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ARBSTRACT

The deteriorating water quality in South Africa and changing legislation requiring the industrial
implememation of waste minimisation and pollution prevention technologies has highlighted the need for
the investigation of new effluent treatment technologies such as advanced oxidation processes.

This investigation details the evaluation of ultrasound, an emerging advanced oxadation process, to degrade
organic compounds during water ireatment The objectives of the investigation included the design of a
suitable ultrasonic laboratory reactor 1o tuvestigate ultrasound chemisoy and the sub-processes occurring
during sonication. Atrazine was used as a model compound to compare the performance of ultrasound with
that of ozone and hydrogen peroxide, already established advanced oxidation processes. Recommendations
have also been made for the scale-up of ultrasonic processes.

A 500 roL ultrasonic cell containing an uwltrasonic horn as an energy source was designed and constructed.
The measurement of hydrogen peroxide concentration was used as a tool 0 indicate the process conditions
under which the formation of free radical reactions during sonication are enhanced These include the
application of oxygen and air sparging or the addition of a commercial source of hydrogen peroxade. It was
found thai oxygen sparging and a high acoustic power input should be used in ultrasonic processes wilh a
short retention time, and conversely, that air sparging and a lower acoustic energy source should be nsed in
processes with a long retention time. A flow loop system should be considered 1o maximise oxidation both
within and beyond the sonicated zone, gas sparging should only occur within the sonication zone else the
degradation of hydrogen peroxide is encouraged. Ultrasound is most effectively applied in waler treatment

as a pretreaiment stage in combination with other lechnologies and not as a stand-alone process.

Atrazine was used as a model compound to compare the performance of ultrasound with ozone because of
its persistence in the environment and resistance to degradation. Atrazine was degraded during sonication
and ozonation. degradation increased with the addition of hydrogen peroxide. Ozone decomposition (and
hence free radical reactions) was enhanced when ozone was combined with ultrasound or hydrogen
pcroxide. Enhanced ozone decomposition during ozonation combined with sonication is duwe 1o the
conditions (high temperatures and pressures) as well as the free radical reactions occurring within the
collapsing cavitation bubbles and at the gas-liquid interface. The enhancing effect of combining ultrasound

with ozone was greatest at the low ozone concentrauons typically applied during water treatment.

Altrazine degradation during sonication and ozonation is predominantly due 1o the reaction with hydroxyl
radicals. Amazine degradation products identified using gas chromatography and mass spectrometry were
decthvlatrazine, hydroxvatrazine and deethvideisopropylatrazine (tentatively identified).
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Da quantum yield of atrazine

Qu.0. quaowum vield of hydrogen peroxide

p liquid density

c liquid surface tension
® angular frequency
Prefixes

k kilo .... 10°

M mega ... 106

m milli 107

n micro ... 10%

n nano 10°

3

p pico .... 107"

mol cm™' s’

M em!



ABBREVIATIONS

amu

ASTM
ATP

COD

NADPH

NOM

SASOL
TOC

Atomic Energy Authority, United Kingdom
alomic mass unit

analytical reagent grade

American Society for the Testing of Materials
adenosine triphosphate

biological oxygen demand

chemical oxygen demand

Deutsche mark
2,9-dimethyl-1,10-phenanthroline

Department of Energy, United States of America
ethylenediaminetetraacetic acid

Environmental Protection Agency, United States of America
Electricity Supply Commission, South Africa
granular activated carbon

high performance liquid chromatography
laboratory reagent grade

Materials Safety Data Shesat

nicotinamide adenine dinucleotide phosphate
reduced form of NADP

nuclear magnetic resonance Spectroscopy
natural organic marter

Rand Afrikaans University

South African Coal, Oil & Gas Corporaton Lid
total orgaunic carbon

ultraviolet

Water Research Commission, South Africa
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aerobic
adsorption

advanced oxidation process
anions

assimilative capacity

biological oxygen demand

biorefractory
carcigogenic
cations

cavitauon
cavitation threshold
cavitation noise

chemical oxygen demand
chemiluminescence

coeflicient of determination

confidence intervat

degrees of freedom

eutrophication

Fenton’s reaction

fluence

fluorescence

free radical
granular activated carbon

in the presence of oxygen

attachment of molecule or ion to a substrate by manipulation of electrical
charge or pH

a process that produces sufficient hydroxyl radicals to affect water reatment
atoms that have gained one or more electrons

capacity of water 1o accommodate additional pollutants without a decrease in
water quality

oxygen required to meet the metabolic needs of aerobic organisms in water
rich in organic matter

resistant to biological degradation

capable of cansing or promoting the development of cancer

atoms that have donated one or more electrons

formation, expansion and implosion of bubbles in a liquid

acoustic pressure amplitude above which cavitation will be induced

noise caused by the collapsing cavities during sonication

oxygen required 1o oxidise all organic matter in a sample that is susceptible
to oxidation by a strong chemical oxidising agent

emission of visible light accompanying a chemical reaction

the proportion of total variability explained by a regression model

the range around a calculated statistic that contains the true value of the
statistic for a particular level of confidence

the mumber of independent parameters associated with an experiment

the enrichment of water bodies (such as dams or lakes) with organic or
mineral nutrients so that the resultant growth and decay of algae and other
plants significantly depletes the oxygen coment of the water

reaction between hydrogen peroxide and ferrous salts producing hydroxyl
radicals

the total radiant ultraviolet ¢nergy per cross sectional area of target

emission of visible light from a substance that has absorbed radiation of a
shorter wavelength from another source

atom or molecule that contains one or more unpaired electrons

porous material made from the controlled combustion of coal, wood or
coconut shells, used for the adsorption of pollutants during water treatment
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Harta number

heterogeneous
homogeneous

hydrodynamic cavitation

hydrophobicity
incandescence

in situ

in vivo
magnetostrictive effect
mean

mineralisation
muiagenic

oxidant

oxidation

pathogenic
photolysis
photophosphoryiation

piezoelectric effect

radiolvsis
recalcitrant
rectified diffusion

regioselective

salinisation
sonication
sonochemistry

sonoluminescence

dimeunsionless group indicating the relative contribution of reaction kinerics
to mass transfer effects in gas absorplion reactions

involving more than one phase

only involving one phase

cavitation induced in a flowing liquid system by a pressure variation caused
by a change in velocity

ratio of hydrophobic groups 10 hydrophilic groups in a molecule

emission of visible light due to high temperatures

in its original place

in the living body

a material that undergoes a change in dimeusion during magnetization

the average value of a sample

complete degradation of organic compounds to carbon dioxide and water
capable of causing mutation

an oxidising agent

a chemical reaction in which a compound loses electrons, a hydrogen atom
Or gains an oxygen atom

capable of producing disease

radiation with ultraviolet light

production of ATP

a ceramic material that undergoes a dimensional change when an electric
charge is applied across the opposite faces of the material

radiation with X-rays or other high-cnergy sources

resistant to biodegradation

mechanism for cavity growib in which more gas diffuses into a cavity when
it is large in a rarefacuion phase than what diffuses out when it is small in a
compression phase

reactant orientation so as (o produce exclusively. or aearly so. one of several
potential isomeric products

the accumulation of salts in an inland water body (such as a river or dam)
radiation with sound waves

the application of ultrasound in chemistry

emission of visible light during radiation of a liquid with sound waves
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spin trap a diamagnetic molecule that reacts with a short-lived free radical to produce
a Jonger-lived paramagnetic addiion product for identification using
¢lectron spin resopance

standard deviation a measure of the spread or variation in sample data, the average distance
between a particular point and the sample mean

stripped gas liquor efDuent produced in the quenching of hot gas from ocoal gasifiers from which
organic contaminants have been removed and ammonia and acid gas levels
have been reduced

synergism a greater combined effect than the summation of the individual effects

total organic carbon organic carbon other than carbon dioxide (inorganic)

ultrasound sound waves with a frequency above the audible range (16 kHz)



INTRODUCTION

Water is the key 10 development, both present and future (Kasiils, 2000).

1.1 WATER RESOURCES IN SOUTH AFRICA

The address delivered by Ronnie Kasrils, the Minister of Water Affairs and Forestry, on the 17 March 2000
at the Water Week celebrations emphasised that water is key to development (Kasrils, 2000). Technological
development will be one of the key drivers ensuring that the 21st century becomes the century of the African
Renaissance as projecied by President Thabo Mbeki. Development not only entails industrial and economic
growth but also the uplifiment of the people in the provision of basic services such as potable water,
sanitation and electricity. All these facets of development, as outlined by the Minister of Water Affairs at
the Water Week celebrations, are reliant on water. South Africa is one of the leading economies in Africa
and will thus play a major role in spearheading the uplifiment of the African continent. South Affica,
however. is not a water-rich country and will have to deal efficiently and manage effectively its limited
available water resources not only to ensure its own development but aiso its role in facilitating the century

of the African Renaissance.

The water situation in a country can be categorised, as presented in Table 1.1, in terms of the {otal annual

volume of renewable surface water per head of population (Muller, 2000).

Table 1.1 : Classification of the water situation in a country (Muller, 2000)

Water availability Category of water situation
(m“/personlyear)

< 500 absolute s¢arcity of water

500 to 1 000 chronic water scarcity: lack of water begins 10 hamper

economic development and human health and welfare
1 000 10 1 700 periodic or regular water stress
> 1700 will suffer only occasional or local water problems
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The total volume of repewable surface water in South Africa is approximately 53 S00 million m® per annum
(O'Keeffe et al., 1992). South Africa, based on the population in 1995 and that projected at the present
growth rate for 2025, was classified according to Table 1.1 for 1995 (1 200 m’ available water per person

per year) as a country that experiences periodic or regular water shortages and for 2025 (730 m’ available
waler per person per year) as a country that will face chronic water shortages and where economic

development will be hindered by the lack of water (Mulier, 2000).

Rivers are the most important water source in South Africa, there are few natural lakes and only 45 % of the
available groundwater can be utilised economically (Rabie and Day, 1992). River flow is highly variable
due 10 the seasonal changes in rainfall and the uneven distribution across the country. The highest rainfall
occurs along the eastern seaboard whereas the greater part of the interior and western portion of the country
are arid or semi-arid The South African average annual rainfall, 497 mm per year, is below the world
average of 860 mm (Rabie and Day, 1992). Approximately 65 % of the country receives less than 500 mm
of rain per year and 21 % below 200 mm per year. The annual evaporation rate across the country varies
between 1 100 and 3 000 mm and is on average greater than the annual rainfall. Tt is esimated that only
about 9 % of rainfall reaches the rivers (Muller, 2000). The variability iv flow and high evaporation rate
results in only approximately 33 000 million m® (62 %) of the annual runoff of 53 500 million m* being
practically exploitable (O'Keeffe et al., 1992).

Water demand estimates for 1996 indicated that water use, approximately 20 000 million m®, was almost
40 % of the total available water and 61 % of the economically exploitable water. In 2030 water use is
estimated to be approximately 55 % and 80 %, respectively, of the total available and economically
exploitable water (Muller, 2000). Projections of the expected total water demand per sector in South Africa
(van der Merwe, 1995) are presented in Table 1.2.

Table 1.2 : Estimates of South African water demand per sector in 1990, 2000 and 2010 (van der
Merwe, 1995)

Sector 1990 2000 2010
million % million % million %
m’/year m’/year m’/year

municipal and domestic 2 281 12,0 3220 14,4 4477 17,3
industrial 1 448 7.6 2043 9.1 2 961 11,4
mining 511 27 582 2,6 649 2,5
power generation 444 2,3 779 3,5 900 3.5
irrigation 9695 50,9 10 974 48,9 11885 45.9
stock watering 288 1,5 316 1,4 358 1.4
nature conservation 182 1,0 187 0,8 191 0,7
{orestry run-off reduction 1427 7,5 1570 7.0 1700 6.6
estuaries and lakes 2 767 14,5 2767 12,3 2767 10,7

Total 19 043 100 22438 100 25 888 100
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The growing water demand in South Africa has traditionally been addressed by increasing water supply
with the building of dams and the transfer of water between river catchment basins, Total water storage
capacity has been increased from 4 400 million m® in 1956 to the present 29 500 million m® (Muller, 2000).
More dams could possibly be built in the eastern part of the country where rainfall is highest, however, good
dam sites are limited and environmental activists would protest the ecological impact of such a dam.
Inter-basin transfers have also been used to augment water supplies in areas such as the province of
Gauteng where water demand is high. The population census of 1996 indicated that 18 % of South Africa's
population lives in Gauteng (Central Statistical Service, 2000). Gauteng is also home to 60 % of the
industrial and mining activity in South Africa (van der Merwe, 1995) and 30 % of total electricity
consumption (Central Statistical Service, 2000). Water supply to the Gauteng region is supplemented under
the Tugela-Vaal Scheme where water is pumped from the upper Tugela River across the Drakensberg
watershed into the Sterkfontein Dam from where it is released on demand into the Vaal River system
(Laburn, 1995; van der Merwe, 1995). An imtermational venture, the Lesotho Highlands Water Project, is
under construction to help meet the projected water demand in Gauteng till the year 2025. Future water
supplies could possibly be obtained from the Zambesi River with a pipeline across eastern Botswana or from
neighbouring Mozambique (Laburn, 1995; van der Merwe, 1995).

Rivers in South Africa are not only under pressure due to the increasing demand for water but also due to
the reducing water quality caused by inadequate effluent treatment and illegal waste discharges. Rapid
urbanisation, poor water management and the lack of funding are leading to orgamic pollution and
eutrophication becoming serious problems in many areas (van der Merwe, 1995). Organic pollution in
rivers also occurs due to chemicals such as pesticides being carried in irrigation runoff from agricultural
lands. Conventional methods of water treatment are not always successful in the degradation of such
organic compounds. Investigation of new treatment methods, such as advanced oxidation technologies. is

thus required for the degradation of biorefractory organic compounds.

1.2 WATER LEGISLATION IN SOUTH AFRICA

Both the efficient use and effective management of available water resources are required to ensure that
economic development is not hindered due to the lack of water and that the whole nation is provided with
basic services. Effective management is set in order through the promulgation by government of legislation

dealing with water issues. Water legislation has changed significantly with the democratically elected
South African government of 1994.

Water management has been evident in South Africa since historic times; tribal laws required that people
washed downstream from where drinking water was collected. Jan van Riebeeck, during early colonisation
by the Dutch, also decreed that the washing of a soldier’s breeches was not allowed to take place upstream
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of a water off take point. The Union Health Act of 1919 (Act 36 of 1919) was the first national legislation
in South Africa that dealt with water issues; liquid effluent had 10 be disposed of on land and was not
aliowed to pollute any surface water (Quibell et al., 1997). Water reuse became inevitable with increasing
demand and the Water Act of 1956 (Act 54 of 1956) stipulated that all effluent be returned to the water
body from which it was drawn. The effluent, however, had to comply with certain standards (the Uniform
Effluent Standards) so as to prevent a decrease in quality of the receiving waters (Quibell et al., 1997).
Water legislation, as embodied in the Water Act of 1954, was based on Roman law with the riparian
principle of water rights being linked to land ownership (Kidd, 1997b). The Act distinguished berween
private and public water where private water was defined as that which had risen or fallen naturally on any
piece of land; the land owner enjoyed exclusive nse of the water bt could not pollute it. The linking of
water rights to land ownership in a water-scarce country such as South Africa resulted in a significant
imbalance in the access to water by the majority of the South African population especially during the
apartheid era (Kidd, 1997b).

The Coastirution of the new government (the Interim Constitaion was enacted with Act 200 of 1993 and
the Final Constitution with Act 108 of 1996) included a Bill of Homan Rights (Kidd, 1997a). The
Constitution declared that everyone has the right to access to sufficient water and to an environment that is
not harmful (o their health or well-being (RSA, 1996). The mandate of government is thus to address these
issues and provide the legal framework within which these rights can be fulfilled

The right 0 an adequate supply of safe drinking water is being addressed through the Reconstruction and
Development Programme wherein government is committed 10 providing a basic water supply of 25 L per
person per day to within 200 m from a homestead (van der Merwe, 1995). The fulfilment of this
constuutional right required the reform of existing waler legislation. New water policy was published in the
1997 White Paper on National Water Policy, new legislaion was enacted with the Water Services Act
(Act 108 of 1997) and the National Water Act (Act 36 of 1998). The Acts ensure that South Africa’s water
resources are protected and used in a sustainable way that is of benefit 1o everyone. The definition of
private or public water was abolished and all water whether on land, underground or in surface channels is
regarded as part of the common resource (DWAF, 1997). National government is to act as the custodian of
the mation’s water resources, and water management is to be practised per calchment basin. Water
management is (o include an environmental reserve that is recognised as the amount of water required by
the environment to sustain the integrity of ecosystems (GCIS. 1999: Kidd, 1997b). The slogan of the
Department of Water Affairs and Forestrv Some. For All, Forever summarises the goals of water

management in South Africa which is to ensure:

¢ aceess to a limited resource,
¢  0n an equitable basis,
*  ina sustainable manner. now and in the future (DWAF, 1997).
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The right 10 an environment that is not harmful to a person’s health requires that government prevents
water pollution so as to protect the quality of water resources in South Africa and ensure the sustainable use
of available water resources (DWAF, 1997). Water quality is not only defined by the biological, chemical or
physical atiributes but, recognising that water resources are dynamic ecosystems, includes indicators such as
biotic diversity (GCIS, 1999). The quality of South African water resources is declining primarily due to
salinisation. eutrophication and pollution by trace metals and micro-pollatants (Kidd, 1997b;
O'Keeffe et al., 1992). Water quality may in the furure, especially in places in the interior of the country,

become a more important factor in water management than the increasing demand for water (van der
Merwe, 1995).

Industrialisation and economic development inevitably lead to pollution and the deterioration in quality of
water resources. The allowed environmental impact, however, must be managed so as to ensure sustainable
development, in that future development is not jeopardised by the present use of available resources, and a
long-term healthy economy (Walmsley, 1995). Water quality management in South Africa was initiated
with the Water Act of 1954 that required effluent discharges to comply with the Uniform Effluent
Standards. The standards consisted of a general standard applicable throaghout the country, a special
standard for certain rivers and, later, a phospbate standard applicable to water sources where eutrophication
was a problem (Kidd, 1997b; Quibell et al., 1997). Standards were amended with legistation (and made
more stringent where necessary) due to the continuing deterioration in water quality. Limitations of the
Uniform Effluent Standards included that no incentives were provided for pollution reductions to below the
maximum permitted level and that the standards were designed for point pollution sources without

accounting for the cumulative impact of several sources on a waterway (Kidd, 1997b).

Water quality management changed in the laie 1980s with the adoption of the Receiving Water Quality
Objectives (Kidd. 1997b; OKeeffe et al.. 1992, Quibell et al, 1997). The policy was based on the
assimilative capacity of effluent-receiving water bodies to dilute or degrade poliutants. Site-specific
standards were formulated to govern effluent discharge such that quality specifications of the receiving
water, based op the needs of downstream users, were not exceeded. Receiving Water Quality Objectives
were managed in conjunction with a pollution-prevention approach, Pollntion-prevention strategies had to
be incorporated into the design of plants and companies had fo show a commitment to the reduction of
effluents at source. Administration of the Receiving Water Quality Objectives was limited by the difficulty
of establishing the exact needs of downstream users (Kidd, 1997b).

Water quality management in South Africa, since 1995, has changed with the primary objective being to
ensure sustainable development. Water resources are 10 be managed on a catchment basin basis with an
integrated approach that secures a healthy, siable water resource base to meét both current and future water

needs of South Africa (GCIS, 1999). Some impact on the environment is allowed bt the impact is 10 be
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controlled and managed within a system of waste minimisation technologies, pollution prevention, recycling
and water reuse strategies. The use of low-water or zero~ffluent technologies are to be encouraged with the
phased-in introduction of effluent charges and the efficient use of water with voluntary as well as mandaiory
measures for water conservation (GCIS, 1999). These measures form part of the National Strategy
Framework for Water Conservation and Demand Management that is being developed by the Department of
Water Affairs and Forestry. This Framework is to provide a motivation for water conservation in South
Africa, list the objectives and goals of water conservation and suggest possible water conservation measures
(DWAF, 2000). The Waste Discharge Charge System is being developed as part of the Water Conservation
Framework in which a user will pay to be able to discharge effluent to a river (DWAF, 2000).

Water quality mwanagement policies are being implemented by governument so as to ensure that technological
development can take place today but not at the expense of water needs of future generations.

1.3 ADVANCED OXIDATION TECHNOLOGIES

Government may introduce legislation to effectively manage water quality and supply, however, datly water
usage by people must also change to reflect the true value of water. A culture of water conservation focuses
on minimising wastage and includes water recycling. Pollutants not readily degraded using conventional
water treatment methods, such as some pesticides and organic compounds, are present in water sources and
industrial effluents. Research into new or more efficient water treatment technologies is thus vital to
combat deteriorating water quality due to polution. Trihalomethane by-product formation during
chlorination has also initiated research imto other water treatment technologies such as advanced oxidation
processes (Kuo and Mou, 1997, Peyton, 1990).

The focus on waste minimisation and water conservation will result in the production of concentrated or
toxac residues. Techniques need to be developed to responsibly degrade these streams. Advanced oxidation
has the potential to degrade (fully or pardally) these streams.

Advanced oxidation processes are defined as processes that generate hvdroxyl radicals in sufficient quantity
to affect water treatment (Glaze et al., 1987; Glaze et al., 1992). These processes include oxidising agents
such as ozone. ultraviolet radiation, hydrogen peroxide, Fenton's reagent. ultrasound or combinations
thereof (Huang et al., 1993; Sen Gupta et al., 1995; Yue, 1997). Hydroxy! radicals are a powerful oxidant
with an oxidation potential, as shown in Table 1.3, second only to molecular fluorine. Typically, a stronger
oxidant also exhibits a faster oxidation reaction (Clarke and Knowles, 1982; Huang et al.. 1993).
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Table 1.3 : Standard oxidation/reduction potentials at 25 °C and 101,3 kPa of selected oxidising
agents (Huang et al,, 1993; Vanysek, 1998)

Oxidising agent Redox reaction E° (V)
fluorine Fa + 2 - 2F 2.87
hydroxyl radical HO® + H™ + e~ -~ H;0 2,33
ozone 0O; + 2H* + 2¢~ = 02 + H,0 2,08
hydrogen peroxide H,0; + 2H* + 27 - 2H,0 1,78
chlorine Cly + 2¢- - 2CI 1,36

Hydroxyl radicals are not only a stronger oxidant than chlorne, as shown in Table 1.3, but are also less
selective than molecular ozone (Glaze et al., 1987, Huang et al., 1993; von Sonntag, 1996). Hydroxyl
radicals react with most organic and many imorganic solutes with high rate constants that approach
diffusion-controlled limits (Hoigné, 1997; von Sonntag, 1996). Radical scavengers, however, such as
bicarbonates, carbonates and natural organic matter decrease the effectiveness of hydroxyl radicals (Masten
and Davies, 1994). Typical rate constants for the second-order reaction with hydroxyl radicals are listed in
Table 1.4 (Glaze et al., 1992).

Table 1.4 : Rate constants for the reaction between hydroxyl radicals and selected compounds
{Glaze et al., 1992)

Compound, B kgos M s™)
benzene 7.8 x 10°
toluene 3,0x 10°
1-butanol 42 x10°
vinyl chioride 7.1x10°
trichlorethylene 4.0 x 10°
tetrachloroethylene 2,3x10°
chlorobenzene 4.5x10°
nitrobenzene 3,9x 10°

Advanced oxidation processes have the potential for complete oxidation (mineralisation) of organic
pollutants to carbon dioxide, water and salts at ambient temperature and pressure (Glaze er al.. 1992;
Yue, 1992). The processes are also suited for use in combination with other technologies as a pretreatment
or polishing step. Partial oxidation of pollutants where reaction conditions or times may not allow for
complete oxidation has the poteatial 1o produce less refractory compounds that can be degraded biologicalty
(Glaze et al., 1992; Yue, 1992). On-site methods for toxic waste deg;radatioh eliminate waste transportation
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and handling and thus comply with waste minimisation practises government is requiring industry to
implement (Bull and Zeff, 1991).

Advanced oxidation processes have been suocessfully used to degrade compounds such as methyl fert-butyl
ether from leaking gasoline tanks, chlorinated organics, aromatics and phenolics (Bull and Zeff, 1991;
Glaze, 1987; Kim et al., 1997; Peyton, 1990; Sen Gupta et al., 1995, von Sonntag. 1996).

1.4 PROJECT BACKGROUND

Advanced oxidation research at the University of Natal, Durban, under Prof. Chris Buckley began in 1991
with a project funded by the Water Research Commission entitled The evaluation of different methods to
produce free radicals for the oxidation of organic molecules in indusirial effluents and potable water with
special reference to CAV-OX® (Winship, 1999). The project included an evaluation of the advanced
oxidation system, CAV-OX®, that employed UV radiation, hydrogen peroxide and hydrodynamic cavitation
for the degradation of low-level concentrations of organic poilutants in water (Shah et al., 1999f). Hydroxy!
radical formatiorn during hydrodynamic cavitation was compared with that dering ultrasonic cavitation.
Ultrasound. an emerging advanced oxidation process, was identified as having potential for the treatment of
industrial effluents (Shah et al.. 1999f; Winship, 1999).

Ultrasonic research was initiated in 1992 as the MSc(Eng) project of Schwikkard (Schwikkard, 1995). The
project, partially funded by SASOL, was entitled An investigation of the sonochemical degradation of
hydanitoin compounds. Hydantoin compounds are found in the stripped gas liquor at a petrochemical plant
and increase in concentration as the liquor is recycled for cooling purposes. Degradation of hydantoin
compounds does not occur during water treatment with the consequence of potential scaling and fouling of
heat exchangers. The project investigated 1-methvlhydantoin as a model biorefractory compound during
somnication in an ultrasonic bath. The 1-methvihvdantioin was shown to be degraded during sonication.
kinetics of degradation were measured and degradation products were identified using various
chromatrographic techniques. It was recommended that an ultrasonic cell using a more powerful ultrasonic
source be designed to allow for the measurement of kinetic data required in the scale-up of ultrasopic
processes and that ultrasound be evaluated for the treatment of industrial effluent and the preparation of
potable water (Schwikkard, 1995).

Advanced oxidation processes such as ozone, UV radiation and ultrasound are electricity-driven and thus
attracted interest fromm ESKOM, the South African electricity supplier. Collaboration with the University of
Natal was initated 10 ipvestigate and promote the use of ultrasound in potable water and industrial effluent
treatment (Faul, 1996a; Faul, 1996b). The project included funding for one of the researchers to artend the
Fifth Meeting of the European Society of Sonochemistry in Cambridge, July 1996, and various technical
visits to sonochemical research laboratories in the United Kingdom. The visits included that 10 AEA



Chapter 1 INTRODUCTION 1-9

Technology, Harwell; Coventry University; the Department of Chemistry at the University of Bath and the
Department of Physical and Theoretical Chemistry at Oxford University. Research at Coventry University
showed that the required dosage of chiorine during potable water disinfection was significantly decreased
when chlorine was used in conjunction with ultrasound; similar results could potentially be expected for the
combination of ultrasound with ozone (Faul, 1996a).

A collaborative project between ESKOM and Umgeni Water was undertaken to assess the international
status and commercial markets of advanced oxidation processes (Gericke, 1999). It was concluded that
despite the sound scientific basis of the technology certain market forces prohtbited full commercialisation
and thar cenain fundamental aspects required further research (Gericke, 1999).

Umgeni Water have also investigated in a project funded by the Water Research Commission, the potential
of combining ozone and granular activaied carbon as a potential method to treat water from impoundments
that are tending to become eutrophic (Pryor and Freese. 2000). The project is entitled The treatment of
eutrophic water using pre- and intermediate ozonation, peroxone and PICA carbon. The autrient load in
runoff from informal settlements along river banks and pollutants such as pesticides and herbicides in
agricultural runoff have contributed to the deterioration in water quality in impoundments in South Africa
(Prvor and Freese, 2000). Ozone was shown 1o reduce the concentraton of atrazine, a herbicide known to
persist in ground and surface waters, by over 70 %. Atrazine degradation was enhanced when ozonation
was followed by absorption on granular activated carbon. Nevertheless, sporadic breakthroughs of atrazine
above the European Union recommended limit for herbicides (100 ng L™) occurred over the 450 d trial
(Pryor and Freese, 2000). Ozone has been shown to be effective in significantly reducing the concentration
of herbicides such as atrazine in water, however, to ensure that required limits are consistently achieved the

application of ozone in combination with other technologies should be investigated.

Ultrasound combined with ozope was thus investigated to follow on from the study by Umgeni Water into
atrazine degradation using different technologies. Atrazine, however, was also a good model compound to
use in the evaluation of ultrasound in water treatment to degrade organic compounds since atrazine
chemistry is well studied and it is difficult to degrade. Atrazine is used extensively in South Africa and is

highly persisient in the environment. Atrazine is also relatively safe to handle and is readily available.

1.5 PROJECT OBJECTIVES

The present investigation was initiated to follow-up the recommendations made in the projects described in
Section 1.4. The objectives of the investigation are to:

*  Design and construct an ultrasonic cell to be used in the evaluation of ultrasound o degrade organic
pollutants in water treatment
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*  Use such equipment to investigate the process mechanism (the sequence of snb-processes whose
overall result prochices the observed effect) occurring during sonication.

»  Imvestigate the equipment operation and implications for scale-up.

*  Compare the performance of ultrasound, an emerging technology in water treatment, with that of
ozone, an already established advanced oxidation process.

¢ Use atrazine as a mode] organic compound and investigate degradation rates during sonication and
ozonation.

*  Identify degradation products obtained during the sonication and ozonation of atrazine.

To achieve the objectives, a literamre review on ultrasound and ozone was undertaken 10 gather background
information so as to assist in designing the wltrasonic cell and to identify experimental techmiques for
performing ultrasonic and ozonation research Lilerature on the chemistry of atrazine was reviewed and
potential degradation mechanisms and products identified  The ultrasonic cell was designed and
constructed and a commercially available ozone generator was used for ozone production. Equipment
characterisation aliowed for the necessary experimental techniques to be mastered, to determine estimates of
experimental error and to assure that analytical procedures could be followed reproducibly. The
sub-processes occurring during sonication were investigated by varying acoustic power and ozone input and
measuring dissolved oxygen, hydrogen peroxide and ozone comcentrations. Atrazine degradation kinetics
during sonication and ozonation were measured and degradation product samples collected for
identification using mass spectrometry.

The purpose and function of an ultrasonic cell (or ultrasonic laboratory reactor) within the context of the
development of large-scale ultrasonic equipment for application in water treatment is demonstrated in the
reactor design flow diagram shown in Figure 1.1.

discovery
reactor chemical kinetics;
laboratory / L7 catalysis
reacior —*
rate, selectivity
kinetics model -- 2pp hed.
' _ mathematics
L
reactor U‘anspor(
/ model < phenomena
pilot plant Y
il
feactor

Figure 1.1 : Reactor design flow diagram (Smith, 1970)
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The scientific disciplines involved between the discovery of a reaction (or demonstration of a process) and
the large-scale reactor for industrial application are shown on the right in Figure 1.1. A laboratory reactor
is built to investigate process parameters (such as reaction conditions. catalyst lifetime) and reaction kinetics
50 as (o obtain reaction rate and conversion/selectivity equations (Smith, 1970). This information is
required for a mathematical mode] to be developed of the large-scale reactor. The wodel is evaluated with
the operation of pilot plant in which questions concerning construction materials, corrosion, operating
procedures, instrumentation and control are also investigated. The reactor model can then be used in the
design and construction of a large-scale reactor for industrial application (Smith, 1970).

The investigation of the sonochemical degradation of hydantoin compounds in an ultrasonic bath indicated
the potential of ultrasound to be used in water weatment specifically for the degradation of biorefractory
organic pollutants (Schwiklkard, 1995). The next step from such a demonstration of a process, as illustrated
in Figure 1.1, is the design of an ultrasonic laboratory reactor (an ultrasonic cell) to investigate reaction
kanetics. process operation and implications for scale-up, thus obtaining rate information for the
development of a model of a ]Jarge-scale ultrasonic reactor.

1.6 THESIS OUTLINE

A flow diagram of the thesis outline is presented in Figure 1.2.
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Figure 1.2 : Flow diagram of thesis outline
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The water situation in South Africa specifically the increasing demand, the limited supply, the deteriorating
water quality and legislation enacted to manage water usage is described in Chapter 1. Advanced oxidation
processes are introduced and the development of this project from earlier research projects is also described.

Ultrasound literature is reviewed in Chapter 2. The mechanisms of cavitation and the formation of free
radicals during sonication are described. Both chemical and physical effects of ultrasound are discussed and
examples are listed of ultrasonic applications in the fields of chemistry, industry and medicine. Details are
also provided of commercially available sonochemical equipment. Ozone and hydrogen peroxide literature
are reviewed in Chapter 3. This includes the generation of ozone, the kinetics of ozone decomposition and
the applicaton of ozome in walier treatment, Examples are also given of the application of hydrogen
peroxide in water treatment. Afrazine literature is reviewed in Chapier 4. The chapter summarises atrazine
chemisiry and the behaviour of atrazine in both soil and water systems in the enviroement. Potential
technologies to degrade atrazine are also described.

Equipment and analytical procedures used in the investigation are presented in Chapter 5. This includes a
description of the design of the ultrasonic cell and the equipment used for ozone generation. Standard
procedures were used to measure ozone concentration whereas an HPLC method was developed to measure

atrazine concentration. Methods to measure hydrogen peroxide and dissotved oxygen concentrations are
also described.

Characterisation of the ultrasonic cell is presented in Chapter 6. The process mechanisms occurring during
sonication were investigated by measuring parameters such as dissolved oxygen concentration. formation
and degradation of hydrogen peroxide under saturation with different gases. Implications for scale-up of an
ultrasonic process are also considered. The investigation of the fundamentals of ozone chemistry and
equipment characterisation, in terms of ozone formation and degradation and hydrogen peroxide formation,
is detailed in Chapter 7. Atrazine experiments are discussed in Chapter 8. This includes the degradation of
atrazine during sonication and ozonation and the identification of degradation products.

Conctuding remarks and recommendations are presenied in Chapter 10. Sources referenced during the
investigation apnd Appendices detailing data and calculation procedures are atso presented.



ULTRASOUND

Ultrasound is defined as sound which is of a frequency above the limit (16 kHz) to which the human ear can
respond (Mason, 1990). The effects of ultrasound in a medium are due to the chemical and physical effects
caused by ultrasonic cavitation. The literature presented in this chapler describes the enhancement of
chemical reactions by ultrasound and the potential for scale-up of industrial applications.

The history of ultrasound is presented in Section 2.1. The formation and classification of ultrasonic
cavitation, as well as the phenomena which arise from cavitation, are discussed in Section 2.2. The
chemical and physical effects of cavitation, and the mechanisms by which ultrasound influences chemical
reactions, are discussed in Section 2.3. Applications of ultrasound in the medical, chemical and industrial
fields are presented in Section 2.4. Laboratory ultrasonic equipment and ultrasonic reactors for large-scale
operation are described in Section 2.5.

2.1 HISTORY OF ULTRASOUND

The production of ultrasound was made possible with the discovery of the magnetostrictive and piezoelectric
effects, James Prescont Joule reported in 1847 that the application of a magnetic field to an iron bar caused
the bar to increase in length (Mason, 1976). The magnetostrictive effect is defined as the production of a
change in dimension of a magnetic material during magnetisation (Bremner, 1986). Sound waves are thus
produced in the surrounding medium when an alternating field, by means of a solenoid, ts applied across a
ferromagnetic material. Pierre and Jacques Curie discovered the piezoelectric effect in 1880: a pressure
applied across certain crystals (such as quartz) was found to produce an electric charge on the surface of the
crystal (Mason. 1976). The converse of the effect is that a dimensional change is induced in such a crystal
when an electric charge is applied across the opposite faces of the crystal. Sound waves are thus produced
in the surrounding medium if an alternating voltage is applied across a piezoelectric crystal (Mason. 1976:
Mason, 1990).

Paul Langevin, in 1917, performed the earliest investigation of ultrasound (Mason, 1976). Ultrasound was
investigated as a method for submarine detection and the first underwater sound transducer (used mainly for
depth delermination) was produced. The discovery by Langevin that sound waves killed small fish began
research in the 1920°s into the biological effects of ultrasound (Alliger, 1975). At that ime pioneering
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work on the chemical effects of ultrasound was performed by Richards and Loomis. Chemical
transformations accelerated by ultrasound included the explosion of nilrogen tri-jodide, Lhe dispersion of
mercury, the degassing of liquids, the lowering of the boiling temperature of liquids, the hydrolysis of
dimethyl sulfate and the iodine clock reaction (Richards and Loomis, 1927). The emission of light during
sonication (sonoluminescence) was first reported by Frenzel and Schultes in 1934 (Harvey, 1939).

An investigation of high speed propeller erosion by Lord Rayleigh (for the British Navy) led to the
publishing, in 1917, of a paper describing a mathematical mode! of the collapse of a pre-existing, spherical
cavitation bubble under a steady pressure (Alliger, 1975. Suslick, 1989). These conditions are different to
what occurs in an ultrasonic field, however, the concepts presented in the paper formed the basis for the
development of ultrasonic cavitation theory (Neppiras, 1984). In 1950, Noltingk and Neppiras published a
svstematic treatment of the growth and collapse of a gas-filled cavitation bubble in a liquid medium

subjected to a sinusoidal uitrasonic pressure wave (Noltingk and Neppiras, 1950).

2.2 CAVITATION

Cavitation is defined as the formation. expansion and collapse of cavities in a liquid (Sirotyuk, 1963). The
four types of cavitation are listed below (Shah et al.. 199%a; Young, 1989).

*  Hydrodynamic cavitation is produced in a flowing liquid due 10 the pressure variations caused by
the svstem georpetry.

¢ Ultrasonic cavitation is produced in a liquid because of the pressure variations caused by sound
waves moving through the liquid

»  Optic cavitaton cccurs when photons of high intensity light (lasers) are focused on a liquid.

*  Particle cavitation occurs when clementary particles (such as protons) are used to rupture a
superheated liquid in a bubble chamber.

The formation of ultrasonic cavitation is reviewed in Section 2.2.1: the classification of ultrasonic cavitation
as either stable or transient in Section 2.2.2: the theoretical equations of cavitation bubble dynamics in
Section 2.2.3 and phenomena which arise from ultrasonic cavitation (soncluminescence and cavitation

noise) in Section 2.2.4.
2.2.1 Formation of nltrasonic cavitation

Sound is transmitted through a liquid by inducing vibrational motion (phases of compression and
rarefaction) of the liquid molecules (Mason and Cordemans. 1996). Local pressure variations occur as
liquid molecules are stretched apart during a rarefaction phase of a sound wave and pressed together during
a compression phase. Cavities are formed in a liquid when the negative pressure created by the rarefaction

phase exceeds the teastle strength of the liquid. the molecules of the liquid are streiched beyond the critical
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molecular distance required to hold the liquid intact (Pandit and Moholkar, 1996; Suslick, 1989). The
breakdown in a liquid to form cavities should happen simultaneously throughout the liquid but generally it
occurs only at weak spots or nucleation sites (Sirotyuk, 1963). Microdust particles or dissolved gas
(gas-filled crevices in suspended particulate matter or microbubbles from prior cavitation events) act as
nucleation sites in the liquid (Apfel, 1984; Roi, 1957). Cavity formation occurs at these weak spots or
nncleation sites since the tensile strength of pure liquids is too large for cavitation to be formed solely by the
local negative pressure induced by a rarefaction phase of a sound wave (Apfel, 1972; Sirotyuk, 1966;
Suslick, 1990).

The cavitation threshold is defined as the sound wave amplitude, depending on frequency, that induces
sufficient vibration of liquid molecules to cause cavity formation in the liquid (Crawford, 15963;
Webster, 1963). The following parameters affect the cavitation threshold (Mason, 1990; Pandit and
Moholkar, 1996; Pestman et al., 1994; Webster, 1963),

¢ The presence of dissolved gas in a liquid lowers the cavitation threshold as more nucieation sites
for cavity formation exist.

*  Physical properties of a liquid, such as surface tension, vapour pressure and viscosity, affect the
cavitation threshold. A reduction in surface tension (such as with the addition of a surfactant)
decreases the cavitation threshold Liquids with a Jow vapour pressure do pot readily cavitate.
Liquids with higher viscosities have greater natural cohesive forces and hence a higher cavitation
threshold.

* An increase in temperature lowers the cavitation threshold as many liquid properties, such as
density and viscosity, are temperature dependent.

¢ The cavitation threshold is raised as the external applied pressure is increased. A higher external
pressure requires a greater negative pressure in the rarefaction phase of a sound wave for cavity
formation to occur.

*  The cavitation threshold is raised with an increase in frequency. The rarefaction and compression

phases of a sound wave are shortened and insufficient time may be available for a cavity to either

grow in a rarefaction phase or collapse in a compression phase.

Intensity is related to the amplitude of a sound wave, an increase in intensity increases cavitation.

However, an optimum intensity exists beyond which a further increase will have no effect since the

formation of larger, more stable cavities dampen the passage of sound energy through the liquid

2.2.2 Classification of cavitation

Cavitation is classifted as either stable or transient (Neppiras, 1984). The experimental distinction between
stable and transient cavitation is not well defined (Henglein, 1987: Vaughan and Leeman, 1989). However.
the lifespan of a stable cavity is longer than that of 2 transient cavity and stable cavities exist over many

acoustic cycles whereas transient cavities exist for only one or two acoustic cycles. Stable cavitation is
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produced by ultrasonic intensities in the range of 1 to 3 W cm™ whereas transient cavitation is produced by
intensities greater than 10 W cm'? (Mason, 1990).

Stable cavities are bubbles that exist for many acoustic cycles and oscillate, often non linearly, about an
equilibrium radius that is dependem on the applied ultrasonic field (Henglein, 1987; Riesz et al., 1990a).
The lifespan of stable cavities is still short since a cavity which exists for 1 000 acoustic cycles in a 20 kHz
wltrasonic field has a lifespan of 0,05 s (Mason, 1990). Stable cavilies grow through a process called
rectified diffusion in that the amount of gas diffusing in or out a cavity depends on the surface area of the
cavity; more gas diffuses into a cavity when it is large, in a rarefaction phase, than diffuses out of a cavity
when it is small, in a compression phase (Suslick et al., 1990). The cavities grow to a size at which they
become unstable and implode. The implosion is cushioned by the gas and liquid vapour contained in the
cavity (Henglein. 1987, Neppiras, 1984).

Transient cavities exist for only one or two acoustic cycles and implode violently during a single
compression phase once the cavities have expanded to a size two to three times the equilibrium radius
(Riesz et al., 1990a). The lifespan of the cavitles is too short for gas dissolved in the liquid to diffuse into
the cavities. However, the cavities may contain some vapour from the liquid. The collapse of the cavities is
violent, as no gas is present in the cavities to cushion the implosion (Henglein, 1987). Upon implosion, the
cavities ofien disintegrate into numerous smaller cavities providing nuclei for further cavitation
(Henglein, 1987). Powerful shock waves are produced and considerable energy is released into the liquid as
the cavities implode (Boudjouk, 1986). From theoretical caiculations, iemperatures and pressures in a gas
cavity during the final stages of collapse have been estimated to be in the rauge of 2 000 to 10 000 K and
100 t0 1 000 MPa (Suslick et al.. 1986). The high temperatures and pressures in the cavities cause the
dissociation of water vapour into hydroxyl and hydrogen radicals (Bremaer, 1986; Makino et al., 1982:
Riesz et al., 1990a; Todd, 1970: Webster. 1963).

Sonochemical effects are caused by both types of covitation despite the carlier belief that only transient
cavitation enbanced chemical rcactions (Ratoarinoro et al., 1992). Although the temperatures and pressures
developed in stable cavities are lower then those in collapsing transiem! cavities (the implosion is cushioned
by the gas content in the stable cavity). the lifespan of siable cavities is longer and there is thus a greater
polential for influencing chemical reactivity (Mason. 1990).

