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I. EXECUTIVE SUMMARY

Background and motivation for conducting research
Ozone has been used for almost 100 years in water treatment in Europe where it is
largely used for disinfection, control of taste and odour, and for the removal of colour.
The role of ozone in the treatment of potable water supplies and wastewater is as a
disinfectant and a powerful oxidant. As a disinfectant, ozone successfully inactivates
enteric bacteria, viruses, amoebic cysts and spores. As an oxidant, ozone oxidises
many inorganic materials completely and rapidly, for example, sulphides to
sulphates, nitrites to nitrates, etc. Ozone also oxidises organic materials such as
unsaturated and aromatic compounds which are oxidised and cleaved at the double
bonds; humates and fulvates which are commonly found in potable water supplies
are effectively bleached, and foul tasting phenol materials are readily destroyed.

In addition to the direct reactions of molecular ozone described above, ozone can
also react indirectly via the radical species formed when ozone decomposes in
water. The production of hydroxyl radicals (•OH) could be enhanced by increasing
pH, addition of hydrogen peroxide or irradiation with ultra-violet light.

Ozone competes with chlorine-based technologies on the water treatment market.
Safety of ozone treatment plants is an advantage over chlorine plants.

Ozone has an important role to play in the treatment of water and wastewater, which
can be summarised as follows:

POTABLE WATER TREATMENT
• Improvement of organoleptic qualities (colour and taste)
• Disinfection of bacteria and viruses
• Oxidation of organic matter, micropollutants and metal salts in solution
• Improvement in biodegradability of water contaminants prior to other treatment
• Avoiding chlorinated by-products
INDUSTRIAL EFFLUENT TREATMENT
• Oxidation of many types of industrial effluents
• Bleaching of coloured effluents such as from dye houses and food manufacturers
• Deodorization
• Improvement in biodegradability prior to bio-treatment
MUNICIPAL WASTEWATER
• Disinfection of treated water
• Deodorization, particularly used for treatment of sludge
SWIMMING POOL WATER
• Improvement of visual qualities
• Degradation of certain amine substances present in swimming pool water
• Disinfection action in regeneration circuit
• Avoiding chlorinated by-products

There are many other applications of ozone such as in cooling tower waters,
synthesis of specialised organic and inorganic materials, and in such areas as
cleaning printed circuit boards and removing photoresists.
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In most water treatment applications, reactions with ozone occur in the aqueous
phase. Typically, reactions in the aqueous phase obey first order kinetics, and the
rate of oxidation is thus dependent on aqueous ozone concentration. It is, therefore,
important that as much ozone as possible is transferred rapidly into the water. Higher
dissolved ozone concentrations could thus lead to faster rates of reaction. Ultimately
this could lead to greater degrees of oxidation.

Ozone can be produced using pure oxygen or air by means of the corona discharge
method. Ozone can not be transported and has to be produced on site. Ozone
production by means of the corona discharge method requires a permanent source
of oxygen. An additional requirement is a low dew point of the oxygen to be used for
ozone generation.

Technological developments over the last decade have led to corona discharge
generators capable of producing concentrations of up to 15 % w/w when oxygen is
used as the feed gas. More recent developments in electrochemical ozone
generation have led to high concentration ozone (HCO), with concentrations as high
as 40 % w/w.

The electrochemical method of ozone generation is based on the reaction of anodic
oxidation of water:

+9H20 - • 6H30
+ + 6e" + 03

In the electrochemical ozone generation process only two components are
consumed, namely, electricity and water.

However, commercialisation of the technology is hampered by the relatively high
power consumption involved. A lack of reliable data in the field of HCO applications
also holds back development of the technology.

It is for these reasons that a project dealing with the development of a compact,
simple to use, low-cost electrolytic generator capable of delivering high-
concentration ozone was undertaken by DINAX Technologies cc in co-operation with
the University of Stellenbosch in South Africa.

