium (spores) 15 0.03
Mycobacterium tuberculosis 100 0.005

pH, 7.0; temperature, 10-15°C; L, lethality coefficient/
(mg/L)/min; C, residual concentration of disinfectant (mg/L).

Table 18

Comparison of Lethality Coefficients for Ozone and Chlorine

Agent Enteric bacteria Amoebic cysts Viruses Spores
o, 500 0.5 5 2
HOC1 as Cl, 20 0.05 1 up 0.05
OCl as Cl, 0.2 0.0005 0.02 0.0005
NH,Cl as C1, 0.1 0.02 0.005 0.001
Table 19

Oxidation Potential of Chemical Disinfectants

Disinfectants Chemical reactions Oxidation potentials (EV)
Ozone O,+2H"+2¢” - 0,+H,0 2.07
Permanganate MnO, +4H" + 3¢~ — MnO, +2H,0 1.67
Hypobromous acid HOBr+H"+¢” — 0.5Br,+ H,0 1.59
Chlorine dioxide ClO,+e” — CIO, 1.50
Hypochlorous acid HOC1 +H"+2¢” — CI” +H,0 1.49
Hypoiodous acid HOI+H" +¢” — 0.5, +H,0 1.45
Chlorine gas Cl, +2¢ —2ClI 1.36
Bromine Br,+2e¢” — 2Br- 1.09
Todine I,+2¢ — 21" 0.54

d. Ozone oxidizes organic impurities or pollutants in water.
e. Ozone increases the DO content in water or wastewater.
7. OXIDATION BY OZONE
7.1. Ozone Reaction with Inorganics

Potassium ozonide (KO,), can be prepared at low temperatures by ozone treatment
of dry KOH, the superoxide KO,, or the metal itself dissolved in liquid ammonia as
shown in Egs. (23)—(25).
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30,+3KOH — KOH -H,0 + 20, + 2KO, (23)
0,+KO, - 0,+KO, (24)
0,+K — KO, (25)

This reaction will not occur in an aqueous medium because KO, immediately decom-
poses in the presence of water, probably by the reactions shown in Egs. (26a)—(26c¢):

KO, +H,0 — K*+HO,+OH" (26a)
HO, — O, +[OH] (26b)
4[OH] — 2H,0 + O, (26¢)

The ozonides NaO, and (CH,) ,NO, have also been prepared from ozone. However, they
also would not be produced in an aqueous medium because of their decomposition in water,
similar to that shown for KO,. These ozonides are ionic crystals containing the O, ion.

The reaction of ozone with ammonia has been studied in the dry gaseous state, in lig-
uid ammonia, in carbon tetrachloride solution, and in aqueous solution. The reaction is
extremely fast and the end product is always ammonium nitrate. The reaction is shown
in Eq. (27):

2NH,+40, — NH,NO,+40,+H,0 27)

By carrying out the reaction at very low temperatures, the formation of the red
ammonium ozonide, NH,O;, has been demonstrated. This compound decomposes
rapidly to ammonium nitrate, oxygen, and water as shown in Eq. (28):

4NH,0, — 2NH /NO,+O,+4H,0 (28)

Ammonium salts do not react again with ozone.

The reaction of ozone with the lower oxides of nitrogen NO, NO,, N203, and N,O,,

is extremely rapid leading to the formation of nitrogen pentoxide, (N,O), as shown in
Egs. (29)-(32):

2NO+0,; — N,0,

(29)

6NO,+ 0, — 3N,0, 30)
3N,0,+20, = 3N,0, a1
3N,0,+0, —3N,0, 32)

By the combined action of O;, NO,, and ClO, gases nitronium perchlorate
(NO,CIO,) can be formed as shown in Eq. (33). This is a white solid with low vapor
pressure and strong oxidizing properties:

3NO, +3CIO, +20, — 3NO,CIO, (33)

In aqueous solutions, nitrites are oxidized to nitrates as shown in Eq. (34):
0,+NO; - NO;+0, (34)
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This reaction has been used for the quantitative determination of ozone.

Ozone reacts rapidly with hydrogen sulfide (H,S). In dry gas mixtures the only reac-
tion product appears to be sulfur dioxide (SO,), but the amount of ozone consumed per
mole of H,S has not yet been established with certainity. The reaction in water solution
has not been adequately studied but there are reports that colloidal sulfur is among the
products.

In the gas phase, ozone and SO, react slowly. In aqueous solutions, sulfates are
produced. The reaction is pH dependent and complicated by induced oxidation of
sulfites by oxygen, which is generally present along with the ozone. Thus, in sodium
bisulfite solutions, ozone catalyzes the reaction between bisulfite and oxygen. As the
dilution of ozone increases, this effect becomes more pronounced. In sufficiently
diluted ozone, as many as 60 atoms of oxygen are consumed per molecule of ozone
supplied. Similar observations have been made in the oxidation of aqueous SO, solu-
tions.