Vaughan and Leeman have proposed a different system for the classificavon of cavitation (Vaughan and
Leeman. 1989). The system, unlike stable/transient classification. provides for a hierarchy of thresholds of
observed cavitation phenomena, such as cavitation noise (or subharmonic emission), sonoluminescence and
sonochemical reaction enhancement. The stable/transient mode of classification developed from the
theoretical interpretation of the implosion of a gas-less cavity, however, ultrasonic cavitation occurs mostly

in gas-saturated liquids; the classification system proposed by Vaughan and Leeman is not dependent on a
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specific bubble dynamic model (Leeman and Vaughan, 1992). Cavitation is defined as the non-linear
pulsation of bubbles in a sound field and is classified as subsonic, gas-phase or liquid-phase cavitation. The
classification is performed by comparing the maxaimum velocity of the bubble wall with the speed of sound
in the gas in the bubble and with the speed of sound in the liquid surrounding the bubble. The dynamic
behaviour of the bubble wall is regarded as on¢ of the most important parameters that characterises the
interaction of the bubble with the applied sound field (Vaughan and Leeman, 1989).

Subsonic cavitation occurs whep the maximum velocity of the bubble wall 1s lower than both the speed of
sound in the gas in the bubble and the speed of sound in the surrounding liquid (Leeman and
Vaughan, 1992). Subsonic cavitation is characterised by non-linear motion of the bubble wall and is the
threshold for cavitation noise. Gas-phase cavitation occurs when the applied acoustic power is increased
such that the maximuem velocity of the bubble wall becomes greater than the speed of sound in the gas in the
bubble (but still less than the speed of sound in the liquid). The gas inside the bubble is shock-excited and
significant heating occurs. Gas-phase cavitation marks the threshold for sonochemical reactions between
actvated species within the gas bubble as well as for sonoluminescence since light emission is associated
with the movement of shock waves through a gas. Liquid-phase cavitation occurs when the applied
acoustic power is further increased such that the maximum velocity of the bubble wall is greater than both
the speed of sound in the gas in the bubble and the speed of sound in the surrounding Liquid Shock waves
are generated in the liquid surrounding the bubble; high temperatares and pressures accompanying the
shock waves lead 10 sonochemical reactions taking place in the liquid. However, the outward radiating
nature of the shock waves cause such reactions to take place in a relatively thin shell of liquid surrounding
the bubble (Leeman and Vaughan, 1992).

2.2.3 [Equations of cavitation bubble dynamics

One of the earliest sysiematic treaments of ultrasonic cavities was performed by Noltingk and Neppiras
(Nolungk and Neppiras, 1950). The ultrasonic cavitation of a liquid sanirated with gas was modelled based
on the analysis performed by Rayleigh of the implosion of a gas-less void. A differential analyser was used
to solve a non-linear differential equation of motion for the radial behaviour of a gas-filled bubble in an
incompressible liquid, acted upon by a sinusoidal varying pressure ficld. For specific initial conditions, the
solutions to the equation were plotied as bubble radius versus time graphs. The pressure distribution in the
liquid surrounding 2 collapsing. gas-filled bubble was also investigated. The following assumptions were
made in the model, the liquid was taken to be incompressible, the composition of the gas in the bubble was
assumed (o be constant during the lifespan of the bubble. the applied ulirasonic pressure was assumed to be
exactly sinusoidal and the diameter of the bubble was assumed to be much less than a wavelength of sound
(Nolungk and Neppiras, 1950). The hot spot theory for the generation of sonochemical effects developed
from the analysis by Noltingk and Neppiras.
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The following theoretical derivation of the radial behaviour of a gas-filled bubble in an incompressible
liquid, acted upon by a sinusoidal varying pressure field is summarised from the paper published by
Noltingk and Neppiras (Noltingk and Neppiras, 1950). The external liquid pressure P at a distance of
infinity is equal to the sum of the hydrostatic and acoustic pressures. The external liquid pressure at time 1
when an uitrasonic wave of amplitude P, and frequency ®/2r, where o is the angular frequency, is applied

over a liquid pressure, P4, is
P = P, — Pysin(wt) 2.1]

The bubble has an arbitrary radius Ry at time f = 0, and contains gas at the equilibriurn pressure of
(Pa *+ 20/Ro), where o is the surface tension of the liquid The kinetic energy 2sz3(%)2 of the whole

mass of liquid with density p is equal to the algebraic sum of the work done by the surface tension, gas
pressure and liquid pressure at infinity. The energy equation, if the gas changes are isothermal, is
R3

2
2npR (R ) = 5:0{47[1?2[130 sin(@) - P + Py + %—‘:]ﬁ] - 87:Ra}dR (2.2]

The differential equation of motion is found by differentiating with respect to R, giving

3 2
ZRiPO sin(or) — Pa + [PA + %—i’j%] = 4o + 3pR(%) + 2pR2% [2.3]

Noltingk and Neppiras found that the boundary value of the bubble wall radial velocity (dR/dr) at R, did not
significantly affect the (s, R) curves produced ffom numerically solving equation 2.3 (Noltingk and
Neppiras, 1950). The radial velocity at Ro was therefore assumed to be zero.

(%)Rm =0 [2.4]

The solution of the differential equation for radial motion of a bubble (equation 2.3) over four cvcles of
pressure is shown in Figure 2.1. The equation was solved numerically for a specific set of initial conditions

(Pa, Poand Ro) at frequencies of 5 and 15 MHz.
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Figure 2.1 : Radius versus time curves for a gas-filled bubble in water in an ultrasonic field
with a frequency of S MHz (dashed line) or 15 MHz (solid line); Ps = 100 kPa, P, = 400 kPa

and R, = 0,8 pm (Noltingk and Neppiras, 1950)

The radius of a bubble in an unltrasonic field increases to a maximum Rm at which the bubble becomes
unstable and begins to collapse. Afier the bubble radius has reached 2 maximum, as shown by the dashed
line in Figure 2.1, it shrinks with increasing rapidity. The slope of the graph eventually becoming too stecp
to be traced with the differential analyser as uvsed by Noltingk and Neppiras in solving equation 2.3
(Noltingk and Neppiras, 1950). Noltingk and Neppiras regarded bubble collapse as a prerequisite for
cavitation and did not classify a bubble oscillating according to the solid line in Figure 2.1 as cavitating.
The system of classifving cavitation as either transient or stable, where stable cavitation was defined as the
non-linear oscillation of a bubble, was developed later (Flynn, 1964, in Vaughan and Leeman, 1989). A
review published by Neppiras in 1980 used the diagram shown in Figure 2.1 to show the difference in radial
motion between stable and transient cavitation (Neppiras, 1980).
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Noltingk and Neppiras also investigated the pressure distribution in the liquid surrounding a collapsing
bubble (Noltingk and Neppiras, 1950). The energy equation for the collapse of a gas-filled bubble,
assuming adiabatic conditions, is

287 -~ (=2

where v is the specific heat ratio of the gas in the bubble and g the gas pressure in the bubble at the
maximum radius R = Ry. The symbol Z, the volume compression ratio, is defined as (Ro/R)°. The external
liquid pressure P is assumed (o be constant because bubble collapse is very fast. Surface tension forces are
ignored, as they would be insignificant during the collapse as compared with the two opposing pressure
terms (Noltingk and Neppiras. 1950).

The pressure distribution in the liquid surrounding a collapsing bubble is obtained by application of the
general hydrodynamic equation of motion

[2.6]

where u is the fluid velocity at a distance r from the centre of a bubble and p is the pressure at ». The partial
derivatives, % and %, are found as functions of r and R from the energy equation (equation 2.6) and the
continuity equation,

Rzﬁ_ 2& [27-1

Nolungk and Neppiras found this to give

dp L[qZ’Oy - 4) qZ 4R% q9(Z - 27)
o = 3 T +1_y—(Z—4)P +WP(Z‘1)‘1—-;: [2.8]
which upoa integration gives

_ R[92By-4) qZ ] R* [ 9?z - 27)
p—P_—3r = +1_y—(2—4)P*3—r4P(Z—1)——1_—y— [2.9]

The function in equation 2.9 was solved by Noltingk and Neppiras for various values of Z and is plotted in
Figure 2.2.
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Figure 2.2 : Pressure distribution in the liquid swrounding a collapsing, gas-filed bubble
where Z is the volume compression ratio (Ra/R)’ (Noltingk and Neppiras, 1950)

The value of Z (defined as the ratio (Rm/R)z) becomes greater during bubble collapses since the radius R is
decreasing whereas Ry, is constant, The four lines drawn in Figure 2.2 show the pressure distribution in

and around a collapsing gas-filled bubble. The line for Z = 1 represents the situation just before the bubble
begins to collapse. The horizontal pan of the lines indicate the constant gas pressure within the gas bubble;
pressure then increases from the bubble surface into the surrounding liquid. The amplitude of the liquid

pressure wave increases steeply as the bubble radius decreases and inward velocity increases.

The maximum liquid pressure occurs at a distance ry, from the bubble centre and is obtained by solving for
dp/dr = 0 in equation 2.8 and then substituuing for » = rq, in equation 2.9. This pressure occurs at the bubble

surface at minimum radius and for adiabatic collapse is equal to g(P/3g)" (Noltingk and Neppiras, 1950).

The maximum liquid pressitre was calculated for various ultrasonic frequencies and is plotted in Figure 2.3.
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Figure 2.3 : Marximum liquid pressures calculated for different ultrasonic frequencies during
bubble collapse under adiabatic conditions; Pp = 400 kPa and Ry = 3,2 pm (Noltingk and
Neppiras, 1950)

As shown in Figure 2.3 high pressures are produced during the collapse of a gas-filled bubble. These
pressures, however, exist for only a fraction of the total collapse time and over a small volume of fluid near
the bubble surface. Isothermal gas changes were assumed for bubble growth and adiabatic for bubble
collapse (Noltingk and Neppiras, 1950). The assumption of adiabatic conditons for the collapse period
implies that gas temperature increases to a high value as bubble radius approaches a minimum, The gas
temperature at radius R for adiabatic compression is given by

T = To[%“)w—” (2.10]

where Tj is the ambient temperature of the surrounding liquid The maximum temperature in the bubble

occurs when the bubble radius is a minimum (Noltingk and Neppiras, 1950). The maximum temperature
can therefore be calculated from equation 2.10 when R is equal to the minimum radius. At minimum radivs
equaton 2.10 becomes

y-1)
T = To[;;q] [2.11]

The maximum gas temperature is calculated from equation 2.11 to be 10 000 K when Tp is 300 K, P is
100 kPa and ¢ is 1 kPa (Noltingk and Neppiras, 1950)., The temperature of the bubble surface would
effectively be the same as that of the surrounding liquid (7o) and a steep temperature gradient would exist in
the gas adjacent to the bubble wall. The high temperatures confined to the gas in the bubble was proposed

to lead to incandescence, accounting for the luminescence observed during ultrasonic cavitation (Noltingk
and Nepptras, 1950).
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Most of the theory of ulirasonic cavitation has developed from the theoretical analysis performed by
Noltingk and Neppiras. Various authors, to model experimental conditions more realistically, have made
adaptions to include terms accounting for parameters such as viscosity and compressibility of the liquid
mwedium., The review published by Neppiras in 1980 summarises the ultrasonic cavitation theory
(Neppiras, 1980). Whereas the early development of ultrasonmic cavitation theory focused on what is now
defined as trausient cavitation, equations have been published for both stable and transient cavitation
(Neppiras, 1980: Shah et al., 1999b; Thompson and Doraiswamy, 1999).

2.2.4 Cavitation phenomena

Sonochemical reaction enhancement, sonoluminescence and cavitation noise are phenomena caused by
ultrasonic cavitation (Webster, 1963). Sonoluminescence and cavitation noise are reviewed in

Section 2.2.4.1 and Section 2.2.4.2 respeciively, sonochemistry is reviewed in Section 2.3.
2.2.4.1 Sonoluminescence

Sonolumigescence is a weak emission of Light observed during wltrasonic cavitation in liquids such as water
containing dissolved gas (Verrall and Sehgal, 1988). One of the earliesi observations of sonoluminescence
was by Frenzel and Schultes in 1934 (Harvey, 1939). Sonoluminescence occurs periodically with the
frequency of the sound ficld, one flash per cycle of sound (Saksena and Nyborg, 1970). The occurrence of
sonoluminescence has been reported for both continuous (Sehgal et al., 1980a) and puised wltrasound
(Henglein and Gutiérrez, 1993). The amplitude of an ultrasonic wave must be greater than a certain
threshold value before sonoluminescence will occur (Vaughan and Leeman, 1989). Various thermal and

electrical theories have been proposed 1o explain the origin of sonoluminescence.

» The electrical microdischarge theory proposed by Frenkel in 1940 postulates that lens-shaped
cavities are formed when a liquid is ruptured by a sound field (Frenkel. 1940. in Webster, 1963).
lons of opposite charge gather on the opposing cavity walls and produce an electric field within the
cavity. The electric field becomes stronger as the cavity develops a spherical shape. Emission of
light occurs during the growth of the cavity.

¢  The mechanochemical theory proposed bv Weyvl and Marboe in 1949 postulates that light emission
occurs upon photochemical recombination of ions formed by the mechanical fracture of molecules
at the surface of an expanding cavity. Emission of light is independent of dissolved pas and occurs
during the growth of a cavity (Weyvl and Marboe, 1949, in Verrall and Sehgal. 1988).

*  The anion discharge theorv was proposed by Degrois and Baldo (Degrois and Baldo. 1974). This
theory postulates that light emission occurs when the internal charge of a gaseous bubble is rapidly
discharged during bubble compression. Elecirons are produced in the bubble when the gas
molecules at the gas-liquid interface neutralise the anions in the liquid which are adsorbed onto the
external bubble surface. If the lotal intermal charge acquired by the bubble is considered to be
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(Sehgatl et al., 1980b). The actua) temperatures in the gas cavities were calcutated (not assuming adiabatic
conditions) to be 1 350 K for pitric oxide and 860 K for nitrogen dioxide. The sonoluminescence spectra of
pitric oxade- and nitrogen dioxide-saturated water were found to be similar to the spectra from fluorescence
and thermal emission of nitrogen dioxide and from NO + O; chemiluminescence (Sehgal et al., 1980b). It
was concluded that sopoluminescence arose from a similar mechanism; emission occurring from the
gas-phase, electronic-excited state of NO, (Sehgal et al., 1980b). An investigation of the sonoluminescence
spectra from argon-saturated alkali metal salt solutions (sodium and potassium) also concluded that light
emission occurred from the de-excitation of excited chemical species in the gas cavities
(Sehgal et al., 1979). Light emission was found to occur from the de-excitation of the excited alkali metal
atoms (Sehgal et al., 1979), The conditions in the gas cavities excite molecules into high-energy states and
light is emitted when the molecules return (o their ground states (Suslick, 1989).

It was originally reported that sonoJuminescence was only characteristic of transient cavitation and did not
occur during stable cavitaton (Neppiras and Fill, 1969). The work published by Saksena and Nyborg in
1970 and Crum and Reynolds in 1985 showed that sonoluminescence also occurs during stable cavitation
(Saksena and Nyborg, 1970; Crum and Reynolds, 1985).

In another investigation by Sehgal and co-workers, sonoluminescence was observed from water saturated
with helium, neon, argon, krypton, oxygen, nitrogen and air (Sehgal et al., 1980a). The solutions were
sonmcated at ultrasonic frequencies of 333 and 459 kHz. The emission spectra were measured by using
single-photon counting techniques and showed a continuum that extended from a wavelength of 240 nm to

the near-infrared region (Sehgal et al., 1980a). The spectrum of argon-sarurated water sonicated at 333 kHz
is shown in Figure 2.4.

10 T v

RELATIVE INTENETY
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Figure 2.4 : Sonolumjnescence spectrum of argon-saturated water sonicated at 333 kHz;

1, emission from H,O*; II, emission from OH*; and III, emission from H*'+ BO" reaction
(Sehgal et al., 1980a)
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The emission spectrum of a solution arises due to the sonoluminescence from both stable and transient
cavitation (Sehgal et al., 19802). The higher temperatures in transient cavities canse electronic excitation.
The formation of excited water molecules is followed by either radiative relaxation or dissociation into
hydrogen and hydroxyl radicals. The emission in the near-UV region with a peak maximum to the region
of 270 nm to 290 nm, shown by curve I in Figure 2.4, is the emission from the transitions from the triplet
B, suate of water (Sehgal et al., 19802). Emission below 400 nm, shown by curve I, is due to the

electronically exited OH(Z™) formed by the fragmentaton of water in the excited state. The lower
lemperatures in stable cavities cause vibrational excitation Jeading to the dissociation of water in the ground
state. The radicals formed combine radiately to give a continuum with a broad maximum around 400 nm,
shown by curve ITI in Figure 2.4 (Sehgal et al., 1980a). Selective quenching of hydroxyl radical emission
by the addition of mitric acid has also provided chemical evidence for the formation of the excited water
molecule, H,O* (Sehgal et al,, 1980d). The nitric anion, NOj, preferentially scavenges the hydroxyl
radicals and uncovers the emission pealk, at about 280 nm, from the excited water molecule. In the absence
of a hydroxy! radical scavenger, the emission peak for the excited water molecule is hidden by the emission
peaks for the excited hydroxyl radicals (Sehgal et al., 1980d).

Various factors influence the intensity of sonolwminescence. An increase im temperature of the bulk
solution causes the imensity of sonoluminescence to decrease (Didenko et al., 1994; Sehgal et al., 1980c¢).
By companng the spectra from neon-saturated water at various temperatures, Sehgal and co-workers
concluded that the chemical reactions producing sonoluminescence were mot dependent upon ambient
temperature, however, the decrease in sonoluminescence was mostly due 10 a decrease in the degree of
cavitation (Sehgal et al.,, 1980c). Didenko and co-workers investigated the sonoluminescence from argon-
saturated water and reasoned that an increase in bulk solution temperature increased the vapour/gas ratio
inside the gas cavity (Didenko et al., 1994). This was due to the decrease in gas solubility and hence the
water vapour pressure in the gas cavity was raised. The specific heat ratio (y) of water vapour is lower than
that of the noble gases (argon) and hence a lower temperature would be reached in the cavity during cavity
collapse; and a lower intensity of sonohuninescence would be produced (Dideuko et al., 1994).

For a fixed ultrasonic intensity, sonoluminescence decreases with an increase in frequency (Verrall and
Sehgat, 1988). The spectral distribution of the light is also changed with a change in frequency. Sehgal
and co-workers measured the spectra for argom-saturated water at frequencies of 333 and 459 kHz
(Sebgal et al.. 1980a). Ii was reported that the 310 nm band ascribed to the OH* emission was more
pronounced and defined at the lower frequency, and that the conmtipbum band from the radiative
recombination of free radicals dominated the spectrum at the higher frequency. It was reasoned that the
differences in the spectra were related to the relative change, with frequency, in the distribution of transient
and stable cavities (Sehgal et al, 1980a). Chendke and Fogler investigated the intensity of
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sonoluminescence from nilrogen-saturated water for static pressures ranging from 0,1 to 1,46 MPa
(Chendke and Fogler, 1983b). The intensity of sonoluminescence was found to increase with static pressure
up to a maximum at about 0,6 MPa. A further increase in static pressure resulted in a decrease in
sonoluminescence intensity; at & pressure of 1,4 MPa sonoluminescence was totally suppressed The initial
increase in sonoluminescence was aftributed to an increase in the number of gas caviges. The decrease in
sonoluminescence at higher siatic pressures was due 10 the acoustic pressure being lower than the static
pressure and thus 100 low to initiate cavitation (Chendke and Fogler, 1983b). The spectral distribution of
the light did pot change over the pressure range investigated (Chendke and Fogler, 1983b). Investigation of
the sonoluminescence of aqueous carbon tetrachloride solutions by Chendke and Fogler also showed that the
intensity of sonoluminescence was dependent on static pressure whereas the spectral distribution of light
was independent of pressure (Chendke and Fogler, 1983a).

Sonoluminescence has been recorded in non-aqueous liquids. The sonoluminescence imtensity of carbon
tetrachloride and water mixtures was measured by Chendke and Fogler (Chendke and Fogler, 1983a). The
intensity was found to increase with increasing amount of carbon tetrachloride in water, a fully-saturated
solution luminesced with an intensity 2,8 times that of pure water. It was conclnded that light emission
occurred because of chemiluminescence (Chendke and Fogler, 1983a). The sonoluminescence from vanous
hydrocarbons saturated with different gases was measured by Flint and Suslick (Flint and Suslick, 1989).
Similar 1o sonoluminescence from agueous solutions, sonoluminescence from non-aqueous solutions was
found to occur from excited chemical species. Spectral studies showed that light emission from
argon-saturated alkanes occurred from excited Cy, C2H and CH molecules. For nitrogen-saturation, light
emission occurred from the excited state of the CN molecule; for oxygen-saturation, light emission occurred
from the excited states of the CO,, CH and OH molecules (Flint and Suslick, 1989). For linear alkanes such
as dodecane, decane and octane. sonoluminescence was found to decrease with increasing vapour pressure.

This is due to the reduced cavity temperature reached during cavity coliapse (Flint and Suslick, 1989).

For both aqueous and non-aqueous liquids sonoluminescence arises from the chemical reactions of high
energy species formed during cavity collapse. It is a form of chemiluminescence and is not due to either

blackbody radiation or electrical discharge (Suslick. 1990).

2.2.4.2 Cavitation noise

Ulirasound is accompanied bv an intense noise. The collapsing cavities act as secondary sources of sound,
emitting spherical waves (Neppiras. 1980). The spectral composition of this cavitation noise consists of
harmonics and subharmonics of the fundamental ultrasonic frequency and a continuous background or
contnuum of white noise (Roi, 1957). The noise spectra for ultrasonic frequencies varying from 3 kHz to
3.3 MHz was measured by Esche (Esche. 1952, in Webster, 1963). The noise spectrum for an ultrasonic
frequency of 15 kHz is shown in Figure 2.5.
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Figure 2.5 : Cavitation noise spectrum for an ultrasonic resonance frequency (fo) of 15 kHz
(Esche, 1952, in Webster, 1963)

The half-order subharmonic line and the higher order harmonic lines of the driving frequency, as well as
the continuous background of the noise spectrum, are shown in Figure 2.5. The harmonic lines are caused
by the non-linear radial and surface oscillations of the cavities and the continuous portion of the spectrum
arises from the violent collapse as well as oscillation of the cavities (Rooney, 1988, Webster, 1963). The
subharmonic lines are possibly caused by the parametric amplification of a low-level signal already present
in the liguid (Tucker, 1963, in Roonev, 1988), or possibly by the large amplitude radial osciltations of
cavities that are unstable t0 subharmonic response when the resonant frequency of the cavity is half the
applied frequency (Rooney, 1988).

The cavitation noise spectra depend on the state of gasification of the liquid, ambient pressure and
temperature and ultrasomic intensity and frequency (Neppiras, 1980). Cavitation noise increases with

increasing ultrasonic intensity and is greater for transient than stable cavitation (Neppiras. 1980).

2.3 SONOCHEMISTRY

Sonochemistry is the application of ultrasound in chemistry. Sonochemical benefits are caused by the
chemical and physical effects that arise from ultrasonic cavitation: chemical effects are reviewed in
Section 2.3.1 and physical effects in Section 2.3.2.

2.3.1 Chemical effects

The chemical effects of ultrasonic cavitation are caused by the formation of hvdroxyl and hydrogen radicals
in the collapsing cavities (Makino et al., 1982). The radicals react with each other and with solutes present
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in the liquid medium. The site of these sonochemical reactions (in relation to the collapsing cavity) is
reviewed in Section 2.3.1.1 and the effect of dissolved gas on the reactions is reviewed in Section 2.3.1.2.

2.3.1.1 Site of sonochemical reactions

Sonochemical reactions in a cavitating liquid occur in three regions, the gas inside a cavity, the interface
between a gas cavity and a liquid and the bulk liquid (El'piner, 1959; Suslick and Hammerton, 1986).
Margulis disagreed with such a system of classification as it was reported that sonochemical reactions were
the result of different processes occurring in both the gas and liquid phases, the role of each depending on
various factors that changed throughout the process. and thus could not be classified as reactions occurring
in separate regions (Margulis, 1969). A diagram of the three regions in a cavitating liquid in which
sonochemical reactions take place and the processes that occur in each region are shown in Figure 2.6.

GAS/LIQUID BULK
INTERFACE SOLUTION
steep temperature and ambjent conditions of
5200 K: 100 MPa pressure gradients temperafure and pressure
thermal djssociation processes about 200 nm width; species
H,0 — H++ HO- 2 ps lifespan; H+ HO+ H, HO,
radical reactions 1 500 K average react with
HO* + HO» - H,0, lemperature hydrophilic solutes
l:!.: g;;) H, outward diffusion of reaction kinetics similar to
"EHO > O H HO- H, Hp, radiation chemisiry
waler vapour pwo]y;s seaCiione .
into cavity volatile solutes pyr?lysm a.m'i
radical reactions shock waves
diffusion of volatile hydrophobic solutes fragment polymers

solutes into bubble

Figure 2.6 : Schematic diagram of the three regions in a cavitating liquid in which chemical
reactions take place

The gas inside the collapsing gas cavites is the region where according 1o the hot spot theory, high
temperares and pressures oocur (Nolingk and Neppiras, 1950). Noltingk and Neppiras calculated the
maximum temperature in a collapsing cavity 10 be approximately 10 000 K (Noltingk and Neppiras, 1950).
The formula for temperature calculation under adiabatic conditions (equation 2.11) was approximated by
Neppiras to be

Toax = Mqu) [2.12)

where T is the ambient terperature of the liquid. ¢ is the gas pressure in the cavity at its maximum radius.

Y is the specific heat ratio of the gas in the cavity and P is the exiernal pressure (sum of the hydrostatic and
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acoustic pressures) of the liquid (Neppiras, 1980). This equation indicates the direct relationship between
the maximum temperature reached in the collapsing cavities and the specific heat ratio of the gas; the
higher the specific beat ratio, the higher the temperature (Riesz et al.. 1990a). The maximum temperatures
calculated for specific heat ratios of 1,67 (for a monatomic gas) and 1,30 (for the triatomic gas N;O) were

3015 and 1 350 K, respectively, when 7o was 300 K and the ratio P/q was 15 (Riesz et al., 1990a).

The work published by Noltingk and Neppiras in 1950 has been followed by the publishing of different
equations to calculate the maximum temperature in a collapsing cavity. These theoretical studies begin
with the adiabatic collapse of a pas-filled cavity and then apply various corrections for parameters that affect
the maximum temperature, such as the gas thermal conductivity, vapour condensation, gas reactions and
radial temperature distribution inside the cavity (Suslick et al., 1990). A oomparison of calculated
maximum temperatures from different hydrodynamic models is shown in Table 2.2.

Table 2.2 : Theoretical maximum temperatore in a collapsing cavity calculated from mathematical
hydrodynamic models (Suslick et al., 1990)

Authors Date Dissolved gas Maximum temperature
X)
Noltingk and Neppiras 1950 N, 9 500
Hickling 1963 N, 3 500
Fogler 1969 CO, 1900
Young 1976 Ar 1650
Fujikawa and Akamatsu 1580 air 6 700
Margulis and Dmitieva 1982 air 5300

The theoretical 1emperature values reported in Table 2.2 cannoi be compared directly as different initial
conditions were assumed in each model and the relative importance of the various corrections are difficult
to establish (Suslick et al.. 1990). However, the values of the maximum temperature (> 1 500 K) indicate
that high temperatures are reached dunng cavity collapse.

Young showed that the sonoluminescence from a range of noble gases. with the same specific heat ratio.
increased with decreasing thermal conductivity (Young, 1976). This indicates that cavity collapse is not
completely adiabatic, as assumed by Notingk and Neppiras (1950). and that heat is Jost to the surrounding
liquid (Riesz et al.,, 1990a). The amount of heat lost during cavity collapse is dependent on the thermal
conductivity of the gas. As reported in Table 2.1, the estimated temperatures during cavity collapse for
water saturated with helium, neon, argon, krypton and zenon were 815; 1 420: 1 650; 1 890 and 2 000 K
respectively (Young, 1976).
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Midik and co-workers used the temperature dependence of the kinetic deuterium isotope effect (for the
cleavage of O-H and O-D bonds, respectively, in H;O and D;O molecules) to investigate the cavitation
temperature (Misik et al., 1995). The rates of formation of H* and D* radicals, caused by the cleavage of
O-H and O-D bonds in a mixture of water (HyO) and D,O, were measured during sonication by using
various spin traps. The ratio of the rates of formation of the H* and D* radicals (kn/kp) was compared with

the ratio of kn/kp calculated, at vadous temperatures, using the semi-classical mode! of the kinetic isotope
effect for H* and D* radical formation. The three spin traps gave different cavitation temperatures in the
range of 2 000 to 4 000 K (Misik et al., 1995).

Flint and Suslick investigated the maximum cavitation temperature by measuring the sonoluminescence
spectra from silicone od (Flint and Suslick, 1991). Light emussion occurred from the excited state of the C,
molecule. Synthetic spectra were generated, as a function of rotational and vibration temperatures, using
diatomic-molecule emission theory and compared with the observed sonoluminescence spectra. From this
comparison, the effective cavitation temperature was found to be 5 075 £ 156 K (Flint and Suslick, 1991).
In an investigation of the sonochemical ligand substitution rates of volatile metal carbonyls, Suslick and
co-workers used comparative rate thermometry to determine that the temperamre in a collapsing cavity was
approximately § 200 £ 650 K (Suslick et al., 1986). The actual temperature within a collapsing cavity may
be lower than that predicted by the original hot spot theory yet experimental evidence indicates that
sipnificantly high temperatures are reached in the cavities.

The bigh temperatures and pressures in the collapsing cavities cause the thermal dissociation of water
vapout. as shown in Scheme 2.1, into hydroxy] HO® and hvdrogen radicals H® (hydrogen and oxygen atoms
are referred to as radicals since they contain an unpaired electron). These radicals have been identified by
reaction with spin trapping compounds (Makino et al., 1982; Makino et al., 1983).

H,0 » HO® +H*
Scheme 2.1

Hydrogen peroxide formation during sonication was first proposed by Schmitt and co-workers in 1929 10
explain the sonochemical formation of jodine from a potassium iodide solution (Schmift et al.. 1929). The
decolourisation of potassium permanganate either duning sonication or in water that had been sonicated was
early proof that hydrogen peroxide was formed during sonication (Flosdorf et al.. 1936; Liu and Wu, 1934).
This lead to the hypothesis that the action of ultrasonic waves was an indirect effect, in that the chemical
changes were due 10 reactive compounds (such as hydroxy! radicals) that were formed from the dissociation
of water molecuies and not from any direct ultrasomic attack on the solute (Miller, 1950). The
sonochemical formation of hydrogen peroxide was proposed 10 be analogous to the formation of hydrogen

peroxide from the radical reactions occusrring during radiation chemistry (Weissler, 1959). Hvdrogen
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abstraction from sodium formate during somication was used o prove the formation of hydrogen radicals
during sonication (Anbar and Pecht, 1964b); similarly, the oxidative deamination of ethylenediamine
during sonication was reported as evidence for the formation of hvdroxyl radicals during sonication (Anbar
and Pecht, 1967). The formation of hydroxyl and hydrogen radicals during sonication has been proposed,
and accepted, for many years, however, the electron spin resonance measurements by Makino and
co-workers provided the first direct evidence for such formation (Makino et al., 1982; Makino et al., 1983).

Riesz and co-workers showed that the formation of hydroxy] radicals is directly linked to the temperature
within a collapsing cavity (Riesz et al., 1990a). The different heat conductivity's of the noble gases was
used to obtain different temperatures in the collapsing cavities. The production of hydroxyl radicals in
water saturated with the different noble gases increased in the order for decreasing heat conductivity of the
gases and thus increasing cavity temperatures (Riesz et al., 1990a). Hydroxyl and hydrogen radicals have
been detected in pulsed (Christroan et al.,, 1987) and continuous uitrasound (Makino et al., 1982). The
occurrence of sopoluminescence from both stable and transient cavitation indicates that hydroxyl and
hydrogen radicals are formed in both types of cavitation, since sonoluminescence arises from radical
recombination reactions and excited molecules (Crum and Reynolds, 1983; Verrall and Sehgal, 1988).

Hydroxyl and hydrogen radicals in the gas cavities react either with other radicals producing water,
hydrogen peroxide and hydrogen gas, as shown in Scheme 2.2, or with other gaseous components such as
volatle organic solutes (Sehgal et al, 1982; Todd, 1970). Fischer and co-workers estimated that
approximately 80 % of the radicals formed react to produce water (reaction [a] of Scheme 2.2) in the
absence of any volatile solutes (Fischer et al., 1986a). Hart and Henglein also reported that more radicals
react 10 produce water, according to reaction [a] of Scheme 2.2, than hydrogen peroxide, according to
reaction [b] of Scheme 2.2 (Hart and Henglein, 1987).

H* + HO" - H,0 [af

HO® + HO* - H,;0; [b]

H* + H* - H, lc)
Scheme 2.2

Conditions in a collapsing cavity are not only determined by the specific heat ratio and heat conductivity of
the gas but also by the vapour pressure of any volatile solute in the cavity (Suslick et al., 1983). Suslick and

co-workers studied the sonochemical ligand substitution rates of volatile metal carbonyls, such as Fe(CO)s,
Cr(CO)s, Mo(CO)s and W(CO)s, to investgate the site of sonochemical reactons (Suslick and
Hammerton, 1986; Suslick et al., 1986). The rate constants were found (o increase linearly as the vapour

pressure of the metal carbonyls increased This is expected for gas phase reactions, since an increase in

vapour pressure would cause an increase in solute concentration in the gas cavity and hence an increase in
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the rate coefficient (Suslick and Hammerton, 1986; Suslick et al., 1986). Suslick and co-workers also
investigated the sonochemistry of non-aqueous liquids (Suslick et al., 1983; Suslick et al,, 1984). Two
chemical dosimeters were used to study the sonochemical yields from alkane compounds, radical trapping
by diphenylpicrylhydrazyl and decomposition of Fe{CO)s. Both dosimeters indicaled a decreasing linear
relationship between the log of the sonochemical rate and the solvent vapour pressure (Suslick et al., 1983,
Suslick et al., 1984). An increase in vapour pressure increases the solvent vapour in the gas cavity and thus
decreases the intensity of the cavity collapse (the collapse is cushioned by the solvent vapour). This reduces
the temperature reached during cavity collapse and thus lowers the rate of reaction (Suslick et al., 1983;
Suslick et al., 1984), An investigation of the sonochemisiry of alcohol-water mixtures by Krishna and
co-workers also showed the effect of solvemt vapour pressure on cavilation conditions and hemce on
sonochemical yields (Krishna el al.,, 1987; Krishna et al., 1989). The degradation of alcohols (such as
methanol, ethanol, |-propanol and 2-propanol) occur through bond cleavage and radical formation caused
by thermal dissociation in the gas cavities (Krishna et al., 1987, Krishna et al., 1989). The investigation of
the sonochemistry of non-aqueous solvents by Suslick and co-workers and the investigation of alcohol-water
mixtures by Knshna and co-workers indicate that the radical reactions cccurring inside the collapsing gas
cavities are similar to radical reactions occurring during high temperature pyrolysis (Krishna et al., 1987;
Krishna et al.. 1989; Suslick et al., 1983; Suslick et al., 1984).

The second region where sonochemical reactions take place, as shown in Figure 2.6, is at the interface
between the hot gas cavilies and the bulk liquid Large temperature and pressure gradients exist in this
region (Riesz and Kondo, 1992). The investigation by Suslick and co-workers of the sonochemical ligand
substitution rates of volatile metal carbonyls found that the linear relationship between the sonochemical
rate constant and the vapour pressure had a non-zero intercept. This indicated that part of the reaction was
not dependent on the vapour pressure and occurred in the liquid, probably a1 the interfacial region heated by
the collapsing gas cavities (Suslick and Hammerton, 1986, Suslick et al.. 1986). A conduclion model was
used to calculate thar the interfacial region extended for about 200 nm from the cavity surface, existed for
less than 2 us after the cavity collapsed and had an approximate temperature of 1 900 K (Suslick and
Hammenon. 1986; Suslick et al., 1986).

The formation of hydrogen peroxide, water and hydrogen gas, according to the radical reactions listed in
Scheme 2.2 also occur at the interface between the hot gas cavity and the bulk liquid Weissier reporied
that the yield of hvdrogen peroxide decreased, for oxygen- and argon-saturated water, when volatile solutes
such as allvlthiourea, formic acid or acrylamide were added to the water (Weissler, 1959). Hydrogen
peroxide formation was reduced because the reactions listed in Scheme 2.2 are inhibited by the solutes
reacting with the hydroxyl and hydrogen radicals. The most volatile solute would produce the largest
reduction in hydrogen peroxide formation if the reactions only occurred in the gas cavities. However, the
greatest reduction in hydrogen peroxide formation was not recorded for the addition of formic acid the
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most volatile solute. Thus the radical reactions must also occur outside of the gas cavities. at the liquid
interface (Weissler, 1959).

The concentration of a solute that decreases the hydrogen peroxide yield to 50 % of the yield observed in the
absence of the solute is defined as the Ci concentration (Henglein and Kormann, 1985). This concentration

was found to be dependent on the hydrophobicity of the solute and not on the rate constant for the reaction
between the solute and hydroxyl radicals. Hydrophobicity is defined as the rato of the number of
hydrophobic groups (such as CH;, CH; and CH) to hydrophitic groups (such as OH, COOH, CO and NH>)
in a solute molecule (Henglein and Kormann, 1985). Riesz and co-workers investigated the sonochemistry
of volatile and non-volatile solutes, the interfacial region was found to have a low polarity and a high
concentration of hydrophobic, non-volatile solutes (Riesz et al., 1990b; Riesz and Kondo, 1992).

Organic radicals were generated in the interfacial region from the thermal decomposition of non-volatile
solutes. The formation of these radicals was dependent on the ability of the solutes to accumulate at the
cavity interface and on the activation energy (determining ease of bond scission), the higher the solute
concentraton and the lower the activadon energy, the higher the vield of thermal decomposition products
(Krishna et al,, 1989). Products from reactions between solute molecules and hydrogen and hydroxyl
radicals predominale when only low concentrations of non-volatile solutes are present at the interface
(Kondo et al., 1993; Riesz et al., 1990Db).

The formation of supercritical water has been proposed (o occur in the interfacial region sinee temperatures
and pressures greater than the critical temperature (647 K) and critical pressure (22,4 MPa) of water are
reached (Hua et al., 1995b; Riesz and Kondo, 1992). The physicochemical properties of supercritical water,
such as viscosity. density and heat capacity, are different (o that of water; supercritical water acls as a more
non-polar solvent because of its lower dielectic constanmt (Franck, 1987). This explanauon has been used to
account for the preferential accumulation of hyvdrophobic solutes in the interfacial region (Riesz and
Kondo. 1992). Hua and co-workers investigated the {ormation of supercritical water during sonication by
measuring the ultrasonic hydrolysis of p-nitrophenyl acetate (Hua et al., 1995b). The reaction was
accelerated by ultrasound by two orders of magnitude over the pH range of 3 10 8 (Hua et al., 1995b). It was
proposed that the reaction took place in a supercritical region at the interface because p-nitrophenyl acetate
is non-voladle and relatively hydrophobic; hydroxyl radicals are not imvolved in the reaction mechanism.
The changes in the thermodynamic activation parameters (AS?. AG* and AH™) of the p-nitrophenvl acetlate
hydrolysis in sonicated and unsonicaied solutions were explained in terms of the physical properiies of
supercridcal water (Hua et al., 1995b). A heat transfer model was used to estimate that after 10 ms, the
radius of the supercritical region around a collapsed cavity extended about 40 % further into the bulk
solution than the original cavity; also, approximately 0.15 % of the water would be in the supercritical state
al any time during somication (Hua et al.. 1995b).



Chapter 2 ULTRASOUND 2-24

The third region where sonochemical reactions take place, as shown in Figure 2.6, is in the bulk liquid at
ambient temperature (Riesz et al., 1990b). Radicals produced in the collapsing cavities and at the cavity
interface diffuse into this region and react with non-volatile solutes with kinetics analogous to that observed
in aqueous radiation chemistry (Riesz et al., 1990b; Sehgal et al., 1982). Gutiérrez and co-workers
estimated that less than 10 % of the hvdroxyl and hydrogen radicals formed in the gas cavity reach the bulk
solution (Gutiérrez et al., 199]). Products, such as hydrogen peroxide, from radical reactions occurring in
the first two regions (as listed in Scheme 2.2) also diffuse into this region and undergo secondary reactions.
Anbar and Pecht showed that the radical reactions producing hydrogen peroxide do not occur in the bulk
liquid (Anbar and Pecht, 1964a). Shock waves are gencrated in the bulk liquid when the liquid moves back
into the volume occupied by the collapsing cavities. These shock waves generate shear forces that fragment
polymers dissolved in the liquid (Webster, 1963).

The relative contributions of reactions in the collapsing cavities, interfacial region and in the bulk hiquid
depend on the volatility and hvdrophobicity of solutes (Riesz et al.. 1990b).

2.3.1.2 Effects of dissolved gas

Early ultrasonic investigations showed that the nature of a gas present doring sonication affected the
sonochemical reactions. Weissler and co-workers found that the amount of lodine liberated from a
potassium iodide solution was dependent on the gas (air, oxygen, nitrogen, helium or carbon dioxide) that
was present during sonication (Weissler et al,, 1950). Parke and Tavlor found that hydrogen peroxide

formation differed when different gases (oxygen, argon or nitrogen) were present during sonication (Parke
and Taylor, 1956).

The investigation by Weissler into the effect of volatile solutes (allytthiourea, formic acid or acrylamide) on
the yield of bydrogen peroxide found that it decreased in the presence of the solutes. however. for each
solute, the yield was higher when the water was saturated with oxygen than with argon (Weissler, 1959).
This was annbuted to the formation of addidomal hydrogen peroxide from the reactions listed in
Scheme 2.3. Hydrogen radicals, in the presence of oxygen, react with the oxygen molecules, as shown in
reaction [a] of Scheme 2.3, 10 form perhydroxyl radicals (*"HO,). Hydrogen peroxide is formed from the
reaction between a hydrogen radical and perhydroxyl radical (reaction [b} of Scheme 2.3) and from the

reaction (reaction [c] of Scheme 2.3) between two perhydroxyl radicals (I':".I‘piner‘ 1959: Parke and
Tavlor. 1956: Weissler, 1959).

H* + O, - HO; (a]
HO} + H* - H,0, [b]
HOj3; + HO; - H,0;, + O3 (c]

Scheme 2.3
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The investigation of the sonochemical formation of hydrogen peroxide by Del Duca and co-workers using
isotopic techniques estimated that one third of hydrogen peroxide in oxygen-saturated water was produced
via the perhydroxyl radical reactions listed in Scheme 2.3 and the rematning hydrogen peroxide from the
hydroxyl radical reactions listed in Scheme 2.2 (Del Duca et al., 1958). It was found that the O-O bond in

an oxygen molecule (Oz) was not broken and that the molecule was incorporated as a unit into a peroxide

molecnle (H,0,). Other radical reactions that Del Duca and co-workers proposed may occur during

sonolysis, based on the standard free energy change in the gaseous state a1 25 °C, are listed in Scheme 2.4
(Del Duca et al., 1958).

HO* + HO; - H,O + O, (a)

HO®* + HO®* - H,O0 + O° Ls)|

0O + H,0 > H,0, [c]

HO* + HO* - H, + O [d)
Scheme 2.4

Mead and co-workers compared the forrsation of hydrogen peroxide in water saturated with different gases
(Mead et al., 1976). It was found that the hydrogen peroxide yield was a maximum for oxygen saturation
and decreased in the order for air, argon and nitrogen saturation. Hydrogen peroxide formation does not
occur in water saturated with carbon dioxide (Henglein, 1985) or hydrogen (Gutiérrez et al., 1987; Han and
Henglein, 1987). Hydroxyl radicals are scavenged, during hydrogen saturation, according io the reaction
listed in Scheme 2.5 and are thus unable 10 react with other radicals to produce hydrogen peroxide
(Gutiérrez et al., 1987; Hart and Henglein, 1987).