Objectives
A general aim was to develop a South African-made cost-effective unit capable of
producing ozone with concentrations six-fold higher than currently available units.
More specifically, an objective was to develop an efficient, inexpensive system,
which is easy to operate, maintain and scale-up. Such a system would be able to
produce ozone at high concentration for industries, such as textile, pulp, paper, as
well as for pre-treatment of wastewater prior to the bio-treatment. Another objective
was to identify the best niches for the application of the novel technology in various
water and effluents treatment processes. Finally, an objective was to combine
electrochemical ozone generation with electrochemical generation of hydrogen
peroxide to improve water treatment efficiency.
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Results
Titanium-based anodes containing a beta (β) crystalline form of PbO2 were prepared
and tested for ozone generation. The anodes were studied by means of the X-Ray
Diffraction (XRD) technique. It was shown that the developed method enabled to
obtain anodes with a predominant β-PbO2 phase.

Proton-exchange membranes (PEM) containing Pt particles were prepared. Such
catalytic membranes minimise power consumption during electrocatalytic ozone
generation due to the superiority of Pt as a cathodic catalyst during the discharge of
hydroxonium ions into gaseous hydrogen in the membrane cell.

An electrochemical PEM-based plate-and-frame membrane reactor with a variable
active anode area to study ozone generation has been constructed and tested. An
active anodic area of the reactor varied from « 50 to « 200 cm2.

A tubular glassy carbon-based ozone generator was also built and tested. The ozone
generator consisted of the following main components:

• Electrolyser
• Power supply
• Control system and instrumentation
• Refrigeration
• Liquid and gas flow systems
• Separation systems

The ozone generator was able to deliver ozone at 25 wt% concentration and higher.

Surface roughness studies of membranes, anodes and cathodes were carried out
using atomic force microscopy (AFM).

The economics of the process was studied by generating HCO under different
conditions (e.g., various electrical current densities were applied). Data on the
relationship between power consumption and ozone yield were produced.

The HCO generator was tested in batch experiments with textile effluents, SAPPI
effluents, and wastewater received from the food industry. It was shown that HCO
has much higher oxidation efficiency in comparison with low-concentration ozone
available from commercial oxygen-fed ozone generators.

Electrolytic generation of hydrogen peroxide was carried out in the PEM-based
ozone generator. It was found that the efficiency of the process was low, making it
impractical to combine it with the system developed. The combination would
increase capital costs of the system with no visible improvement in the efficiency.

Conclusions
A. An electrochemical ozone generator comprising proton-exchange membranes,
platinum cathodes, and lead dioxide anodes was built and tested.

Anodic generation of ozone using a PEM-supported lead dioxide catalyst suffers
from the relatively fast irreversible degradation of the catalyst. The method could be
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suitable for generation of ozone of very low concentration when relatively low current
densities are used (less then 0.1 A/sm2) competing with traditional technologies
(such as UV-based generation) for the production of low-concentration ozone at a
small scale.

Further research is needed to optimise operational conditions of PEM-based
electrochemical ozone generation and to improve stability of the metal-oxide-based
anodic catalysts. This could be a separate project in the field of the PEM-based
electrochemical ozone generation technology provided there is enough economic
drive behind the technology itself.

B. An electrochemical ozone generator comprising glassy carbon electrodes and a
water-soluble electrolyte was built and tested. In theory the electrochemical
processes, which are used for ozone generation by means of DINAX generators, are
capable of producing ozone very efficiently. However, in practice the theoretical
efficiency can not be easily achieved, and the electric current consumption in the
generators is higher than that in large corona-discharge units. That is why it is
expected that such a system could be used for small-scale applications.

Current research was also aimed at reducing power consumption. This was
achieved by various means such as efficient design of the ozone generator and
forced mixing of the electrolyte.

Another important issue that should be taken into consideration is that ozone of high
concentration produced electrochemically could be used more efficiently than lower-
concentration ozone produced by corona discharge systems and, therefore, a true
cost comparison between the different systems should take into account the
efficiency of ozone use.