Ozone liberates iodine (I,) from iodide (I") solutions. The amount of iodine liberated
per mole of ozone depends on the pH, concentration, temperature, and perhaps other
factors. One mole of ozone liberates 1 mole of iodine, or its equivalent, in alkaline solu-
tions; 1.1-1.3 moles of iodine at pH 7.0 and 2.5-3 moles of iodine in concentrated HI
solutions. Ozone also oxidizes bromides to bromine (Br,) as shown in Eq. (35):

O,+2Br +H,0 — Br,+20H + O, (35)

Chlorides are only oxidized in acid solutions and the reaction is quite slow.

Ozone oxidizes the cyanide ion (CN™) to cyanate (CNO™) as shown in Eq. (36). In
the first stage of the reaction cyanate is oxidized further by ozone and converted to
bicarbonate, nitrogen, and oxygen as shown in Eq. (37):

CN"+0, - CNO +0, (36)
2CNO~+30,+H,0 — 2HCO +N,+50, 37

Thiocyanates (CNS™) are oxidized to cyanide as indicated in Eq. (38):
CNS™+20,+20H" — CN~+S03;7+20,+H,0 (38)

If the addition of ozone is continued, then the cyanide ion is oxidized to cyanate and
the sulfite ion is oxidized to sulfate as shown in Eq. (39):

CN~+8S0; +20, = CNO +S0; +20, (39)

Finally the cyanate ion (CNO™) can be oxidized to harmless bicarbonate, nitrogen, and
oxygen according to Eq. (37):
Argentic (Ag?*) salts can be produced by treating AgNO, solutions with ozone as
shown in Eq. (40):
Ag*+20, = Ag*+30, (40)

Ferrous (Fe?") salts are oxidized to ferric (Fe3*) salts. In dilute H,SO, solution the
reaction is as shown in Eq. (41):

2Fe*+0,+2H* — 2Fe*+0,+H,0 41)
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The reaction for the oxidation of ferrocyanide Fe(CN)g‘ to ferricyanide Fe(CN)g‘
proceeds according to Eq. (42). The engineering significance of this reaction is for its
usefulness in the treatment of wastewater produced by the photoprocessing industry (32):

2Na,Fe(CN), - 10H,0 + O, — 2Na,Fe(CN), + O, + 9H,0 + 2NaOH 42)

This review of the reactions of ozone with inorganic pollutants in water and wastewater
has failed to demonstrate that stable inorganic ozonides can be produced in aqueous
solution. It is concluded that inorganic ozonides would not be a problem if ozone were
used as the disinfectant for water or wastewater.

For practical water or wastewater treatment, ozone oxidizes inorganic impurities by
straight chemical oxidation reaction. The examples are as follows:

a. Ozone reacts rapidly to oxidize ferrous ion (Fe?*) into ferric ion (Fe3"). Ferric ion can then
be removed as insoluble ferric hydroxide at high pH or can coprecipitate with phosphate
ion for both iron and phosphorus removals.

b. Ozone rapidly oxidizes manganous (Mn>") into insoluble manganese dioxide or soluble
permangante (MnO,"). The permanganate is also an oxidizing agent. Stoichiometrically,
0.94 mg/L of potassium permanganate will further oxidize 1 mg/L of ferrous ion, or 1.92 mg/L
of potassium permanganate will further oxidize 1 mg/LL of manganous ion. Eventually,
permanganate ion also converts into insoluble manganese dioxide in the aforementioned
oxidation—reduction reaction.

c. Ozone can break down organometallic complexes of both iron and manganese, which usually
defy the conventional oxidation processes for iron and manganese removal from potable
water.

Ozone readily oxidizes sulfides and sulfites to stable sulfates and nitrites to stable nitrates.

e. Bromides and chlorides can be oxidized by ozone to bromine and chlorine, respectively,
although these reactions are slow and dependent on the concentration of reactants.

d. The oxidation of iodides to iodine is the basis for the standard method used in the determi-
nation of ozone concentration (64).

e. The ammonium ion (NH,") is apparently not attacked under normal pH values in waste-
water treatment. So there is no wastage of ozone-oxidizing capacity with ammonia nitro-
gen, if present in a waste stream. However, ammonia is oxidized completely to nitrate by
ozone if the wastewater pH is alkaline and remains as such. The molar ratio of ozone con-
sumed per ammonia oxidized is about 12:1 (65).

f. In the process of treating photoprocessing water, silver is recovered electrolytically, and
then the spent bleach baths of iron ferrocyanide complexes are ozonated. Ferrocyanide in
the spent liquor is oxidized to ferricyanide, which is its original form. Thus the bleach is
regenerated for reuse by the photoprocessor [see Eq. (42)].

g. Ozone may replace chlorine in the treatment of industrial wastewaters containing cyanide.
Ozone oxidation takes place in multistages according to Egs. (36-39). Ozonation of
cyanide ions and dyes in aqueous solutions is documented in refs. 66,67.

7.2. Ozone Reaction with Organic Material

The exact mechanism for the chemical processes taking place when water or waste-
water is subjected to treatment by ozone and oxygen is still under investigation. In
general,