HO* + H, - H,0 + B*
Scheme 2.5

Although the yield of hydrogen peroxide in water saturated with pure gases is a maximum for oxygen,
higher yields have been observed for mixtures of oxygen with argon (Fischer et al., 1986b: Harl and
Henglein, 1985) and with hydrogen (Harl and Henglein, 1987). The maximum hydrogen peroxide vield for
gas mixtures of oxypen and argon occurs at a 30 to 70 % oxygen 10 argon ratio. An increasing oxyvgen
concentration initially increases the formation of hydrogen peroxide because of perhvdroxyl radical
formation (according to Scheme 2.3). The temperature in the gas cavities decreases with increasing oxygen
concentration (oxygen has a Jower specific heat ratio than argon) causing fewer hydrogen and hvdroxyl
radicals to be formed The formation of hydrogen peroxide thus reaches a maximum and then decreases
(Fischer et al., 1986b; Hart and Henglein, 1985). The investigation by Fischer and co-workers using, 1810,

showed that oxygen molecules dissociate in the gas cavities and are not included in a peroxide molecule as a
whole unit as proposed by Del Duca in 1958 (Fischer et al., 1986b).
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The maximum hydrogen peroxide yield for gas mixtures of oxygen and hydrogen occurs at a 80 10 20 %
oxygen to hydrogen ratio (Hant and Henglein, 1987). The hydrogen molecules dissociate into hydrogen
radicals, as shown in Scheme 2.6.

H, - H + H'
Scheme 2.6

The yield of hydrogen peroxide is initially increased by the reaction of hydrogen radicals with oxygen to
form perhydroxyl radicals (Scheme 2.3). Hydrogen peroxide formation decreased at higher hvdrogen
concentrations because the cavity temperature was lowered by the higher heat conductivity of hydrogen
(Hant and Henglein. 1987). No hydrogen peroxide is formed in water saturated with gas mixrures of
hydrogen and argon if the proportion of hydrogen is greater than 20 % (Gutiérrez et al., 1987). This is due
to the scavenging of hydroxyl! radicals by hydrogen, as shown in Scheme 2.5 (Gutiérrez et al., 1987).

Hydrogen peroxide is the major product formed during the sonication of water (Mead et al., 1976). Other
products, such as nitrous and nitric acid, are formed when a nitrogen-containing gas (N; or N;O) is present
during sonicadon (Hart et al., 1986; Hart and Henglein, 1986). Mead and co-workers found that the pH of
water saturated with oxygen. air or argon decreased during sonication whereas pH during
nitrogen-saturation decreased initally before remaining constant (Mead et al., 1976).

2.3.2 Physical effects

Sonochemical applications. such as catalysis, cleaning, emulsification and depolymerization, are possible
because of the phvsical effects of ultrasound. These effects. like the chemical effects of ultrasound. are
caused by the collapse of cavities in a liquid under the action of 2 sound wave. The nwo mechanisms
responsible for the effects of cavitalion in solid-liquid mixtures, as shown in Figure 2.7. are microjet impact
and shock wave damage (Suslick. 1990).

ASYMETRIC
CAVITY COLLAPSE

BULK microjet
SOLUTION formation
shock wave

formation KK

Figure 2.7 : Schematic diagram of the origin of cavitational physical effects
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The changes in a sound field near a solid-liquid interface lead to asymmetric cavity collapse. The cavity
deformation occurring during the collapse is self-reinforcing and a stream of fast-moving liquid directed
towards the solid surface, called a microjet, is generated (Olson and Hammitt, 1969; Suslick et al., 1990)
The velocities of the microjets are estimated as being as high as 100 m s (Suslick et al., 1990). The impact
of microjels on a solid surface causes localised erosion or pitting. Ultrasonic pitiing has been recorded
photographically (Numachi, 19635; Olson and Hammir, 1969). The surface area of a solid is increased and
new surface material is exposed through pitting. Ultrasound can thus be used to activate solid catalysts
(Mason and Cordemans, 1996). Cavity collapse is only distorted by a solid surface if the surface is
considerably larger than the resonance size of the cavity, for example, microjet formation does not occur for
particles smaller thap 200 pm in an ultrasonic field with frequency of 20 kHz (Suslick et al., 1990). Alex
and co-workers also found that microjet formation was dependent on the size of solid particles, Reaction
yields were greater for copper turnings than copper powder (< 0,63 pm), and similarly for lead foil pieces
and lead powder (Alex et al., 1995).

Shock wave formation also occurs during cavity collapse (Boudjouk, 1986). Shock waves break apart
loosely apgregated particles along existing cracks (increasing the surface area) and remove loosely adhering
particles to a solid surface (Crawford, 1963). Reaction products are thus removed from a solid surface.
leaving the surface clean and available for further reaction (Mason, 1990). The turbulent flow and the
shock waves produced by intense ultrasound cause small metal particles to collide with sufficiently high
speed 50 as 1o induce melting at the point of collision (Suslick et al., 1990). Suslick and co-workers
published scanning electron micrographs of zinc powders, before and afier sonication, to show the fusion of
particles due to interparticle collisions (Suslick et al., 1990).

Shock wave formation also results in high micromixing in the bulk liquid surrounding solid particles
(Contamine et al,, 1994). Davidson and co-workers reported that ultrasonic mixing increases the product
vield for the reaction of an amine with an alkyl halide in toluene solution in the presence of potassium
hydroxide and a phase wansfer calalyst (Davidson et al., 1987). An 80 % yield was obtained for the
reaction between indole and benzyl bromide with stirring at 20 °C for 8 h, the yield was increased to 95 %
for 2 h of sorucation withoul any external stirring (Davidson et al., 1987). Ulrasoni¢ mixing increases heat

and mass transfer as well as the diffusion of chemical species inside the pores of the solid particles
(Contamine et al.. 1994).

The rapid collapse of cavities also prodnces shear forces in the surrounding bulk liquid (Mason and
Cordemans, 1996: Webster, 1963). This causes the breakage of chemical bonds in any polymeric materials
dissolved in the liquid A pair of macromolecular radicals is formed from the break in the polymer~chain,

these radicals recombine randomly and reduce the molecular weight of the polymer (Mason and
Cordemans. 1596).
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fn a solution of two immiscible liquids, vltrasonic cavitation leads 1o the formaton of an emulsion. An
emulsion occurs when microscopic droplets of one liquid are suspended in another liquid (Suslick, 1989).
The cohesive forces that hold a droplet together are overcome by the conditions created during cavity
collapse. this causes a droplet to burst into smaller droplets and the liquids become emulsified
(Suslick, 1989). Ultrasonic reaction enhancement between immiscible liquids is due to the large increase in
the interfacial contact area during emulsification (Pestman et al., 1994).

2.4 APPLICATIONS OF ULTRASOUND

The different applications of ultrasound are reviewed in the following sections, physical applications in
Section 2.4.1, chemical applicadons in Section 2.4.2, medical applications in Section 2.4.3 and industrial
applications in Section 2.4.4,

2.4.1 Physical applications

The first application of ultrasound, underwater depth determination, was made possible by Paul Langevin
building the first underwater sound transducer (based on the piezoelectric effect in quartz crystals). The
underwater transducer was initially developed for detection of submarines during World War ], bowever, it
was not completed in time and was used for depth determination after the war (Mason. 1976). During
World War Ti, ultrasound was used for both (he detection and destruction of submarnes. Ultrasonic
listening devices mounted on torpedoes allowed the sound from the targel submannpe or ship to control the
direction of the torpedo (Mason. 1976).

The uloasonic flaw deiection system to detect flaws in materials and to measure the thickness of materials
with only one surface exposed developed independently in America and Britain between 1939 and 1945
(Masorn, 1976). In 1945, ferroelectric materials such as barium titanale became available in ceramic form
(Mason. 1976). These ceramics behave as piezoelectric crystals when polarised by means of a high voliage
applied at a high temperare. Ferroelectric materials have a namral polarisation, yet in the unpolarized
state the polarisation occurs in a random direction. The availability of ferroelectric ceramics increased the
production of ultrasonic transducers and allowed for the diversificaion of uwltrasonic applications
(Mason. 1976).

Ultrasound is widely used in industry for non-destructive testing and fluid fiow measurement (Hovile and
Luke, 1994). Application in fluid flow measurement has lead 10 ultrasound being used in chemical analysis
(Asher, 1987). The measurement of ultrasonic velocity can be used for liquid identification (for example,
Lhe grade of petrol passing along a pipeline has been identified using ultrasound), determination of solution
concentration and composition of liquid mixtures (Asher, 1987). Advantages of ultrasonic meters are that
the response is rapid, radioacuvity is not used. moving parts (that could lead (o mechanical failure) are not
employed and the system is non-invasive (Asher, 1987).
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2.4.2 Chemical applications

The earliest chemical application of ultrasound was performed by Richards and Loomis in 1927, Reactions
such as the hydrolysis of dimethyl sulfate and the iodine clock reaction were enhanced by ultrasound
(Richards and Loomis, 1927). Early application of ultrasound in organic chemistry was demonstrated by
Zechmeister and oco-workers tn the 1950’s. Ring cleavage in compounds containing aromatc or
beterocyclic rings, such as bromobenzene, phenol and pyridine, occurred during sonication (Currell and
Zechmeister, 1958; Zechmeister and Wallcave, 19585).

Ultrasound has the following benefits when applied to chemical reactions (Masoa, 1990).

*  Ultrasound can be used 1o accelerate reaction rates. Mason and co-workers found that the
homogeneous solvolysis of 2-chloro-2-methylpropane in aqueous ethanolic mixtures showed a
20-fold rate increase at 10 °C in 50 % ethanol (Mason et al., 1985). Kristol and co-workers found
that ulrasound iocreased the rate of hydrolysis of a series of nizophenyl esters by up 10 15 %
(Kristol er al., 1981).

e Ultrasound can be used to avoid forcing condiions. The production of transition metal carbonyl
anions from the metal halide, sodium and tetrahydrofuran requires a high temperatmre and
pressure. Suslick and Johnson found that the use of ultrasound for the reaction listed in Scheme 2.7
decreased the required temperature from 160 to 10 °C, and the required pressure from 20.3 to
0,45 MPa, while sull giving a comparable yield of the end product (Suslick and Johnson, 1984).

VCla.(THF); = V(CO)s

Scheme 2.7

«  Ultrasound can allow for the use of simpler and safer procedures. The preparation of highly
reactive Rieke metal powders involves refluxdng the metal halide with potassinm (the reducing
agent) in tetrahvdrofuran for extended periods of ume (Rieke and Rhyne. 1979). Metal powders
with similar reactivity can be prepared using a less hazardous procedure if the potassium is
replaced by lithium and the reaction mixture is sonicated For example. the formation of Rieke
copper powder, that usually requires refluxdng the metal halide (CuBr; or Cul;) in tetrahydrofuran
for 8 h, was complete within 40 min (as shown in Scheme 2.8) if the reaction was sonicated in an
ultrasonic bath (Boudjouk et al.. 1986). Similarly, zinc powder was produced from ZnBr; within
40 min with sonication instead of refluxing in tetrabydrofuran for 4 h (Boudjouk et al.. 1986).

CuBr; + 2L » Cu* + 2LiBr

Scheme 2.8
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¢ The use of ultrasound reduces particle size and allows for the continuous activation of surfaces.
The rate of reaction of the Ulimann coupling reaction of 2-iodonitrobenzene, in the presence of a
4-fold excess of copper powder (as shown in Scheme 2.9), increased over 50-fold with ultrasound
(Lindley et al., 1986; Lindley et al,, 1987). Scanning electron micrographs showed that ultrasonic
pretreatment increased the reaction rate because of a reduction in size of the copper particles
(Lindley et al., 1987). The reaction rate was further increased if ultrasound was applied continually
through the reaction. The utrasonic-induced over 50-fold increase in reaction rate was thus ot
only due to a reduction in particle size but also due to the continual activation of the copper surface
(Lindley et al.,, 1986; Lindley et al., 1987).

I Cu, DMF, N2
60°C 60 h
NG,

Scheme 2.9

»  Ulrasound can be used 10 accelerate phase transfer catalyst reactions. Phase transfer catalysts act
as a bridge berween aqueous and organic phases in a reaction; reaciants are carried one way and
products returned the otber way (Bremner, 1986). The addition of diethylmalonate to chalcone in
toluene, using potassium hydroxide as a solid catalyst and trimethylbenzylammonium chloride as a
phase transfer catalyst has been used as a mode! reaction (o investigate the effect of ultrasound on a
phase transfer catalyst reaction (Contamine e1 al.. 1994; Ratoarinoro et al.. 1995). The reaction
does not occur (with stirming) in the absence of the phase transfer catalyst within a reaction time of
2 min. Without the phase transfer catalyst but with sonication. the yietd increased to 40 % afier a
2 min period. In the presence of the phase transfer catalyst, the yield was 5 % after stirring for
2 min and 91 % for sonication {Contamine et al.. 1994 Ratoarinoro et al.. 1995).

¢« Uluasound can be used 1o change a reaction pathway. Ando and Kimura have proposed that
ultrasound switches the pathway for the reaction of benzyl bromide, potassium cvanide and alumina
stirred in toluene from the Friede!-Crafis reaction 10 nucleophilic substitution (Ando and
Kimura. 1990). A mixture of o- and p-benzviioluene (75 %) was produced in the absence of
ultrasound but benzyl cyanmide (71 %) was formed when the reaction mixture was sonicated
(Ando et al.. 1984). The change in pathway was caused by the ultrasonic acceleration of the
poisoning of the acidic sites on the alwmnina surface by the potassium cyanide so that the reaction
was catalysed instead by the basic sites on the alumina surface (Ando and Kimura, 1990).
Sonochemical switching has also been observed in the Komblum-Russell reaction (Luche, 1992).

The alkylation of nitronate anioms by 4-mitrobenzyvl bromide follow cither a polar rwo-electron
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pathway leading to the O-alkylation product, or a single elecuon transfer leading to the
C-alkylaton product. Luche used the reaction of an ethanolic solution of 4-nitrobenzyl bromide
and 2-lithio-2-nitropropanc to show that the ratio of the C/O alkylated products was almost
reversed with the application of ultrasound. The single electron ransfer pathway was the dominant
mechanism during sonicaton (Luche, 1992).

The benefits as described above indicate that ultrasound enhances both homogeneous and heterogeneous
reactions. The chemical and physical effects of ultrasound that causes such reaction emhancement are
described in Section 2.3.1 and Section 2.3.2. Ultrasonic reaction enhancement is greater in heterogeneous
reactions and the industrial application of ultrasonic chemical reactions is more feasible for reactions
incorporating a solid phase or catalyst (Bremner, 1986). Liquid-liqnid reactions, another beterogeneous
application, are also enhanced by ultrasound because of the formation of emulsions. Davidson and
co-workers investigated the saponification of naturally occurring and commercially important waxes, such
as wool waxes (Davidson et al., 1987). Sonication led to the formation of an emulsion of the wool wax
dissolved in ethanol and the aqueous sodinm hydroxide, this decreased the reaction time and temperature at
which saponification occurred. Another advamage of ultrasound was that the products formed during
sonication exhibited less colour than that produced in the absence of ultrasound (Davidson et al., 1987).

Ultrasound has also been used to improve the liquid-liquid extraction of acetic acid with water from a
methy] isobutyl ketone-acetic acid mixture (Flisak and Perna, 1977). An increase of 1) % in the rate of
acetic acid extraction was observed when an ultrasonic transducer, operatng at 60 W, was attached to the
side of the extraction column so as to cause the ultrasonic energy (o be propagated at right angles to the
direction of liquid flow (Flisak and Perna, 1977).

The foitlowing chemical applications of ultrasound have been reviewed separately, organic svathesis in

Section 2.4.2.1. sonocatalysis in Section 2.4.2.2, polymer chemistry in Section 2.4.2.3, sonoelectrochemistry
in Section 2.4.2.4 and sonocrystallization in Section 2,4.2 3.

2.4.2.1 Organic synthesis

In organic synthesis. the use of ultrasound can reduce reaction time and by-product formation. and increase
the reaction yield (Henglein. 1987). Luche and Damiano investigated the application of ultrasound in the
formation of organometallic compounds, frequently-used chemical reagents (Luche and Damiano. 1980).
Activating agents are used to shorten the induction period. during which no reaction between the organic
halide and the metal occurs. Ultrasound caused the reaction to occur almost immediately without requiring
an activaling agent. Reaction yields of 90: 61 and 95 % were obtained, respectively, in the preparation of
n-propyl-, n-butyl- and phenyllithium from the bromide compounds with a sonication period of 1 h (Luche
and Damiano, 1980).
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The Barbier reaction, a one-step coupling of an organic halide with a carbony} compound in the presence of
lithium or magnesium, was also found to be enhanced by ultrasound (Luche and Damiano, 1980). The use
of ultrasound allows for such reactions to be performed in wet techmcal grade tetrahydrofuran instead of in
dry tetrahydrofuran. The use of wet solvents, al room temperature, has potential for large-scale production
(Luche and Damiano. 1980). Under ultrasonic conditions, vields of between 76 and 100 % were obtained
for the reaction of organic halides (alkyl, aryl, benzyl, allyl and viny! halides) with ketones and aldehydes
(Luche and Damiano, 1980). A 100 % vield was obtained after a reaction time of 10 min for the reaction,
in the presence of lithium wire, shown in Scheme 2.10 (Luche and Damiano, 1980).

\ Li. THF / \
/Q\CHO + CH;l —)(%:1. O

Scheme 2.10

OH

Scanning electron microscopy has been used to show that the ultrasomic enhancement of these
organometallic reactions is at least partly doe to the effect of ultrasound on the lithium surface
[de Souza-Barboza et al., 1988). Electron micrographs show the significant corrosion pits (thus increasing
surface area) (hat formed in the lithium during sonication (de Souza-Barboza et al.. 1988). Luche and
co-workers, however, showed that ultrasound also has a direct chemical effect on the Barbier reaction
(Luche et al,, 1990). The lithinm metal was preactivated under highly energetic conditions (in the absence
of the reagents) so that the mechanical effects of ultrasound would not be dominant. The reaction was
carried out at both a low and high ultrasonic intensity; the product conceniration was found to be greater at
the higher intensity (Luche et al, 1990). The difference in product concentration was attributed to Lhe
direct effect of ultrasound on the rate determining step of the reaction sequence. This step is the electron
transfer from the metal to the carbon-halogen bond producing the radical anjon, the first reactive species of
the Barbier reaction (Luche et al., 1990).

Boudjouk and co-workers investigated the use of ultrasound in the preparation of symmetrical organic and
bimetallic compounds (Boudjouk. 1986). The Wunz-type coupling reactions of organic halides (shown in
Scheme 2.11) and organometallic chlorides (shown in Scheme 2.12) using lithium wire and dry
tetrahvdrofuran at room temperature takes place only in the presence of ulirasound.  The yield of the
reaction shown in Scheme 2.11 is 70 % for a reaction of 10 h (Han and Boudjouk, 1981). The yield of the
reaction shown in Scheme 2.12 is 68 % for a reaction time of 10 h (Boudjouk and Han, 1981).

2CH.Br -~ H<«CsCeH: + Bry
Scheme 2.11
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2Ph,HSiC] - Ph,HS;-SiHPh, + C),
Scheme 2.12

The coupling reaction to produce tetramesityldisilene, a compound discovered by West and co-workers
where the silicon-silicon double bond is stabilised by four mesityl groups (West et al., 1981). was prepared
ultrasonically by Boudjouk and co-workers (Boudjouk et al., 1982). The reaction was carried out with
lithium wire in tetrahydrofuran. Tetramesityldisilene was prepared ultrasonically in one step, as shown in
Scheme 2.13; the yield of the reaction is 90 % for a reaction time of 20 min (Boudjouk et al., 1982). The
symbol ))) denotes ultrasonic radiation.

) ) M&i\ 'Mﬁ
SiICl, —» Si=S8i Mes=
lil'] THE  p\fes” Mes
min
Scheme 2.13

Boudjouk and co-workers also investigated other metal reactions such as the Reformatsky reacton (Han and
Boudjouk, 1982b) and the generation of o-xylylene (Han and Boudjouk, 1982a). The Reformatsky reaction
is the reaction of ethvl bromoacetate with activated zinc dust and aldebydes or ketones to give the
B-hvdroxy! ester (Han and Boudjouk. 1982b). The vield of the reaction of cyclopentanone (as shown in
Scheme 2.14) in the presence of ultrasound is 98 % after 30 min at a reaction temperatare of 25 to 30 °C.

The vield in the absence of wltrasound is 50 % afier 12 h at a reaction temperanwre of 80 °C (Han and
Boudjouk. 1932b).

o 2 OF
O —_—
BrCH-CO,C,H; CH2C02C2H5

25-30°C.30 min

Scheme 2.14

The reaction of a.a ~dibromo-o-xylene, zinc and a dienophile does not proceed in the absence of ultrasound
(Han and Boudjouk, 1982a). A high vield of cycloaddition products is obtained with wltrasound: the
reaction proceeds via the reactive intermediate, o-xylylene. The yield of the reaction shown in Scheme 2.15

is 89 % for a reaction time of 15 h at a reaction temperature of 20 to 25 °C (Han and Boudjouk. 1982a).
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o) e
Bl’_zn. + O —» O
Br

@) O

Scheme 2.15

Ultrasound can be used to accelerate the rednction of aromatic halides (Han and Boudjouk, 1982¢). These
compounds do not readily undergo nucleophilic substitution and electron-donating groups on the ring
further impede the displacernent of the halogen. The yield of the reduction of p-bromoanisole to anisole in
the presence of lithium aluminium hydride (as shown in Scheme 2.16) ts 70 % after 7 h of sonication (Han
and Bougdjouk, 1982¢c). A yield of 35 % is obtained without sonication after refluxing with an excess of
lithinm aluminium hydride in diglyme for 24 h at 100 °C (Han and Boudjouk, 1982c¢).

35°C.7h

Scheme 2.16

2.4.2.2 Sonocatalysis

Catalysts are classified as either homogeneous or heterogeneous. A homogeneous system exists if the
catalyst is a molecular or ionic species dissolved in a liquid, a heterogeneous system exists if the catalyst is a
solid and the reactants are either in a percolating gas or liquid (Suslick. 1990). Both types of catalysts may
be difficult to activate or to keep active (Suslick, 1990). The advantages of the application of ultrasound to
catalvsis are the use of ambient temperatures 1o preserve thermally-sensitive subsirates and to enhance
selectivity, the ability 1o generate high-energy species that are difficult 10 obtain from photolysis or
pyrolysis, and the production of high temperatures and pressures during cavitation that gencrate autoclave
reaction conditions on a microscale (Suslick. 1990).

Organometallic compounds are used as homogeneous catalysts, these compounds arc often catalytically
jmactive until the loss of metat-bonded ligands such as carbon monoxide (Suslick, 1990). Suslick and
co-workers investigated the sonolysis of iron carbooyl compounds for the catalysis of olefin isomerization

reactions (Sustick et al.. 1981: Suslick et al., 1983). Ultrasound induces ligand dissociation of iron carbony!
Fe{CO)s producing Fe3(CO)12 and finely divided iron in the absence of additional ligands (Suslick et al..
1981). The primary process Fe(CO)s undergoes during sonication is shown in reaction [2] of Scheme 2.17.
The compound Fe,(CO)s is formed from Fe(CO)s according to reaction [b] of Scheme 2.17: and Fe3(CO)y2

is formed from Fe{CO); according 1o reactions [c] and [d] of Scheme 2.17 (Suslick et al.. 1981).
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Fe(CO)s —+ Fe(CO)s.,+nCO (n= 110 S) [a]

Fe(CO)s + Fe(CO)« — Fey(CO)s [b]

Fe(CO); + Fe(CO)s — Fe(CO)s ]

Fex(CO)s + Fe(CO)s — Fe3(CO)12 + CO [d]
Scheme 2.17

Sonication of 1-pentene in a decane solution with either Fe(CO)s, Fey(CO)s or Fe3(CO)1, produces frans-
and cis-2-pentene in approximately a 3:1 ratio, the thermodynamic ratio (Suslick et al., 1981). Sonolysis of
1-pentene with Fe(CO)s, Fea(CO)s or Fes(CO)1; enhances the rate of isomerization of 1-pentene by factors

of approximately 10°, 10 and 10, respectively (Suslick et al., 1981).

The sonolysis of Fe(CO)s in the presence of additional ligands (such as phosphine or phosphite compounds)
produces Fe(CO);L, and Fe(CO)sL, where L is a phosphine or phosphite compound (Suslick et al., 1983).
Similar substitution patierns have been observed for other metal carbonyl compounds, such as Fe3(CO)ia.
Mny(CO) 1. Cr(CO)s, Mo(CO)s and W(CO)¢ (Suslick et al., 1983). Similarities between the sonocatalysis

and photocatalysis of metal carbonyl compounds exist, however, different relagve efficiencies and
selectivities are observed (Suslick el al.. 1983).

Ultrasound also enbances the preparation of the transition-metal carbonyl complexes. Suslick and fohnson
found that where high pressures of CO and high temperatures are usually required to produce the
transition-metal carbonyl antons, the use of ultrasound allows for the reaction to be carried out at low
temperatures and pressures (Suslick and Johnson, 1984). For the reaction listed in Scheme 2.7. sonication
allowed for the required temperature to be decreased from 160 to 10 °C. and the required pressure from
20,3 10 0.45 MPa, while still giving a comparable yield of the end product (Sustick and Johnson, 1984).

Heterogeneous catalysts play an important role in industry, for example the bulk of the petrolenm industry is
based on a series of catalvtic transformations (Suslick, 1990). These catalvsts are ofien produced from rare
and expensive melals, the use of ultrasound could allow for the activation of less reacdve (and less
expeasive) metals (Suslick, 1990). Suslick and Casadonte found that the sonication of nickel powder
increased its activity as a hydrogenation catalyst by a factor greater than 10* (Suslick and Casadonte, 1987).
Nickel powder is usually an inactive catalyst for the hydrogenation of atkenes, ultrasonic pretreatment for
I h activated the powder and caused the hydrogenation of 1-nonenc to proceed with an imitial rate of
1,5 mmol L' min"' (Suslick and Casadonte, 1987). Sonication did not reduce the particle size of the

powder, thus the surface area was not increased and the sonocatalylic activity was attributed to the changes
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in the particle aggregation, surface morphology and thickness of surface oxide coating. Electron
micrographs revealed that sonicaton smoothed the initial highly crystallive structure of nickel and
increased the aggregation of the powder. Auger electron spectra depth profiles showed that the initial oxide
coat that extended for 25 x 10” m with a surface Ni/O ratio of 1 was decreased 1o a thickness of less than
5 x 10° m with a surface Ni/O ratio of 2. The changes in the nicke] powder that led to the increased

sonocatalytic activity were caused by interparticle collisions driven by the turbulent conditions and shock
waves created by the ultrasonic field (Suslick and Casadonte. 1987; Suslick et al., 1989).

Suslick and co-workers investigated the ultrasonic-induced changes of copper powder (Suslick et al., 1989).
Similar to nickel powder, ultrasound did not reduce the copper powder particle size (and hence increase the
surface area); clectron micrographs showed an imcreased aggregation and surface smoothing with
sonication. The partial oxide coating, approximately 30 x 10® m deep, was completely removed during
sonication and was replaced by a thin, approximately 10 x 10° m, but heavy (greater than 60 % atomic
composition) surface deposition of carbon. The origin of the carpon and its inflnence on the reactivity of
the copper powder are not kmown (Suslick et al., 1989). The changes jn the copper powder were also
produced by the ultrasonic-induced interparticle collisions. Direct particle collisions produce agglomeration
and collisions at an angle produce the surface smoothing and removal of the surface oxide coating
(Suslick et al., 1989).

2.4.2.3 Polymer chemistry

Research into the effects of ultrasound on polvmer chemistry began in the 1930°s (Price and Smith, 1993).
Most of the early work, such as the investigation by Thomas and de Vries of the heterolytic cleavage of
polymethylsiloxane (Thomas and de Vries, 1959), focused on the degradation of polymer chains during
sonication. Ulrasound. however. can also be used to initiate polymerisation (Kruus et al.. 1988).

Bonds of polymers are broken because of the hydrodynamic shear forces produced in the Yiquid surrounding
the vibrating and collapsing cavities (Henglein and Gutiérrez. 1988. Webster. 1963). The cleavage of a
polymer do¢s not occur randomly but suatistically near the middle of the chain (Price and Smith. 1993).
Polymer cleavage produces a pair of macromolecular radicals that react with other radicals and reduce the
molecular weight of the polymer (Mason and Cordemans, 1996). A limiting molecular weight exists below
which po further cleavage occurs. The sonication of a2 ) % solution of polystyrene in toluene at 25 °C
showed that polymer degradation was more efficient at higher molecular weights and that no further
degradation occcwred below the limiting value of approximately 30 000 for this system (Price. 1993).

Price and Smith investigated the role of parameters such as ultrasonic intensity. temperature and dissolved
gas on the degradation of polystvrene in toluene (Price and Smith. 1993). The rate of degradation was

found to increase. altbough not indefinitely. with increasing iniensity and an optimum rate was reached at
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approximately 145 W cm™. Polymer degradatiou increased with decreasing temperature over the range of
-10 to 61 °C (Price and Smith, 1993). Polymer degradation was also affected by the presence of a dissolved
gas but because bond cleavage was caused by the hydrodynamic shear forces (and not of thermal origin) the
degradation rate could not be directly correlated to gas properties such as thermal conductivity and specific
heat ratio. Polymer degradation rate, however, tended 1o be greater for gases with a lower solubility
(Henglein and Gutiérrez, 1988, Price and Smith, 1993). The rate of polymer degradation can also be
enhanced by using a solvent with a low vapour pressure, reducing the ultrasonic frequency and decreasing

the solution concentration (Lorimer, 1990).

The non-random narure of the polymer cleavage allows for the modelling of the process so that the polymer
molecular weight during sonication can be predicted (Price, 1993). Manipulation of the experimental
conditions allows for control of the limiting molecular weight. Price and Smith found that the limiting
molecular weight increased linearly with increasing temperature, decreased limearly with increasing
ultrasonic intensity and was lower for gases with a lower solubility (Price and Smith, 1993).

Macromolecular radicals produced from two polymers sonicated in a common solvent react with each other
1o produce the cross product called a block co-polymer (Price, 1993; Price and Smith, 1993). This process
i not easily manageable since both the recovery of the co-polymer and the control of the co-polymer length
are difficult. This technique, however, is of benefit if a polymer is sonicated together with 2 monomer such
that the macromolecule radicals from the polymer initiate the polymerisation of the monomer (Price, 1993),
The example shown in Figure 2.8 is of the formation of the block co-polymer, polty(styrene-b-methyl
methacrvlate). from the sonication of polystyrene and methyl methacrylate (Price, 1993).

Figure 2.8 : Schematic diagram of the production of end capped polystyrene and
poly(styrene-b-methyl methacrvlate) block co-polymers (Price, 1993)

A radical initiator is required 10 start a polymerisation reaction. These compounds are usually activated by
ultraviolet irradiation or by heating to above 60 °C (Price et al., 1991). Price and co-workers used the

polymerisation of methy! methacrylate with azo-bis(isobutvronitrile), 2 common radical initiator. to show
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that ultrasound accelerates the formation of radicals from initiators (Price et al., 1991). Ultrasound has also
been used 1o initiate polymerisation reactions in the absence of radical imitiators. Kruns and co-workers
showed that pure, dry, vinyl monomers (such as styrene) can be polymerised solely by the applicaton of
ultrasound (Kruus et al.,, 1988). Price and co-workers polymerised methyl methacrylate with ultrasound in
the absence of a radical initiator (Price et al., 1991). The methyl methacrylate conversion (fraction of the
monomer converted to polymer) after 4 h of sonication was 12 % for the solution containing azo-bis(iso
butyronitrile) and 6 % without the radical initiator. The conversion did not proceed further than 12 % as
the solution became viscous and cavitation was suppressed (Price et al., 1991). The suppression of
cavitation with increasing viscosity has led to conversion rates of ultrasonic polymerisation reactions to not
exceed 25 % (Price and Lenz, 1993).

Price and co-workers monitored the poly(methy! methacrylate) molecular weight and molecular weight
distribution for 8 h of sonication; long polymer chains were initially formed but these were broken down
after further sonication (Price €t al,, 1991). Polymerisation and polymer degradation were found to occur
concurrently. In the investigation of the effect of argon on the polymerisation of styrene, Kruus and
co-workers found that polymerisation took place when argon was bubbled through the solution and that
degradation occurred when the argon flow was turned off (Kruus et al., 1988). The molecular weight of a
polymer produced from ultrasonic polymerisation is thus determined by parameters such as reaction time,
ultrasonic intensity and gas present during sonication (Kruus et al., [988; Price et al., 1991).

2.4.2.4 Sonoelectrochemistry

Electrochemical methods are used to produce reactive intermediates; organic electrosynthesis can generate
compounds that may be difficult to prepare by other methods (Mason et al., 1990). The scale-up of
laboratory electrolvtic processes is hindered by restrictions lo the maximum attainable current (such as the
mass transfer to the electrode surface, fouling of the electrode surface and evolution of gases during
reaction) and thus the maximum possible rate of reaction (Mason et al., 1990). Ultrasound produces the

following benefits when applied to an electrochemical process (Mason ef al.. 1990; Reisse et al.. 1994:
Walton et al.. 1996).

*  Limited gas bubble accumulation at the electrode.
»  Disturbance of the diffusion layer, thus the depletion of the electroactive species is stopped.
¢ More even transport of ions across the electrode double layer.

*  Continual cleaning and activation of the electrode surface.

The potential for ultrasound (o emhance electroplating by increasing the deposition rate has been
investigated since the 1950°s (Masop et al.. 1990). Ultrasound is introduced into the electroplating process
by sonicating the whole plating bath. Reisse and co-workers designed a sonoelectrochemical reactor in

which the titanium ultrasonic horn acts as the working electrode (Reisse et al., 1994). The planar circular
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surface at the bottom of the horn acis as the electroactive part of the sonoclectrode and the immersed
cylindrical part of the horn is covered by an isolating plastic jacket. The cathodic current during the
investigation of the electrodeposition of copper (at -0,20 V relative to the standard hydrogen electrode) was
found 1o be approxamately 30 times greater with ultrasound thar without (Reisse et al.,, 1994). Scanning
electron micrographs showed that ultrasound also affecied the morphology of the copper deposits, finer
powders with a higher density of submicronic particles were produced. Nucleatton of copper on the
titanjum sonoelectrode occwrred at a higher overpotential than that occurring in the absence of ultrasound
(Reisse et al., 1994).

The electrochemical synthesis of selenium and tellurium anions (Se;”, Se?’, Te;* and Te™), intermediates in
the formation of organosclenium and organotellurium compounds, have been enhanced by ultrasound
{Gautheron et al., 1985). Mason and co-workers showed that nltrasonnd switches the reaction mechanism
of the Kolbe reaction, the formation of alkanes from the electrodecarboxylation of carboxylate salts such as
RCOONaz", from a sinple electron-transfer process to a process involving two electron transfers
(Mason et al., 1990). The change in product distribution because of a change in reaction mechanism is
shown in the sonoelectrolysis of cyclohexanccarboxylate (Chyla et al., 1989). Ultrasound decreased the
yield of bicyclobexyl from 49 to 7,7 % and increased the yields of cyclohexene and cyclohexyl methyl ether
from 4,5 and 2,1 %, respectively, to 32,4 and 34,3 % (Chyla et al., 1989). The reaction efficiency was also
increased by ultrasound, the average cell potential for the required current density of 2 000 A m? was 8.3V
in the absence and 7,3 V in the presence of ultrasound (Chyla et al., 1989). Walton and co-workers used
ultrasound to enhance electrochemical reactions producing hydrogen and chlorine gas (Walton et al., 1996).
The reaclions are reversible and are limited by the removal of gaseous products from the electrode.
Ultrasound did not enhance the oxygen-producing reaction for the experimental conditions used in the
investigation (Walton et al., 1996). The application of ultrasound to such gas-producing reactions has
implications for the operation of chloralkali cells (Walton et al., 1996).

2.4.2.5 Sonocrystallization

Ultrasound can be used 10 precipitate solids from a supersaturated solution because of the physical effects,
such as particle fragmentation, produced by cavitation (Mason, 1990). Finely divided and uniform particles
are produced by ultrasound because of the cycle of formation, growth and break-up of seed particles
producing further seeding throughout the medium (Mason. 1990). Srinivasan and co-workers found that
the application of ultrasound to the crystallisation of diphenyl oxide and dimethyl phenyl carbinol
{compounds used to perfume soaps) improved crystal purity (Srinivasan et al., 1995). Ultrasound caused
the crystal melting point for both diphenyl oxide and dimethy] phenyl carbinol to match. more closely. the
melting point of the pure compounds. Ultrasound also improved the shape of the diphenyl oxide crystals. a
higher proportion of needle-shaped crystals (the crystal structure of pure diphenyl oxide) was obtained
under sonication (Srinivasan et al.. 1995). |
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2.4.3 Medical applications

Ultrasound in medical applications is used for either interaction with a system producing a desired
biological effect such as in physical therapy and surgery or for the purpose of extracting information without
causing any biological effects such as in diagnosis (Dunn, 1991). Diagnostic applications of ultrasound are
well established in medical fields such as obstetrics, cardiology, gvnaecology, neurology and ophthalmology
(Dunn, 1991). Medical applications are usually performed with pulsed ultrasound The duration of the
pulses is typically in the 1 ms range; intervals between the pulses are in the 1 ms range for diagnostic
ulirasound and in the 1 s range for disintegration applications, such as the disintegration of ladney stones
(Henglein ef al., 1989). Continnous-wave ultrasound is used for physical therapy (ter Haar, 1983).

The mechanisms by which ultrasound can induce changes in biological systems are thermal, cavitation and
mechanical effects such as particle movement (ter Haar, 1988). The energy of an ultrasonic wave moving
through tissue is artenuated due 10 either absorption or scatter. The absorption of energy leads to tissue
heating (ter Haar, 1988). The selective heating of rissue allows for ultrasound to be used in physical therapy
for the relief of pain, reduction of soft tissue stiffness and the acceleration of healing (NCRP 74, 1983).
Heating increases the blood fiow 10 the area thus bringing metabolites needed for tissue repair and removing
wasie products; heating also increases the rate of many biochemical reactions and accelerates the diffusion
rate across biologic membranes (NCRP 74, 1983).

The formation of free radicals could promote chemical reactivity in vivo if cavitation occurs during any
medical application of ultrasound (Carmichael et al., 1986). Investigation of the chemical effects of pulsed
ultrasound has shown that a memory effect exists, the shorter the time interval between pulses the more
efficient the ultrasonic pulse is at producing a chemical effect. The memory for what has happened before
fades as the length of interval increases (Henglein, 1987, Henglein et al.. 1989). The low time ratic of pulse
length to pulse inlerval used in ultrasonic diagnosis (over 1 to 1 000) indicates that the memory effect is
unlikely to be evident and that the supplied ime-averaged acoustic energy is low (Henglein et al.. 1989).
The high instantaneous intensity of the pulses. for example 150 W cm™ for diagnosis and 10 000 W cm™ for

disintegration, conld. however, induce cavitation to occur dunng a pulse (Henglein ¢t al., 1989).

Theoreucal studies of the cavitation threshold indicate that cavitation could possibly occur during pulsed
ultrasound (Flynn, 1982; Flynn and Church, 1984). Pulsed ultrasound has been shown to produce free
radicals in aqueous solution under conditions similar, although not identical, 10 diagnosiic exposure
conditions (Carmichael et al., 1986: Christman et al.. 1987). The experimental conditions used in the
Investigation represented worst case values that would be more sensitive than typical diagnostic conditions
(Carmichael et al.. 1986; Christman et al., 1987). The extensive use of ultrasonic diagnosis has required
that the safety of such techniques and instruments be continually investigated (Crum et al.. 1992). There is
little supporting evidence that diagnostic ultrasound instrumenis pose even 2 measurable risk to a patient
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(Crum et al,, 1992; Dunn, 1991). Reports published by the World Health Organisation and the National
Council on Radiation Protection and Measurements have also indicated that no adverse health effects in
human beings exposed to diagnostic ultrasound have been reporied (NCRP 74, 1983; EHC 22, 1982).

2.4.4 Industrial applications

The applications of ultrasound in industry include cleaning, drying, degassing, defoaming, soldering,
drilling, plastic welding, extraction, filtration, sterilisation, emulsification, homogenisation, flotation,
dissolution. deaggregation of powders. biological cell disruption, crystallisation and chemical reaction
enhancement (Mason, 1991).

The application of ultrasound for cleaning is a long-established and efficient technology (Mason, 1993).
Large cleaning sysiems are commercially available. An ultrasonic cleaner (volume, 7 500 L; power.
40 kW) has been used by the US Navy since 1968 to facilitate the disassembling of jet engines where heat
and corrosion have made the unscrewing of fastening bolts difficult (Hunicke, 1990). The nniformity of the
ultrasomic field, supplied by two banks of immersible transducers, was within 10 % throughout the tank
(Hunicke, 1990).

Ultrasound ¢an be applied in environmental remediation for the removal of atrborne particles (Grinthal and
Ondrey. 1992). Ultrasonic agglomeration was used to remove pollutant particles from air that were less
than 5 pm in diameter and were too small to be removed by electrosiatic precipitators. Airboroe soot in a
15 m’ chamber was reduced by three orders of magnitude with an ultrasonic transducer (frequency, 21 kHz)
in experiments performed at the Institute of Transuranium Elements in Germany; experiments were also

performed in a2 170 m® chamber (Grinthal and Ondrey, 1992).

The recovery of precious metals from ore has been improved with the cleaning of 3 L s water slurries of
crushed ore in a reverbatory ultrasonic mixer of power 16 kW (Hunicke, 1990). An ulmrasonic soldering pot
(power. 14 kW) operating at 400 °C has been in operation for over 15 years with negligible ultrasonic
equipment downtime (Hunicke, 1990). Ultrasonic defoaming has been used when the addition of chemical
defoaming agents will contaminate the liquid to be defoamed (Chendke and Fogler, 1975). Ultrasonic
defoaming has been used at a Coca-Cola bortling plant in Madrid to prevent overflow waste and rejections
on a 72 000 bottle per hour line (Grinthal and Ondrey, 1992).

The application of ultrasound in various industries has been reviewed separately in the following sections,
water and effluent reatment in Section 2.4.4.1, the food industry in Section 2.4.4.2, the textle industry in
Section 2.4.4.3, the petroleum industry in Section 2.4.4.4 and membrane processes in Section 2.4.4.5
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2.4.4.1 Water and effluent treatment

The combination of the physical effects (production of shear forces and shock waves) and chemical effects
(radical formation) of cavitation allow for the application of ultrasound in water and effluent treatment
(Mason et al., 1993). Ultrasound, however, is more effective when used in combination with other
oconventional treatment processes than as a stand-alone process (Mason et al., 1993; Mason et al., 1994).

The biocidal activity of chlorine is enhanced by ultrasound (Mason et al.,, 1994). The number of bacteria
surviving a 5 min chlorine contact time was reduced by 30 % with 2 min of ultrasound. The break-up and
dispersion of bacteria clumps, caused by ultrasound, allows for greater penetration of the biocide and
renders bacteria more susceptible to chemical attack (Mason et al., 1994). Ultrasound coulid thus be used to
reduce the biocide concentration required in water treatment (Mason et al., 1994).

The biological effects of ultrasound have been stndied since the 1920°s, ultrasound has been shown to
disrupt cells (Aliger, 1975; Frizzell, 1988). Bacteria cells can be destroyed by ultrasound, however, high
intensities are required for effective disinfection and a 100 % kll (Mason et al., 1994). Cellular disruption
is due to the physical effects (such as shear forces and shock waves) of ultrasonic cavitation (Frizzell. 1988,;
Riesz and Kondo, 1992). Cells that are small and round in shape are more resistant to disruption by
vltrasound (Alliger, 1975).

Ultrasound has been used to inactivate Cryprosporidium parvum oocysts that cause cryptosporidiosis (severe
diarrhoea) in humans and domestic animals. (Anonymous, 1995), A 750 L h™' pilot plant developed by
Biwater and the University of Leeds has shown that complete destruction of the oocysts is achieved with
20 s of sonicabon. 99,8 % destruction is achieved with 15 s of sonication (Anonymous. 1995).