It is also important to remember that ozone generation in a DINAX generator occurs
along with generation of hydrogen gas. This hydrogen can potentially be used in fuel
cells to recover partially costs associated with high power consumption.

Optimisation of the design of the generator is required to ensure optimum efficiency
and ease of use in various applications. This could be addressed in a separate
project.

Industrial prospects and recommendations for future research
In South Africa, DINAX Technologies, cc, in co-operation with Chemistry Department
of the University of Stellenbosch and the Water Research Commission of South
Africa are involved in the development of small electrocatalytic high-concentration
ozone generators for water treatment, medical, electronical and petrochemical
applications.

Based on the results of the current project it is clear that the electrolytic HCO
technology could successfully compete with the traditional ozone generation
technology on the market of small-scale applications, such as mobile medical
sterilisation units, colour removal systems, odour removal systems, mobile rescue
disinfecting units and mobile systems for destruction of chemical weapons. In other

v



words, the HCO technology could be useful in cases when the cost of ozone
generation is of less concern than immediate solution to a localised environment-
related problem.

Further research in this field is believed to be feasible. For example, it could also
include a comparative study of the efficiency of HCO and LCO in treatment of
Cryptosporidium and Giardia.

Costs

Cost related to the electrolytic generation of ozone using glassy carbon
electrodes.

Operational current
density,

(amps/cm2)
0.05

0.075
0.1

0.125
0.15
0.2

0.225

Ozone
concentration,
(wt %, O2/O3)

8.0
11.2
13.4
15.2
19

21.7
23

Ozone
productivity,

(g/h)
0.36
0.71
1.20
1.66
2.22
3.37
4.10

Power
consumption,
(kWh/kg O3)

155.6
119.7
108.3
99.6
98.5
96.3
92.2

It is seen that with an increase in the current density the efficiency of ozone
generation also increases.
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Figure 3.2. S-type (short path) ozone-to-water contactor.
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(e.g., 1 g/l of ozone per volume of a sample).
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Figure 3.12. Results of colour removal from water by means of LCO (an efficient
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of a water sample).
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factor of 2. Volume of a water sample was 20 litres. Ozone charge was
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Figure 4.1. Effect of the ozone-to-water contacting configuration on phenol
degradation. Long path and short path denote L-type and S-type ozone-to-water
contactors, respectively.
Figure 4.2. Effect of ozone concentration on phenol degradation. An L-type ozone-
to-water contactor was used.
Figure 4.3. Approximately 0.25 - 0.3 g of O3 is required to reduce the time of
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LABORATORY EVALUATION OF PHENOL REMOVAL BY MEANS OF DIRECT
ANODIC OXIDATION AND LOW-CONCENTRATION OZONE GENERATED

ELECTROCHEMICALLY
Figure 5.1. Schematic of the electrochemical set-up. 1 - glass vessel containing
phenol solution; 2 - peristaltic pump; 3 - electrochemical cell; 4 - anode side of the
electrochemical cell; 5 - cathode side of the electrochemical cell and outlet for
hydrogen evolution; 6 - picture of electrochemical cell; 7 - outlet for ozone and/or
oxygen.
Figure 5.2. Effect of the electrical current density applied to the membrane/PbO2
anode system on phenol removal.
Figure 5.3. Efficiency of the phenol removal from water vs the electrical power
consumed. Numbers "0", "1", "2", "3", "4", and "5" correspond to the HPLC analysis
made for each sample, respectively.
Figure 5.4. Results of the HPLC analysis of the phenol solution. "0" corresponds to
the initial analysis where phenol was detected only.
Figure 5.5. Efficiency of the phenol removal from water vs power consumption in
case of direct anodic oxidation and direct ozone treatment (see Tables 2.2 and 2.3).

OZONATION OF EFFLUENTS: SAPPI SAICCOR SAMPLES
Figure 6.1. Schematic of experimental set-up. 1. - Electrolytic high-concentration
ozone generator. 2. - Flow meter. 3. - UV ozone analyser. 4. - Container for water
sample. 5. - 300 ml of water sample. 6. - Magnetic stirrer. 7. - Ozone outlet.
Figure 6.2. Results of colour removal from a SAPPI water sample using ozone of
low (4 wt%) and high (16.4 wt%) concentrations in the S-type ozone-to-water
contactor.
Figure 6.3. "Ozone charge" vs. colour removal from the SAPPI effluent sample.