Ultrasound has also been used to ensure that no bacterial species are present after water treatment (Clasen
and Soboria. 1994). Rapid sand filters and flocculants are used 10 remove the bulk of planktonic organisms
during water treaument, however, species such as Notholca caudata can persist through these processes.
Bacterial regrowth can occur in water distribution networks if all bacterial species are not inactivated during
water treatment. Clasen and Sobotta have shown that 99 % inactivation rates were achieved for the two
plankion species Artemia salina and Cyclops nauplii within 30 s of sonication at an ultrasonic intensitv of
0.8 Wcm?anda frequency between 20 and 40 kHz (Clasen and Sobotta, 1994). A 95 % inactivation rate
was achieved in an investigation of a pilot flow reactor (volume, 80 L) with a water throughput of

8 000 L b and a specific output of 12 W L' (Clasen and Sobotta, 1994). The 1994 estimation of capital

spending and operating costs were DM 0,026 per m’. this compared favourably with the savings in
flocculant chemicals and the reduction in sludge (Clasen and Sobotla, 1994).
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Ultrasound has been used in combination with technologies such as ozone and electrostatics to improve
water and effluent treatment. The use of ultrasound in combination with ozone enhances effluent treatment
by producing an emulsion from suspended particles and dispersed microorganisms and by preventing the
coalescence of ozone bubbles that ensures maximum bubble susface area is available for oxidation (Chendke
and Fogler, 1975). An investigation of a pilot plant processing 76 kL of sewage per day indicated that 60 s
of treamment with ultrasound and ozone destroyed 100 % of the faecal bacieria and viruses (Chendke and
Fogler, 1975). Dahi found that ultrasonic weatmem (2 min) of effluent from a biological sewage plant
reduced the sterilization dose of czone by 50 % (Dahi, 1976). Ulirasound combined with ozone has been
used to enhance the degradation of natural organic matter (Olson and Barbier, 1994), cyclohexene (Weavers
and Hoffrann, 1998) and 4-nitropbenol (Barbier and Pétrier, 1996). The 4-nitrophenol degradation
increased with increasing ultrasonic frequency, (20 versus 500 kHz) because of the greater quantity of
hydroxyl radicals escaping from the cavitation bubbles (Barbier and Pétrier, 1996).

Reimers and co-workers investigated the combination of ultrasound and electrostatics as a method to reduce
the addition of chemicals during water treatment (Reimers et al.,, 1979). Benefits of ultrasound were the
increased agitation and mixing of water, minerals and organics and the generation of kinetic energy (o
excile atoms and molecules. Application of this method in the soft drink bottling industty was found to

reduce operation and maintenance problems and 10 reduce possible noxions effluents (Reimers el al.. 1979).

Industrial effluent can also be treated with biological methods such as the activated sludge process
(Balasubramaniam et al., 1995). Ultrasound has been used in conjuction with conventional techniques 10
enhance sludge processing. Bien investigated the use of ultrasound as a nog-chemical method for the
preparation of sludge for dewalering (Bien, 1988). Sludge is usually dewatered by filtration with the
addition of polyelectrolytes as floccwants. The initial hydraton of 92.8 % of a mineral sludge was reduced
to 84.2 % after vacuum filtration, 77.7 % with the use of ultrasound. 69,2 % with the addition of a
polyelectrolvie and 61.2 % with the combinaton of uitrasourd and polyelectrolvie addition (Bien, 1988).
The required polyelectrolyte concentration was halved with the simultaneous application of ultrasound. A
similar pattern in final hydration values was also found for an organic sludge. The effect of ultrasound was
greater on sludges of higher hydration and rigid structure than on amorphous sludges of lower initial
hvdration (Bien. 1988). The investigation by Bien and Wolny of two digested and difficult dewatered
sludges has also shown the advantageous use of ultrasound. in combination with polvelectrolyte addition. on

sludge dewatering and reduction in sludge volume (Bicn and Wolny. 1997).

Ultrasound was found to affect sludge and polyelectrolyte structure. In contrast to unprepared sludge. the
addition of a polyelectrolyte produced compact but separate clusters of sludge flocs; the simultaneous
application of ultrasound increased the spaces between the conglomerates (Bien and Wolny, 1997). The
polvmer chain shape and crystal outline of Zetag-50. the polyelectrolyte used-in the investigation, was found
1o change during sonication (Bien and Wolny, 1997). It was concluded that the sonication time required to
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enhance sludge dewatering may depend on the type of polyelectrolyte used and should be determined
experimentally (Bien and Wolny, 1997).

King and Foster investigated the effect of ultrasound on the seitling properties of activated sludge (King and
Foster, 1990). Ultrasound was found to improve the settleability of the sludge, however, the filterability of
the solids deteriorated and the supernatant, afier settlement, had a bigh concentration of suspended solids.
Ultrasound degraded the sludge flocs and increased the number of small particles. Floc strength, which can
vary widely in activated siudge flocs, determines the susceptibility of flocs 10 ultrasonic shear forees (King
and Foster, 1990). Ultrasound also caused the release of extracellular polymeric material such as soluble
carbohydrate and protein from the sludge (King and Foster, 1990).

Low intensities of ultrasound have been used 10 increase the activity of activated sludge microorganisms
(Balasubramaniam et al., 1995; Tkachuk et al.,, 1990). The treatment of sludge with ultrasound with a
frequency of 2,6 MHz and intensity between 2 and 6 W cm™ caused the dehydrogenase. proteolytic and
glycolytic activity to increase by a factor of 1,9; 1,1 and 4 respectively (Tkachuk et al.. 1990). The
increased biological activity was artributed to the partial loosening of the sludge structure. allowing greater
contact berween the bacterial cells and the substrate (Tkachuk et al., 1990). The investigation performed by
Balasubramaniam and co-workers found that ultrasound increased substrate removal and oxygen uptake,
thus indicating an increase in microorganism activity with ultrasound (Balasubramaniam et al., 1995). The
suspended solid content in the effluent increased with ultrasound but decreased with refloculation of the floc
particles. Ultrasound also improved the settleability of solid particles (such as Kaolin particles) in
agglomeration experiments (Balasubramaniam et al., 19935).

Ulrasound has also been used to accelerate the anaerobic digestion of sewage sludge (Chiu et al.. 1997;
Tichm et al.. 1997). Sewage sludge is stabilised by anaerobic digestion, however. the slow degradation rate
of the sludge (sludge hydrolysis) requires large digestors and long residence times of approximately 20 d
(Tehm et al.. 1997). Tiehm and co-workers used a flow-through ultrasonic reactor (frequency, 31 kHz,
power, 3,6 kW: treatment time. 64 s) that was specially adapted for sludge treatment (Tiehm et al.. 1997).
The reduction in partcle size and the increase in chemical oxygen demand of the supernatamt (organic
substances were transferred from the sludge solids into the aqueous phase) indicated that ultrasound caused
the deagglomeration of aggregates and microbial cell disruption. Biogas production was greater during
batch fermentation experiments (150 L fermenter vessels, 22 d residence time) in the fermentation vessel
than had been fed with the wirasonic-disintegrated sludge. This indicated that the organic compounds
transferred from the sludge solids into the agueous phase were readily biodegradable (Tiehm el al.. 1997).
The degree of sludge degradation in semi-continuous fermentation experiments was calculated with respect
to the reduction of voladle solids. In fermentation vessels with a 22 d residence time. the reduction of
volatile solids was 45.8 % for untreated sludge and 50,3 % for ultrasonic-disintegrated sludge. The

reducton of volatile solids in a fermentation vessel with a 12 d residence time was 47.3 %. It was
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concluded that the ultrasonic pretreatment of sewage sludge was a potential method to increase the rate of
fermentation and reduce the volume of sludge digestors (Tiehm et al., 1597).

Chiu and co-workers investipated the combinatiop of alkatine (NaOH dosage) and uhrasonic pretreatment
of sludge before anaerobic digestdon (Chiu et al., 1997). Experiments were performed in 1 L fermentation
vessels; an ulurasonic horn rated at 120 W with a frequency of 20 kHz was used for ultrasonic pretreatment
of the sludge. The soluble chemical oxygen demand. soluble organic nitrogen release and production of
total volatile farty acids were monitored for alkaline treatment, alkaline treatment followed by ultrasound
and the simultaneous application of alkaline treatment and ultrasound (Chiu et al., 1997). The highest
initia) rate of sludge hydrolysis (211,9 mg L™ min™") and production of total volatile fatty acids (84 %) were
recorded for the simultaneous application of ultrasound and alkaline treatment. It was concluded that
alkaline and ultrasonic pretreatment of sludge could significantly reduce the treatment time of anaerobic
digestion (Chiu et al., 1957). Chlorobenzene is not usually affected by conventional biological treatment
due to the presence of other more readily metabolised organic compounds; ultrasonic pretreatment resulted

in a significant reduction in chemical oxygen demand during biodegradation with activated sludge under
aerobic conditions (Neis, 2000).

The removal or degradation of chemical pollutants, such as herbicides and pesticides of agriculrural origin
or bydrocarbons from industrial effluent and storm water run-off, is required during water treatment prior to
the water being reused or discharped into the environment (Mason, 1993; Mason et al., 1994). Ulrasound
has been used to enhance the degradation of various pollutants. Agricultaral herbicides such as atrazine
and alachior degrade during sonication according to first-order kinetics with rate constants of 0,002]1 and
0.0080 min"', respectively, degradation mechanisms were nol investigated (Koskinen et al.. 1994).
Sonication of water saturated with the pesticide parathion indicated that parathion was totallv degraded
within 2 h of sonication at 30 °C with an ultrasonic horn operating at a frequency of 20 kHz and an
intensity of 75 W cm’? (Kotronarou et al., 1992a). The primary degradation mechanism of parathion was
thermal decomposition in the hot interfacial region of the collapsing cavities, reaction with hydroxyl
radicals acted as a secondary mechanism. Degradanon products such as p-nitrophenol and phosphate,

sulfate. nitrite, nitrate and oxalate ions were identified (Kotronarou et al., 1992a).

Morochlorophenol compounds, water pollutants that exhibit moderate toxicity 10 mamimalian and aquatic
life, have been degraded with ultrasound (Gondrexon et al., 1993: Lin et al.. 1996: Serpone et al.. 1994).
These compounds are formed during the degradation of chlorinated herbicides, the chiorination of pbenolic
compounds in industrial effluent and chlorine reatmem of drinking water (Serpone et al.. 1994). The
application of ultrasound degraded 2~chlorophenol and 3-chlorophenol (initial concentration, 80 umol L)
into dechlonnated intermediate products within 10 h; 4<hlorophenol degradation occurred within 15 h.
Degradation followed first order kanetics. the disappearance rate constants were 0,0048; 0.0044 and
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0,0033 min™' respectively (Serpone et al., 1994). The ultrasonic degradation products were similar to those
formed during ultraviolet radiation with TiO, semiconductor particles. Sonication was performed with an
ultrasonic horn (power, 50 W, frequency, 20 kHz) in a glass sonication cell (Serpone el al., 1994). The
degradation of 2~chlorophenol was greater with the addition of hydrogen peroxide (200 mg L) during
sonication than without the hydrogen peroxide (Lin et al., 1996). Lin and co-workers investigated how
parameters such as pH, ionic strength, the presence of a catalyst and initial concentration affected the

ultrasonic degradation of 2-chlorophenol in the presence of hydrogen peroxide (Lin et al., 1996). The
degradation was found to follow pseudo first order reaction kinetics (Lin et al., 1996).

Ultrasound has been used 1o degrade chlorinated hydrocarbons that are typically the most common
pollutants found at hazardous waste sites (Cheung et al., 1991, Cyr et al., 1998; Orzechowska et al , 1995).
The use of these compounds in products such as solvents, dves, pesticides and ink have led to the
contamination of water resources (Bhamagar and Cheung, 1994). Cheung and co-workers found that the
ultrasonic degradation of methylene chloride, carbon tetrachioride, 1.1,1-trichloroethane and
trichloroethylene (for a concentration range of 100 to 1 000 mg L") followed first order reaction kinetics
(Cheung et al,, 1991). The decrease in solution pH during sonication indicated that hydrochloric acid was
produced. no other chlorinated producis were identified (Cheung et al., 1991). The investigation by
Bhatnagar and Cheung also recorded a decrease in solution pH, first order reaction kinetics and the
formation of hydrochloric acid during the vitrasonic degradation of methylene chloride, 1,2-dichioroethane,
carbon tetrachlonde, chloroform, 1,1,1-trichloroethane, trichloroethylene and perchloroethylene (Bhamagar
and Cheung, 1994). Ultrasonic degradation varied between 72 and 99,9 % for solutions of inittal
concentration between 50 and 350 mg L™ for a 40 min sonication period; the rate of degradation was mot

affected if mixtures of compounds were sonicated (Bhatnagar and Cheung, 1994).

CyT and co-workers found that a 20 mg L™ trichloroethylene solution degraded more than 90 % within a
10 min somication period (Cyr et al.. 1998). Sonication was perforrned with an ultrasonic horn (power,
120 W: frequency. 20 kHz) in a 50 mL reaction vessel. Parameters such as initial pH value of solution
(between 3 and 11), bicarbonate concentration (below 10 mmol L"), presence of a metal or metal oxide
(0.01 to 100 g L concentration) and the combination of a metal or metal oxide (0,01 to 0.1 g L™
concentration) with 34 mg L hydrogen peroxide did not affect the ultrasonic degradation of
trichloroethylene (Cvr et al., 1998). Orzechowska and co-workers monitored chloride formanon (Cl) to
show the degradation of chloroform, carbon tetrachloride and trichloroethylene: chioride formation could be

detecied within 1 min of sonication of solutions with initial concentration between 3 and 80 mg L
(Orzechowska et al., 1995).
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A range of other chlorinated compounds have been degraded with ultrasound. Cheung and Kurup
investigated the sonochemical destruction of chlorofluorocarbon compounds (Cheung and Kurup, 1994).
The degradation of fluorotrichloromethane and trifluorotrichloroethane followed first order reaction
kinetics; 50 mg L' solutions were degraded within 2 10 min sonication period. The decrease in solution pH
during somication was due to the formation of HCl and HF (Cheung and Kurup, 1994). The rate of
ultrasonic degradation of chloral bydrate was found to depend on parameters such as initial concentration.
oxygen conoentration and the ultrasound frequency and intenaity (Sakas e1 al., 1977). Degradation occurred
through a radical mechanism producing hydrochloric acid (Sakai et al., 1977). Pétrier and co-workers
investigated the effect of pases such as oxygen, air and argon on the ultrasonic degradation of
pentachlorophenate (Pétrier et al, 1992). The reduction in toxicity of the solution during sonication
(quickest for argon saturation) indicated that complete mineralization of pentachlorophenate occurred
(Pétrier et al., 1992). The ultrasonic degradation of chlorobenzene and ],4-dichorobenzene followed first
order reaction kinetics; the rate of reaction depended linearly on the ultrasonic intensity (Price et al., 1994).
Complete degradation of 1,4-dichlorobenzene occurred within 40 to 50 min with sonication at an intensity
of 39 W cm™ the first step in the degradation was the removal of a chlorine atom from the aromatic ring
and reduction to chloride (Price et al., 1994). Total degradation of polychlorinated biphenyl compoitnds in
water treatment is not essential since the removal of chloride atoms reduces toxicity and accelerates
biodegradation (Price et al., 1994). The investigation of effluent contaminated with benzene and toluene
recommended that ultrasound be used as a pretreatment stage for relatively high target concentrations rather
than as a polishing stage for meeting effluent guidelines (Thoma et al., 1998).

Ultrasound has been used to degrade a range of phenolic compounds. The rate of phenol degradation at
different ultrasonic frequencies was directly related to the rate of hydrogen peroxide formation during
sonication (Pétrier and Francony. 1997; Pétrier et al.. 1994). The first siep in the degradation mechanism
of phenol was reaction with hvdroxy! radicals; the primary intermediate products were hvdroquinone.
catechol and benzoquinone (Pétrier and Francony. 1997; Pétrier et al.. 1994). The zero order reaction rate

increased with increasing phenol concentration reaching a limit at a concentration of 188 mg L™ for a

frequency of 20 kHz and 470 mg L' at 487 kHz (Pétrier et al.. 1994). The ulirasomsc degradation of
p-nirophenol occurred primarily through thermal decomposition at the cavity imerface and then due to
reactior with hydroxyl radicals (Kotronarou et al.. 1991). Degradation followed firs1 order reaction kinetics
preducing nitrate apd nitrite jons, benzoquinone. hvdroquinone. 4-nitrocatechol. formate and oxalate
(Kotronarou et al., 1991). The rate of degradation of p-nitrophenol in solutions containing parnticulate
matter, phosphate, bicarbonate and humic acid (10 simulate natural waters) was the same as in pure water
(Cost et al.. 1993). Cbemical compouents in natural waters that are radical scavengers thus do not affect
the degradation of pollutants (such as p-nitrophenol) that degrade predominately due to high temperature
reacions (Cost et al.,, 1993). Inhibition, however. occurs in waters containing high concentrations of
bicarbonate and phosphate compounds (Cost et al., 1993).
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Monocyclic aromatic compounds (such as benzene, etbylbenzene, styrene and o-chlorotoluene) amd
polyaromatic compounds (such as napthalene, anthracene and pyrene) have been degraded with ultrasound
(de Visscher et al., 1996, Price et al., 1994). Degradation followed first order reaction kinetics. reaction
products were not identified (de Visscher et al., 1996; Price et al., 1994). Hydrocarbon compounds such as
methane. ethane, propane, butane, ethylene, acetylene, methanol, ethanol, n-propanol and isopropanol have
also been degraded with ultrasound (Bittner et al., 1991; Han et al., 1990a; Harl et al., 1990b; Koike,
1992).

Ultrasound has also been used to degrade inorganic compounds. Kotranarou and co-workers investigated
the ultrasonic degradation of hydrogen sulfide dissolved in the effluent from fossil fuel refining processes
(Kotronarou et al., 1992b). Degradation followed zero order reaction kinetics at a pH greater thap 10 and
was due to reaction with hydroxyl radicals; degradation at a pH less than 8,5 was due to thermal
decomposition and followed first order reaction kinetics (Kotronarou et al., 1992b). De Visscher and
co-workers concluded that mechanisms for ultrasonic degradation that are primarily due to reaction with
hydroxvl radicals follow zero order reaction kinetics whereas degradation due 1o thermal decomposition
(pyrolysis reactions) follow first order reaction kinetics (de Visscher et al., 1996).

Potential applications of ultrasound in water and effluent treatment have been summarised by Mason and
co-workers and are listed in Table 2.3 (Mason et al., 1993).

Table 2.3 : Applications of ultrasound in water and effluent treatment (Mason et al., 1993)

Effect of ultrasound Application
degassing removal of excess chlorine
gasification enhance oxygenation and ozonolysis
dispersion homogenise mixtures before treatment and dispersal of chemicals
in treatment
biocidal action improve efficiency of biocide
filtration improved dewatering
destruciion of chemicals removal of pollulants

2.4.4.2 Textile industry

Large quantities of waler and energy are required in the wel processing of textiles (Thakore. 1990a).
Conventional dveing techniques could be enhanced by ultrasound because of the ultrasonic-induced
dispersion and break-up of dye aggregates, the expulsion of entrapped air from fibre capillaries and the
acceleration of the rate of diffusion of dve inside the fibre (Ahmad and Lomas. 1996). The effects of
uitrasound are duc 10 cavitauon and heating, the temperature in the dyve bath increases when ultrasonic

waves pass through the liquid (Thakore. 1990a; Thakore. 1990b).
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Shimizu and co-workers investipated the effect of ultrasound on the dveing of nylon 6 films by dveing
amorphous, unoriented films with four dye types, disperse, reactive. acid and acid mordant at temperatures
of 20, 40 and 60 °C (Shimizu et al,, 1989). The uptake of the four dyes in nylon 6 increased (at all
temperatures) with the application of ultrasound (Shimizu et al., 1989).

Shukla and Mathur investigated the low-temperamre ultrasonic dyeing of silk (Shukla and Mathur, 1995).
Silk was dyed with cationic, acid and metal-complex dyes at temperatures of 45 and 50 °C. The uptake of
cationic dyes, in comparison with conventional dyeing for 60 min at 85 °C, increased by between 71 and
104 % when dyeing for 15 min at 45°C with ultrasound. Under similar ulrasonic conditions, dye uptake
for acid and metal-complex dyes increased by 108 and 76 % respectively (Shukla and Mathur, 1995). Fibre
degradation was not apparent and the level of wash fastness, for all the dyeings, was equivalent to that for
samples dved according to the conventional procedure (Shukla and Mathur, 1995).

Ahmad and Lomas investigated the low-temperature ultrasonic dyveing of polyester fabric with disperse dyes
for possible application in batik printing (Ahmad and Lomas, 1996). Elevated dyeing temperatures would
cause the wax used in batik printing to melt. The dye uptake was similar for both the conventional and
ultrasonic dyeing processes at 50 °C and was lower than the dye uplake for the conventional dyeing process
at 100 °C (Ahmad and Lomas, 1996). Shaklar and Mathur also found that the dye uptake in polyester
fibres, even after pre-swelling, could not be enhanced by ultrasound (Shukla and Mathur, 1995). Polyester
fibres are highly compact whereas fibres, such as silk, that have a less crystalline structure are more
accessible for dyes and chemicals (Shukla and Mathur, 1995).

Omer and co-workers investigated the use of ultrasound in the dveing of cotton fabrics with reactive dves
(Oner et al.. 1995). Ultrasound was found to improve dye fixation and increase the colour yield without
affecting the fastness properties (wash fastness and staining) of the dved fabric (Oner et al., 1995). [t was
concluded that the shorter dveing times and lower quantities of dye required (o produce a particular colour.
and the reduced waler required 10 remove unfixed dye, would result in both energy and water savings with
the use of ultrasound in reactive dveing of cotton fabrics (Ouer et al.. 1993).

2.4.4.3 Food industry

Ultrasound is applied in both the analysis and processing of food (Floros and Ljang, 1994). Ulrasound can
be used for treating heat-sensitive materials such as in the extraction of apple juice from apple pulp and the
decolouration of sovabean oil without causing a loss in flavour or other heat-related damage (Chendke and
Fogler. 1975). Lillard investigated the application of ultrasound for the microbial decontamination of
poultry skin (Lillard, 1994). A combination of nlrasound and chlorine. for application in the final
processing stage of broilers. was more effective in reducing the Sa/monella count in poultry skin than either
ultrasound or chiorine 2lone (Lillard. 1994). Ulirasound can affect enzyme activity (Roberts, 1993).
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Ultrasound usually inactivates oxidase enzymes but only affects low concentrations of catalase enzymes.
Reductase and amylase enzymes are resistant to sonication (Roberts, 1993). Ulrasound has been used to
improve the rate of the hydrogenation reaction for converting unsaturated fatty acids (such as vegetable oil)
10 saturated fatty acids that are used as shortening agents in the baking industry (Robens, 1993).
Ultrasound has been used to induce nucleation in the crystallisation of aqueous salt solutions and sugar
solutions (Roberts, 1993). Dehydration rates of products, such as gelatine, yeast cake and orange powder
have been enhanced with the application of ultrasound (Floros and Liang, 1994). The use of ultrasound to
measure animal back fat thickness is the major application of low-intensity witrasound in the food indusuoy
(Povey. 1989),

2.4.4.4 Petrolenm industry

An ultrasonic vibrating tray (power, 2 kW) has been used to treat ore slurries with a flow rate of 6 kg s™
(Hunicke. 1990). Junk coal from waste-ocal ponds, afier screening and mixing with water to produce a
sharry, can be cleaned on the vibrating tray to yield a coal with a low ash, sulphur and residual water
content (Hunicke, 1990). The removal of sulphur from coal in which the sulphur is predominantly in the
pyrite form improves the susceptibility of coal to spontaneous combustion (Zaidi, 1993). The sulphur
content in a high sulphur Pakistani lignitic coal was reduced by 34 % with sonication at 30 °C in a
0,975 g L sodium hydroxide solution (Zaidi, 1993). The ash content, during ultrasonic treatment,
increased between 2 and 18 % for different coals. no enhancement of sulphur removal was achieved for
sontcation of coal in water (Zaidi, 1993),

Sadeghi and co-workers have developed an ultrasonic method to refine fossil fuel-containing materials
(Sadeghi et al.,, 1994). Materials such as tar sand. asphalt, heavy oil, coal liquids and oil shales were
sonicated in an altkaline solution at ambient temperature and pressure to recover upgraded lighter fuels.
The recovered fuel was lower in heterocvelic elements. For the treatment of a coal liquid sample, the coal
asphaltene conient was reduced (o 58 % within 30 min of sonication while the oil and resin content
increased 10 42 % (Sadeghi et al., 1994).

The characterisation of coal and coal war pitches. performed by studying fractions extracted with organic
solvents, is hindered by the insolubility of coal (Guillén et al.. 1991; Manurro et al., 1990). Gullén and
co-workers studied 27 orgamic solvents to determine which was the most effective for the ultrasonic
extraction of coal tar pitches (Guillén et al.. 1991). Solvent extraction was performed a1 25 °C for 2 h in an
ultrasonic bath. Yields were more reproducible for solvents with a high density and low viscosity. Solvents
such as carbon disulphide, pyridine. 1-methyl-2-pyrrolidinone, tetrahydrofuran, quinoline and nitrobenzene
were the most effective in the extraction of six coal tar pitches (Guillén et al.. 1991). Marturro and
co-workers extracted coal with tetra-z-butylammonium hydroxide during sonication in a solvent mixture

containing pyridine and methanol (Matturro et al., 1990). The sonication of an Hlinois No. 6 coal for 3 h at
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34 °C with an ultrasonic horn (frequency, 23 kHz; intensity. 85 W cm’?) produced an extraction vield of
77 %, the yield for the stirred control was 27 % (Matturro et al., 19%0).

Ultrasound can also be used 1o delermine the concentration of coal extracts (Krzesinska and Pajak, 1988).
The ultrasonic velocity in a tetrahydrofuran solution was found to be linearly dependent upon the
concentration of coal in solution. Such a system would first have to be calibrated by measuring the
ultrasonic velocity in solutions of known concentration for the specific coal to be monitored (Krzesinska and
Pajak, 1988).

2.4.4.5 Membrane processes

Lenart and Ausldnder investigated the effect of ultrasound on the diffusion of chloride compounds (sodium,
potassium and calcium chloride) throngh cellophane membranes (Lenart and Austinder, 1980). Ultrasound
enhanced diffusion but the increase in the amount diffused was determined by the direction of diffusion
flow. The greatest increase occurred when the ultrasonic field and diffusion flow where in the same
direction. A lower increase occurred when the ultrasonic field was acting at 90° o the diffusion flow and
the smallest increase occurred when the ultrasonic field and diffusion flow where acting in opposite
directions (Lenart and Auslander, 1980). The ultrasonic-enhanced diffusion was anributed to the acoustic
microcurrents that increased the velocity of the particles in solution (Lenart and Auslinder. 1980).
Howkins investigated the application of uitrasound 10 enhance dialysis in artificial kidney machines
(Howkins. 1969). The enhanced rate of dialysis was attributed to the efficient stisting of fluid layers near
the membrane surface (Howkins, 1969). Ultrasound also reduces the diffusion boundary layer and may
increase the diffusion coefficient (Floros and Liang, 1994).

Wakeman and Tarleton investigated the effects of ultrasound on crossflow microfilration (Wakeman and
Tarleton. 1991). Crossflow filtration ts used for slurrv dewatering. Fouling of the membrane occurs if the
shear rates genmerated by the crossflow velocities are not sufficiently high to prevent cake formation
(Wakeman and Tarleton. 1991). Ultrasound reduced membrane fouling and increased the fltrate flux.
Membrane fouling was further reduced and filtrate flux increased when ultrasound was used in conjunction
with an electric field It was concluded that lower crossflow velocities could be used when filtration is

assisted by electric and ultrasonic fields (Wakeman and Tarleton. 1991).

2.5 SONOCHEMICAL EQUIPMENT

Sonochemical experiments are performed in equipmem such as ultrasonic baths, horns and reaciors.
Equipment suitable for routine experiments only became available in the 1950's (Bremner, 1986).

Early ultrasonic research indicated that experimental conditions had to be carefullv controlled to ensure
reproducible resuits. Weissler and co-workers found that the tightness of clamping of a test-tube above an
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ultrasonic transducer affecied the reaction yicld of potassium iodide and carbon tetrachloride in the test-tube
by 10 % (Weissler et al., 1950). Jennings and Townsend found that the deviation in reaction yield of
carbon tetrachloride and chloroform ir aqueous solution in an inent atmosphere was as large as 30 %
(Jennuings and Townsend, 1961). The large deviation in results was due to the ultrasonic equipment rather
than the analysis procedure. Three possible sources of error were suggested: the ultrasonic intensity in the
reaction solution would change unless the coupling of the transducer to the reaction vessel was identical for
all experiments, the electrical output of the high frequency generator was not constant and thus caused
variatons in the ultrasonic intensity; and the amount of gas dissolved in the liquid at the start of reaction
could be different for different experiments (Jennings and Townsend, 1961]).

Recenl literature also indicates the importance of careful control of experimental conditons in ultrasonic
experiments. For example, a reaction vessel in an ultrasonic bath has to be placed in the exact position in
the bath 10 ensure consistent and reproducible results (Goodwin, 1990). The range of parameters that have
o be controlled in ultrasonic experiments lead to the results being specific to the particular piece of
equipment and experimental setup (Mason. 1991).

Transducers used for ultrasonic equipment are described in Section 2.5.1. Ultrasonic equipment is reviewed
in the following sections, ultrasonic baths in Section 2.5.2, ultrasonic horns in Sectionr 2.5.3 and ultrasonic

reactors in Section 2.5.4. Reactor modelling and equipment scale-up recommendations are reviewed in
Section 2.5.5,

2.5.1 Transducers

Piezoelectric and magnelostrictive transducers are used in ultrasonic equipment; piezoelectric transducers

are reviewed in Section 2.5.1.1 and magnetostrictive transducers in Section 2.5.1.2.

2.5.1.1 Piezoelectric transducers

Matenials used as piezoelectric transducers undergo 2 change in dimension when an electrical potential 3s
applied across the surface (Paype, 1994). Examples of such materials are quarz and ceramics such as
barium titanate and lead zirconate titanate (a solid solution of lead zirconate and lead fitanate). Lead
zirconate titanate is the most commonly used materia} in piezoelectric transducers (Pavne, 1594). The
frequency at which a transducer operates is delermined by the width of the piezoelectric material. typically,
two or four layers of the material are used in a transdncer. The piezoelectlic material s prepolarised and
bolted between two metal blocks for protection, prevention of overheating and to improve the coupling of
the ultrasonic vibrations to the liquid (Crawford, 1963; Mason, 1991; Payne. 1993).

Piezoelectric transducers are relatively small and inexpensive. Damage can be caused by impact. operation
at temperatures above 150 10 200 °C or if operated without liquid (Hunicke. 1990). Generally. piezoelectric
transducers are not suitable for industrial equipment if continuous usage at high temperatures is required
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since the polar orientation of the ceramic material changes gradually over time (Mason, 1991). These
transducers have a relatively high gain but operate efficiently over a narrow band width. The narrow band
width makes it difficult 10 operate a number of transducers in synchronism as required in large industrial
applications (Hunicke, 1590).

Piezoelectric transducers have a potential efficiency of 98 % and cap handle power transfers in the region of
500 to 1 000 W when used in continuous operation, the maximum amplitude of vibration at the radiating
face of a transducer is between 15 and 20 pm for a frequency of 20 kHz (Perkins, 1990). Most ultrasonic
baths and borns contain piezoelectric transducers (Mason, 1991).

2.5.1.2 Magnetostrictive trangducers

A magnetostrictive transducer is based on the changes in dimension induced in a ferromagnetic material by
an aliernating magnetic field, such a transducer consists of a ferromagnetic rod or bar within a solenoid
(Crawford, 1963; Masoun, 1991). Nickel or a nickel alloy rod are used most commonly in magnetostrictive
transducers. Such transducers are bigger and more expensive than piezoelectric transducers; operation over
a larger temperature range (easily withstanding temperatures up to 180 °C) is also possible (Hunicke, 1990).
A magnetostrictive transducer is resistant 10 mechanical damage because the nickel core is sitver-brazed to
a stainless steel plate to coaple the vltrasonic vibradons to the liquid (Mason, 1991). No damage is caused
to the transducer if operated without liquid (Hunicke, 1990). Since magnetostrictive transducers have no
mode for degrading or failing, they are not only robust but are also suited for long-term continuous
operation. Various large commercial systems have been recorded as operating successfully for over twenry
years (Hunicke. 1990). Magnetostrictive transducers have a relatively low gain which can be an advantage
in commercial applications requiring more than one transducer since all transducers will operate close to
peak performance (Hunicke, 1990).

2.5.2 Ultrasonic baths

An ultrasonic bath or cleaper is the most readilv available and inexpensive source of ultrasound for
sonochemical experiments. An ultrasonic bath consists of a stainless steel tank of rectanguiar cross-section
with transducers bonded externally to the base. The transducers are nsually piezoelectric transducers and
operate with an intensity of between 1 and 5 W cm™ and within a frequency range of between 20 and
40 kHz (Goodwin, 1990). Intensity is defined as the ratio of the electrical power into a transducer to the
radiating surface area of the transducer (Perkins, 1990). The intensity and frequency of an ulirasonic bath
depends on the type and number of transducers the bath comtains: operating power also varies between
ultrasonic baths produced by different manufacturers (Goodwin, 1990). Experimental resulis are thus
characteristic to a particular model of ultrasonic bath. The volume of ultrasonic baths vary between 1.5 to
approximatelv 50 000 L (Mason, 1991). Uluasound is ransmitted through a liquid medium. usually water,

lo a reaction vesse] containing the reaction solution, as shown in Figure 2.9.
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Figure 2.9 : Schematic diagram of an ultrasonic bath (Goodwin, 1990)

ransducers

Ultrasound is atenuvated at the water/glass interface of a reaction vessel. The decreased intensity within a
reaction vessel may be below the cavitation threshold and cavitation will not occur (Goodwin, 1990). The
amoum of energy available in a reaction solution is also dependent on the size and shape of the reaction
vessel (Mason and Berlan, 1992). Mason and Berlan defined the sonochemical yield as the ratio of a
measured effect to the ultrasonic power entering the reaction vesse] (Mason and Berlan, 1992). The
sonochemical vield was calculated using iodine liberation as a model reaction. The amount of iodine
liberated from a 4 % potassium iodide solution (containing 10 % carbon tetrachloride) was measured for a
5 min sonication period; the ultrasonic powes entering the reaction vessel was determined by calorimetry.
The sonochemical yields for reaction solutions (volume, 55 and 110 mL) in a 250 mL conical flask, a
100 mL conical flask and 2 100 mL round bottomed flask are listed in Table 2.4.

Table 2.4 : Effect of reaction solution volume and size and shape of reaction vessel on sonochemical
yield (Mason and Berlan, 1992)

Reaction vessel Sonochemical vield

(mg of 12 per W of ulirasonic power)

55 mL reaction solution 110 mL reaction solution

100 mL round-bortomed flask 0,01 0.00
100 mL conical flask 0.02 0,02
250 mL conical flask 0,10 0.01

As shown in Table 2.4, the sonochemical vield was the highest for a 55 mL reaction solution in a 250 mL
conical flask. The larger flat base area of the 250 mL conical flask allowed for a greater transfer of energy
(Mason and Berlan. 1992). Pugin also measured a greater ultrasonic intensity in a reaction vessel with a
flal base, a 100 mL conical flask, than a round base, a 100 mL round-bortomed flask (Pugin, 1987). Less

energy is lost through atienuation a1 a flat water/glass interface than at a rounded interface.
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A non-uniform ultrasonic field is produced within the water in an ultrasonic bath, wlrasonic intensity varies
with distance from a transducer (Goodwin., 1990). Maximurm intensity occurs vertcally at levels equal to
multiples of the half-wavelength of sound in water (Niemczewsld, 1980; Pugin, 1987); and horizontally
directly above a transducer if an ultrasonic bath is fined with a single transducer or midway between two
transducers (Pugin, 1987). A reaction vessel has thus 10 be placed in the identical position ip an ultrasonic
bath for consistent and reproducible results 10 be obtained (Goodwin, 1990).

The ultrasonic power available for reaction enhancement is lower than the electrical power consumed by an
ultrasonic device because energy is lost as heat or sound in the conversion of electrical to ultrasonic energy

(Manrtin, 1992). The steps in the conversion of energy from electrical power to sopochemical benefit are
presented in Figure 2.10.

electrical power supply

{

ultrasonic generator

{

transducers

!

coupling structure

]

ulrasonic field

—

cavilaton field

]

contacting patiern

?

sonochemical benefit

Figure 2.10 : Energy conversion steps in industrial sonochemistry (Martin, 1992)

The temperature of the water in an ultrasonic bath increases during sonication (Niemczewski, 1980). A
calorimetric method can thus be used 10 measure the power of an ultrasonic bath: calorimetry is based on
the transformation of an ultrasonic wave absorbed in water into thermal energy (Goswami et ai.. 1988).

The solution temperature in a reaction vessel in an ultrasonic bath is slightly higher than that of the

ultrasonic bath water. temperature measurements for experiments monitoring the effect of temperature on a
reaction must thus be taken within the reaction vessel (Goodwin, 1990).
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2.5.3 Ultrasonic horns

Disadvantages of an ultrasonic bath, such as the low operating intensity and lack of control of energy input
into a chemical reaction, are overcome with the use of an ultrasonic horn (Mason, 1991). The efficiency of
energy transfer is increased with an ultrasonic horn because the horn is inserted directly into the reaction
solution. Higher intensities (above 100 W cm™) are produced by ultrasonic horns. Reproducible operating
conditions are obtained since the power inpnt of an ultrasonic born is controllable. Ultrasonic horns are
more expensive than ultrasonsc baths (Goodwin, 1990; Mason, 1991).

An ultrasonic horn system (shown in Figure 2.11) consists of a generator, transducer, upper fixed horn
element, detachable horn and replaceable tip (Mason, 1991). The generator supplies the transducer (a
piczoelectric transducer) with alternating electrical frequency (approximately 20 kHz). The low vibraiory
motion of the transducer (between ! and 10 um) is magnified by the upper fixed hom element and the
detachable horn such that the homn tip vibrates with a peak-to-peak displacement of between 10 and 50 pm
(Goodwin. 1990). The upper fixed horn element 15 attached to the transducer and is of such a length that
the end face vibrales with maximum amplitude. The detachable horn, connected to the upper fixed horn.
transfers the ultrasonic energy directly into the reaction vessel. Some ultrasonic horn systems include a

replaceable horn tip so that the detachable horm does mot have to be replaced when the tip of the hom
becores eroded (Goodwin, 1990).

transducer
housing

~

uppert fixed
hom element ~——
nlirasonic
/ horo
replacesble
horn tip reaclion

/mjmu-e

Figure 2.13 : Schematic diagram of an ultrasonic horn system (Goodwin, 1990)

The magnification of the vibratory motion of a transducer 1o a reaction solution is dependent on the Jength

and shape of a horn. For maximum magnification. the length of a horn should be a half wavelength (or a
multiple thereof) of the sound in the material from which the horn is manufactured (Mason, 1991). The
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following shapes (shown in Figure 2.12) are the most common designs of ultrasonic borms (Mason, 1991;
Perkins, 1990).

linear exponential stepped
Figure 2.12 : Ultrasonic horn shapes (Perkins, 1990)

»  The uniform cylinder acts as an extension of the working end of the transducer and does not change
the amplitude of vibration.

*  The linear taper or cone is simple to manufacture but potential magnification (the ratio of the upper
to lower diameler) is limited to approximately 4-fold.

*  The exponential taper produces a higher magnification than the linear taper because of the smaller
up diameter (magnification is also calculated from the ratio of the upper to lower diameter). This
design is more difficult 10 manufacture. The narrow lengih and small tp arca makes this type of
horn suitable for the sonication of small samples.

*  The amplitude magnification of a stepped horm is calculaled from the square of the ratio of the
upper (o lower diameter and can be as high as 16-fold.

Ultrasonic horns are manufactured from materials that have a low acoustc loss, a high dynamic fatigue
strength. are resistant 10 cavitation erosion and are chemically inert (Perkins, 1990). Titanium alloy is the
most suitable matenal; other materials such as aluminium, aluminium bronze and stainless steel can also be

used but the amplitude of vibration is dampened (Perkins, 1990).

Disadvantages of an ultrasonic horn system are that the erosion of the horn tip may contaminate the
reaction solution and that a small zone of intense nltrasonic activity is created at the tip of the horn
(Goodwin. 1990). Pugin used the chemical reaction of 1-bromopentane with lithium wire in
tetrahydrofuran solunon 1o show the reduction of ulirasonic intensity with increasing distance from the tip
of an ultrasonic horn (Pugin. 1987). It was found that the rate of decrease in 1-bromopentane concentration
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at 50 % oonversion for a distance of 5 mm between the tp of the horn and the lithium wire was 2,70 % per
min and for a distance of 15 mm was 0,85 % per min. It was concluded thal the zone of high ultrasonic
activity was relatively small and that onlv marginal wirasonic activity occurred in the surrounding liquid
(Pugin, 1987). The formation of a small zone of intense ultrasonic activity at the tip of a horn indicates that
an ultrasonic horn is most suited to a flow system, as shown in Figure 2.13, where the reaction solution is
pumped through a flow cell fitted 10 the horn (Goodwin, 1990).

solution
wlet

ASMANNRARLEARNRANNAANNNY
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Figure 2.13 : Schematic diagram of a flow cell fitted to an ultrasonic horn (Goodwin, 1990)

For an ultrasonic horn system, parameters such as frequency and ultrasonic power must be known 1o ensure
that daily working conditions are consistent, results are reproducible and are based on some absolute values
10 allow for comparison and scale-up for industrial systems (Perkins, 1990). The frequency of an ultrasonic
homn is provided by the manufacturer, this value can be used for comparison since a 5 10 10 % change in
frequency does not significantly affect experimenta) results (Perkins, 1990). The rated electrical power of
an ultrasonic horn system does not give an indication of the ultrasonic power because of the
power-by-demand characteristic of many unltrasonic systems. The ultrasonic power drawn in a particular
experiment will depend on the load placed on the horn (which is determined by the magnification of the
horn) and the depth of the horn immersed in the reaction solution (Perkins, 1990). Ultrasonic power can be
determined by the following three methods (Perkins, 1990).

¢ Ultasonic power can be calculated from calorimetry by recording the inmitial increase in
temperature during sonication.
*  The measurement of the vibrational amplitude a1 the tp of the horn (which is proportional to the

ultrasonic power) will indicate anv changes in the transmission of power.
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¢  Ultrasonic power can be calculated if the overall ultrasonic transfer efficiency of the transducer is
known and the real electrical power to the transducer is measured,

The temperature of a solutiop sonicated with an ultrasonic horn increases during sonication and must be
controlled by circulating cooling water around the reaction vessel (Pugin, 1987). In expenments
monitoring the effect of temperature on a reaction, the temperature within the reaction vesse] should be
recorded since it may be more thae 10 C° higher than the surrounding cooling water (Pugin, 1987).

The performance of ultrasonic baths and horns have been compared by various researchers. The resuits are
specific (o the ultrasonic equipment and the model reactions used, however, an indication is oblained of the
greater effectiveness with which ultrasonic horns operate (Mason and Berlan, 1992). Mason and Berlan
measured the amount of iodine liberated from a 4 % potassium iodide solution (containing 10 % carbon
tetrachloride) within a 5 min sonication period for an ultrasonic bath and horn (Mason and Berlan, 1992).
A Kerry Pulsatron 55 cleaning bath (frequency, 35 kHz) filled with water containing 5 % detergent was
used to sonicate a 55 mL reaction solution in a 250 mL conical flask; a Sonics and Materials VC600
ultrasonic horn system (frequency, 20 kHz) was used to sonicate a 27,5 mL reaction solution (horn tip
diameter. 12 mm). The sonochemical yield was 100 ng of iodine per W for the ultrasonic bath and 350 ng
of iodine per W for the ultrasonic horn (Mason and Berlan, 1992). Pugin compared the performance of an
ultrasopic bath (Laborette 17; frequency, 35 kHz) and ultrasonic hom (Branson B30 Soauifier;
frequency, 20 kHz) using the reaction of 1-bromopenlane with lithium wire in tetrahydrofuran solution as a
model reaction (Pugin, 1987). The rate of decrease in 1-bromopentane concentration, at 50 % coaversion.
was 1,90 % per min for the ultrasonic bath and 2,70 % per min for the ultrasonic¢ horn (Pugin, 1987).

Ratoarigoro and co-workers compared the performance of an ultrasonic bath (Branson 2200E: frequency.
47 kHz) and ultrasonic horn (Sonics and Materials; frequency, 20 kHz) a1 constant power per unil volume
(1.3 Wem™) using the Micha#l addition reaction of ethvl malonate to chalcone in toluene under solid-liquid
phase transfer conditions (Ratoarinoro et al., 1992). The reaction vield was 77 % for the ultrasonic bath
and 98 % for the ultrasonic horn (Ratoarinoro et al.. 1992). [t was concluded that an ultrasonic horn was a

raore effective emitter of ultrasonic energy than an ultrasonic bath (Ratoarinoro el al,. 1992).

2.5.4 Ultrasonic reactors

Industrial applications of ultrasound, because of the chemical and physical effects of ultrasonic cavitaton,
have the potential to be operaled with cheaper reagants, shorier reaction cycles and less extreme physical
conditions. possibly leading to less expensive and smaller planis (Martin and Ward. 1992).

An ultrasonic reactor is possibly not required if reaction enhancement is due to the physical effects of
ultrasound. rather. a slurry could be pretreated with ultrasound before the reaction take place within a
conventional reactor. Reaction enhancement due to the chemical effects of ultrasound will require the
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design and development of an ultrasonic reactor simce the presence of ultrasound affects tbe reaction
chemistry (Mason, 1992).

Difficulties associated with the scale-up of sonochemical processes are the estimation of ultrasonic energy
required to perform a particular chemical trancformation and the method by which this amount of energy is
to be transferred (0 a large-scale process (Mason and Berlan, 1992). Laboratory equipment such as an
ultrasonic bath or hom are not suitable for direct scale-up of a sonochemical process (Martin and
Ward, 1992). The transmitted intensity within an ultrasonic bath is too low and the ultrasonic field is
non-uniform and would be localised in the vicinity of the reactor walls, Significant beating of the reaction
solution would take place because of the large pumber of transducers required for such a reactor. The
mounting of the transducers to the reactor walls may also be a problem since conventional reactors are often
construcied with an ownter layer of insulating material or a water jacket, these would have 1o be modified or
removed to allow for the transducers to be mounted to the inner walls (Goodwin, 1990). An itmmersible
bank of transducers offers greater flexibility than permanently-mounted transducers but a non-uniform
ultrasonic field is produced and problems could be experienced with erosion of the metallic transducer cover
and sealing of transducers and electrical cables from chemical reagants thar may be corrosive or highly
inflammable (Goodwin, 1990). An uitrasonic horn generates a small zone of high intensity near the tip of
the horn, a multiple array of ultrasonic horns would be required for the sormication of a large volume of
solution.  Other problems associated with an witrasonic born would be the erosion of the horn tip and the
shielding of transducers and associated electrical supply from the reaction solution (Goodwin, 1990).

The range of ultrasound penetration in liquids is limited becanse intensity decreases with distance from the
radiating surface; the presence of solid particles and cavitatdon bubbles canse further artenuadon of the
sound waves. Cavitation thus only occurs within a distance of a few tens of centimetres from the radiating
source (Mariin and Ward, 1992). The limited range of cavitation indicates that the design of large-scale
ultrasonic equipment should rather be based on a flow system in which a small volume, of limited diameter,
is somicated and the reaction solution be pumped through this sonicated zone (Marin and Ward, 1992:
Mason. 1992). An ultrasonic reactor, based on a flow system. generally consists of a flow loop outside a
conventional baich reactor that acts as a reservoir or holding tank, as shown in Figure 2.14, or it can be
configured as a cvlindrical tube reactor that is included in an existing pipe petwork of a process (Martin and
Ward, 1992; Mason, 1992).
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Figure 2.14 : Ultrasonic reactor for use in batch, semi-batch or continnous-flow operation
(Martin and Ward, 1992)

The flow system shown in Figure 2.14 can be uwsed for batch, semi-baich or continuous-flow operation
(Manin and Ward. 1992). Advantages of such a system are the easv control of residence time in the
sonicated zone (by controlling the solution flow rate), simplicity of retrofit to comventional reactors and less
uncertainty about scale-up sinoe the same type of ultrasonic module is used in a pilot-plant and large-scale
reactor (Martin and Ward, 1992). Temperature is controlled by heat exchange in the circalating reaction
solution (Mason, 1992). Scale-up may be made more favourable if the limiting reagent of a reaction is
retained in the sonicated zone or if the reagants exhibit a memory effect and remain activated afler passing
through the sonicated zone (Martin and Ward, 1992). The following issues have (0 be considered in the
design of an ultrasonic module for a flow system as shown in Figure 2.14 (Martin, 1992).

*  method of mounting transducers to a circular duct,

*  coupling of ransducers to the liquid load,

¢ controlltng the interaction through the hardware and in the reaction solution between multiple
transducers,

*  ensunng reasonable transducer life, and

*  providing for the selective removal of transducers for maintenance.

Various designs of ultrasonic reactors are commercially available. The Harwell sonochemical reactor was
designed at the Hanwvell laboratory of the Atomic Energy Authority in the United Kingdom (Grinthal and
Ondrey. 1992). This reactor consists of a pumped loop as shown in Figure 2.14: the volume of the
sonucated zone is 4 L The ulasonic module, shown in Figure 2.15. consists of three transducers set
around a cylindrical duct. 13 cm in diameter and 30 ¢m long (Martin, 1992; Martin and Ward, 1992).
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Figure 2.15 : Ultrasonic module of the Harnvell sonochemical reactor (Martin, 1992)

The transducers operate with a frequency of 20 kHz and a combined power rating of 1 500 W. Each
transducer can be removed separately for maintenance; transducers are coupled to the reaction medium
tuough a buffer fluid with a high cavitalion threshold (Martin and Ward, 1992). The ultrasonic medule
can be incorporated in a flow system to handle flow rates up to 230 L h”' (Pandit and Moholkar, 1996). The
Harwell sonochemical reactor has been used 1o achieve a 50-fold increase in the rate of formation of
1-phenyl-1-bntanol from the reaction of r-bromopropane and benzaldehyde (catalysed by lithium in
tetrabydrofuran solution) and a 5 to 10-fold increase in the rate of formaton of methanol and sodiurm
benzoate from the hydrolysis of methyl benzoate (Grinthal and Ondrey, 1992; Martin and Ward, 1992).

The Harwell sonochemical reactor has also been used in crystallisation to improve crystal purity
(Martin, 1993).

Ultrasonic tube reactors are not only circular in dimension; hexagonal and pentagonal shaped pipes altow
for easier attachment of (ransducers to a planar wall rather than a curved surface (Mason, 1992). Different

cross sections of ultrasonic tube reactors are shown in Figure 2,16 (Mason, 1992).

-— transducers

pentagonal hexagonal circular

Figure 2.16 : Cross sections of ultrasonic tube reactors (Mason, 1992)
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A tube reactor can be retrofitted in an existing pipe network if the length of the reactor is designed so that a
null point exists at each end (Mason, 1992). Tube reactors are able to handle high flow rates and can be
used for the treatment of viscous materials. The pentagopal pipe designed by Branson Ultrasonics
(Danbury, Connecticut, USA) provides a fairly uniform low-power ultrasonic field, the energy irradiated
from each tube wall is reflected at an angle by the two opposite tmbe walls (Mason, 1992). The hexagonal
pipe designed by Sonic Services (Paris, France) provides a high power focus in the centre of the tube, this is
where the direct energy irradiated from each tube wall meets the reflected energy from the opposite wall
(Mason, 1992).

A cylindrical tube reactor also provides a focus of energy in the centre of the tube (Mason, 1992).
Cylindrical tube reactors have been designed by a number of research groups and manufacturers. The
resonating pipe designed by Battelle (Columbus, Ohio, USA) is 15,3 ¢ in diameter, operates at a frequency
of 25 kHz and has been used for the degassing of ouls (Mason, 1992). The cylindrical reactor designed at
the University of Milan (ftaly) has a central pipe that carries oooling liquid, as shown tr Figure 2.17. The
ultrasonic energy field is made more uniform by the coaxial reflection of the sound waves by the cooling
pipe. The reactor volume is the annular space between the resorating pipe walls and the cooling core
(Mason, 1992; Pandit and Moholkar, 1996),

reaction zone
may contam
solid reagent/catalyst

Figure 2.17 : Schematic diagram of the cylindrical reactor (with core cooling) designed at the
University of Milan (Masen, 1992)

The Sonirube reactor designed by Sodeva (Bonnesur-Menoge, France) consists of a transducer system
coupled directly to an annuliar collar that acts as a cylindrical resonaror, as shown in Figure 2.18. The
radial collar is screw-fitted to a stainless steel pipe of specific length such that a null point exists at each
end. This allows for the inclusion of the reactor in an existing pipe network without causing vibration of

the pipe work. A Sonitube with an operating length of 1,2 m and internal tube diameter of 42 mm was
driven at 2 kW with an 80 % efficiency (Mason, 1992).
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Figure 2.18 : Schematic diagram of a Sodeva Sonitube (Mason, 1992)

Ultrasonic flow systems are not only designed as tube reactors. The Nearfield acoustic processor designed
by the Lewis Corporation (Oxford, Connecticut, USA) consists of two sonicated metal plates that operate at
different frequencies; the reaction solution flows between the plales (Mason and Berlan, 1992). The
vltrasonic iniensity in the solution between the plates (operating at frequencies of 16 and 20 kHz) is greater
than the sum of singje plate inensities. The Nearfield acoustic processor, shown in Figare 2.19, is driven
by magnetostricive transducers and can be used to sonicate high flow rates of material (Berlan and
Mason, 1992; Mason and Berlan, 1992).

20 kHz transducers

| e
sairiss sl — ]
s

solution
flow

R
\l6kHZh'aJ:lsduoers

Figure 2.19 : Schematic diagram of a Nearfield acoustic processor (Mason, 1992)

The Nearfield acoustic processor has been used to degrade Jow concentrations of water pollutants such as
p-nitrophenol, benzepe and toluene (Hua et al, 1995a; Thoma et al, 1998). The degradation of
p-nitrophenol increased proportionally with increasing power-to-volume ratio over the range of 0,98 to
7.27 W cm™.  Degradation was greatest when a 4:1 (v/v) mixture of argon and oxygen gas was bubbled
through the solution. A comparison of the energy efficiency of an Nearfield acoustic processor and an
ultrasonic hom system (Sonics and Materials VCX-400; power, 130 W; sample volume, 25 mL) indicated
that the G-value, defined as the number of molecules degraded per unit of energy input into the system, was

64 x 10" and 2,3 x 10" molecules kI, respectively (Hua et al., 1995a). The investigation of effluent
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coniaining benzene and toluene concluded that for scale-up, ultrasound would be most effective as a
pretreatment for relatively high target concentrations rather than as a polishing stage to meet effluent
guidelines (Thoma et al., 1998).

The Lewis Corporation have also produced an ultrasonic vibrating tray (Mason, 1992). The vibrating tray
was originally designed for the processing of coal and metal ores at flow rates of up to 20 ton h”. The
vibrating tray could be used for the ultrasonic pretreatment of reaction shurries (Mason, 1992).

The ultrasonic push-pull system designed by Martin-Walter (Straubenhardt, Germany) consists of 2
cylindrical bar of titanium, cut to a length equal to a multple of half-wavelengths of sound, with opposing
piezoelectric transducers bonded 10 each end (Mason, 1992). The combined oscillations of the transducers
(connecied electrically throngh a central hole in the cylinder) sets up a concertina effect down the length of
the cylinder. The push-pull system c¢an be easily retrofitted co-axially in the centre of an existing pipe
network. However, this system is susceptible to erosion and there is a lack of information relating to
scale-up and industrial implementation (Masorn, 1992; Pandit and Moholkar, 1996).

The 250 mL ortho reactor designed by Undatim Ultrasonics S.A. (Louvain la Neuve, Belgium) has two
transducers (with frequencies of 20 kHz and 1,7 MHz) operating at right angles 10 each other (Grinthal and
Ondrey, 1992). The interaction between the two ultrasonic fields is not completely understood, however,
the different frequencies ensure efficient mass transfer and sonochemical reactions occur during sonication
(Grinthal and Ondrey, 1992).

The Branson sonochemical reactor consists of 2 200 mlL module with a pair of 20 kHz horn-type sonicators
mounted on either side of a pipe containing the reaction solution (Pandit and Moholkar, 1996). Each
sonicator operates with a power rating of 1 800 W; the vltrasonic energy from the transducers is coupled to
the pipe by means of a coupling fluid The modules may be connected together for continuous-flow

operation. This system is susceptible to erosion of the horn tps (Pandit and Moholkar, 1996).

The liquid whistle reactor designed by Dawe Ultrasonics (Hayes, UK) is one of the oldest commercial
ultrasonic devices (Mason, 1992). The liquid whistle. shown in Figure 2.20, operates in a similar way as a
gas whisue; cavitation occurs in a liquid as i1 passes across a vibrating blade. The vibrations are caused by
the high flow rate of the liquid The liquid whistle provides efficient mixing, homogenisation and
dispersion in a flow system. Scale-up is easily achieved since a pump and blade are the onlv moving parts
in the system. Erosion of the vibrating blade may be caused by particulate matier in the reacton solution
(Mason, 1992; Pandit and Moholkar, 1996).
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Fignre 2.20 : Schematic disgram of an ulirasonic liquid whistle (Mason, 1992)

2.5.5 Equipment design and reactor modelling

Cavitation chemistry and thus the design of ultrasonic equipment is influenced by a vanety of parameters
that should be optimised for the sonication of a chemical process. Some examples of such parameters are
listed in Table 2.5 (Berlan and Mason, 1992; Mason, 1992; Shah et al., 1999¢; Thompson and Doraiswamy,

1999).

Table 2.5 : Parameters that affect cavitation (Mason, 1992)

Parameter Examples

reaction medium viscosity
Vapour pressure

presence of solid parlicles

reaction condifions pressure

temperarure

presence of dissolved gas
type of ultrasonic system power

frequency

size and geomelry of chemical reactor

Ultrasonic effects are determined primarily by the amount of acoustic power delivered to a system. Power.

for comparison between different experimental setups, is reported in literature as intensity. either, in terms

of the surface radiating area of the ultrasonic source or the volume of liquid somicated Methods of

reporang ultrasonic intensity (also referred to as power demsity) are summarised in Table 2.6. Perkins
defined intensity as the electrical power supplied to the transducer divided by the radiating surface area of

the ultrasonic horn (Perkins, 19%0).



Chapter 2 ULTRASOUND 267

Table 2.6 : Metbods of reporting witrasonic intensity (Perkins, 1990)

Units Calculation
area-dependant quantiry W em?2 acoustic power divided by the radiating surface area
of the ultrasonic source
volume-dependant quantity W cm™ acoustic power divided by the volume of the liquid
being sonicated

Ultrasonic effects increase with increasing intensity, the rate of degradation of chloral hydrate increased
linearly with increasing intensity from 0 to 1,5 W cm? (Sakai et al., 1977). The raie constant for the Fricke
dosimeter (conversion of Fe™ to Fe*) increased linearly with increasing intensity from 5 to 30 W cm’
(Price and Lenz, 1993). Acoustic power cannot, however, be increased indefinitely. The cavities formed by
the sound waves become to big to implode within a single rarefaction stage and the formation of a large
number of bubbles at the sarface of the ultrasonic source act as a shield that diffuses and disperses the
acoustic energy (Mason, 1990; Pestman el al.. 1994). Sehgal and Wang found that the sonochemical
reaction of thymine (15 mL reaction sample; 12,6 mg L soluton) reached a2 maximum at an intensity of
3,5 W cm™ and decreased at higher intensities (Sehpal and Wang, 1981). Henglein and Gutiérrez found
that the vield of iodide oxidation also reached a maximum and decreased at higher acoustic powers, the

power at which the vield was a maximum increased as the reaction volume increased from 5 to 40 mL
(Henglein and Gutiérrez, 1993).

Acoustic power can be measured calorimetrically or from the difference in electrical power consumed by a
transducer when the ultrasonic homn is loaded and without load The calorimetwric method to calculate
acoustic power is based on the measuremeni of the rate of temperature increase in a system, (aking into
account its thermal capacity (Delchar and Melvin, 1994; Perkins, 1990), Calorimetry was used to calcuate
acoustic power in an investigation of the degradation of benzene and styrene (de Visscher et al.. 1996): in
the degradation of thymine (Mead et al.. 1973): in a sonochemical investigation of aqueous methanol
(Rassokbin et al.. 1993) and in an investigation of the formation of hydrogen peroxide under an argon
atmosphere (Rassokhip et al.. 1994). Calorimetry has been nsed 10 measure a range of intensities, from
1,06 W cm? in the investigation of pentachlorophenate degradation (Pétrier et al., 1992) 10 37,6 W em?in
the polymerisation of methyl methacrviate (Price et al.,, 1991). Acoustic power was measured using the
difference in electrical power method during an investigation of the chemical and physical effecis of
ultrasound (Contammuine et al.. 1994; Ratoarinoro et al.. 1995).

The effect of frequency on sonochemical reactions is determined by two opposing phenomena. The
compression and rarefaction cycles of ultrasonic waves are shortened as frequency increases. this leads to a

reduction in size of cavitation bubbles and hence a lower cavitaton intensity and radical formation. The



Chapter 2 ULTRASOUND 268

smaller bubbles, however, lead to a greater number of radicals escaping from the bubbles and reacting with
solutes in the water (Mason, 1993; Pétrier et al., 1992; Pétrier and Francony, 1997). Pémer and co-workers
investigated the effect of frequency (20; 200; 500 and 800 kHz) on the imtal rate of sonochemical
degradation of a 94 mg L™ pbenol solurion, the rate of degradation was greatest at 200 kHz and decreased
in the order for 500, 800 and 20 kHz (Pémier and Francony, 1997). The rate of sonochemical degradation
of chloral hydrate in agueous solution was 1,8 times greater a1 2 frequency of 400 kHz than at 29 kHz
(Sakai et al., 1977). Intensity and emission spectrta of sonoluminescence are also dependant upon frequency
(Mason, 1993; Sehgal et al, 1980a). Didenko and oco-workers found that sonoluminescence intensity was
greatest at a frequency of 337 kHz and decreased at frequencies of 1 100 and 22 kHz (Didenko et al., 1994).

The design of ultrasonic equuipment should allow for the option of sparging with a gas during sonication.
The investigation of the degradation of hydantoin compounds in an ultrasonic bath demonstrated that
oxygen concentration of an oxygen-saturated solution was reduced, within 3 h, 1o that of an unsaturated
solution due to the degassing pature of ultrasound (Schwikkard, 1995). Dissolved oxygen concentration is
an imporiant parameter to quantify and control in an ultrasonic system lo ensure optimal performance and
reproducible results.

Mason and Cordemans de Meulenaer made the following 10 recommendatons in the optimisation of an
ultrasonic process (Mason and Cordemans de Meulenaer, 1998):

»  Make cavitabion easier by the addition of solids or gas bubbles to act as nuclei.

¢ Try entraining different gases or mixtures of gases.

«  Try different solvents for different temperature ranges and cavitation energies.

= Optimise the power required for the reaction.

*  When using a solid-liquid system do not charpe all the components in the reactor al once.

*  If possible, ry to homogenise two-phase systems as much as possible.

*  Try different shapes (diameters and volumes) for the reactor.

¢ It can be better (but not always) to avoid standing wave conditions by performing sonochemical
reactions under high-power conditions with mechanical stirring.

*  Where possible. try to ransform a batch system into 2 continuous one.

¢ Cboosc conditions which allow comparisons between different sonochemical reactions.

The choice of a continuous or batch system is dependent on the ultrasonic system. Shah and co-workers

recommended the use of continuocus processes when a high throughpul is required and the use of batch
processes when (Shah et al., 1999d):

*  residence tiroe is relatively long

»  there is a need for more precise control of ingredients
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s  backmixing is not desirable
«  several different products are made in essentally the same setup
+  prodnction volume is relatively small and a contimious process is not economic.

A model for gas-liquid cavitation reactors must take into acoount the different mechanistic sub-processes
(Shah et al., 1999e). The sub-processes of ultrasonic cavitation are the formation of reactive tntermediates
and pyrolysis products due to the high temperatures and pressures in the collapsing cavities; the rate at
which the reaction products and other intermediates are released into the bulk solution; and the rate of heat
and mass transfer from the collapsed cavity info the bulk solution and the reactions between the transferred
intermediates and other species present in solution (Shah et al., 1999e).

Proper characterisation of the nature and distribution of gas cavities in a reaction vessel (size, number and
location) is important in a cavitation reactor model since the cavities are the imitiation sites of chemical
reactions (Shah et al., 199%). Formulation of mathematical models of the location and distribution of the
collapsing cavides is difficult due to the random nature of the process and the lack of knowledge about the
relationship between cavitation energy imparted to a reaction sohution and the size, number and distribution
of cavities generated from the cnergy. Process scale-up is thus usually done on a qualitative or empirical
basis (Shah et al., 199%¢).

Cavitation reactor models have been reported in literature (Gogate and Pandit, 2000; Prasad Naidu et al,,
1994; Shah et al., 1999d). Models start with the Rayleigh-Plesset equation for bubble dynamics
(equation 2.3) which is altcred to take into acoount different assumptions. Prasad Naidn and co-workers
derived a model to predict the number of free radicals generated during cavity collapse for use in a kinetic
model of the sonication of aqueous potassium iodide solutions (Prasad Naidu et al., 1994). The growth
phase and initial cavity collapse were assumed to be isothermal, cavity collapse become adiabatic once the
pressure of the gas within the cavity equalled the saturation vapour pressure of the liquid The model
predicted the rate of iodine liberation in potassium iodide solutions under an oxygen atmosphere but less so
under a ritrogen atmosphere (Prasad Naidu et al., 1994).

Gogate and Pandit solved the Rayleigh-Plesset equation numerically (assuming complete adiabatic cavity
collapse, with and without the assumption of liquid-phase incompressibility) to develop an empirical
correlation of the pressure generated during cavity collapse as a function of intensity, frequency and initial
nuclei size (Gogate and Pandit, 2000). The correlation is

Paoua;we — 114(Ro)—l‘88(1)—0,(7(/)0,l! I213]

where initial cavity size Rp is measured in mm, ultrasonic intensity / in W cm™, frequency /in kHz and the

generated pressure Poomape in atme. This correlation can be used in the design of sonochemical reactors to
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indicate the magnitude of pressure generaled during cavity collapse, irrespective, of the process for which
the reactor is being used (Gogate and Pandit, 2000). The sonochemical yield of a process is related to
pressure generated during cavity collapse according to equation 2.14

Sonochemical yield = K(P couapse)® [2.14]

where the constant K and exponent ¢ are determined by reactor geometry, operatng parameters and type of
reaction being performed. These sort of correlations can be used by engineers in the design procedures for
sonochemical processes where rigorous numerical solutions may not be feasible (Gogate and Pandit, 2000).

2.6 CONCLUDING REMARKS

Ultrasonic cavitation results in both chemical and physical effects. The chemical effects of vitrasound are
due to the free radicals formed because of the high temperatures and pressures in the collapsing gas cavities.
Radical reactions occur within the gas cavity, radical species and producits diffuse into the bulk solution and
reacl with solutes in the water. The presence of 2 gas influences the radical reactions occurring during
sonication. Thermal dissociation processes (pyrolysis reactions) dominate within the gas cavities whereas
reaction kinetics analogous o radiation chemistry occur in the bulk solution. The physical effects of
uloasound are due to shockwave formation and microyect formation during asymmetric cavity collapse.

The potential application of ulirasound in water treatment is indicated in literature. Ultrasound enhances
the biocidal activity of chlorine due to break-up and dispersion of bacteria clumps. Anacrobic digestion of
sewage sludge is accelerated and sludge dewatering is enhanced. Low intensity ultrasound also increases
the activity of activated sludge microorganisms. Various organic pollutants are degraded during sonication.
Ultrasound. however, is best used in conjunction with other technologies as a pretreatment step.

Parameters such as acoustic power, wltrasonic frequency and the dissofved concentration of a gas must be
quantified o characterise reaction conditions for comparadve and scale-up purposes. The direct scale-up
from ultrasonic baths and horns is not suitable for industrial applications. Larger-scale equipment such as
the Harwell sonochemical reactor and the Nearfield acousfic processor are based on a flow system in which
the reaction solution is pumped through a small sonicated zone. either being recirculated or on a
once-through basis.
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Advanced oxidation processes are defined as processes (such as ozone) that generate sufficient quantities of
bydroxyl radicals to affect water treatment (Glaze et al., 1987). The formation of hydroxyl radicals is
enhanced by the simultaneous addition of hydrogen peroxide. Advanced oxidation processes may totally
mineralise organic compounds, such as herbicides and pesticides, that are difficult to degrade during
conventional water treatment Partial oxidation, where conditions required for total mineralisation are not
practical, may produce less recalcitrant compounds for microbial processes; under such conditions advanced
oxidation processes are beneficial as pretreatment steps to other processes (Yue, 1992).

Ozone chemistry and the kinetics of ozone decomposition are reviewed in Section 3.1, the application of
ozone In water treatment im Section 3.2 and hydrogen peroxide chemistry and application in water
treatment in Section 3.3.

3.1 OZONE FUNDAMENTALS

Ozone is a triatomic allotrope of oxygen and is an unstable, blue, diamagnetic gas with a characteristic
pungent odour (Greenwood and Earnshaw, 1984b). The bond angle of the triangular-shaped molecule was
determined in microwave studies 1o be 1168 + 0,5° and the bond lengths 0,1278 nm (Greenwood and

Earnshaw, 1984b). The structure of ozone is a hvbrid of the resonance structures shown in Figure 3.1.

X e A e s O e
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Figure 3.1 : Resonance structures of the o0zone molecule (Harcourt et al., 1986; Nebel, 1981)

The bonding of structures (a) to (d) in Figure 3.1 consist of two ¢ bonds and one delocalised n bond in
which the orbital is stretched over the three oxygen atoms (Greenwood and Earnshaw, 1984b; Nebel, 1981).
The strong electrophilic or electron-deficient nature of ozone is indicated by structures (a) and (d) that are
characterised by a terminal atomn with only six electrons (Nebel, 1981). Stucrure (e) in Figure 3.1 has also
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been proposed for the ground-state resonance of the ozone molecule. This structure consists of two o bonds
and a third /ong bond or n bond between the two terminal oxygen atoms (Harcourt and Rosa, 1978:
Harcourt et al., 1986).

Ozone was inidally detected by means of its smell. Van Mauren, in 1785, first recorded the distnct odour
accompanying an electrical spark discharge in oxygen gas (Greenwood and Earnshaw, 1984b; Nebel, 1981),
Ozone was named (from the Greek word ozein meaning fo smell) by Schonbein, in 1840, who recognised it
as a new compound (Greenwood and Earnshaw, 1984b; Rocke, 1994). The chemical structure of ozone was
shown by Soret, in 1866, to be that of wriatomic oxygen (Streng, 1961).

The chemical and physical properties of ozone are reviewed in Section 3.1.1, the kinetics of decomposition
in Section 3.1.2 and rate constants of radical reactions in Section 3.1.3.

3.1.1 Chemical and physical properties

Some physical properties of ozone are listed in Table 3.1,

Table 3.1 : Physical properties of ozone (Greenwood and Earnshaw, 1984b; Streng, 1961)

Parameter Value
molecular weight 47,998
molecular formula O
form blue gas at room temperature
melting point -192,5°C
boiling point -111.9 °C
density (liquid) 1354 kg m™ at -119.4 °C
densiry (solid) 1 728 kg m™ at -195.8 °C
viscosity (Liquid) 1.57 cpat-183 °C
viscosity (gaseous) 1.33 x 107 cp at 25 °C

Ozone condenses to a deep blue liquid and to a violet-black solid (Greenwood and Earnshaw. 1984b).
Liquid and solid forms of ozone are explosive due 10 rapid decomposition 1o gaseous oxygen. Gaseous
ozone is also thermodynamically unstable with respect to decomposition to oxvgen gas, though the

decomposition is slow in the absence of catalysts or ultraviolet radiation (Greenwood and Earnshaw,
1984b).

%02(g) - Os(g) AHP=142,7X] mol”'; AG® = 163,2 k] mol”
Scheme 3.1
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Although ozone is a powerful oxidany, it is selective in its action (Bablon et al., 1991b; Nebel, 1981). The
ozone oxidation of potassium jodide, shown in Scheme 3.2, indicates the strongly oxidising nature of ozone
and the tendency of ozone to transfer an oxygen atom during reaction to produce oxygen gas (Greenwood
and Earnshaw, 1984b).

O, + 21" + H,O - O, + I + 20H"
Scheme 3.2

3.1.2 CQlassification of ozone reactions

Oxidation of organic solutes in water by ozone is due either (o direct reaction with ozone molecules or
reaction with free radicals formed from ozone decomposition (Beltran, 1995; Hoigné, 1975; Hoigné and
Bader, 1976). Ozonation is a gas-liquid reaction and the influence of mass transfer (gas absorption) has to
be considered in determining whether both direct and decomposition reactions occur (Beltran, 1995).
Beltran and co-workers investigated the competition between direct and decomposition reactions using film
and surface-renewal models for gas absorption (Beltrdn, 1995). The film model was based on the concept of
a stagnant film at the surface of a liquid next to a gas; convection does not occur within the film and the
dissolved gas moves through the film by molecular diffusion alone (Charpentier, 1981; Danckwerts, 1970).
A schematic diagram of ozone conceatration in the gas bubble, film layer and bulk solution is presented in
Figure 3.2
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Figure 3.2 : Schematic diagram of ozone concentration in the gas bubble, film layer and bulk
solution as described by the two-film theory (Adams and Randtke, 1992a)

Ozone. as shown in Figure 3.2, can be depleted in the film layer by a fast chemical reaction (high ozone
demand) resulting in a negligible amount of ozone in the bulk sclution whereas a slow chemical reaction

results in the bulk solution being saturated with ozone. The kinetic regime of a gas absorbing into a liquid
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and then undergoing chemical reaction is determined in film theory by the value of the dimensionless Hana
number. The Hatta number is defined in equation 3.1 for an irreversible first-order reaction and in
equation 3.2 for an irreversible second-order reaction (Charpenter, 1981; Danckwents, 1970).

a3
Ha = (ka° ) [3.1]
L

(k4CrDo, )%

Ha = kL

[3.2]
where k is the first-order rate constant, Do, the ozone diffusivity in water, k¢ the liquid-phase mass transfer

coefficient, k4 the rate constant for the direct reaction between ozone and compound B in solution and Cp

the concentration of compound B. The classification of the kinetic regime of gas absorption reaction
according to the Hatta number is presented in Table 3.2.

Table 3.2 : Classification of kinetic regime of gas absorption reactions according to the Hatia
gumbey (Charpentier, 1981)

Ha Kinetic regime Description
<0.02 very slow reaction in bulk  Reaction does not occur in the film; mass transfer keeps
solution the concentration of the absorbed gas (ozome) in the
bulk solution close to saturation level.
0.02100.3 slow reaction in bulk The process is that of physical absorption followed by
solution reaction in the bulk solution; a negligible proportion of

ozone reacts in the diffusion film.
03103 moderately fast reaction A substantial amount of ozone reacts in the film: ozone
concentration in the bulk solution is very low.
>3 fast reaction in film layer ~ Reaction is fast and occurs completely in the film layer,

ozone concentration in the bulk solution is negligible,

The Hatta number indicates whether the overall reaction rate is controlled by reaction kinetics or by the
mass-transfer coefficient. and thus whether a large liquid hold-up or large specific interfacial area is
required in the design of a reactor for a specific reaction (Charpentier, 1981). As shown in Table 3.2 a
Hatta number below 0,3 indicates that the reaction occurs completely in the bulk solution and that the
reaction rate is controlled by the bulk volume: necessitating a large volume of liquid for the reaction.
Conversely, 2 Hatta number greater than 3 indicates that the reaction oocurs completely within the boundary
layer and that the reaction rate is controlled by the interfacial surface area; necessitating a contacting device
that creates a large interfacial area. A large liquid volume and interfacial area are required for a reaction
that occurs within both the film layer and the bulk solution (Charpentier, 1981).
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The surface-renewal model is based on the concept of periodic replacement of elements of liquid at the
interface by liquid from the bulk soluton; the rate of gas absorption is a function of the exposure time of the
liquid element, initially being rapid and decreasing with time (Charpentier, 1981, Danckwerts, 1970). The
diffusion time (?p) is defined as the time between two consecutive renovations of liquid elements, it is the
available time for ozone to diffuse into the liquid elements; reaction time (fr) is defined as that required for

the reaction 10 proceed at an appreciable rate (Astarita, 1967 in Beltran, 1995). The expressions for the
diffusion and reaction times are presented in equations [3.3], [3.4] and [3.5].

D

g = 1 (for a second-order reaction) [3.4]
kd CB

th = % (for a first-order reaction) [3.5]

where & is the first-order rate constant. Do, the ozone diffusivity in water, 4 the liquid-pbase mass transfer
coefficient. k4 the rate constant for the direct reaction between ozone and compound B in solution and Cp
the concentration of compound B in solution. The ratio of the diffusion time to the reaction time as defined
according to the surface-renewal model is equal to the square of the Hatta number as defined according 10
the fulm layer model (Belirdn, 1995). The classification of kinetic regime of gas absorption reactions

according to diffusion and reaction fimes is presented in Table 3.3.

Table 3.3 : Classification of kinetic regime of gas absorption reactions according to diffusion and
reaction times (Beltrdan, 1995)

Kiretic regime Description

tp << (g slow reaction Reaction is slow since the surface liquid elemenmts are
renewed before the reaction can develop appreciably.

tp>> Ig fast reaction Reaction is fast since the dissolved gas is completely
depleted between renovations of surface liquid.

where  1p is the diffusion time, the time between two consecutive renovations of liquid elements

Iz is the reaction lime, the time required for a reaction to proceed at an apprecigble rate

A Kinetic regime of moderate reactions is defined to occur when f is between 0,1 and 10 times that of 1p

(Beltrdn, 1997). The limit between slow and moderate reactions (g = 10/p) is called the diffusional regime.
ozone diffusion controls absorption rate in this region (Beltran, 1997).
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The presence of dissolved ozone in the bulk solution. according to Table 3.2, indicates that reactions are
slow and take place in the bulk solution whereas the absence of dissolved ozone in the solution indicates
that reactions are fast and take place in the proximity of the interface (Beltran, 1995). Beltran investigated
the effect of pH on the ozone decomposition reaction and found that at a pH of 2 and 7 the bulk solution was
saturated with ozone, thus, decomposition was slow and took place in the bulk solution whereas at a pH of
12 the dissolved ozone in the bulk solution was pegligible and ozone disappeared due to a fast reaction
while diffusing through the film layer (Beltran, 1995).

Ozone decomposition and the direct ozone reaction with a generic compound B takes place in the same
reaction zone during ozonation when kg < 10° M 5! and Cg < 10™ M or when pH > 10 and k4 > 105 M ¢!
with Cp < 10% M (Beltrdn, 1995). Beltrdn concluded that the ozone decomposition reaction would not be
able to compete with the direct ozone reaction when the rate constant for the direct reaction between ozone
and a surface water pollutant (concentration typically below 10® M) was significantly greater than
10°M' ¢! (Beltrén, 1995).

3.1.3 Kinetics of ozone decomposition

Ozone decomposition occurs through a series of radical reactions that in pure water are initiated by the
reaction of ozone with hydroxide ions, HO" (Hoigné, 1975; Stachelin and Hoigné, 1982). Decomposition
increases with increasing alkalinity (Hoigné and Bader, 1976; Sotelo et al.,, 1987; Staehelin and Hoigné.
1982). Staehelin and Hoigné found that the decomposition of 0zone was slow but measurable at a pH
below 8. easily measurable at a pH between 8 and 10 and 100 rapid to be measured at a pH above 10.
decomposition was pH dependant because it was determined bv HO' concentration (Staehelin and Hoigné,
1982). Ozone decomposition is also emperature dependant. at a pH of 7 decomposition increased with
increasing temperature from 10 to 40 °C; decomposition was exmemely fast in experiments performed at a
temperature above 30 °C and a pH above 8 (Sotelo et al., 1987).

Various reaction mechanisms have been proposed for the decomposition of ozone. The reaction mechanism
proposed by Hoigné and co-workers for ozone decomposition in pure water at a neurral pH is presented in
Scheme 3.3 (Bablon et al., 1991b; Staehelin et al., 1984).

Initiation step

O; + HO" & 03 + HOy k=70 M"s? fa)
Propagation steps

HO; = O + H- pK.=4.8 fb}

0, + 03 40y +0; k=16 x10°M' ¢ [©)
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03~ + H* £ HO; ky=52x10°M' g (]
HO; & HO* + O, ky=1,1x10°M' ¢! [e)
0; + HO* % HO; k=2x10° M5’ [f]
HO; % HO3 + O, ks=2,8x 10° M ¢! lg]
Termination steps
HO; + HO; - H,0, + 203 Mm
HO: + HO; - H,0; + O3 + O, fi]
Scheme 3.3

The mechanism for ozone decomrposition shown in Scheme 3.3 includes, as intermediate compounds, the
species HO;® and HO,* that have not been measured directly (Bablon et al., 1991b; Westerhoff et al., 1997).
Computer simulation was used by Stachelin and co-workers to prove that HO4" must be formed, most likely
as a charge-transfer complex (HO*O;) that decays into HO;" (Stachelin et al., 1984). Bahnemann and Hart
also proposed the formation of HO4" radicals from the reaction of ozone and hydroxyl radicals, as in
reaction {f] of Scheme 3.3, with subsequent decay into HO,* and oxygen, as in reaction [g] of Scheme 3.3

(Bahnemann and Hart, 1982). The chain reactions occurring during ozone decomposition (Scheme 3.3) are
presented in Figure 3.3. The reaction numbers of Scheme 3.3 are included in Figure 3.3.

Figure 3.3 : Reaction diagram for the ozone decomposition process (Staehelin et al., 1984)

A mechanism for ozome decomposition has also been proposed by Tomiiyasn and co-workers: the
mechanism does not include the formation of HO;* and HO4* compounds but has only been verified with
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pulse radiolysis data at pH values above 10 (Bablon et al., 1991b;, Westerhoff et a)., 1997). Ozone
decomposition according 10 the mechanisms proposed by Hoigné and co-workers, and Tomiyasu and
co-workers was modelled by Westerhoff and co-workers using ACUCHEM, a kinetic-modelling computer
package (Westerhoff et al., 1997). The objective was to demonstrate the use of computer models to generate
profiles of radical species during ozonation Both simulation models predicted similar ratos of ozone 1o
hydroxyl radicals in the pH range 6.5 to 8,5; ozone to hydroxyl radical ratio decreased by a factor of ten for
each increase in pH of one unit. Predicted ozone consumption according to the Hoigné model was faster
and matched the measured rate of ozone depletion more closely for conditions of 5,76 mg L initial ozone
concentration, pH of 7,5 and 30 min reaction time (Westerhoff et al., 1997). The Hoigné model was used to
show (he formation profiles of hydrogen peroxide, hydroxyl radicals, superoxide radicals (O3 7) and ozonide
radicals (O3~) during ozonc decomposition; formation of hydrogen peroxide and the subsequent reaction
between ozone and perhydroxyl radicals become dominant with increasing pH.  Ozone consumption in the
presence of naniral organic matter was also simulated with the model (Westerhoff et al., 1997).

The rate-determining step in the reaction mechanism of ozone decomposition in water is the formaton of
superoxide radical anions (O3~), shown in reaction [a] of Scheme 3.3 and Figure 3.3 (Bablon et al., 1991b;
Sotelo et al., 1987, Stachelin and Hoigné, 1982). Ozone decomposition occurs in a chain reaction (shown
in Figure 3.3) since the formation of perhydroxyl radicals in reaction (a] and {g] of Scheme 3.3 lead to the
formation of superoxide radical anions via reaction {b] and further reaction with ozone according to
reaction [c] (Stachelin and Hoigné, 1982).

In non pure water, ozone decomposition is initiated, promoted or inhibited by solut¢s present in the water
(Staehelin and Hoigné, 1985). Decomposition is accelerated by organic solutes that converl hydroxyl (HO®)
radicals into superoxide radical anions (O37) since superoxide radical anions react fast and selectively with
ozone while hydroxyl radicals react with a vaniety of compounds (Bablon et al., 1991b: Staehelin and
Hoigné. 1985). The reaction rate for reaction between superoxide radical anions and ozone (reaction [¢] of
Scheme 3.3) is significantly greater than that for Lhe reaction of superoxide radical anions with other solutes
present ip water. The chain reaction of ozone decomposition in non pure water (shown in Figure 3.4)
consists of reactions (a] to [e] of Scheme 3.3 followed by reactions [a] to [c] of Scheme 3.4 (Stachelin and
Hoigné, 1985). Perhydroxyl radicals, that continue the cycle of ozone decomposition via reaction [b) of
Scheme 3.3, are formed as shown i Scheme 3.4 from the reacton of hydroxyl radicals and an organic
solute B (Stachelin and Hoigné, 1985).

B + HO" - B* fa)
O, + B" » BOO* [b)
BOO" - HO3 + Bt [c]

Scheme 3.4

~



Chapter 3 OzonNe aND HyDROGEN PEROXIDE CHEMISTRY 3-9

05
HO~

N
+ HO;

(O 0, H

Y By
H+

BOO’

Ko

RO B BO
\- HO’ y
0,

Figure 3.4 : Reaction diagram for the ozone decomposition process in the presence of a solute B
(Stachelin and Hoigné, 1985)

Oxddation of solutes in water during ozonation takes place, under an acidic pH, predominantly through
direct reaction with ozone and, under an alkaline pH predominantly through reaction as shown in
Scheme 3.4 with hydroxyl radicals formed from ozone decomposition acocording to reactions [a] to {e] of
Scheme 3.3 (Hoigoé and Bader, 1976; Sotelo et al., 1987).

Initiators of ozobe decomposition are compounds that generate superoxide radical amions from ozone
molecules (Bablon et al.,, 1991b). Examples of initiators are inorganic compounds, such as perhydroxyl
ions. hvdroxide ions and some cations (such as Fe’"); and organic compounds, such as glyoxylic acid,
formic acid and humic substances (Bablou et al.. 1991b; Sotelo et al., 1987 Stachelin and Hoigné. 1982:
von Sonmtag, 1996). Humic substances are complex macromolecutar structures (containing a mixture of
predominantly carboxvlic and phenolic aromatic or aliphatic carbon functional groups) that are able to act
as initiators, promoters and inhibitors of radical reactions (Bablon et al., 1991b; Westerhoff et al., 1997).
Ozone decomposition is also initiated by ultraviolet radiation at 253.7 nm (Bablon et al. 1991b:
Yue, 1992). Promoters of ozone decomposition are corapounds that generaie superoxide radical anions
from hvdroxyl radicals. Examples of promoters are inorganic compounds such as phosphates: and organic

compounds such as aryl groups, formic acid, glyoxylic acid, primary alcohols and humic acids
(Bablon et al.. 1991b).

Radical scavengers are compounds that react with hydroxyl radicals but do not produce species (such as
superoxide radical anions) that propagate the chain reacuon of ozone decomposition. Common radical
scavengers (and hence inhibitors of ozone decomposition) are carbonate (CO:*) and bicarbonate (HCOs)
ions. alkyl groups, teruiary alcohols (such as rerr-butyl alcohol) and humic substances (Bablon et al., 199 1b:
Glaze et al., 1992; Hoigné and Bader. 1976). Carbonate and bicarbonate ions are typically the principle
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radical scavengers in narural waters but do not, however, always lead to the full inhibition of ozone
decomposition (Glaze et al., 1992; Staehelin and Hoigné, 1985).