OZONATION OF THE EFFLUENTS RECEIVED FROM RFF FOODS (PTY) LTD
(STELLENBOSCH)

Figure 7.1. Colour removal from RFF Foods (Pty.) Ltd. effluents by means of
ozonation. Sample marked as "0" corresponds to the original sample; Samples "1",
"2", "3", "4", "5" and "6" correspond to 15, 30, 45, 60, 90 and 100 minutes of ozone
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treatment, respectively.

REMOVAL OF COLOUR BY MEANS OF OZONE FROM TEXTILE EFFLUENTS
OF PUMA FACTORY (CAPE TOWN)

Figure. 8.1. Schematic of the mixer with packing (on the left) and a picture of the
mixer (on the right) with main components.
Figure 8.2. Schematic of the experimental set-up for ozonation of waste water. 1. -
40 litres tank; 2. - recirculating pump; 3. - pump intake; 4. - venturi jet mixer
(contactor); 5. - ozone intake; 6. - water/ozone stream; 7. - mixer with packing.
Figure 8.3. Picture of the mixer with packing.
Figure 8.4. Results of colour removal from the textile effluents produced by PUMA
factory (Cape Town) by means of ozonation. The first sample on the left is the
original (untreated) sample. Samples "1", "2", "3", and "4", correspond to 2, 8, 11 and
14 minutes of ozone treatment, respectively.
Figure 8.5. Typical results of absorbency measurements of colour removal from
PUMA textile effluents.
Figure 8.6. Typical results of absorbency measurements of a PUMA effluent sample.
All readings of the absorbency were taken at 520 nm wavelength. A modified ozone-
to-water contactor was used.

APPENDIX A

Figure A1. SEM image, using a back-scattering detector, of the profile of Pt
deposition on a membrane (seen as white spots) that was pre-treated with boiling
water prior to the plating.
Figure A2. SEM image, using a back-scattering detector, of the profile of Pt
deposition on a membrane (seen as a white line) that was pre-treated in a boiling
mixture of water and an alcohol prior to the plating.
Figure A3. Typical AFM image (three-dimensional mesh view) of the surface of the
membrane with platinum catalyst (seen as "flakes"). The membrane was pre-treated
with boiling water prior to the catalyst deposition.
Figure A4. Typical AFM image (three-dimensional mesh view) of the surface of the
membrane with platinum catalyst (seen as unevenly distributed semi-spherical
particles). The membrane was pre-treated by boiling in a water/alcohol mixture prior
to the catalyst deposition.
Figure A5. Typical three-dimensional AFM image of a textured Pt catalyst deposited
on the membrane. The platinum particles are small in size and pyramidally textured.
Figure A6. Typical three-dimensional AFM surface image of a platinum catalyst
seen as relatively small in size and evenly distributed semi-spherical particles. The
catalyst was deposited onto the perfluorinated cation-exchange membrane using
ultrasonic activation of the platinum-containing solution.

APPENDIX B
Figure B1. Possible intermediate products resulted from the reaction of phenol with
ozone [1].
Figure B2. Typical phenol degradation curve after treatment with LCO (4 wt%) in an
L-type ozone-to-water contactor.
Figure B3. Phenol degradation by ozone corresponds to the appearance of new

XIV



peaks shown by the HPLC analysis (in a 2 - 4 minutes range).
Figure B4. HPLC peak of an aqueous solution of oxalic acid.
Figure B5. HPLC peak of an aqueous solution ofmaleic acid.
Figure B6. HPLC peak of an aqueous solution offumaric acid.
Figure B7. HPLC peak of an aqueous solution of 1,4 benzoquinone.
Figure B8. HPLC peak of an aqueous solution of hydroquinone.
Figure B9. HPLC peak of an aqueous solution ofcatechol.
Figure B10. HPLC analysis of an aqueous solution of phenol that was treated in the
electrochemical cell, as described in Section 5.2, at 0.4 A/cm2 electrical current
density.