Different rate equations, as shown in Table 3.4, have been proposed for the decomposition of ozone,
Typically, the reaction order varies, with respect 10 ozone concentration, from 1,5 at acidic pH to 1 at
alkaline pH; and from O to 1 with respect to hydroxide ion concentration (Nadezhdin, 1988). Second order
reaction kinerics, with respect 1o ozone concentration, may be observed in the presence of hydroxyl radical
scavengers (Nadezhdin, 1988).

Table 3.4 : Some kinetic studies of azone decomposition in water (Sotelo et al., 1987)

Reference pH Temperature Reaction order with respect to
°C) ozone hydroxide ion
(Kilpatrick et al., 1956) O0to7 25 1,5 -
(Morooka et al., 1979) 2109 10 10 30 1,5to} 0,28 10 1
(Stachelin and Hoigné, 1982) 81010 20 1 ]

The reaction kinetics of ozone decomposition proposed by Stachelin and co-workers, as shown in Table 3.4,
are first order with respect to both ozone and hydroxide ion concentradon (Stachelin and Hoigné, 1982:
Staehelin and Hoigné, 1985). The expression derived by Stachelin and co-workers for the steady state
concentration of hydroxyl radicals during ozonation of water containing an organic solute B is presented in
equation 3.6 (Stachelin and Hoigné, 1985),

2eyn0,[HO™ k[B
[HO]ss = : )U:s[B]] + hal }[O_z] [3.6]

where kno.0, is the rate constant for the reaction between ozone and hydroxide ions, & the rate consiant for
the initiation reaction between solute B and hydroxide ions. ks the rale constani for the scavenging reacuon

between solute B and hydroxyl radicals. and [B] the solute concenmration (Stachelin and Hoigné, 1985).

Staehelin and co-workers estimated the steady-state concentration of hydroxy! radicals to be < 10° M based
on an ozone decomposition rate of 10° M s producing hvdroxyl radicals that are consumed by solutes of
concentration 10 M with typical rate constants > 10° M s (Staehelin and Hoigné, 1985). Superoxide
radical anions also exist as short-lived intermediates. the steady-state concentration was estimated 1o be

< 10® M assuming a formation rate of € 10° M s and an ozone concentration of 10 M controlling its

consumption (Staehelin and Hoigné, 1985).
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The pumber of hydroxy! radicals formed per mol of 6zone decomposed has been estimated to be between 0.5
and 1 mo! (Hoigné, 1975; Hoigné and Bader, 1976; Westerhoff et al., 1997). The theoretical number of
hydroxyl radicals formed, according to reactions [a) to [e] of Scheme 3.3 and the dissociation reaction of

water, js 2 mol per 3 mo! of ozone decomposed The overall reaction of hydroxyl radical formation is
shown in Scheme 3.5 (Westerhoff et al., 1997).

303 + Hzo g ZHO' + 402
Scheme 3.5

The presence of hydrogen peroxide or the application of other advanced oxidation processes during
ozonation initiales addittonal radical reactions in solution (Bablon et al.,, 1991b). Perhydroxyl ions. as
shown in reacuon (¢] of Scheme 3.6, are formed from the dissociation of hydrogen peroxide in water. The
direct reaction between ozonme and bydrogen peroxide is slow whereas the reaction between ozone and
perhydroxyl ions is rapid (Bablon et al., 1991b; Taube and Bray, 1940). Low concentrations of perhydroxyl
ions are kinetically effective in initiating ozone decomposition (Bablon et al., 1991b). The radical reactions
initiated by hydrogen peroxide during ozonation are listed in Scheme 3.6 (Beltran et al., 1998; Glaze and
Kang. 19892a: Glaze and Kang. 1989b).

Initiadon steps

O:; + HO- 5 05 + HO; k=70 M s [a]
HO; = O} + H- PK, = 4,8 o]
H;0; = HO3 + H- pK=11_8 [c]
O; + HO; % 03~ + HO; ki=28x10°M"s! d]
Propagation steps
Os + 03 50y + 0, ki=1,6%10° M’ s el
Oy + H- 2 HO; kr=52x10"M"s" 0
HO; & HO' + 0, kz=11x10°M" s (g]
0; + HO" % 0, + HO; ki=20x10°M" ¢ (hy
HO* + H,0, 8 03 + Hy0 + H* ks=27x10" M’ [i)
HO* + HO; % 03 + H,0 ks=7,5x10° M & i)

Termination steps
HO' + B "2 Bl ]
O; + B & Boxid {1
Scheme 3.6
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The termination steps of Scheme 3.6 are the reaction of a solute B with hydroxyl radicals, reaction [k], and
the direct reaction of B with ozone, reaction [l). The reactions listed in Scheme 3.6 are presented in
Figure 3.5. The reaction numbers of Scheme 3.6 are included in Figure 3.5.

-
HO B

0, W" Boxia

Figure 3.5 : Reaction diagram for the ozone decomposition process in the presence of ydrogen
peroxdde and a soluate B (Glaze and Kang, 1989a; Glaze and Kang, 1989h)

The overall stoichiometry for the reaction between ozone and hydrogen peroxide, as summarised from the
reactions listed in Scheme 3.6, is shown in Scheme 3.7; a total of 2 mol of ozope are consumed per mol of

hydrogen peroxide (Beltran et al., 1998; von Sonntag, 1996).

H,0; + 20; = 2HO" + 30:
Scheme 3.7

Hydrogen peroxide ts formed during ozonation from reactions such as [h] and [i] of Scheme 3.3, however, 11
exisls as a shori-lived intermediate since upon dissociation the perhvdroxyl ions formed initiate further
ozone decomposition (Hoigné and Bader, 1976; Stachelin and Hoigné, 1982, Staehelin and Hoigné, 1985:
Westerhoff et al., 1997). Perbvdroxy] ions consumed by ozone are replaced from the dissolved hydrogen
peroxide by an equilibrium skifl in reaction [c] of Scheme 3.6 (Bablon et al., 1991b).

Hoigné and Bader measured the concentration of hydrogen peroxide during ozonation (with and without
prior addition of hydrogen peroxide) at different pH levels (Hoigné and Bader, 1976). Hydrogen peroxide
concentration (for an approximate ozone addition of 2,88 mg L") was between 0,34 and 0,51 mg L™ at pH 2

and below the detection limit (0.10 mg L) at pH values 6 and 10.5. Hydrogen peroxide concentration at a
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pH of 2 was equal to the sum of that added (6,80 mg L") and that formed during ozonation whereas at a pH
of 10,5 less hydrogen peroxide was present (0,14 mg L) than whai was initially added (Hoigné and
Bader. 1976). Hydrogen peroxide is not observed as a significant intermediate in ozonated water, unless the
pH is low (below 6), because of the high reactivity of perhydroxyl ions (Stachelin and Hoigné, 1982).

Hydrogen peroxide initiated decomposition of ozone, as shown in Scheme 3.6, increases with increasing pH
(Bablon et al.. 199ib; Hoigné and Bader, 1976; Stachelin and Hoigné, 1982). The reaction between ozone
and perhydroxyl radicals, reaction [b) of Scheme 3.6, is classified (according to calculation of the reaction
time, g, and diffusion time, fp, for an ozone mass transfer coefficient of 2 x 10™ m s™) as a slow reaction at
pH 4 for an hydrogen peroxide concentration < 340 mg L and as a moderate to fast reaction at pH > 10 for
a hydrogen peroxide concentration > 3,4 mg L' (Beltrdn, 1997). Computer simulation also indicated that

the reaction between ozone and perhydroxyl ions becomes more dominant with increasing pH
(Westerhoff et al., 1997).

Stachelin and Hoigné determined the relative contribution of perbydroxyl and hydroxy! ions to the
decomposition of ozone in aqueous solution (Stachelin and Hoigné, 1982). Perhydroxy! ions had a greater
effect than hydroxyl ions on ozone decomposition in solutions with a hydrogen peroxide concentration
greater than 3.4 x 1073 mg, L'anda pH below 12 (Stachelin and Hoigné, 1982). Beltran calculated that the
rate of ozone decomposition due to reaction with perhydroxyl ions in a 0.34 mg L' hydrogen peroxide

solution at pH 7 and 12 was approximately 63 and 24 times greater, respectively, than that due to reaction
with hvdroxyl ions (Beltrdn, 1997).

3.2 OZONE IN WATER TREATMENT

Ozone is used in potable water treatment for disinfection, degradation of organic compounds and control of
taste and odour (Glaze, 1987; Masten and Davies, 1994: Nebel, 1981). Pre~ozonation has been found to
enhance flocculation of suspended particles in surface waters (Glaze, 1987). By-product formation during
chloripation (trihalomethane compounds are potentiaily harmful to humans) has increased the application
of ozone in water treatment (Bowers el al., 1973; Brink et al., 1991; Rachwal et al., 1992). The limitations
associaled with ozone are the lack of residual disinfectant capacity and the potential biological growth that
can occur in a distribution network (Glaze, 1987). The lack of residual disinfectant is due to the insiability
of ozone and subsequent decomposition 1o oxygen. the half-life of ozone at pH 8 is less than 1 h. Ozonation
of natural organic matter produces more readily biodegradable compounds that if not removed through
filtration can lead to biological growth in 2 distribution network. Improved performance is obtained when
ozone is combined with other disinfectants that maintain an active residual for longer periods and a method
of filtration for the removal of biodegradable material (Glaze. 1987).
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Ozone is used in the treatment of industrial wastewaters to improve water quality for recycling or discharge
(Masten and Davies, 1994; Nebel, 1981; Rice, 1997). Ozonation can improve the biodegradability of
non-biodegradable compounds since the oxygenated functional groups introduced during ozonation are
potential starting points for metabolic processes (Nebel, 1981). Compounds associated with odour problems
contain functional groups possessing a high electron density such as suifides, amines and olefins, These
functional groups are oxidised by ozone to produce oxygenated groups that are not odoriferous, for example,
dimethyl sulfoxide is formed from the oxidation of dimethyl suifide (Nebel, 1981).

The history of ozone use in water treatment is detailed in Section 3.2.1, the equipment for oczone generation

and transfer in Section 3.2.2 and the applications of ozone in water treatment in Section 3.2.3.
3.2.1 History of ozone use

The first full-scale ozonation plants for water treatment were constructed at the turn of the century in
Western Europe, the majority were located in France, a plant was built in Paris in 1898 and Nice in 1906
(Brink et al., 1991; Gomella, 1972). Other early plants were located at Oudshoorn, Netherlands (1893),
Niagara Falls, New York (1903), Wiesbaden, Germany (1901), and Madrid, Spain (1910). The initial
expansion in ozone usage was halted by World War I, research conducted during the war into poisonous
gases led to the development of inexpensive chlorine (Brink et al., 1991). Water treatmemt was performed
by chlorination, chloramination and the application of chlorine dioxide (Gomella, 1972).

The initial application of ozone in water treatment was for disinfection. Other early applications of ozone
were for taste and odour control (Brink et al., 1991). Ozonation was generally implemented during the final
stage of water treatment; during the 1960s applications such as colour removal and oxidation of iron and
manganese that required ozone addition early during treatment (hence the term pre-ozonation) were
developed. The coagulating effects of ozone and the oxidation of specific micropollutants (such as phenolic
compounds and various pesticides) were also first exploited during the 1960s (Brink et al., 199t). The
ability of ozone to control algal growth was utilised in France during the 1970s. Further applications of
ozone include the control of disinfection by-products and the minimisation of microbiological growth
potential of water by ozonation prior to granular activated carbon filtration (Brink et al.. 1991).

Ozone application, post World War 1], increased more rapidly in Europe than in America. By 1976,
approximately 1 000 installations world-wide used ozone in water treatment; the treatment plants were
situated predominantly in Europe, however, 20 were in operation in Canada. The largest (that treated water
flow rates of up to 910 ML d) supplied drinking water to the City of Quebec (Peleg, 1976). By 1984, the
pumber of ozone facilities grew t0 20 in the United States and 50 in Canada; the largest at Los Angeles
treated approximately 2 360 ML d”' of water (Glaze, 1987). By 1994, 40 effluent treatment planis using

ozone were situated in the United States (Masten and Davies, 1994). Three installations using ozone in
water treatment were operating in South Africa during 1991 (Brink et al., 1991).
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3.2.2 Ozone generation and transfer

The instability of 0zone requires that it is generated on-site (Brink et al., 1991; Glaze, 1987, Rosen, 1973).
Ozone is formed according to the reactions listed in Scheme 3.8. Cleavage of the double bond of an oxygen
molecule produces two short-lived oxygen atoms, these atoms react rapidly with oxygen molecules to
produce ozone (Brink et al., 1991; Glaze, 1987, Nebel, 1981).

02 i O‘ + 0' [a]
0 + 0z = O3 [b]
Scheme 3.8

Ozone generation in waler treatment is perforined by the corona discharge method (Brink et al., 1991;
Glaze, 1987; Nebel, 1081: Rosen. 1973). This method consists of an electrical discharge maintained
between two charged electrodes of a double-tabe ozone generator (shown in Figure 3.6). The electrical
discharge (lasting up to 10 ns) accelerates electrons so that they possess sufficient kinetic energy (0, upon
impact, split the double bond of an oxygen molecule (Bnnk et al., 1991; Glaze, 1987).

electrode cooling water jacket

air or oxygen
dry air —— 2 .
or oxygen T I —

':_\I electrode

™ glass tube

power
supply

Figure 3.6 : Double-tube 6zone generator (Glaze, 1987)

The ouler (grounded) electrode, as shown in Figure 3.6, consists of a stainless steel tube surrounded by
cooling water (Rosen, 1973). The high potential electrode is centred inside the stainless steel ube within a
tubular glass or ceramic dielectric material; the electrode is usually a conductor coated on the inner surface
of the diclectric material. The feed gas (dry Oxygen or air) passes through the discharge area around the
sealed glass tube (Rosen, 1973). An alternating current induces electrons entering the discharge area to
vibrate between the electrodes in accordance with the frequency of the curremt. The higher the frequency
the longer the period electrons remain within the discharge area to interact with oxvgen molecules
(Nebel, 1981). Ozone generators using oxygen as a feed gas are designed with'a discharge gap thickness of
1to 1,5 mm (Brink et al., 1991). Ozone formation is approximately 1,7 to 2,5 times greater in oxygen than
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in air; typical concentrations of ozone are 1 to 3 % in air and 3 to 7 % in oxygen (Brink et al, 1991;
Glaze, 1987). Generators can contain as many as 400 of the double tubes shown in Figure 3.6 and can
generate 600 kg of ozone per day with dry oxygen as feed gas (Glaze, 1987). The maximum concentration
of ozone produced in air and oxygen is approximately 4 and 8 %, respectively; reaction of ozone with
oxygen atoms within a generator prevents concentrations forming (greater than 20 wt%) at which
spontaneous detonation may take place (Nebel, 1981).

Ozone production is an inefficient process, only 5 10 10 % of the applied electrical energy is used in the
generation of ozone; an insignificam amount is liberated as light energy and the bulk is converted to heat
(Glaze, 1987; Rosen, 1973). Ozone generators have 10 be cooled to prevent heat build-up and the thermal
decomposition of ozone. Ozone formation is also decreased with increasing moisture and oil content of the
feed gas. Oxygen and air feed gas must be dry with a Jow dew point of approximately -52 to -58 °C
(Glaze, 1987; Rosen, 1973). The moisture content in air leads to the formation of nitrous and nitric acids
that are deposited in the ozone generator and decrease the life of the glass or ceramic dielectric material
(Brink et al,, 1991; Nebel, 1981). Oxygen atoms are not always produced during the impact of electrons
with oxygen molecules; the addition or removal of an electron from a molecule produces a negatively (Oy)

or positively (O;") charged ion (Nebel, 1981). Approximately 50 % of electrical power (or electrons) in 2

double-tube ozone generator can be lost (because of conduction) as the electrons move through the field of
charged ions (Nebel, 1981).

Ozone production is a direct function of electrical frequency and is doubled when the frequency is doubled
(Nebel, 198]). The frequency at which generators are designed to operate varies between 50 and 2 000 Hz:
practical limitations such as heat removal and current saturation vary for different ozone generators. The
rate of ozone production is usually controlled with the voitage applied to the high voltage electrode since
ozone generation varies exponentially with the voltage (Nebel, 1981). Factors such as the width of the
corona discharge gap and the thickness of the dielectric material inflnence the power efficiency of an ozone
generator, The smaller the corona discharge gap, the greater the power efficiency. The thickness of the
glass (or ceramic) dielectric matenal is inversely proportional to the ozone production. The glass electrode.
however, has to be sufficiently thick 1o withstand some mechanical impact and the voltage stress under
which it is placed. The higher the applied voltage, the thicker the electrode has to be (0 prevent failure by
electrical arcing (Nebel, 1981). Although ozone production increases with increasing voltage and
frequency. the power efficiency of ozone generators does not necessarily increase (Nebel. 1981). Both ozone
production and power efficiency vary indirectly with gas pressure. Ozone production decreases whereas

operating efficiency increases with an increase in flow of the ozone-generating gas (Nebel, 1981).

The solubility of 0zone in water is a function of the pressure at which the gas is applied and the temperature
of the water (Nebel. 1981). Ozope solubility increases with increasing pressure and decreasing water

lemperature. The residual ozone in water decreases with increasing temperature due to the faster rate of
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decomposition and fasier reaction rates in the water. The partial pressure of ozone in (be gas phase is
relaled 10 the solubility of ozone in water by Henry’s Law. Henry's Law is defined in equation 3.7

Ct = H [3.7]

where C* is the liquid-phase ozone concentration in equilibrium with the gas-phase concentration, H the
Henry's law constant for ozone (0,082 atm m® gmol™ at 25 °C) and Po, the partial pressure of ozone in the

gas phase (Glaze, 1987). Ozone solubility is expressed in terms of an absorption coefficient (8) or as the
ratio of the ozone concentration in water to that in the gas (Brink et al., 1991).

A number of devices are used to transfer ozone from gas to water. Ozone transfer is increased by
maximising the surface area between the water and the ozonated gas; smaller bubbles are characterised by a
larger surface area for a given volume of dispersed gas (Nebel, 1981). Bubble size is controlled by the pore
size of an ozone diffuser. Transfer efficiency also increases with increasing contact time between gas and
water; the slower the rise time of the bubbles, the greater the contact time (Nebel, 1981). Contact time
increases with increased water depth in an ozone contacior (optimal depths vary berween 3,7 and 5,5 m).
Mixing increases the transfer of ozope but also increases the rate of destruction of residual ozone. The
volume of an ozone contact chamber should also minimise contact between ozone bubbles so as to prevent
bubble coalescence and the reduction of contact surface area (Nebel, 1981). The speed of ozone transfer is
usually limited by the ratio of gas volume to water volume in the contactor (Nebel, 1981).

Devices used for ozone transfer include packed and plate columns, static mixers, jet reactors and agitated
vessels (Brink et al.. 1991; Martin and Galey. 1994; Munter et al.. 1993). One of the most commonly used

devices (shown in Figure 3.7) is the counter-current bubble column (Gtaze, 1987).

spent gas
I—.-

water 1nlet
E——

water outlet
- pressurized
* ozone inlet

Figure 3.7 : Counter-current bubble column for ozone transfer (Glaze, 1987)
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The cfficiency of an ozone contactor is important because of the low partial pressure of ozone in the process
gas. An ozone contactor should maximise mass transfer efficiency, gas/liquid mixing and contact time
(Schulz and Prendiville, 1993). Both contact time and bubble surface area are determined by pore size in
dispersion systems using porous disks or rods (Bowers et al., 1973). A smaller pore size leads to an
increase in bubble surface area bur also an increase in fouling and gas pressure drop across the diffuser
(Bowers et al., 1973). Ozone contacting systems using porous disks usually consist of alternating diffusion
and reacton chambers (Schulz and Prendiville, 1993). Water flows downward in the ozone diffusion
chamber, counter-current 1o the rising gas bubbles, and upward in the reaction chamber. Multi-chamber
systems satisfy the ozone demand for both fast- and slow-reacting chemicals while maintaining a required
ozone residual at the outlet of the reaction chamber for disinfection. Mass transfer efficiency is determined
by gas-phase ozope concentration, the ratio of gas flow rate to liquid flow rate, water depth and bubble size
(Schulz and Prendiville, 1993). Transfer efficiency may be reduced at higher gas flow rates due to bubble
coalescence and at very low gas flow rates due to channelling of gas bubbles. The actual contact time in
counter-current ozoue diffusion contactors is approximately 50 % of the theoretical hydraulic retention time
(Schulz and Prendiville, 1993).

Static nuixers (shown in Figure 3.8) are systems using fixed internal mixing elements to rapidly transfer
ozone into water (Martin and Galey, 1994). Mixing occurs due to the division of the main water flow by the
mixing elements into partial flows that are continually recombined and again divided; ozone loss occurs
because of the intemse mixing, Static mixers require low maintenance and are robust due 1o the lack of

moving parts (Martin and Galey, 1994).

Kigure 3.8 : A static mixer (Martin and Galey, 1994)
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A pilot-scale study (8 to 12 m® h'') at the Méry-sur-Oise water treatment plant showed that ozone could be
dissolved in water within 15 s with the use of a static mixer. Ozone transfer increased with decreasing
water flow rate and increasing gas flow rate (Martin and Galey, 1994).

laline injection coptaciors eitber introduce ozone directly into the mainstream of water flow or into a side
streamn that has been diverted and pressurised by a booster pump (Bowers et al, 19730 Schulz and
Prendiville, 1993). Static mixing elements are used in a side stream to generate fine gas bubbles that
enhance mass transfer and mixing of the ozone in the side stream back into the main stream of water.
Advantages of side stream injection contactors over diffusion contactors include operation at a higher ratio
of gas flow rate to liquid flow rate and thorough mixing without bubble channelling problems (Schulz and
Prendiville, 1993). Injection contactors are inexpensive but are subject to bumping and corrosion
(Brink et al.,, 1991). Contact time is minimal unless a secondary reactor is installed downstream for the
oxadation of slow-reacting chermicals and for settling and removal of oxidised precipitates. Inline injectors
are not designed for the disinfection of water becanse of the difficulty in maintaining a minimum czone
residual for a specific contact time in such a secondary reactor (Schulz and Prendiville, 1993). A two-stage
ozone water treatment plant in Henrico County, Virginia (USA) uses inline injection for pre-ozonation and
fine-bubble drfTusers for intermediate ozonation. Inline injection was used in the pre-ozonation stage in
order to avoid maintenance problems associated with plugging of fine-bubble diffusers by suspended solids
and oxidised precipitates in the raw water (Schulz and Prendiville, 1993).

3.2.3 Application

Ozone is used in water treatment for disinfection, colour removal, taste and odour removal, oxidaton of
organic compounds and for the enhancement of flocculation (Koga et al., 1992). Trihalomethane formation
1s also lowered by the use of ozone instead of chlorine. Ozone has tradibonally been used for water
treatment in only North America and Europe; facilities are being installed in other countries, such as that in

Nizhny Novgorod, Russia, that treats 280 ML d' of water (Brink et al., 1991; Haglund, 1997).

The application of ozone ip water potable treatment is reviewed in Section 3.2.3.1 and in industrial effluent
treatment in Section 3.2.3.2.

3.2.3.1 Potable water treatment

Ozone is used in potable water treatment as a biocide, an oxidant and a pretreatment 10 improve the
performance of processes such as coagulaton (Martin and Galey, 1994; Nebel, 1981; Schulz and
Prendiville. 1993). Ozone disinfection is limited by the lack of residual disinfectant capacity and the
potential for biological regrowth in a distribution network. Ozone disinfection is thus usually combined
with another disinfectant to maintain a longer active residual and a metbod of filtration for removal of
biodegradable material (Glaze, 1987). The two-stage ozone water treatment plant in Henrico County,
Virginia (USA) included ozone disinfection ahead of granular acttvated carbon filters so as to maintain
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biological growth oo the filters; filter bed life was extended by a factor of between 4 and 10 before
reactivation was required (Schulz and Prendiville, 1993).

Ozone is a strong biocide with disinfection occurring due to cell wall rapture (Nebel, 1981). Inactivation of
bacteria by ozone varies from that of Escherichia coli, the most sensitive to inactivation, to bacteria such as
the Gram-positive coccd (Staphylococcus and Streptococcus), the Gram-positive bacillae (Bacillus) and
Mycobacteria that are more resastant (Bablon et al., 1991a). Viruses are typically more resistant to ozone
inactivation than vegetative bacteria but not more so than the sporular forms of Mycobacteria. The
resistance of parasiles (protozoan cysts such as Giardia lamblia) 10 ozone inactivation is greater than that of
viruses (Bablon et al., 1991a). Ozone is more effective than chlorine for the removal of Escherichia coli,
Giardia, viruses and certain forms of algae (Glaze, 1987; Nebel, 1981). Disinfection with a static mixer 10
enhance ozone transfer achieved the required 1-log reduction in colomy forming units for Giardia lamblia
and 3-log reduction for viruses (required by the US Environmental Protecdon Agency) with a 90 s contact
time and 2 mg L' ozone transfer (Martin and Galey, 1994). Disinfection under ideal laboratory conditions
occurs when an ozone residual of 0,4 mg L' is maintaiped for a 4 min contact time (Martin and
Galey, 1994). Ozone dosage required for disinfection is dependant on pH and water temperature; the decay
rale of ozone increases with increasing pH and water temperature (Meijers et al., 1995). The rate of ozone
disinfection was inrproved with the simultaneous application of ultrasound but unaffected by the addition of
hydrogen peroxade (Dahi. 1976; Martin and Galey, 1994). Dahi found that the rate of ozone decomposition
was significantly greater during sonication than without sonication, k¥ = 0,207 min”’ versus & = 0,032 min™
(Dahi, 1976). Ozone disinfection has also been used in the recycling of marine aquaria wastewaters such as
that at Sea World in Orlando, Flonda (Rice, 1997).

Taste and odour are associated wilh various types of organic compounds incloding polysulfides, aldehydes
and alicyclic alcohols such as geosmin (1,10-rrans-dimethyi-rrans<(9)-decalol) and 2-methylisoborneol
(Bablon et al.. 1991a; Glaze et al., 1990). Taste- and odour-producing compounds arc present in raw water
or are produced during water treatment itself. Such compounds are formed from the decomposition of plant
matter and by the activity of organisms such as actinomycetes and blue-green algae and occasionally by
organisms such as zooplankion and nematodes (Bablon ¢t al., 1991a). Taste and odour problems occur
more frequently when raw water is distributed from impoundments, especially in summer when water
demand is high and waler levels are low. Taste and odour problems may be of industrial onigin such as
from chlorinaied solvents, hydrocarbons and pesticides (Bablon et al.. 1991a). Formation of (aste and odour
compounds may take place in a distribution nerwork if conditions lead to the growth of microorganisms or if

products used for the lining of pipes and reservoirs contain chemicals that are released into the water
(Bablon et al.. 1991a).
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Glaze and co-workers evaluated various oxidising agents for the removal of six model taste and odour
compounds from a municipal water supply (Glaze et al., 1990). The model compounds were geosmin,
2-methylisoborneol, 2,4-decadienal dimethyltrisulfide, 1-heptanal and 1-hexanal. Effective oxidation of
geosmain and 2-methylisoborneol (100 ng L' concentration) by potassium permanganate. chlorine dioxide,
chlorine, chloramioe or hydrogen peroxide did not take place; percentage removals were less than 31 % for
a 3 mg L oxidant dose and a 120 min contact time. Ozone oxidation of geosmin and 2-methylisoborneo]
were 35 and 40 %, respectively, for a 2 mg L' ozone dose and 2 20 min contact time; oxidation increased to
86 and 73 %, respectively, for a 4 mg L™ ozone dose. The simultaneous application of hydrogen peroxide
(2 mg L) and ozone (4 mg L") over 20 min lead to 95 and 89 % oxidation, respectively, of geosmin and
2-wethyhisoborneo! (Glaze et al., 1990). The five-year pilot-plant investigation by Weng and co-workers at

Hackensack Water Company, New Jersey (USA) found thai ozone transferred the musty or grassy odour of
the raw water into a sweef odour in the pilot-plant finished water (Weng et al., 1986).

Ozone is used as an oxidant in water treatment to oxidise synthetic organic compounds and compounds
produced by natural processes (Bablon et al., 1991a). Natrally occwting organic matter such as humic
acids, fulvic acids and proteins are characterised by non-specific measurements such as chemical oxygen
demand, UV absorbance (at 254 nm) and total organic carbon. Symthetic organic chemicals in raw water
(such as biocides, hydrocarbons, phenols, plasticizers, dyes, amines and solvents) are often toxic; these

pollutants are present in concentrations in the I ng L™ 10 1 mg L' range (Bablon et al.. 1991a).

Pesticides are regularly detected in the raw water of potable water treatment plants (Kang et al.,, 1997,
Lambert et al.. 1996: Xiong and Graham, 1992). Koga and co-workers detected 18 pesticides in river water
used as a waler source for the City of Kitakyushu in China; 11 of the pesticides were still present afler
treatment with pre<chlorination, flocculation, sedimentation, rapid sand filtration and post-chlorination
(Koga e1 al., 1992). Trazines (such as atrazine and simazine) and phenoxyalkyl acid derivatives (such as
Mecoprop) are two groups of herbicides detected in water supplies in England and Wales at concentrations
above 0,1 pg L', the maximum admissible concentration stipulated by the EC Drinking Water Directive
(Xiong and Graham, 1992). Ozone is used as an oxidant for the degradation of pesticides that are not
readily degraded in conventional water treatment processes. Kang and co-workers found that the
concentration of pesticides in most raw waters was reduced by 90 % during ozonation (Kang et al., 1997).
Triazine pesticides are more resistant to oxidaon by ozone than phenolic pesticides and other
organonitrogen pesticides (Masten and Davies, 1994). Tbe complete degradation of chlorophenoxy acid
herbicides required 4 to 5 moles of ozone per mole of solute while atrazine required 25 moles of ozone
(Xiong and Graham, 1992). Pesticide degradation by ozone is dependant on ozone dose and contact ume;
atrazine degradation increased from 45 to 65 % with an increase in ozone dose from 2 1o 5 mg L' for a

10 min contact time. and increased from 60 10 90 % for an increase in contact time from 10 to 60 min for a
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3 mg L ozone dose (Roche, 1994; Rocbe and Prados, 1995). Pesticide degradation is also influenced by
pH and temperature; the degradation of diuron by czone increased with increasing pH, in the range 7,2 to
8,3, and increasing temperature, 5 1o 20 °C (Meijers et al,, 1995).

Ozone is a selective oxidant and the degradation of pesticides is hindered by oxidation of compounds that
have higher oxidation rates or are present in greater quantities, for example, patural organic matter and
bicarbonate ions (Orlandini et al., 1996, Roche and Prados, 1995). Pesticide degradation is enhanced when
ozone is used in combination with hydrogen peroxide or ultraviolet light (Kang et al., 1997; Koga et al.,
1992; Prados et al., 1995). Atrazine degradation (1,42 ug L™ initial concentration) for a 10 min contact
time was 40, 65 and 70 %, respectively, for treatroent with ozone, ozone with ultraviolet light and ozone
with hydrogen peroxide where the ozone dose was 3 mg L' and the hydrogen peroxide to ozone mass ratio
was 0.4 (Prados et al., 1995). Roche and co-workers found that atrazine degradation (835 ng L' intial
concentration) for a 10 min contact dme was 40 and 90 %, respectively, for ozone and ozone with hydrogen
peroxide for a 3 mg L' ozone dose and a hydrogen peroxide to ozone mass ratio of 0,4 (Roche, 1994).
Lambert and co-workers investigated the degradation of five pesticides for ozone doses of 1; 2 and 3 mg L'
and mass ratios of hydrogen peroxide to ozone of between O and | for each of the ozone doses
(Lambert et al., 1996). Pesticide degradation increased with increasing ozone consumption and applied
hydrogen peroxide concentration. Ozone transfer was independent of hvdrogen peroxide concentration.

Hydrogen peroxide was not totally consumed during ozonation and the residual increased with the
increasing applied concentration (Lamber et al., 1996).

Aromatic compounds (such as the chlorinated derivatives of phenol and benzene) have been detected in
potable water supplies (Boncz el al., 1997: Masten et al., 1997: Trapido et al., 1997). Chlorinated phenols
are oxidised effectively by ozone at a high pH; the toxicity of the degradation products, as tested by Daphnia
magna 24 h tests, was less that that of the parent compounds (Boncz et al., 1997; Trapido et al.. 1997).
Fewer disinfection by-products that may induce the formation of trihalomethane compounds were produced
during the ozonation of phenolic and benzene compounds than during chlorination (Kim et al.. 1997). The
degradation of p-nitrophenol increased with increasing pH; the kinetic regime of the reaction perween ozone
and p-nitrophenol changed from slow to fast to instanlaneous as the pH increased from 2 1o 6.3 10 greater
than 8,4 (Beltrdn et al., 1992). Degradation of 1.3.5-trichlorobenzene by ozone and ozone with hydrogen
peroxide was greatest in the pH range 7 to 8,5 (Masten et al.. 1997). Hvdrogen peroxide and ultraviolet
light enhanced the ozone oxidation of volatile organic compounds such as trichloroethylene and carbon
tetrachloride (Bellamy et al., 1991; Pevion et al., 1982).

Oxidation of organic compounds by ozone in potable water treatment is also enhanced with the addition of a
catalyst or with the simultaneous application of ultrasound (Olson and Barbier. 1994; Volk et al.. 1997).
Orone. ozone with hydrogel peroxide and ozone with titanjum dioxide catalyst mineralised 15, 18 and
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24 %, respectively, of the initial dissolved organic carbon (2,84 mg L) of a synthetic solution of fulvic
acids (Volk et al., 1997). The rate of removal of total organic carbon (TOC) in a 10 mg L™ fuivic acid
solution was increased from 40 to 91 % with the simultaneous application of ultrasound with ozone
(60 min, power, 55 W: frequency, 20 kHz); the amount of original carbon removed as carbon dioxide
increased from 28 to 87 %, respectively (Olson and Barbier, 1994). Ozonation may increase the
biodegradability of non-biodegradable material (Nebel, 1981). The partial oxddation of naturatly occurring
organic matter (humic and fulvic acids) produce compounds such as aldehydes and ketones that are more
biodegradable thav the parent compounds (Foster et al., 1992). Van Leecuwen demonstrated the improved
biodegradability of South African water sources and industrial effluents sach as Rietvlei Dam waler, a Sasol
effluoent and industrially-polluted Ngagane River waler; -the water samples were inoculated with
Pseudomonas fluorescens and the growth of the microorganisms was studied by measuring adenosine
triphosphate concentration and UV absorption at 400 nm (van Leeuwen, 1987). The formaton of
trnhalomethane compounds during chlorination of naturally occurring organic mafter is rednced with
pre-ozonation (Rachwal et al, 1992). Simultanecus application of hydrogen peroxide or ultraviolet light
with ozope enhances the removal of trihalomethane precursors (Duguet et al., 1985; Glaze et al., 1982).

3.2.3.2 Industrial efTfluent treatment

Ozone is a strong oxidising agent and is thus used in the treatment of various industnal effiuents. Efffuents
from the textile industry are highly colonred, contain dyes and ancillary chemicals such as sizing agents and
surfactants (Perkowski et al., 1996; Rice, 1997). Textile effluents are toxic and tend 10 be non-
biodegradable due to the complex chemical structure of organic compounds in the effluent. The source of
colour, biologtcal oxygen demand (BOD) and chemical oxygen demand (COD) changes since textile plants
use different organic dyes depending upon the season (Rice, 1997). Ozone decolourises textile effluent,
however, the large organic load (represented by high COD and total organic carboa (TOC) residues) are not
completely converted to carbon dioxide and water, Treatment of textle effleent is performed more
effectively by a combined method of ozone pretreatment and subsequent biodegradation; the removal of
COD and non-ionic surfactants by biodegradation increased, respectively, from 10 and 9 % without
pre-ozonation 10 65 and 87 % with pre-ozonation (Perkowskd et al., 1996). Textile efffuent treatment with
ozone is practised in Japan, Germany, Italy, Taiwan, the USA, the UK and Spain (Rice, 1997).

Ruppert and Baver found that a red-coloured wastewater with an initial TOC of 275 mg L™’ and pH of 10,06
was completely decolourised by ozone within 20 min (Ruppent et al.. 1994). The TOC reduction was 20 %
and pH decreased from 10,06 to 8,08. The first step in colour removal, the cleavage of double bonds in
aromatic rings or azo groups, followed by bydroxylation, did not lead to the elimination of carbon resuiting
in a Jow reduction in TOC (Ruppert et al.,, 1994). Liakou and co-workers used Orange II (CI 15510),
4~(2-hydroxy- 1 -naphthylazobenzenesulfonic acid), as a mode]l dye to demonstrate ozone decolourisation
(Liakou et al., 1997). Oxalate, formate and benzenesulfonate were identified as intermediate compounds of
Orange II oxidation. The chemical structure of Orange I1 is shown in Figure 3.9,
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HO
Na03@N=N ()

Figure 3.9 : Chemical structure of Orange I dye (Liakou et al, 1997)

Ozonation can be used to convert cyanide ions into the less toxic cyanate jons in clectroplating effluents
(Rice. 1997). Chlorination is less expensive than ozonation but cyanide ion conversion iS also lower. An
ozone treatment facility was installed at the Cadillac Motor Car Division of General Motors Corporation in
Detroit, Michigan, in 1978, the ozone to cyanide ratio ranged from 2 to 3, ozone utilisation was greater than
99 % and total cyanide levels have been consistently reduced to below 1 mg L (Rice, 1997).

Effluents from petroleum refineries are satirated with hydrocarbon compounds. Ozonation followed by
grapular activated carbon (GAC) adsorption has been used to reduce concentrations of petroleum-derived
organic material in effluent at five USA petrolenm product storage and transportation facilities 1o below
0.1 mg L' (Rice, 1997). Pre-ozonation increased the lifetime of the GAC adsorbent by between 10 and
50 %. Ozone is used in the reatment of effluent (predominantly phenolic compounds) from the oil shale
industry in Estonia; approximately 2 000 tons of efffuent is produced annually (Rice, 1997).

Ozone has also been used to degrade protocatechuic acid (a phenolic compound) in the effluent from an

olive 01l manufacniring plant (Beniiez et al., 1996) and for colour removal in the effluent from a molasses
processing plant (Gehringer et al., 1997).

3.3 HYDROGEN PEROXIDE

Hydrogen peroxide was first made by J.L. Thenard in 1818; relatively pure hydrogen peroxide was produced
from the acidification of barium peroxide and the removal of the barium precipilate that formed
(Greenwood and Earnshaw, 1984¢: Manly, 1962). A hydrogen peroxide molecule consists of two hydrogen
and two oxygen aloms covalently bonded in a non-polar H-O-O-H structure (Kirchener. 1981: Pakiari and
Linnet, 1975). The molecular structure of bydrogen peroxide is shown in Figure 3.10.

AN

0—0

N

H
Figure 3.10 : Molecular structure of hydrogen peroxide (Greenwood and Earnshaw, 1984¢)
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The bond lengths and bond angles of liquid and crystalline hydrogen peroxide are different to the
dimensions of gaseous hydrogen peroxide because of hydvogen bonding between neighbouring molecules.
The O-O bond length of crystalline hydrogen peroxide (at -163 °C) is 145,8 pm (145,8 x 10™'? m); the O-H
bond length is 98.8 pm; the OOH angle is 101,9° and the dihedral angle between the planes of O-H bonds is
90,2° (Busing and Levy, 1963; Greenwood and Earnshaw, 1984c). The O-O bond length of gascous
hydrogen peroxide is 147,5 pm; the O-H bond length is 95,0 pm; the OOH angle is 94,8° and the dihedral
angle between the planes of O-H bonds is 111,5° (Busing and Levy, 1963; Greenwood and Eamshaw,
1984¢). Hydrogen peroxide is the smallest molecule that shows hindered rotation about a single bond, the
rotationa! barriers for the trans and cis conformations are 4,62 and 29,45 kJ mol”’, respectively (Giguére
and Srinivasan, 1977; Greemwood and Earpshaw, 1984c).

Hydrogen peroxide is manufactured commercially from the auto-oxidation of an anthraquinone compound
(Greenwood and Earnshaw, 1984c; Kirchener, 1981; Manly, 1962). The process developed by
I.G. Farbenindustriec in Germany during World War 11 (sbown in Figure 3.11) consists of dissolving
2-cthylanthraquinone in a mixed ester/hydrocarbon or alcoholhydrocarbon solvent and reducing it to the
corresponding quinol by a Raney nickel or supported palladium catalyst. The quinol is oxidised
non-catalytically in a stream of air to produce hydrogen peroxide and 2-ethylanthraquinone. The catalyst is
separated and the hydrogen peroxide extracted by water and concentrated to 30 wi% by distillation under
reduced pressure. Higher concentrations of hydrogen peroxide are produced by further distillation
(Greenwood and Eamsﬁaw, 1984<¢; Kirchener, 1981).

CHZCH3 CH,CHj3;
OO OO

separate
and rcdnsso] ve

CHZCH3
O‘O E—
(~1 % conc) copcentrate

2-ethylanthraquinone

Figure 3.11 : Commercizl production of hydrogen peroxide via the amto-oxidation of an
arthraquinone compound (Greenwood and Earnshaw, 1984¢)

Hydrogen peroxide is miscible in water in all proportions and is sold in concentrations from 3 to 98 %
(Kirchener, 1981). Hydrogen peroxide is used industrially as a bleach for textiles and paper, in the
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manufacture of chemicals, for pollution control, in hydrometallurgy and for minor purposes such as in
personal care products, food processing and fumnitere manufacture (Greenwood and Earnshaw, 1984¢).

Chemical reagents are added to stabilize commercial hydrogen peroxide solutions. Stabilizers deactivate
catalytic impurities by complex formation or by adsorption (Kirchener, 1981). Sodium pyrophosphate acts
in acidic solutions as a complexing agent whereas sodium stannate forms 2 prolective colloid Alkahine
solutions can be stahilized with alkali metal silicates. Various stabilizing systems have been developed,
combinations of tin salts and phosphates are frequently used. Some stabilizers contain organic compounds
that are effective in dilute solutions but cannot be used in concentrated solutions. The required quantity of
stabilizer decreases with increasiag peroxide concentration. Container corrosion is also a source of catalytic
Lmpurities, nitrate salts are frequently added to inhibit corrosion (Kirchener, 1981).

The chemical and physical properties of hydrogen peroxide are reviewed in Section 3.3.1 and the
application of hydrogen peroxide in water treatment in Section 3.3.2.

3.3.1 Chemical and physical properties

Some physical properties of hydrogen peroxide are listed in Table 3.5.

Table 3.5 : Physical properties of hydrogen peroxide (Greemwood and Earmshaw, 1984c;
Kirchener, 1981)

Parameter Value
molecular weight 34,016
molecular formula H,0,
form oolourless hquud at room temperature
melting point 0,43 °C
boiling point 150,2 °C
density (liquid) 1 442 kg m™ a1 25 °C
density (solid) 1643 kg m” at 4,5 °C
viscosity 1,249 cp a1 20 °C
heat of dissociation 34,3 kJ mol”’

Hydrogen peroxide is a weak acid and may react directly or afler dissociation into free radicals. Free
radicals. shown in Scheme 3.9, are formed from the homolync cleavage of either an O-H or O-O bond
(Bablon et al., 1991b: Kirchener, 1981; Manly, 1962).

H,O0, - H* + HO; AH =380 KJ mol™ [a]
H,0, - 2HO" AH =210 kJ mol” Ib]
Scheme 3.9



Chapter 3 OzoNe AND HyproGEN PerOXDE CHEMISTRY 327

The formation of hydroxyl radicals, reaction [b} of Scheme 3.9, is the dominant reaction during uncatalysed
decomposition and photochemically initiated reactions (Kirchener, 1981). Hydrogen peroxide reactions are
listed in Scheme 3.10.

decomposition 2H,0, - 2H;0 + O, fa]

molecular addition H,0; + Y - Y.H,0, [b]

substitution H,0; + RX - ROOH + HX €]

H,0, + 2RX - ROOR + 2HX [d)

oxidation H,0, + W - WO + H,0 (e]

reduction H,0, + Z - ZH, + O, [£]
Scheme 3.10

Hydrogen peroxide is stable in the absence of catalysts, however, decomposition is strongly catalysed by
metal surfaces (metal ions or metal oxides), MnO; or traces of alkali dissolved from glass (Kirchener, 198 1;
Koubek et al, 1963). Peroxyhydrates are formed from molecular addition reactions with hydrogen
peroxide; peroxyhydrates such as that formed from sodium carbornate or urea are commercially available.
Peroxygen compounds prepared by substitution reactions of hydrogen peroxide with organic reagents are
used commercially as polymerisation catalysts or as oxidising agents for a number of special reactions.
Hydrogen peroxade is a strong oxidising agent and is capable of oxidising a wide varicty of organic and
inorganic compounds. Reduction reactions occur when hydrogen peroxide reacts with a stronger oxidising
agent than itself for exawple chlorine, sodium hypochlorite, potassium permanganate or ceric sulfate
(Kirchener, 1981).

3.3.2 Application in water treatment

Hydrogep peroxide is applied in water treaunent because 1t is a strong oxidant. Hydroxyl radicals, formed
from the decomposition of hydrogen peroxide, react with organic matter by either adding to a C=C double
bond. as shown in reaction [a] of Scheme 3.11, or by abstracting a carbon-bound H atom, as shown in
reaction [b] of Scheme 3.11 (Clarke and Knowles, 1982; von Sonntag et al., 1997). Radical cations are
formed from molecules containing heteroatoms such as nitrogen or sulfur.

HO" + RyC=CR, - R2(HO)C-CR; [a}
HO* + RH - H,0 + R* [b]
Scheme 3.11

The addition to a double bond, reaction [a] of Scheme 3.11, is generally faster than hydrogen abstraction,
reacdon [b] of Scheme 3.11. Hydroxyl radicals react non-selectively with most organic and inorganic
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solutes with reaction rates (typically of the order of 10° s”') that approach diffusion-controlled limits
(Hoigné, 1997, von Sonntag et al., 1997). Hydroxyl radicals are scavenged in water by bicarbonate and
carbonate ions (von Sonotag et al., 1997).

Hydrogen peroxide is used in both municipal and industrial effluent trecatunent. Hydrogen peroxide is used
in monicipal effluent treatmem for the abatement of odours (such as hydrogen sulfide) and as an oxygen
source (Cole et al., 1974; Eul et al., 1991). Hydrogen sulfide is formed from bacterial action and leads to
(be corrosion of sewer systems as well as odour problems. A supplemental oxygen source is required when
overloaded activated slikige acration systems, denjtrification in secondary clarifiers and stale or septic
waslewalers result in low dissolved oxygen concentrations (Ayling and Castrantas, 1981; Cole e al., 1974).

Hydrogen peroxade is used in industrial effluent reatment for the detoxification of cyanide, nitrite and
hypochlorite; for the destruction of pbepol aromatics apd formaldehyde and for the removal of sulfite,
thiosulfate and sulfide compounds (Bull and Zeff, 1991; Eul et al., 1991). Hydrogen peroxide is also used
as a pre-oxidation technology 10 enhance biodegradation of persistenl and recalcitrant organic compounds
such as michloroethylepe and pentachlorophenol (Carberry and Benzing, 1991; Marco et al., 1997).

Environmental disasters such as accidental chemical spills and offensive odours can be treated with
hvdrogen peroxide. A broken tanker spilt 900 ton of fermented molasses into a marine dock along the River
Mersey in England contaminating approximately 3 million m® of water. The water turned black and began

to evolve hydrogen sulfide as the dissolved oxygen was depleted and a sulfate-reducing bactena began to
grow. Hydrogen peroxide was dosed in a 1,5 to 1 rado of hydrogen peroxide to hydrogen sulfide. The
water was mixed wilh tug boats and normal boating and recreational activities were allowed 10 resume after
48 h (Robinson and Monsen. 1991). An industrial landfill operation 1n England experienced problems with
offensive odours emanating from four leachate lagoons. Drums of hydrogen peroxide (35 %) were placed

every 20 m along the upwind bank of the lagoons and allowed 10 drip at a rate of 100 mL min™ into the
water. Hydrogen peroxide was dosed 1n a 3 to 1 ratio of hydrogen peroxide to hydrogen sulfide and was
followed by jetting for acration and mixing, The concentration of hydrogen sulfide in the lagoons (3 mg L'
in two lagoons and greater than 10 mg L™ in the other lagoons) was reduced to below the limits of detection
afier treatment with hydrogen peroxide (Robinson and Monsen. 1991).

Hydrogen peroxide is used in copjunction with advanced oxidation technologies such as in UV/HOx:
Oy/H;0; and UV/Oy/H;O; to enhance Lhe degradation of stable organic compounds (Bull and Zeff, 1991:

Clarke and Knowles. 1982; Glaze et al, 1987). Compounds typically destroyed are highly substituted
aromadcs. chlorinaled aromatics, chlorinated aliphatcs, furans and dioxins (Eul et al., 1991).
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3.4 CONCLUDING REMARKS

Ozone is used in water treatment for disinfection, colour removal, taste and odour removal, oxidation of
organic compounds and for the enhancememt of flocculation. Ozone is a power but sclective oxidant.
Oxidation of compounds takes place through the direct reaction with ozone molecules but also via reaction
with hydroxyl radicals formed from the decomposition of czone. Hydroxyl radicals are not only a stronger
oxidant than ozone but are also less selective, hydroxyl radicals react with most organic and many inorganic
solutes with high rate constants that approach diffusion-controlled limits.

Ozonation is 2 gas-liquid reaction and is dependant upon the diffusion of ozone into solution. The kinetic
regime of ozone absorption is calculated from the Hatta number. Dissolved ozone concentration in the bulk
solution is negligible when all the ozone is consumed in fast reactions (Ha > 3) in the film layer.
Conversely, slow reactions (Ha < 0,02) take place in the bulk solution and ozope mass transfer maintaing
the dissolved ozone concentrabon in solution close to satrration.

The decomposition of ozone in solution is initiated by the reaction with hydroxide ions, decomposition is
thus pH dependant and increases with increasing pH. Oxidation of organic compounds is dominated by the
direct reaction with ozone under acidic comxtitions and by the reaction with hydroxyl radicals under alkaline
conditions. Hydrogen peroxide is formed from the free radical reactions inifiated by the decomposition of
ozone, however, it is not prodnced as a significani intermediate because of the fasi reaction of perhydroxyl
ions with ozone. Perhydroxy!l ions are formed from the dissociation of hydrogen peroxide.

The oxidation of organic compounds during ozonation is enhanced during the combinaton with
technologies such as hydrogen peroxide, UV radiation and ultrasound that enhance the decomposition of
ozone. Ozone decomposition is enhanced during the combination with hydrogen peroxide or ultrasound by
the reaction with perhydroxyl ions. The rate constant for the reaction of o0zone with perhydroxyl ions is a

factor of more than 10°-fold greater than the rate constant for the reaction of ozone with hydroxyl ions.

Ozone disinfection is improved when ozone is combined with other disinfectants that maintain an active
residual for longer periods and with a2 method of filtration for the removal of bicdegradable matenal.
Ozonation of natural organic matter produces more readily biodegradable compounds that if not removed
through filtraion can lead to biological growth in a distribution network. The biodegradability of
oon-biodegradable compounds is improved during ozonation since the oxygenated functiomal groups
introduced during ¢czonation are potential starting points for metabolic processes.



ATRAZINE CHEMISTRY

Atrazine is a herbicide that is used world-wide, it is one of the most commonly used herbicides in the
United States. Runoff into surface waters and seepage into groundwater has resulted in the contamination
of potable water resources. Atrazine is the most frequently detected herbicide in groundwater in countnes
of the European Community. Concern for the environmental impact and potential effects it may have on
humans has resulted in the use of atrazine being banned or regulated in many countries. Water treatment
processes to degrade atrazine are being investigated by various organisations and university research
groups.

The general chemistry, physical properties and toxicity data for atrazine are presented in Section 4.1. The
role of atrazine in soil and in aquatic systems in the environment are reviewed in Secton 4.2. Afrazine
degradation kinetics and different methods used to degrade atrazine in water treatment are reviewed in
Section 4.3.

4.1 CHARACTERISTICS OF ATRAZINE

The Chemical Abstracts name of atrazine is 6-chJoro-N—ethyl-N’—(1-m_elhylethyl)-1,3,5-triazine-2:4-diamine
and the TUPAC name is 6-chlom-N2-ethyl-]v“-isopmpyl-l,3,5-u—iazine~2,4—d.iamine (Tomlin, 1997). 1t is
also referred to in earlier literature as 2<chloro-4-ethylamino-6-isopropvlamino-s-triazine. Agrazine is a

six-membered heterocyclic ring, the chemical structure of atrazine is shown in Figure 4.).

Ct

NJ\N
BN

H,CH,CHN N NHCH(CH3),

Figure 4.1 : Chemical structure of atrazine (Tomlin, 1997)

The discovery of atrazine is reviewed in Section 4.1.1, chemical and physical properties in Section 4.1.2 and
toxicity data in Section 4.1.3,



Chapter 4 ATRAZINE CHEMISTRY 4-2

4.1.1 Discovery

Atrazine was developed by the Geigy Chemical Company in Basel, Switzerland, from research begun in
1952 into derivatives of symmetrical triazines. It was patented in Switzerland in 1958 and in the United
States in 1959 (Solomon el al., 1996). Atrazine has been produced by other companies since the early
1970s when the patent protection of Ciba-Geigy expired. Ciba-Geigy in 1989/1990 supplied approximately
60 % of the market (Seiler et al., 1992). In 1992, atrazine was produced by over 10 different companies
marketing it alone or in mixtures with their own active ingredients (Seiler et al., 1992).

Alrazine is prepared, in the presence of an acid-binding agent, by the reaction of cyanuric chlonide with one
equivalent of ethylamine followed by one equivalent of isopropylamine (Sittig, 1980). The reaction pathway
for the preparation of atrazine is shown in Figure 4.2.

Cl Cl Cl

/]\ N c].|)c1.;,1N}q2 )\ (CHy),CHNH, N %]\ N

—_—

_;JLNJ\C] CCh )\ J\ C) SN

H3CH.CHN HaCH,CHN” "N~ “NHCH(CH;)

3HCN + 3Cl,

cyanuric chloride atrazine

Figure 4.2 : Reaction pathway of the indastrial preparation of atrazine (Sitlig, 1980)

4.1.2 Chemical and pbysical properties

Chemical and physical properties of atrazine are listed in Table 4.1.

Tabte 4.1 : Chemical and phvsical properties of atrazine (Tomlin, 1997)

Parameter Value
molecular weight 215.687
molecular formula C:sH,4CINy
form colourless powder
melling point 1758 °C
boiling point 205.0°C at 101 kPa
vapour pressure 0,0385 mPa at 25 °C
Keow LogP=25at25°C
Henry's law constant 1,5 x 10 Pa m* mol™!
standard gravity (density) 1,23 at 22 °C
water solubility 33 mg L” at pH 7 and 22 °C

pKa 1.7 (very weak base)
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Aftrazine is relatively stable in neutral, weakly acidic or weakly alkaline media; it is rapidly hydrolysed to
the hydroxy derivative in strong acids or alkalis, and at 70 °C in neutral media (Tomlin, 1997). Pure
atrazine may be stored for several years, decomposition begins immediately after application in soil
(Huber, 1993). The stability of the s-triazine ring is due to the electronic configuration of the heterocyclic
ring with the n electrons being delocalized over the six ring atoms, The m electrons are not evenly
distributed over the whole ring and are localized in the vicinity of the nitrogen atoms. The strong
electronegativity of the nitrogen atoms causes the s-triazine ring to display few of the characteristics of a
compound containing an aromatic nucleus (Esser et al., 1975; Weber, 1970).

Properties of s-triazine derivatives are determined by the substituents on the ring (primarily by the
substituent in position 6), the ring itself does not contribute except for its effect on the charge distribudon
(Leclercq and Pacdkovd, 1979; Weber, 1970). Substituents in positon 6 are usually chlorine, methoxy
(OCHj3) or thiomethyl (SCH;) groups, various alkylamino groups are substihned in positions 4 and 6
(Leclercq and Pacdkovi, 1979). The dissociation conslant is strongly affected by the substituent in positon
6. basicity increases in the order CI < SCH; < OCH;. The effect of the groups in positions 2 and 4 are
smaller but still pronounced, the greater the mumber of ethyl groups replacing hydrogen atoms, the more
basic the compound (Leclercq and Pacikova, 1979).

4.1.3 Toxicity

Atrazine acts as a herbicide because of its inhibition of photosynthesis, it is thus less toxic to animals than
to plants (Solomon et al., 1996). The toxicity of atrazine to different animal species is listed in Table 4.2.
The terms LDsp and LCso refer to the dosage and concentration of a chemical that kills S0 % of the group of
animals 1o which it is administered. Acute LDs, values indicate that the chemical administration was by a

single dose: dosage is expressed in mg active ingredien! per kilogram of animal bodyweight (Jones et al..
1968).

Table 4.2 : Acute toxicity of atrazine (Seiler et al, 1992)

Parameter Species Concentration

(mg kg™)

acute oral LDsq rat 1 869 10 3 080

acute oral LDsg mouse 1750 to 3 992

acute dermal LDgp rat >3 100

acute inhalation LCso rat > 710 mg m”

skin irritation rabbit slight irmitant

eye irmtation rabbit no irritant

sensinsanon guinea pig sensitising
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The evaluation performed by Ciba-Geigy indicated that atrazinme had no mnragenic effects on mammals
(Seiler et al., 1992). Atrazine was also found not to be mutagenic in the Ames Sa/monella/microsome assay
(Simmon et al., 1979). Long term experiments indicated a slight impairment in weight development
following high doses of atrazine in rats, mice and dogs; dogs fed for a year with 1 000 mg kg of atrazine in
their food showed changes in heart and circulation. No carcinogenic effects. independent of the dose
administered, were found in mouse trials (Seiler et al., 1992).

Exposure 10 atrazine under factory conditions did not adversely affect the health of workers or increase the
incidence of benign or malignant disease attribntable to atrazine (Loosli, 1995; Seiler et al.. 1992).
Weighted evidence of studies of farming populations in the United States support no causal association of
malignant changes with atrazine (Loosli, 1995). Two studies of a rural Italian population suggested an
increase in ovarian tumours in exposed womeu; statistical review suggested the increase could be by chance,
exposure data was unsatisfactory and no supporting evidence has been presented in other studies
(Loosli, 1995). High doses of atrazine (500 and 1 000 g) were ingested in two medically documented cases
of intended suicide. No signs of poisoning due to atrazine were reported, therapeutic measures were
required to control the adverse effects due to the co-formulants (Loosli, 1995).

4.2 ATRAZINE IN THE ENVIRONMENT

Afrazing is a herbicide and is introduced into the environment for weed contro) during crop cultivation or
on railway tracks (Huber, 1993). Point-source contamination arises from accidents, inadequately cleaned
wols, spillage during pesticide mixing and from disposal of waste pesticide and empry containers
(Gan et al., 1996; Huber, 1993). Afrazine contaminates water sources by seeping into groundwater or from
runoff processes into surface water (Huber, 1993).

Afrazine persists longer in soils than other herbicides and has been the most frequesntly detected berbicide in
groundwater in Europe (Chopra et al., 1973; Galassi et al., 1996). The half-life of atrazine in soil (the time
for 50 % dissipation) varies between 14 and 109 d; degradation is usually bipbasic in that initial rapid
degradation occurs during the first 2 months after application and slower degradation occurs during the
drier summer and cold winter months (Koskinen and Clay, 1997). Atrazine concentrations of between 0

and 10 pg L', 0.4 and 10 pg L' and 0 and 26 pg L' have been detected in rivers in France. Austria and

Germany, respectively; concentratons in rivers in the United States are usually between 0 and 20 pg L
(Huber, 1993; Solomon et al., 1996). Atrazine residues in rivers in agricultural regions are usuatlv episodic
with major peaks in spring and early summer following application (Solomon et al., 1996). The presence
and persisience of atrazine in potable waier sources has resulted in the regulation or banning of atrazine use
in many European countries. Health standards have been set in the United States by the Environmental

Protection Agency for atrazine at 3,0 ug L™ and in the European Community the health advisory standard
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for each triazine herbicide and metabolite is 0,1 pg L', the to1al triazioe concentration is not 0 exceed 0,5

pg L in groundwater (Thurman et al., 1991; Thurman et al., 1994).

The role of atrazine in the environment has been reviewed in the following sections, application and usage
in Section 4.2.1, persistence and degradation in soil in Section 4.2.2, persistence and degradation in aquatic
systems in Section 4.2.3 and metabolism in plants in Section 4.2.4.

4.2.1 Application and usage

Atrazine is used for the control of broadleaf and some grassy weeds in maize, sorghum and sugarcane
cultivation (Koskinen and Clay, 1997; Solomoun et al., 1996). It can be applied before or afier the
emergence of weeds and generally provides scason-long weed control, typically, the herbicide is applied
pre-emergence as a water-dispersed spray or in liquid fertiliser (Koskinen and Clay, 1997; Solomon et al,,
1996). 1t is sold as the active ingredient in various wettable powders or in granular formulations and is
marketed under trade names such as Gesaprim® and Aatrex® (Huber, 1993). Atrazine is also used as a
non-selective herbicide for weed control on railway tracks (Huber, 1993).

Atrazine is one of the most heavily used herbicides in the United States, approximately 29 000 t active
ingredient was applied annually between 1987 and 1989 to about 84 % of the maize crop (Koskinen and
Clay, 1997). The estimated use in 1993 was between 32 000 and 34 000 t active ingredient and in 1995
between 31 000 and 33 000 t active ingredient (Koskinen and Clay, 1997; Solomon et al., 1996).

The detection of atrazine in ground and surface water resulted in the reduction of the maximuro allowable
application rate of atrazine. The Good farming practice programme for atrazine, presented in Table 4.3,
was proposed by Ciba-Geigy in 1991, it was implemented in 1992 in European Community countries that

did not already have more stringent atrazine restrictions in place (Seiler et al., 1992).

Table 4.3 : Good farming practice progranume for atrazine (Seiler et al.. 1992)

Parameter

Larget Crops : maize and sorghum only

maximum use rate : 1.5 kg active ingredient per hectare per year

timing of application : pre-emergence and early post-emergence. no autumn applications
product offer : prepack mixtures favoured compared 1o straight atrazine formulations

The registered application rate (as recommended on the label) of atrazine in the United States was reduced
from 5.6 10 3,4 kg active ingredient per ha in 1990 and further, in 1993. to a maximum total pre- and
post-emergent use rate of 2.2 to 2,8 kg active ingredient per hectare (Solomon et al., 1996).
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4.2.2 Atrazine in soil

The applied atrazine tends to remain in the surface soil as jt degrades, however, off-site movement has been
documented (Koskinen and Clay, 1997). Movement of atrazine through soil into groundwater js affected by
soil processes that vary throughout the soil profile. The two major processes that affect the amount of
atrazine present in soil and the movement thereof are transformation and retention (Koskinen and
Clay, 1997). Transformation processes (by partial or complete degradation) reduce or eluminate the amount
of atrazine present in soil and retention processes (by adsorption) decrease or eliminate the amount of
atrazine available for transport to groundwater (Koskinen and Clay, 1997).

4.2.2.1 Transformation

Atrazine is transformed in soil by chemical and microbial processes such as hydrolysis, MN-dealkylation.
deamination and ring cleavage (Kaufman and Keamey, 1970, Koskinen and Clay, 1997). The primary
metabolites in the transformation of atrazine, as shown in Figure 4.3, are hydroxyatrazine
(6-hydroxy-N-ethyl-N"(1-methylethyl)-1,3,5-triazine-2,4-diamine), deethylatrazine (6-chloro-N-(1-methyl-
ethyl)-1,3,5-triazine-2,4-diamine) and deisopropylatrazine (6-chloro-N-ethyl-1,3,5-triazine-2 4-diamine).
These are further degraded to deethyldeisopropylatrazine (6-chloro-1,3,5-triazine-2 4-diamine), deethyl-
hydroxyatrazine, deisopropylhydroxyatrazine and ammeline (Koskinen and Clay, 1997, Winkelmann and
Klaine, 1991a).

OH Cl Cl
N)\N N)\N N)\N

PPN

H;CH,CHN™ N
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|
NHCH(CH;), HN” N7 ~NHCH(CH3), H3CH2CHN/L\N/LN'H2
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Cl

BN

BaNT N7 NH,

decthyldeisopropylatrazine

OH

BN

N

ammeline

deethylatrazine

Nj\HN
PN N

N NHCH(CH3),

decthylhydroxvatrazine

detsopropylatrazine

OH

N)\N
BNEN

H;CH,CHN N NH,

deisopropylhydroxyatrazine

Figure 4.3 : Primary and secondary metabolites of atrazine (Koskinen and Clay, 1997)
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Atrazine is transformed in soil by adsorption-catalyzed chemical hydrolysis to hydroxyatrazine (Burdkhard
and Guth, 1981, Skipper et al., 1967, Skipper and Volk, 1972). The reaction follows first order reaction
kinetics (Burkbard and Guth, 1981) and is dependant on factors such as pH, temperature and concenmranion
of dissolved organic carbon (Koskinen and Clay, 1997). Burkhard and Guth found that the formaton of
hydroxyatrazine was greater at a lower pH, the half-life of atrazine (at 22 °C) in two German standard soils
of pH 4,8 and 6,5 was 53 and 113 d, respectively (Burkhard and Guth, 198}). The hydrolysis half-life of
atrazirne (at 25 °C) in aqueous buffered solutions of pH 5, 7 and 9 was 64, > 200 anrd > 200 d, respectively
(Burkhard and Guth, 1981). The degradation of atrazine is dominated by chemical transformation to
hydroxyatrazine in acidic soil and by microbial transformation to N-dealkylation metabolites in alkaline soil
(Blumhorst and Weber, 1994; Qiao et al., 1996).

The metabolites, decthylatrazine and deisopropylatrazine, are formed by microbial degradation through
N-dealkylation of atrazine (Blumhorst and Weber, 1994; Kaufman and Kearney, 1970). The presence of
both alkyl groups on the triazine ring inhibits the microbial dechlorination of atrazine, however, elimination
of one or both of the alkyl groups allows for the microbial dechlorination of the metabolites producing the
bydroxvlated derivatives, as shown in Figure 4.3 (Behki and Khan, 1986).

Greater amounts of deethylatrazine than deisopropylatrazine are produced from the N-dealkylation of
atrazine (Gan et al., 1996; Shapir and Mandelbaum 1997, Winkelmann and Klaine, 1991a). Deethyl-
atrazine, deisopropylatrazine and hydroxyatrazine are all formed in surface soil, however, with increasing
soil depth atrazine is transformed mainly through NM-dealkylation rather than through chemical hvdrolysis
(Rodriguez and Harkin, 1997; Sorenson et al,, 1995). The major metabolite produced in the top 10 cm of
soil is hydroxvatrazine whereas deethylatrazine is the most common metabolite produced at greater depths
(Sorenson et al.. 1994; Sorenson et al., 1995). Constant levels of hvdroxvatrazine and deisopropylatrazine
throughout the soil profile indicate that the rates of formation and degradation are relativelv equal. the
increasing concentration of deethylatrazine with depth indicates that it is more resistant to degradation and

can accumulate over tme (Sorenson et al.. 1994; Sorenson ef al.. 1993).

The rale of atrazine degradation depends on soil and environmental factors that influence the presence and
activiry of atrazine-degrading microorganisms (Koskinen and Clay, 1997). These factors include arazine.
waler and oxygen concentration, soil temperature, soil type, pH and organic matter content and previous
soil management and crop practices (Koskigen and Clay. 1997; Skipper and Volk, 1972; Stojanovic et al..
1972). Atrazine is degraded faster at 2 soil temperarure of 25 °C than at 10 °C, atrazine half-life is 28.4 d
at 25 °C and 102.9 d 10 °C (Qiao et al., 1996). Atrazine concentration (5 to 5 000 mg kg™ of soil) did not
influence the rate of biodegradation in a clay loam soil (half-life < 56 d), however. degradation decreased

with increasing concentration in a sandy loam soil, the half-life was 56 d at 5 mg kg™’ and 91 d at 5 000 mg

kg of soil (Gan et al., 1996). Atrazine is degraded more rapidly in siit loam than in clay loam or sandy
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loam soil, atrazine concentration after 4 months decreased to 64, 75 and 80 %, respectively, of the initial
concentration in silt loam, clay loam and sandy loam soils (Sorenson et al., 1993; Sorenson et al., 1994;
Sorenson et al.. 1995). Atrazine degradation is reduced during unsaturated moisture conditions, 22 % of
initial atrazine remained after 60 d under saturated conditions whereas 34 % remained under unsaturated
conditions (Kruger et al., 1997).

Atrazine degradation is slower in subsurface soil (Lavy et al,, 1973; Miller et al., 1997; Shapir and
Mandelbaum, 1997). Lavy and co-workers found that the phvtotoxicity of atrazine in a silty clay loam soil
dissipated within 5 months at a depth of 15 cm, within 17 months at a depth of 40 cm and npo dissipation
occurred after 41 months at a depth of 90 cm (Lavy et 21, 1973). Shapir and Mandelbaum found that after
30 d of incubation more than 50 % of atrazine in surface soil had degraded whereas less than 33 % had
degraded in soil from a depth below 50 cm (Shapir and Mandelbaum, 1997). Atrazine degradation is
greater in soil that has a history of atrazine treatment. Vanderheyden and co-workers found that the
half-life of atrazine tn soil, typically between 35 and 50 d, was reduced to between S and 10 d in maize
ficlds that had been treated annualty with atrazine for more than five years (Vanderheyden et al., 1997).

The factors that affect the degradation of atrazine also affect the degradaton of the primary metabolites of
atrazine, Deethylatrazine degrades slower in subsoil than surface soil and is also lower under saturated than
unsaturated moisture oconditions (Kruger et al., 1997). The degradation of deethylatrazine, deisopropyl-
atrazine, deethryldeisopropylatrazine and hydroxyatrazine follow first order reaction kinetics, 2 % of the
deethylatrazine and 2 % of the deisopropylatrazine, 33 % of the hydroxyatrazine and no deethyldeisopropyl-
atrazine was found to remain in soil 180 d after application (Winkelmann and Klaine, 1991b). The soil
half-lives of atrazine. deethylatrazine, deisopropylatrazine, deethyldeisopropylatrazine and hydroxyatrazine
were 21, 26, 17. 19 and 121 d, respectively, under similar conditions (Winkelmann and Klaine, 1991b).

Mineralisation of atrazine to carbon dioxide involves cleavage of the triazine ring. Early investigations
found that the triazine ring was not readily broken by soil microorganisms and the formation of **CO, from
ring-Jabeled atrazine in soil was generally low. Skipper and co-workers found that approximately 0.4 to

0.5 % 'CO; evolved from ring-labeled atrazine in a sandy loam and silty clay loam soil afier a 14 d

incubation period (Skipper et al., 1967). Kruger and co-workers found that less than 1 % of the applied C
had mineralised afier a 120 d period (Kruger et al., 1997). Skipper and Volk measured a 0.1 % formation
of *CO; from ring-labeled atrazine after a 14 d incubation period and Dao and co-workers found that the

formation of *CO, was less than 0,5 % afier an 8 month incubation period (Dao et al., 1979; Skipper and
Volk, 1972). Amounts of carbon dioxide evolved in the mineralisation of atrazire range from 0,05 %
within 3 months 1o 1 % per month (Geller, 1980). Higher rates of atrazine mineralisation have been
reported for soils that have a history of atrazine application (Vanderhevden et al., 1997: Winkelmann and
Klaine, [9912). Gan and co-workers found that an average of 64 % mineralisation occurred after 140 d for
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atrazine concentrations of berween 5 and 500 mg kg™ of soil (Gan et al., 1996). The degradation products
of atrazine are more easily biodegradabie than the parent compound (Geller, 1980). Mineralisation of
ring-labeled '“C deethylatrazine, deisopropylatrazine and hydroxyatrazine yielded 25, 16 and 21 %,

respectively, of **CO, after 180 d (Winkelmann and Klaine, 1991b).

The aurazine-ring carbon atoms are in the same oxidation state as in carbon dioxdde and cannot be used by
microorganisms as a source of carbon or emergy for growth, however, energy can be obtained from the
oxidation of the carbon atoms in the side chains substituted on the s-triazine ring (Cook. 1987). Atrazine is
usually utilised as a nitrogen source for microbial growth whea carbon and energy are supplied by other
substrates (Cook, 1987).

Microbial strains that can mineralise atrazine, especially in soils with a prolonged history of annual atrazine
applicadon, have been identified (Behki and Khan, 1986). Mirgain and co-workers identified three
bacterial species (Sphingomonas paucimobilis, Sphingobacterium multivorum and Agrobacierium
radiobacter) that together, but not individually, could degrade atrazine (Mirgain et al., 1995). Behld and
Khan identified three strains of Pseudomonas (Pseudomonas putida, Pseudomonas fluorescens and
Pseudomonas stuizert) that degraded atrazine via N-dealkylation to deethylatrazine and deisopropylatrazine
(Behki and Khan, 1986). Two of the species could dechlorinate deethylatrazine and deisopropylatrazine
(but not atrazine) following incubation in glucose-supplemented mineral salts medium (Behki and
Khan, 1986). Shapir and Mandelbaum demonstrated that a Pseudomonas strain completely degraded
atrazine, between 90 and 100 % mineralisation occurred in soil within 15 d after inoculation with the
Pseudomonas strain (Shapir and Mandelbaum, 1997). The first step in the mineralisation was
dechlorination (o hydroxyatrazine (Shapir and Mandelbaum. 1997).

Mirgain and co-workers, in an invesugation in north-eastern France, isolated several aerobic gram-negative
bacteria that were capable of metabolising atrazine in association with other species or 1n pure culture
(Mirgain et al.. 1993). The degradation curves consisted of three phases. an adaptive period in which
degradation was slow or absent, a rapid degradation phase in which 80 % of the pesticide was consumed
over a few days and the final stage in which the degradation of the remaining atrazine was again slow
(Mirgain et al., 1993). Isolates from agricultural soil samples indicated that atrazine was degraded by
Acinetobacter calcoaceticus in pure culure and by a combination of Pseudomonas alcaligenes and an
Agrobacterium species. Atrazine was also degraded by a consortium of microorganisms from a garden soil
sample (Pseudomonas fluorescens, Pseudomonas putida, Flavobacterium multivorum. Enrerobacter
cloacae and an Acinetobacrer species). No microbial species in a groundwater sample were found that
degraded atrazine whereas two species (Pseudomonas putida and Xanthomonas maltophilia) were identified

In a surface water sample (Mirgain et al., 1993). Giardi and co-workers demonstrated that a Nocardia
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10strain  was capable of degrading atrazine, degradation (as shown in Figure 4.4) was through
N-dealkylation and deamination yielding dicyanodiamidine (Giardi et al., 1985).
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Figure 4.4 : Microbial degradation of atrazine by a Nocardia strain (Giardi et al., 1985)

The biodegradation pathway of atrazine is presented in Figure 4.5. Biodegradation is predominantly
through N-dealkylation to deethylatrazine and deisopropylatrazine even though Shapir and Mandelbaum
showed that atrazine can be dechlorinated to hydroxvatrazine bv a Pseudomonas strain (Erickson and
Lec. 1989: Shapir and Mandelbaum, 1997). Several pathways exist for subsequent degradation of
deethylatrazine and deisopropylatrazine, as shown in Figure 4.5, thesz depend on the order in which
dechlonnation, deamination and further dealkylation take place. Behki and Khan found that dechlorination
occwrred first in the degradation by two Psewdomonas bacterial strains whereas Giardi and co-workers
found, as shown in Figure 4.4, that dealkylation and deamination occurred before dechlorination in the
degradation by a Nocardia bacierial strain (Behki and Khan, 1986; Giardi et al., 1985). Degradation
through ammeline. ammelide and cyanuric acid was caused by a Pseudomonas species strain A (Jutzi et al..
1982). The different degradation pathways. as shown in Figure 4.5, converge with the formation of
cvanuric acid (Cook et al., 1985; Cook, 1987). Two soil fungi (Stachvborrys chartarum and Hendersonula
toruloidea). a Pseudomonas species strain D and a facultative anaerobic bacterium have been shown to
degrade cyanuric acid (Cook et al., 1985; Jessee et al.. 1983: Wolf and Martin. 1975). Ring cleavage of
cyanurc acid, as shown in Figure 4.5, produces biuret that is further degraded to urea and then to carbon
dioxide and ammonia (Cook et al.. 1985). Three moles of CO; and three moles of NH™ are produced per

mol of cyanuric acid (Cook et al.. 1985).
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Figure 4,5 : Mineralisation pathway of atrazime (Erickson and Lee, 1989; Koskinen and
Clay, 1997)

4.2.2.2 Retention

Retention is defined as the restriction or retardation of mobility of a chemical in soil because of the

interaction of the chemical with the surface of a soil particle (Cheng. 1990). Retention of atrazine in soi!



Chapter 4 ATRAZINE CHEMISTRY 4-12

decreases the amount available for weed control, microbial transformation and the amount that can move to
greater soil depths leading 1o groundwater contamination (Koskinen and Clay, 1997). Typically between 50
and 80 % of atrazine under slurry conditions is retained in silt loam, loam or clay loam surface soils
(Koskinen and Clay, 1997). The energy required and available for desorption determines whether the
retention process is reversible or irreversible (Cheng, 1950).

Different binding mechanisms are involved in the retention of atrazine and its metabolites in soil, the

binding mechanisms or binding strengths change with time, more atrazine was extracted from soil after
- 35 d than after 138 d using methano! or supercritical fluid extraction (Koskinen et al., 1995). Mechanisms
such as ion exchange, metal complexation, covalent bonding, hydrogen bonding, van der Waals forces and
physical trapping have been postulated for the retention of atrazine in soil (Bailey and White, 1970;
Cheng, 1990; Chopra et al., 1973). Cheng proposed that hydrogen bonding (the partial transfer of charge
between an electron donor and acceptor) could be a major force in the binding of atrazine to soil
(Cheng, 1990). Welhouse and Bleam evaluated the hydrogen-bonding potential of atrazine by measuring
formation constants for hydrogen-bond complexation with hydrogen-bond donors and acceptors typically
found in organic matter in soil (Welhouse and Bleam, 1993a; Welhouse and Bleam, 1993b). Atrazine was
found to form strong co-operative hydrogen bonds with compounds such as pyrrolidinone and acetic acid
because of the favourable geometry for orbital overlap and the ability of both molecules to redistribute
electronic charge and reinforce complexation (Welhouse and Bleam, 1993b). The most stable bound
residues of atrazine in soil are associated with humified organic matier (Koskinen and Clay, 1997).

Atrazine adsorption is dependant upon factors such as organic carbon content, soil clay content, soil type,
pH. atrazine concentraton and atrazine-soil contact time (Bailey and White. 1970: Koskinen and
Clay, 1997). The formation of soil-bound residues of atrazine decreases in subsoil. Kruger and co-workers
found that after 120 d soil-bound residues in the surface soil accounted for between 62 and 73 % of the
applied atrazine and in the subsoil for between 13 and 22 % of the applied atrazine (Kruger et al., 1997).
Miller and co-workers found that more than 50 % of the applied atrazine after 6 months at a depth of 45 co
was still unbound and untransformed and at a depth of 75 cm almost 80 % was unbound and untransformed
(Miller et al.,, 1997). Afrazine adsorption increases with contact time with soil (Dao et al., 1979.
Miller et al.. 1997) and with increasing soil organic matter and clay content (Burkhard and Guth, 1981,
Chopra et al.. 1973; Koskinen and Rochette, 1996). Atrazine adsorplion is greater at lower pH values, more
atrazine was adsorbed to soil in the pH range 4 to 6 than to soil of pH 7 or greater (Clav and Koskinen,
1990 Koskinen and Clay, 1997). Atrazine adsorption increased in sand as moisture content increased from
410 16 % and in silt loam as moisture increased from 9.6 to 27 % (Koskinen and Rochette, 1996).

The adsorption characteristics of atrazine metabolites are different to those of atrazine. Hydroxvatrazine
was more strongly adsorbed 10 soil than atrazine (Clay and Koskinen. 1990; Dao et al., 1979). Seybold and
Mersie found that the adsorption of atrazine and its major metabolites decreased in the order
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hydroxyatrazine > atrazine > deisopropylatrazine > decthylatrazine (Seybold and Mersie, 1996). The
desorption process decreased in the order deethylatrazine > atrazine and deisopropylatrazine >
hydroxyatrazine (Seybold and Mersie, 1996). Both adsorption and desorption influence the mobility of a
chemical in soil, high adsorption and low desorption restrict the mobility and the potential of a chemical to
leach through the soil column. Seybold and Mersie ranked the overall order of decreasing mobility as
deethylatrazine > deisopropylatrazine > atrazine > hydroxyatrazine (Seybold and Mersie, 1996). Kruger
and co-workers, in an investigation of five Iowa soils, identified three mobility groups for atrazine and
selected metabolites: most mobile - deethylatrazine; intermediate mobility - atrazine, deisopropylatrazine
and deethyldeisopropylatrazine; nearly immobile - hydroxyatrazine and ammeline (Kruger et al., 1996).

42,3 Atrazine in aquatic systems

Arrazine has been detected in both groundwater and surface water systems (Huber, 1993; Koskinen and
Clay, 1997, Solomon et al., 1996). Atrazine contamination of aquatic systems is particularly widespread
where maize is the dominant crop such as in the Midwestern United States (Solomon et al., 1996). The
persistence and mobility of atrazine and metabolites such as deethylatrazine in soil allow for leaching into
groundwater (Sorenson et al.,, 1994). Atrazine contamination of surface water systems is caused by runoff
following precipitation or irrigation of agricultural fields (Huber, 1993).

4.2.3.1 Groundwater

Atrazine has the potential to contaminate groundwater becanse of its persistence and mobility in soil.
Measurements of atrazipe half life in soil range between 14 and 109 d (Koskinen and Clay. [997).
Sorenson and co-workers found that the amount of atrazine persisting 16 months after treatment was 32, 24
and 22 %, respectively, in clay loam, silt loam and a sandy loam soil (Sorenson et al., 1993; Sorenson et al.,
1994; Sorenson et al., 1995). Gan and co-workers and Sorenson and co-workers found that atrazine moved
0 a depth of 70 to 80 cm within the first month after application (Gan et al., 1996; Sorenson et al., 1994).
Atrazine movement (o this depth ir clay loam was due to macroporous water flow (macropores are caused
by roots and earthworm burrows); insufficient water from precipitation (2.3 ¢m in 4 increments) and
imgation (5 cm in 2 increments) was available to move the atrazine to such a depth unless rmacroporous
flow occurred (Sorensor et al.. 1994). The rate of atrazine leaching is soil dependent. the greater water
holding capacity of silt loam and clay loam allows for greater atrazine movement (Sorenson et al., 1995).
Leachate collected from an 80 cm clay loam column 16 months afier treatment contained 0,04 % of the
applied atrazine (Sorenson et al., 1994). The metabolites most likely to Ieach into groundwater because of
their lower retention in soil are deethylatrazine, the dominant metabolite in subsoil. and deisopropylatrazine

(Koskinen and Clay, 1997; Kruger et al., 1996).

A represeptative survey of the groundwater of the United States by the US Environmental Protection

Agency recorded atrazine concentrations of between 0.18 and },04 pg L"; half of the tested wells showed

concentrations below 028 pg L' (Huber, 1993). The maximum concentration recorded in wells in the
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Netherlands. Swizerland and Germany was 0,58; 1,34 and 3,1 pg L', respectively; the higher values were
found in shallow wells in the vicinity of intensive agricultural production (Huber, 1993). The
concentralions of atrazine, deethylatrazine and deisopropylatrazine measured in groundwater at Dalmine,
lialy, in June 1995 were 0,232; 0,045 and 0,058 ug L, respectively (Galassi et al., 1996).

Significant degradation of atrazine and its metabolites does not occur in groundwater becanse of the low
microbial populations. low amount of dissolved organic carbon (below 1 mg of carbon L) and temperatures
below 10 °C (Mirgain et al., 1993). Rodriguez and Harkin found that more than 85 % of atrazine in
groundwater was still present after 270 d (Rodriguez and Harkan, 1997). The atrazine concentration ig a
well in the Lombardy area in Italy (where atraziae use has been banned since 1986) was in the range of 0,25
0 0,46 pg L' between Februarv and December 1987 (monitored monthly) and between 0,147 and
0.232 ug L' between May and July 1995 (Galassi et al., 1996). The resistance of deetbylatrazine to
degradation in subsoil indicates that it is just as persistent as atrazine in groundwater (Rodriguez and
Harkin, 1997).

4.2.3.2 Surface water

Afrazine contamination of surface water is caused by runoff following precipitation and irrigation of
agriculrural fields (Huber, 1993). Losses due to runoff range between 0,1 and 7,7 % of the applied atrazine,
the Joss in a year with average rainfall is typically 1,2 % (Gaynor et al., 1992; Gaynor et al, 1995).
Atrazine transport in runoff occurs throughout the year but losses are higher during the growing season
when runoff occurs soon after herbicide application (Gaynor et al., 1992).

Afrazine concentrations of between 0 and 87 pg L™ have been detected in rivers in the United States,
concentrations. however. rarely exceeded 20 pg L7 (Huber. 1993: Solomon et al.. 1996). Atrazine
concentration in rivers in France ranges between O and 10 ug L' in Austria between 0.4 and 10 pg L and

in Germany between 0 and 26 pg L, the mean concentration levels are significantly lower than the upper
peak values (Huber. 1993). The airazine concentration in standing freshwater svstems (ponds. natural lakes
and reservoirs) is lower than that in flowing water; for example, in Germany, mos! of the detected atrazine
concentration in standing freshwater svstems is below 0.1 pg L' (Huber. 1993). Airazine concentration in
surface water in the United States is highest in the first two months afier application in early summer (late
spring and early summer rainfall flushes atrazine from croplands) and decreases during autumn and winter

months (Thurman e( al., 1991; Thurman et al., 1992). Atrazine is also found to persist from year to year in
both soil and water (Thurman et al., 1991).

Atrazine metabolites such as deethylatrazine and deisopropylatrazine have been detected in surface runoff
and surface water svstems (Gaynor et al.. 1995; Thurman et al., 1991). Meuabolite concentrations in surface
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water is dependant on the hydrologic conditions of the basin and timing of runoff, early rains and a dry
summer leads to an peak of metabolites in surface water, a wet summer delays but increases the maximum
metabolite concentration (Thurman et al., 1994). The deethylatrazine peak concentration occurs later in the
season than the atrazine peak concentration (Gaymor et al, 1992). The investgation by Thurman and
co-workers of the surface water systems in the Midwestern maizebelt of the US found that the ratio of
deisopropylatrazine to deethylatrazine was approximately 0,6 and that the ratio of deethylatrazime to
atrazine, 2 months after application, varied between 0,5 and 0,7 (Thurman et al., 1994). The persistence of
alrazine and its metabolites in surface water in the United States decreases in the order of atrazine,
deethylatrazine and deisopropvlatrazine (Thurman et al.,, 1991; Thurman et al., 1992). The concentration
of metabolites is greater in standing water thaa in flowing water; hydroxyatrazine, although not detected in
flowing water, has been detected in Midwestern reservoirs in the United States (Solomon et al., 1996).

Deethylatrazige and deisopropylatrazine are also formed, as shown in Figure 4.6, from the degradation of
other triazine herbicides such as simazine, cvanazine and propazine (Thurman et al, 1994). The
investigation by Thurman and co-workers of the surface water systems in the Midwestern maizebe]t of the
United States found that decthylatrazine was formed predominantly from atrazine (98 %) with trace levels
derived from propazine; deisopropylatrazine was formed from atrazine (75 %), cyanazine (25 %) and trace
levels from simazine (Thurman et al., 1994). Atrazine is the most widely used triazine herbicide, over
2,5 tmes more atrazine than cyanazine was found by Thurman and co-workers to be applied on a regional
scale, propazine had already been removed from the US market (Thurman et al., 1994).
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Figure 4.6 : Formatiou of deethylatrazine and deisopropylatrazine from simazine, cvanazine
and propazine (Thurman et al., 1994)

Surface water ecosystems may be affected by the long term presence of atrazine and its metabolites. The
two mechanisms by which atrazine is taken up by aquatic organisms are adsorption from water or uptake
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via the food chain (Huber, 1993). The investigation by Eligehausen and co-workers of a mode) aquatic food
chain consisting of an algae (Scenedesmus acutus), daphnid (Daphnia magna) and catfish (Jetalurus melas)
species found that direct uptake from water was significantly more important than transfer of atrazine
residues via the food chain (Ellgehausen et al., 1980). Atrazine is taken up by nearly all aquatic organisms,
however, a large portion of the adsorbed atrazine is eliminated quickly by tbe organisms (Huber, 1993).
Ellgebausen and co-workers found that the degradation of atrazine in the investigated algae, daphnid and
catfish species followed second order reaction kinetics (Eligehausen e1 al., 1980).