APPENDIX C
Figure C1. XRD profiles of various GC electrodes tested in the study. It is seen that
002 band is slightly shifted from left to right from sample N1 to sample N4.
Figure C2. XRD profiles of a working GC electrode and a "skin" that came off after
the initial short time of operation.
Figure C3. Typical AFM image of the surface of a glassy carbon anode.
Figure C4. Typical AFM image of the glassy carbon electrode polarised anodically
for 10 minutes.
Figure C5. Typical AFM image of the glassy carbon electrode polarised anodically
for 100 minutes.
Figure C6. Typical AFM image of the glassy carbon electrode polarised anodically
for 300 minutes.
Figure C7. Typical AFM image of the glassy carbon electrode polarised anodically
for 600 minutes.
Figure C8. Two-dimensional image of the surface of the electrode that was
polarised anodically for 600 minutes.

APPENDIX D
Figure D1. Untreated glassy carbon electrode.
Figure D2. EDX results of the fluorinated glassy carbon electrode. Experimental
conditions: 150 kPa 20%F2/80% N2, 400°C.
Figure D3. EDX results of the sample of the OZARK-MAHONING Co.
Fluorographite™ CFx, x=0.5.

APPENDIX E
Figure E1. An electrochemical cell that was used to characterise glassy carbon
electrode material comprised the following main compartments: 1 - anode and
cathode (not shown) glass compartments with water jackets; 2 - Teflon membrane
holder (membrane was used to separate anode and cathode compartments); 3 -
glass compartment to hold glassy carbon sample; 4 - platinum wire connecting
glassy carbon sample and DC source.
Figure E2. Electrochemical cell.
Figure E3. Cyclovoltammograms of a GC electrode in an active fluorine-containing
electrolyte (correction for NHE).
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APPENDIX F
Figure F1. Effect of O3 concentration and exposure time (10 min) on bacterial
survival. cfu denotes the number of colony forming units/ml. LCO denotes low-
concentration O3. HCO denotes high-concentration ozone.
Figure F2. Effect of O3 concentration, ozone charge and exposure time (15 min) on
bacterial survival. cfu denotes the number of colony forming units/ml. LCO denotes
low-concentration O3 (0.2 g in total). HCO denotes high-concentration O3 (0.2 g in
total).
Figure F3a. Effect of O3 concentration and exposure times on mortality of bacterial
cells. G denotes living cells; R denotes non-living cells; CG denotes the control for
living cells (was not ozonated); CR denotes the control for non-living cells (was not
ozonated); 1, 1.5, & 3 H - denotes the different times at which flow cell channels
were exposed to ozone (high-concentration ozone - 18%).
Figure F3b. Effect of O3 concentration and exposure times on mortality of biofilm
cells. G denotes living cells; R denotes non-living cells; CG denotes the control for
living cells (was not ozonated); CR denotes the control for non-living cells (was not
ozonated); 1, 1.5, & 3H denotes the different times at which flow cell channels were
exposed to ozone (high-concentration ozone -18%).
Figure F4a. Effect of O3 concentration and exposure times on mortality of biofilm
cells. G denotes living cells; R denotes non-living cells; CG denotes the control for
living cells (was not ozonated); CR denotes the control for non-living cells (was not
ozonated); 1, 1.5, & 3H denotes the different times at which flow cell channels were
exposed to ozone (low-concentration ozone - 3.5%).
Figure F4b. Effect of O3 concentration and exposure times on mortality of biofilm
cells. G denotes living cells; R denotes non-living cells; CG denotes the control for
living cells (was not ozonated); CR denotes the control for non-living cells (was not
ozonated); 1, 1.5, & 3H denotes the different times at which flow cell channels were
exposed to ozone (low-concentration ozone - 3.5%).
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