Phytoplankions are the moSt sensitive organisms 10 afrazine in aquatic ecosysiems (freshwater and
saltwater), followed in decreasing order of sensitivity by macrophytes, benthic invertebrates, zeoplankion
and fish (Solomon et al., 1996). Phytoplankton biomass and production rates are unaffected by exposure to
atrazine concentrations below 20 ug L, ecologically important effects occur only with exposure to
concentrations above 50 pg L' (Solomon et al., 1996). The investigation, initiated by the Environmental
Protection Agency, of the ecological risk of atrazine in North American surface waters concluded that
atrazine did not pose a significant risk 1o the aguanc eavironment {(Solomon et al, 1996). It was
recommended that site-specific assessments be performed of the inhibitory effects of atrazine on algae,
phytoplankton or macrophyte production in small streams that are wvulnerable to agricultural runoff
(Solomon et al., 1996). The review by Huber on the ecotoxicological relevance of atrazine in adquanc
systems concluded that the potential hazard of atrazine in the environment depended on the concentration
and degree of exposure, atrazine concentrations of up 1o 20 pug L™ would not cause any permanent damage

to aquatic ecosystems (Huber, 1993).
4.2.4 Mode of action in plants

Atrazine is readily taken up by all plants, take up is primarily through roots and foliage (Esser et al., 1975;
Solomon et al., 1996). Plant uptake of atrazine increases with increasing atrazine concentration. time of
exposure, higher temperatures and low relative humidity (Esser et al., 1975). Atazine take-up in maize
plants 2 months after treamment was found o be greater in sandy loam (3,6 % of applied atrazine) than n
clay loam (2.9 % of applied atrazine) even though organic content levels in the soil were similar and soil pH
in the sandy loam was lower than in the clay loam (Sorenson et al., 1993: Sorenson et al., 1994). Awazine

1ake-up in maize piants is also greater in silty loam that in clay loam (Sorenson et al.. 1995).

Afrazine is not toxic to plants in the dark, it thus interferes with the photosynthesis process in plants
(Esser et al., 1975). Atrazine inhibits photosynthesis by interrupting the light-driven flow of electrons from
water 10 NADP. nicotinamide adenine dinucleotide phosphate (Esser et al., 1975), Chlorophvll molecules
are oxidized by light energy during photosynthesis. Replacement electrons for the oxidized chlorophyll
molecules (as shown in Figure 4.7) are obtained from the cleavage of water with oxygen being produced as
a by-product, the reaction is known as the Hill reaction (Ebent and Dumford, 1976; Solomon et al., 1996).
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Atrazine inhibits the Hill reaction and competes with plastoquinone at its binding stte thus blocking the
transport of electrons from photosystem II (Ebert and Dumford, 1976; Solomon et al., 1996).
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Figure 4.7 : Photophosphorylation (Solomon et al., 1996)

Inhibition of the Hill reaction leads to the destruction of the chlorophyll molecules in photosystem II since,
without replacement electrons from water, the light-induced electron flow occurs until all of the chiorophyll
molecules are oxidized (Solomon et al.,, 1996). The blockage of electron flow from photosystem 1 causes
photophosphorviation (the production of ATP), reduction of photosystem 1 chlorophyll molecules. cyclic
photophosphorvlation and the production of NADPH to cease (Solomon et al, 1996). The binding of
atrazine to the plastoquinone 11 binding site is reversible since photosynthetic activity increased in plants
removed from atrazine-contaminated growing medium (Solomon et al.. 1996).

The phytotoxicity of atrazine is reduced by degradation, dechlorination metabolites are non-toxic and
N-dealkylation metabolites are less toxic than atrazine (Harris, 1967, Kaufman and Kearney. 1970).
Stratton found that atrazine was more inhibitory to growth and photosynthesis in two species of green algae
and three species of cyanobacteria than hydroxvatrazine, deethylatrazine. deisopropvlatrazine and
deethyldeisopropylatrazine (Stratton, 1984). Deethylatrazine and deisopropylamrazine are the most toxic
transformation products for plants. Atrazine is between 7 to 10 and 20 o 50 times more inhibitory (o
cyanobacteria, respectively, than deethylatrazine and deisopropylatrazine, similarly, atrazine is berween 4 1o
6 and 7 to 13 times more inhibitory 1o green algae than these metabolites (Stration, 1984). Hydroxvamazine
and decthyldeisopropylatrazine are relatively non-toxic, atrazine is between 200 and 1 000 times more 10xi¢
than either of these metabolites (Stratton, 1984).
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Plants such as maize possess efficient detoxification mechanisms for atrazine (Ebert and Dumford, 1976).
Three possibly pathways for airazine detoxification in maize are hydroxylation, N-dealkylation and
glutathione conjugation (Ebert and Dumford, 1976; Shimabukuro, 1967, Shimabukuro et al., 1970). The
presence of benzoxazinone (2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one) in maize leads to the
hydroxylation of atrazine producing hydroxyatrazine (Esser et al., 1975; Shimabukuro, 1967). Raveton and
co-workers found that the reaction followed first order reaction kinetics and proposed the reaction pathway
shown in Figure 4.8 (Raveton et al., 1997a).
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Figure 4.8 : Reaction pathway of atrazine hydroxylation in maize (Raveton et al., 19972a)

Ravelon and co-workers found that after 72 b Jess than 5 % of applied atrazine was still present as atrazine
in extracts of roots and shoots of maize seedlings. most atrazine had been transformed to hydroxyatrazine
and small quantities of deethylhydroxyatrazine and deisopropyvlhydroxyatrazine (Raveton et al.. 1997b).

The displacement of the 6~chloro group in atrazine with glutathione also reduces the toxicity of atrazine
(Lamounreux et al., 1972). The glutathione conjugate of atrazine. shown in Figure 4.9, has been identified
in maize and sorghum leaves (Lamoureux et al., 1972; Shimabukuro et al., 1970). It is formed by an
enzymatic reaction catalysed by glutathione s-transferase (Shimabukuro et al., 1971). Shimabukuro and
co-workers found that within 24 h between 60 and 80 % of applied atrazine to leaf blades of six maize
variefies was converted to the glutathione conjugate of atrazine (Shimabukuro et at.. 1971).



Chapter 4 ATrAZINE CHEMISTRY 4-19

_H
HO N H o)

|
)\V‘Y on
N7 ™N o)

PPN

HaCH,CHN N NHCH(CHs),

Figure 4.9 : Glutathione conjugate of atrazine in maize leaves (Lamourenx et al., 1972)

Atrazine hydroxylation (which occurs mainly in the roots) and glutathione conjugation (which occurs only
in the leaves) are independent processes (Raveton et al., 1997a; Raveton et al., 1997b). Hydroxylation is the
dominant atrazine detoxification process in maize plants. the relative importance of glitathione conjugation
is greater with post-emergence herbicide treatment (Raveton et al., 1997a; Ravelon et al., 1997b).

4.3 ATRAZINE IN WATER TREATMENT

A comparative study of four disinfection methods (chlorine, monochloramine, chlorine dioxide and ozone)
and an evaluation of the effectiveness of granular activated carbon versus sand filtration for chemucal
conlaminant removal was performed over a year at Jefferson Parish, on the mouth of the Mississippi river,
in the United States (Lykins and Koffskey, 1986; Lykins et al.. 1986). The raw water, afler clarification and
filtration, was split into five process streams, one for each of the disinfection methods and a control without
any disinfection. The disinfection process streams comnsisted of a contact chamber, the contact time was
approximately 30 min, followed by paralle! filtration through a sand column, a granular activated carbon
column and a duplicate granuiar activated carbon column. The control non-disinfection stream did not
have a contact chamber but was also split into three parallel filtration streams. The influent concentration
of atrazine ranged from 23 to 249 ng L and was not affected by chlorine dioxide, chloramine or chlorine
disinfection whereas ozone disinfection reduced the atrazine concentration. on average, by 83 %. Atrazine
concentration was unchanged after sand filtration, however, filtration through the granular activated carbon

column removed between 95 and 97 % of the atrazine throughout the | vear operational period (Lykins and
Koffskey. 1986: Lvlans et al., 1986).

A South African study investigated the faie of organic micropoliutants in a pilot-scale integrated effluent
treatment/water reclamation system consisting of a denitrification reactor, a chemical clarifier. 2 combined
nitrification pond and biological clarifier, prechlorination, dual media filtration. granular activated carbon
adsorption and final chlorination (van Rensburg et al., 1981). The alrazine concentration through the
systern, relative to the feedwater, was 81 % afier denitrification. 64 % after the chemical clarifier. 60 %
after the biological clarifier, 53 % afier prechlorination. 62 % after dual media filtration and 0 % after
adsorption with granular activated carbon (van Rensburg et al,, 1981). An investigation of a pilot plant

oonsisting of a clarifier, rapid sand filier, ozonation tank and slow sand filter indicated that the atrazine
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concentration was not reduced by flocculation and coagulation in the clarifier but was partly reduced (by
between 30 and 45 %) after the ozonation tank (Montie! and Welté, 1992). Atrazine concentraton in the
efflucnt from an agrochemical formulation plant has been reduced from 6 300 mg L™ to below 0,1 mg L™ in
an integrated chemical/biological oxdation system consisting of an aerobic fluidised bed, an aerobic
trickling filter, a chemical oxidation reactor for ozonation and catalysed hydrogen peroxide oxidation, an
anaerobic fixed bed filter, ultrafiltration modiles and reverse osmosis and nanofiltration membranes
(Haverhoek et al., 1997). An investigation of a nanofiltration pilot plant al the Méry-sur-Oise water
treatment plant in France indicated that nanofiltration, for imitial atrazine concentrations of berween 0 and

900 ng L, reduced the concentration by between 80 and 90 % (Agbekodo et al., 1996).

Activated carbon and advanced oxidation processes, such as 0zone, are some of the most effective processes
for reducing atrazine concentration in water treatment (Adams and Randtke, 1992b). Atrazine is strongly
adsorbed by activated carbon, however, natrally occurring organic matter competes with atrazine and
lowers the adsorptive capacity (Adams et al., 1990). Breakihrough of granular activated carbon filters can
occur rapidly (Duguet et al., 1990). Advanced oxidation technologies involve the generation of highly
reaciive radical intermediates, particularty bydroxyl radicals (Beltran et al,, 1998). The reacton pathway
proposed by Chan and co-workers for the acid and alkaline hydrolysis of atrazine is shown in Figure 4.10
(Chan et al_, 1992).
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Figure 4.10 : Acid and alkaline hydrolysis of atrazine (Chan et al., 1992)

Chan and co-workers proposed that alkaline hydrolysis was a two-step nucleophitic displacement of
chlorine by hvdroxyl ions and that the acid hydrolysis proceeded via protonation al one of the side-chain
nitrogen a210ms (Chan et al.. 1992). The C-Cl bond is readily broken (45,2 kJ mo!™) because of the electron
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deficiency of the ring carbon atoms and the electron withdrawing nature of the chlonne atom. The carbon
atoms in a triazine ring are slightly positively charged because the n-electrons are not evenly distributed

over the ring but are localised in the vicinity of the nitrogen atoms (Esscr et al., 1975; Paris and Lewis,
1973).

Artrazine reaction with hydroxyl radicals also occurs at the site of the side chains producing dealkylated
products. The mechanism proposed by Hapeman and co-workers for the formation of dealkylated products
from the reaction of atrazine with hydroxyl radicals in the presence of oxygen is shown in Figure 4.11
(Hapeman et al., 1995).
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Figure 4.11 : Reaction mechanism for the formation of dealkylated degradation products from
the reaction of atrazine with hydroxyl radicals (Hapeman et al., 1995)

Hydroxy] radical attack, shown in Figure 4.11. occurs at the side<chain carbon o 1o the amine nitrogen
(Hapeman et al., 1995). The carbon is relatively electron-rich since the amine nitrogen provides additional

electron density. The formation of deethvlatrazine is favoured above that of deispropvlatrazine as the
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reaction is sterically controlled, hydroxy] radical attack thus occurs more readily on the ethyl side chain
than on the isopropyl side chain. Oxygen is required in the degradation of atrazine to form the perhydroxy
radical (step 2 of the reaction mechanism presented tn Figure 4.11) that reacts with an identical molecule to
yvield the final products. Hydrogen peroxide, shown in Figure 4.11, is formed during atrazine degradation
(Hapeman et al., 1995).

Second order rate constants for the reaction between atrazine and hydroxyl radicals, measured at different
temperatures and pH values, are listed ip Table 4.4.

Table 4.4 : Second order rate constants for the reaction of atrazine and hydroxyl radicals

Reference Temperatare pH Rate constant
°C) ' s
(Beltr4n et al., 1993) 20 7 1,8 x 10%
(Chramosia et al., 1993) 20 7.5 1,7 x 10°
(De Laat et al., 1994) 20 7,5 2,4 x 10°
(Haag and Yao, 1992) 24 3,6 2,6 0,4 x 10°

The second order rale constants for the reaction, at 20 °C and a pH =~ 7,5 to 8,1, of hydroxyl radicals with
vanous atrazine degradation products are listed in Table 4.5. The lower rate constants for the reactions of
decthyldeisopropylatrazine and cyanuric acid with hydroxy! radicals indicate that these compounds are not
readily oxidised by hydroxyl radicals (De Laat et al., 1994).

Table 4.5 : Rate constants for the reaction of hydroxyl radicalg with atrazine degradation products
at 20 °C and pH = 7,5 to 8,1 (De Laat et al., 1994)

Compound Rate constant
™' sh
deethvlatrazine 1,2 x 10°
deisopropylatrazine 1.9x 10°
hvdroxyatrazine 2,6 x 10°
deethvldeisopropylatrazine <5x10’
cyanuric acid «2x10’

The following advanced oxidation technologics for atrazine degradation in water treatment have been
reviewed. ozone in Section 4.3.1. ultraviolet radiation in Section 4.3.2 and ultrasound in Section 4.3.3. The

biological degradarion of atrazine in water treatment is reviewed in Section 4.3.4.
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4.3.1 Ozonation

Trihalomethane formation in disinfection with chlorine in water treatment has lead to an increase in the use
of ozone for disinfection (Adams and Randtke, 1992b). Ozone also significantly reduces the concentration
of micropollutants (such as atrazine) in water (Lykins and Koffskey, 1986; Lykins et al., 1986). Atrazine
degradation products are formed dunng ozonation since complete degradation involving ring cleavage does
not occur (Hapeman, 1994; Legube et al., 1987; Nélieu et al., 1996). The ozonation products of atrazine are
shown jin Figure 4.12.
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Figure 4.12 : Degradation pathway of the ozonation of atrazine (Hapeman, 1994)
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The four primary ozonation products of atrazine, shown in Figure 4.12, are deethylatrazine, 2-acetamido-
6-chloro-4-isopropyvlamino-s-triazine,  deisopropylatrazine and 4-acetamido-6chloro-2-ethylamino-
s-triazine (Hapeman. 1994; Hapeman-Somuch et al,, 1992). The three secondary products formed are
6-chloro-2,4-diacetamido-s-triazine, 4-amino-2-acetamido-6-chloro-s-tr1azine and deethyldeisopropyl-
atrazine, Extended ozomation of decthyldeisopropylatrazine leads to the stepwise formation of
2-amino-6-chloro—4-hydroxy-s-triazine and 2-amino-4,6-dihydroxy-s-triazine (Hapeman, 1994; Hapeman-
Somich et al., 1992).

Deecthylatrazine and deisopropylatrazine are in the same oxidation state as atrazine and are not oxidized
by-producis of atrazine despite the strong oxidizing power of ozone, the leaving side-chain alkyl group is
oxidised and not the portion of the molecule containing the s-triazine ring (Adams and Randtke, 1992a).
The amino alkyl groups are the first site of attack during ozonation. The alkyl group is either removed or
converted (o the N-acetyl, according to the degradation pathway shown in Figure 4.12. with the s-triazine
ring remaining intact (Hapeman. 1994).

Afrazine degradation during ozonation is due to both reaction with hydroxyl radicals and the direct reaction
with ozone. The reaction mechanisms illustrating the formation of hydrolysed and dealkylated degradation
products due to reaction with hydroxyl radicals are presented, respectivety, in Figure 4,10 and Figure 4.11.
The mechanism for the direct reaction of atrazine with ozone is shown in Figure 4.13.
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Figure 4.13 : Reaction mechanism for the formation of dealkylated degradation products from

the direct reaction of atrazine with ozone at acidic pH (Bolzacchini et al., 1994)
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The reaction of atrazine and ozone at acidic pH, as shown in Figure 4.13, is initiated with the formation of a
complex from Lhe coordination of ozone to a side chain nirogen. Transfer of the hydride from carbon to0
oxygen gives the hvdrotrioxide which either underpgoes V-dealkviation to form decthylatrazine, acetaldehyde
and hydrogen peroxide or rearranges to form 2-acetamido-6-chloro-4-isopropylamino-s-iriazine and
hydrogen peroxide (Bolzacchini et al., 1994). Steric hindrance causes the formation of deethylatrazine to be
5-fold greater that that of deisopropylatrazine (Bolzacchini et al., 1994; Hapeman, 1994).

The mixture of degradation products obtained from the ozonation of atrazine was dependant on yeaction
conditions, particularly pH. ozone concentration and contact ime (Adams et al., 1990). All the products
identified in the investigation by Hapeman and co-workers contained a chlorine atom (Hapeman. 1994;
Hapeman-Somich et al.. 1992). Hydrolysed degradation products from the ozonation of atrazine have been
identified under cenain reaction conditions (Adams and Randike, 1992b; Legube et al., 1987: Nélieu et al.,
1996). Adams and Randtke fonnd that under conditions that prevented the autodecomposition of ozone to
hydroxyl radicals, only dealkylated products were formed and that under conditions that favoured the
formation of hydroxyl radicals (such as high pH values), minor quantities of hydrolysed producis were
formed in addition 1o the dealkylated products (Adams, 1990; Adams and Randtke, 1992a). It was proposed
thal the hydrolysis of the CI-C bond was due only to reaction with hydroxyl radicals and not due to direct
reaction with ozone (Adams and Randtke, 1992a). The formation pathway of hydrolvsed products during
the ozonauion of atrazine is shown in Figure 4.14.
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Atrazine, during ozonation, reacts either directly with ozore or with hydroxyl radicals formed from the
decomposition of ozone. Rate constants, measured at different temperatures and pH values. for the reaction
of atrazine with hydroxyl radicals are listed in Table 4.4. Rate constants for the direct reaction between
ozone and atrazine, at pH values of 2, 7 and 12 are listed in Table 4.6.

Table 4.6 : Rate constants for the direct reaction between ozone and atrazine at pH 2, 7 and 12
(Beltran et al., 1993b)

pH Rate constant (M~ s™')
2 4,5

7 6,3

12 6,3

Atrazine degradation increases with increasing pH (Adams, 1990: Beltrdn et al, 1993b. Beltran et al,,
1994a). Hydroxyl ions at high pH values catalyse the decomposition of ozone, atrazine is degraded through
reaction with the radicals formed from the ozonre decomposition (Beltrdn et al., 1993b). The presence of
hydroxy] radical scavengers, t-butanol and carbonate/bicarbonate ions, decreased the degradation of atrazine
at pH values of 2, 7 and 12 (Belurdn et al,, 1994a). Atrazine is thus degraded by radical reactions even at
Jow pH values. The direct reaction between atrazine and ozone at 20 °C and a pH of 2 represented 24 and
81 %, respectively, of the total degradation in the absence and presence of 0,74 g L-' t-butanol (Belirin
et al,, 1994a). The higher rate constant for the reaction between atrazine and hydroxyl radicals (Table 4.4)
than that of atrazine and ozone (Table 4.6) indicates that atrazine degradation is more likely to occur via
free radical reacbons than by direct ozonation. Atrazine degradation during ozonation at a pH below 12
occurs due to both direct reaction with ozone and free radical reactions whereas atrazine degradation at a
pH above 12 is due only to radical reactions (Beltrdn, 1995).

The reactions for the degradation of atrazine are

A+ Oy 4 products

A + HO* ™% products

Scheme 4.1

where kg and kuo.a are the rate constants for the reactions of atrazine with ozone and atrazine with hydroxyl

radicals (Beltran et al., 1994a).

Hydroxyl radicals are generated from the decomposition of ozone according to the mechanism shown in
Scheme 3.3 in Section 3.1.3. Beltran and co-workers modelled the rate of atrazine degradation using
equation 4.1 (Beltran et al., 1993b; Beltrdn el al., 19942a),
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#‘HC'\ = k4Co,Ca + ko aCaCro (4.1]

where C,, Co, and Cyo represent, respectively, the concentrations of atrazine, dissolved ozone and hydroxyl
radicals. The first term on the right hand side of the equaton represents the contribution of atrazine
degradation from direct ozone reaction and the second term the contribution from reaction with hydroxyl
radicals. Equation 4.1 is only valid if the decomposition of ozon¢ is slow relative to the ozone mass transfer
rate (Beltran et al., 1994a). The Jdnetic regime of ozone absorption is determined from the dimensionless
Hatta number for the reaction between ozone and atrazine, the Hatta number, as detatled in Section 3.1.2,
relates the chemical reaction rate to the physical absorption rate of ozone (Beltrdn et al., 1993b; Beltran
et al, 1994a). Reactions undergone by gases dissolving in solution develop in the proximity of the
gas-liquid interface (fast reactions), in the bulk liquid (slow or very slow reactions) or in between both zones
{moderate reactions); the kinetic regime is classified as slow when the Ha number is less than 0,3 (Beltrdn

et al., 1993b; Beltran et al., 1994a). The Hatta number for an irreversible second-order reaction is defined
as

0,5
Ha = —’—(deAIfEO) (4.2)

where %4 is the rate constant of the direct reaction between ozone and atrazine, C, the concentration of

atrazine, Do, the ozone diffusivity in water and 4. the liquid-phase mass transfer coefficient (Beltrdn et al.,

1993b). The Hatta numbers for the direct reaction between ozone and atrazine at pH 2, 7 and 12 are listed
in Table 4.7.

Table 4,7 : Hatta numbers and kinetic regimes of ozone absorption for the direct reaction between
ozone and atrazine at pH 2, 7 and 12 (Beltr4dn et 2L, 1993b)

pH Ha Kinetic regime
2 0 very slow

7 0 very slow

12 0 very slow

The direct reaction between ozone and atrazine at any pH value is a very slow reaction, thus. the
degradation rate of atrazine is determined only by chemical reaction and is not limited by ozone mass
transfer nor the ozone decomposition rate (Beltrdan et al., 1993b; Beliran et al.. 1994a). Saturation of the
bulk solution with ozone during czonation also indicates that the ozonation of atrazine occurs by a set of
slow gas-liquid reactions (Beltrdn et al., 1994a). Both the direct reaction with ozone and the free radical
reactions develop in the bulk solution (Beltran et al., 1993b).
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Atrazine degradaton was not significantly affected by temperature (3, 10 and 20 °C) for ozonation at a
partial pressare of 1,1 kPa (Beltrdn et al, 1994a). Atrazine degradation increased with increasing
temperature when ozonation was performed at partial pressures of 0,67; 0,84 and 1,1 kPa for temperatures
of 3, 10 and 20 °C, respectively; the partial pressure was adpsted since ozone solubility, and thus the
amount of ozone available in solution, decreased with increasing temperature (Beltran et al., 1994a).

Duguet and co-workers found that an applied ozone dose of 5,1 mg L™ caused a 46 % reduction in atrazine
concentration from 0,35 to0 0,19 pg L™ (Dugnet et al., 1990). The addition of 2,8 mg L hydrogen peroxide
increased the degradation to 84 % (Duguet et al., 1990). Atrazine degradation is enhanced by the addition
of hydrogen peroxide because of the increase in hydroxyl radicals (Paillard et al., 1991). Typical conditions
applied during ozonation in water treatment plants are a maximum dosage of 5 to 6 g of ozone per m’ of
water (equivalent to a concentration of 5 to 6 mg L") and a maximum contact time of 20 min. Atrazine is
not completely degraded under such conditions and the oxidation potential of ozone towards pesticides is
improved with the addition of hydrogen peroxide (Paillard et al., 1991). The combination of ozone and
hydrogen peroxide in comparison with other advanced oxidation technologies (UV/Oz and UV/H,O,) is
more efficient, costs less and is simple in application (Beltran et al,, 1998; Paillard et al,, 1991). The

reactions occurring during the oxidation of atrazine by ozone and hydrogen peroxide, Scheme 3.6 im
Section 3.].3, are repeated in Scheme 4.2.

Initiation steps
O; + HO- 8 0y + HO; k=70 M"¢" (a]
HO3 = 05" + H* pKa=148 [b)
H.O, = HO; + H- pK =118 [c]
O: + HO; & 03" + HO;3 ki=28x108M's! [d]
Propagation steps
O; + 0y 805 +0, h=16x10°M's" le]
03~ + H* 2 HO; ky=52x10° M s [
HO; & HO* + 0, k=11 x 10°M' " g}
O; + HO* % 0, + HO; ke=20x10°M's’ (h]
HO™ + H,0, 2 03~ + Hy0 + H™ k=2,7x10"M' g’ (i]
HO" + HO; % 03~ + H,0 ke=7,5x 10° M " 0
Termination steps
HO* + B %" Buw k]
O; + B & Boxid ' [}

Scheme 4.2
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The main initiation step in the oxidation of atrazine by ozone and bydrogen peroxide is reaction [d] of
Scheme 4.2, the reaction berween ozone and perhydroxyl ions (HO,Y), the ionic form of hydrogen peroxide
(Beltrdn et al., 1998). Hydrogen peroxide does not act as an overall scavenging agent of hydroxyl radicals
during ozonation, despite reactions [i] and [j] of Scheme 4.2, since the superoxide radical anions produced
in reactions {i] and [j] promote the further decomposition of ozone, regencrating hydroxyl radicals via
reactions [e}, [f] and [g] of Scheme 4.2. Reactions between hydroxy) radicals and atrazine intermediates
also act as termination steps in the reaction mechanism shown in Scheme 4.2 (Beltrdn et al., 1998). Beltrdp

and co-workers modelled the degradation of atrazine, based on the mechanism in Scheme 4.2, using
equation 4.3.

=4E2 = ,Co,Ca + kioaCaCro [4.3]

where Ca. Co, and Cyo represent, respectively, the concentratons of atrazine, dissolved azone and hydroxyl
radicals (Beltran et al., 1998). Beltran and co~workers calculated, using equation 4.3, the contributions to
atrazine degradation from hydroxyl radical reaction (reaction [k] of Scheme 4.2) and direct ozone reaction
(reaction [1] of Scheme 4.2). Hydroxyl radical reactions accounted for 76,6 % of the ifotal atrazine

degradation for an atrazine concentration of 10.8 mg L and an ozone concentration of 3,3 mg L. The

addition of 034 mg L hydrogen peroxide increased the degradation due to radical reactions to 86 %;
degradation was due only to radical reactions (90 to 100 %) for hydrogen peroxide concentrations above
34 mg L' (Beltrdn et al, 1998). The deviation in data for the modelled degradation of atrazine and
intermediates. deethylatrazine and deysopropylatrazine, was within 15 % of the expenimental results. The
kinetic roodel also predicted that the removal of atrazine, deethylairazine and deisopropylarrazine (of
similar concentrations 1o that found in narural waters) would occur in less than 7 min for oxidaton with

ozone and hydrogen peroxide even in the presence of bicarbonates or other hydroxyl radical scavengers
(Beltran et al., 1998).

Paillard and co-workers found that the optimum pH for atrazine degradation in pure water was between
8 and 9 for ozone and between 7 and 8 for ozone combined with hvdrogen peroxide (Paillard et al.. 1991).
Ozonation contact time (usuaily between 5 and 20 min) is determined by the required disinfection that has
to be achieved during water weatment (Meijers et al., 1993). Contact time for advanced oxidation processes
depend on the rate of formation of hydroxyl radicals since, once formed, the radicals react with organic
compounds in the water within 1 ps 1o 10 ms time period The estimated contact times for advanced
oxidation with ozone and hydrogen peroxide at different pH values and ratios of ozone to hydrogen peroxide
are listed in Table 4.8 (Meijers et al.. 1993).
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Table 4.8 : Estimated contact times for advanced oxidation with ozone and hydrogen peroxide
(Meijers et al., 1993)

pH O; dosage H,0; dosage Estimated contact time for 95 % HO*
(mg L) (mg L) formatioo (min)
bubble column contact chamber
7.8 3 ] 1,5 4
7.8 3 2 1,5 2
7.8 3 4 1,5 |
7.8 3 1 1.5 15
8.3 3 | 1,5 0.5

Radical formation for advanced oxidation at a pH of 7,8 or greater (as indicated in Table 4.8) occurs within
minutes. Contact time for oxidaton at a pH below 7,8 is longer since the rate of hydroxyl radical formation
decreases by a factor of 10 for each pH unit decrease (Meijers et al.. 1993). The estimated contact time for
95 % hydroxvl radical formation in a contact chamber (as indicated in Table 4.8) decreases with increasing
hydrogen peroxide concentration. The overall stoichiometry of the reaction of ozone with hydrogen
peroxide. shown in Scheme 3.7 in Section 3.1.3, indicates that 2 mol of ozone are consumed per mol of
hydrogen peroxide (Beltran et al., 1998; Meijers et al., 1993).

Paillard and co-workers found that atrazine degradation in pure water was a maximum at the molar rato of
ozone to hydrogen peroxide of 2:1 for a 10 min contact time, 1,75 mg L initial atrazine concentration,
1.58 mg L' ozone concentration and pH of 7.5 (Paillard et al., 1991). Meijers and co-workers proposed
that an excess of ozone (ratio < 0,4 mol of hvdrogen peroxide per mol of ozone) would be required if
disinfection was 1he primary objective during water treatment whereas an excess of hvdrogen peroxide (ratio
between 0.7 and | mo! of hydrogen peroxide per mol of ozone) would be required for the degradation of

pesticides by reaction with hydroxyl radicals. Higher concentrations of hydrogen peroxide lead (o the
scavenging of hydroxyl radicals by hydrogen peroxide (Mejjers et al.. 1993).

A ratio of 2,6 mol of ozone consumed per mol of hydrogen peroxide was found 1o be optimal for the
degradation of atrazine, deethylatrazine and deisopropylatrazine for the experimental conditions used by

Beltran and co-workers (Beltran et al., 1998). Hydrogen peroxide concentrations below 0.34 mg L™ did not
significantly influence the degradation of atrazine for an initial atrazine concentration of 1.70 mg L™, ozone
concentration of 16 mg L™, pH of 7 and temperature of 20 °C. The 2.6 molar ratio of ozone to hvdrogen
peroxide corresponded to a hydrogen peroxide concentration in the range of 3.4 to 34 mg L”; atrazine
degradation decreased at higher concentrations of hydrogen peroxide (>340 mg L") since the inetic regime

of ozone absorption changes and is controlled by the mass transfer of ozone. the rate of atrazine oxidation

becomes inversely proportional to hvdrogen peroxide concentration (Beltran et al., 1998).
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The degradation products gencrated from the oxidation of atrazine by ozone and hydrogen peroxide are the
same as those (shown in Figure 4.11) produced from the ozonation of atrazine (Paillard et al., 1991). The
rate constanis (at 20 °C and pH 7) for the direct reaction between ozone and the primary intermediates,
deethylatrazine and deisopropylatrazine, are 0,19 and 7,51 M s, respectively (Beltrdn et al,, 1998).
Degradation of these compounds is due only to radical reactions (90 to 100 %) for hydrogen peroxide
concentrations above 340 mg L™ (Beltrdn et al., 1998).

Paillard and co-workers investigated a pilot plant treating water from the niver Seine 1n France with ozope
and hydrogen peroxide (Paillard et al., 199]). The addition of hydrogen peroxide, under continuous flow
conditions, reduced the ime to achieve maximum atrazine degradation from 8 min for ozonation to 4 min
for oxidation with ozone and hydrogen peroxide. An ozone dose of 4 mg L' was required to reduce the
atrazine concentration from 1,1 to below 0,1 ug L™ in the outlet water (the required EEC threshold); the
optmal ratio of ozone 1o hydrogen peroxide was shown to be between 0,5 and 0.64 mole of ozone per mot of
hydrogen peroxide. Atrazine degradation decreased with increasing water alkalinity, degradation was 76 %
with 150 mg L™ of calcium carbonate (CaCOs) and 55 % with 300 mg L™ of CaCOs for an initial atrazine
concentration of 2 ug L}, 2 mg L' ozone concentration, ozone to hydrogen peroxide ratio of 0.35 mol mol™
and pH of 8 (Paillard et al., 1991). Ozone dosage used on an industrial scale (maximum of 5 mg L) does
not result in complete degradation of atrazine concentrations above 0,25 pg L7 (Meijers et al., 1993;

Paillard et al., 1991). The combination of ozone and hydrogen peroxide is an effective and easy
implemented method for the degradation of atrazine at higher concentrations (Paillard et a., 1991).

Treatment of Thames river water in the United Kingdom (alkalinity berween 200 and 300 mg L' as CaCOs:
total organic carbon of 3 to 6 mg L") has indicated that between 30 and 60 % of atrazine is removed with

ozone doses of 2 10 4 mg L™ and a contact time of 5 to 15 min (Foster et al.. 1992: Rachwal et al., 1992).
Additon of hydrogen peroxide increased the atrazine removal by a further 20 (o 30 %: the improvement
was not consistent or predictable and depended on the presence of natural organics and free radical
scavengers (bicarbonales) in the Thames river source water (Foster et al.. 1992; Rachwal et al.. 1992).
Pesticides. such as atrazine. and natural organic carbon compounds, such as humic and fulvic acids. are not
completely oxidised bv ozone or ozonme and hydrogen peroxide during water treatment. [Intermediate
oxidation and hydrolysis by-products tend to bc more biodegradable than the original compounds. a
biological process is required after ozonation to prevent the increased assimtlable organic carbon levels
from supporting growth of biofilms and microorganisms in the distribution system (Foster et al.. 1992).
Activated carbon has been used to remove ozonation by-products (Foster et al., 1992).

Activated carbon is a porous material (used in either the powder or granulated form) with a large surface
area and a high affinity for organic compounds (Foster et al, 1992). It is produced by controlled
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combustion of coal, peat, coconut shells or wood and can be regenerated thermally when the adsorption
capacity fills. Regeneration is usually performed for only high value activated carbon. Disposal of spent
activated carbon can be a problem since it is laden with pesticides and can be a potentially bazardous
material for landfill purposes (Foster et al., 1992). Activated carbon is used pnmarily in water Lreatment for
the removal of taste, odour, colour, organic micropollutants (such as pesticides) and biodegradable organic
matter. Activated carbon adsorbs most compounds from water that are not strongly hydrophillic in nature
(Orlandini et al., 1996).

The dosage of granular activated carbon (GAC) required to achieve a given treatment objective is
determined by capacity, adsorption kinetics (the rate of adsorption), competitive and displacement
adsorption and the pre-adsorption of narurally occurring organic matter (Orlandini et al., 1996). Natural
organic matter NOM) in surface water consists mostly of substances that are Jess adsorbable and are of
lower diffusivity than target micropollutants such as atrazine, The zope in the filter bed in which the
natural organic matter adsorbs is larger and moves faster through the bed than the zone in which the
micropollutants adsorb. Natural organic matter thus tends to adsorp onto granular activated carbon ahead
of micropollutants and reduces the adsorptive capacity of the GAC bed for micropollutants (Huang and
Banks, 1996; Orlandini et al., 1997). Biodegradation also occurs within granular activated carbon filters
and coninbutes to the removal of organic compounds. Microbial activity is supported by the biodegradable
portion of the natural organic matter in the GAC filter influent (Orlandini et al.. 1996).

The pilot-plant study by Foster and co-workers found that the breakthrough for amazine of a GAC bed with
an empty bed contact time of 6 min was extended from 3,5 mouths, without pre-ozonation, to 5 months with
pre-ozonation with an ozone concentration of 2 to 3 mg L™ and a contact time of 5 min (Foster €1 al.. 1992).
Orlandini and co-workers also demonstrated the extension of the lifeime of a GAC bed with pre-czonaton
(Orlandini et al., 1996; Orlandini et al., 1997). Atrazine breakihrough at a bed depth of 0.35 m ina GAC
filter that had treated 51 000 bed volumes of water was 66 % when receiving non-ozonated influent and
39 % when recetving ozonated influent. The GAC filter had a bed depth of 1.1 m and an empty bed contacl
time of 20 min. ozone concentration was 0,7 mg L™ and atrazine concentration was 2 pg L. Similarly.
atrazine breakthrough. at a bed depth of 1,1 m. after 17 000 bed volumes of water had been treated. was
6 and 3 %. respectively. for filters receiving non-ozonated and ozonated influent (Orlandint et al., 1996).

Racbwal and co-workers found that atrazine was still being removed 1o less than 0,1 pg L™ after 2 vr of
operation of a pilot plant consisting of pre-ozonation, chemical dosage, flocculation. filcration. main
ozonation and GAC filtration. Atrazine removal (initdal concentration berween 0,2 and 0.4 pg L'y was low
in the pre-ozonation stage, between 30 and 60 % occurring during main ozonation and the final reduction to
below 0.1 pg L was due 10 adsorption in the GAC filter (Rachwal et al.. 1992). Pre-ozonation increased
the mineralisation of ring-labelled atrazine in GAC filters (Huang and Banks, 1996). Approximately 62 %
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of the ring-UL-'*C atrazine was converied to '“CO, in the GAC filler receiving ozonated atrazine and
ozonated surface water, a S0 % conversion oocurred in the filter receiving ozonated surface water and

untreated atrazine and only 38 % conversion occwred in the filter receiving untreated water and untreated
atrazine (Huang and Banks, 1996).

The increased atrazine removal in GAC filters receiving ozonated influent rather than non-ozonated
influent is due to increased biodegradaton of atrazine, decreased competitive adsorption of atrazine and
narural organic matier and lower natural organi¢ matter pre-adsorption (Otlandini et al., 1997). Ozonation
lowers the adsorbability of natural organic matter with respect to activated carbon and increases the portion
of biodegradable natiral organic matter that is removed in the filter via biodegradation rather than by
adsorption (Orlandini et al., 1997). The combination of ozone and granular activated carbon effecuvelv
removes pesticides from surface water since compounds that are not fully oxidised by the ozone are readily
removed by the granular activated carbon (Rachwal et al., 1992).

4.3.2 Ultraviolet radiation

The degradation of a substrate during UV radiation can be due to both direct and indirect photolysis
(Torrents et al., 1997). Direct photolysis is the adsorption of UV-visible light by a substrate which then
undergoes transformation. Indirect photolysis is the adsorption of light by a species other than the substrate
which then either transfers the energy directly to the substrate (called photosensitization). undergoes
electron transfer with the substrate or causes a series of reactions producing oxidants such as singlet oxygen.
hydroxyl radicals and alkylperoxy radicals (Torrents et al., 1997). Direct photolysis of atrazine proceeds via
excitation of the molecule followed by dechlorination and hydroxylation to produce hydroxyatrazine (Khan
and Schnitzer. 1978: Nick et al., 1992; Pape and Zabik, 1970; Torrents et al.. 1997). Between 0.95 and 1
mol of hydroxvatrazine is produced per mole of atrazine photolysed (De Laat et al., 1995). The mechanism
for the direct photolysis of atrazine. shown in Scheme 4.3. proceeds via the homolytic scission of the C-Cl
bond, reaction [b], followed by electron transfer, within the solvent cage. of the two resuling radicals.
reaction [¢]. and reaction of the carbocation with water, reaction (@) (Nick et al., 1992). The term. ACL. in
Scheme 4.3. represents the atrazine molecule, it indicates the bond between the Cl atom in position 6 and
the rest of the molecule.

ACl + hv - ACI* [a]
ACl- - 4* + CI" [b]
A* + CI* > 4~ + CI (el
A" + H,O0 - AOH + H- [d}
ACI* = 4~ + CI” [¢]
A" + CI" - 4Cl | [f]

Scheme 4.3
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Nick and co-workers proposed thai the heterolytic scission of atrazine in the excited state, reaction [¢],
cowld occur as an altermative to reaction [b} (Nick et al., 1992). The carbocation may react with the chloride
ion within the solvent cage, reaction [f], in competition with reaction {d] to reform atrazine and reduce the
quantum yield of product formation (Nick et al., 1992). The quantum yield of a photochemical reaction is
defined as the amount of reactant degraded or product formed per amount of photons absorbed by the
system (Braslavsky and Houk, 1988).

Beltran and co-workers detected low concentrations of hydrogen peroxide during the photolysis of atrazine
(Beltrén et al., 1993a). Hydroxy! radicals are formed from the photolysis of hydrogen peroxide, as shown in
Scheme 4.4, and the formation of hydrogen peroxide could indicate that atrazine degradation was also due
10 radical reactions (Beltrdn et al., 1993a; De Laat et al., 1997). The quantum yield of hydrogen peroxide
(®Pu,0,) at 254 nm was 0,5 mol per photon (Beltrdn et al., 1993a).

H,O; + 2hv - 2HO"
Scheme 4.4

The degradation of atrazine was unaffected by the presence of hydroxyl radical scavengers such as
bicarbonate and carbonate ions. Beltran and co-workers concluded that the concentration of hydrogen
peroxide formed during the direct photolysis of atrazine was too low to compete with atrazine for the
incident UV radiation (Beltran et al., 1993a). Atrazine degradation decreased when humic substances were
present in the water and competed for the incident radiation (Beltrdn et al., 1993a).

Atrazine concentration was unaffected at UV radiation levels that are sufficient for water disinfection
(Nick et al., 1992). Atrazine was degraded 2.4 % at a UV fluence of 250 ] m™ which reduces F. coli count
by four orders of magnimde where fluence is defined as the total m;iiant energy per cross sectional area of
target (Braslavsky and Houk, 1988; Nick et al., 1992). A UV fluence of 24 kJ m? was required 1o reduce

atrazine concentration by opc order of magnitude (Nick et al.. 1992).

The presence of other species such as hydrogen peroxide or nitrates a1 sufficient concentration to absorb the
incident radiation and produce hydroxyl radicals increases atrazine degradation (Arantegui et al., 1995;
Beltran et al., 1993a: De Laat et al., 1997, Torrents et al., 1997). The UV degradation of atrazine in the
presence of hydrogen peroxide follows first order reaction kinetics (Arantegui et al., 1995; Burkhard and
Guth, 1976; Khan and Schnitzer, 1978). Atrazine degradation does not oocur with hydrogen peroxide in
the absence of light or UV radiadon (Arantegui et al., 1995: Beltrdn et al., 1993a). The reactions De Laat

and co-workers used to model the degradation of atrazine with hydrogen peroxide are listed in Scheme 4.5
(De Laat et al.. 1997).
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Photodecomposition of hydrogen peroxide and production of hydroxy] radicals

H,0, + H,O0 = HO; + H;O" pKa=11,7 [a]
H,0; + 2hv - 2HO" ®ro, = 0,5 [b]
HO* + H,0, = HO; + H,0 kyo, = 2,7x 10" M1s7 [c]
HO* + HO; = HOj + HO" kuo; = 7,5x 10° M1 st [d]
[PER] = [H20;] + [HO3] ke (M ) [e]
HO; + HO3 -» H,0; + O, [f]
2H,0, + 2hv - 2H,0 + O, overall reaction [g]
Reactions with hydroxyl radicals
HO" + A - products ka M7 s Th]
HO" + Si - products kEM'sh i)
CO;5 + Hi0* = HCOj + H,0 pKa, = 10,38 at 20 °C Gl
HCO% + H;0* = H,;CO; + H,O pKa;=6,39at120°C Tk
HO* + HCO; - CO5~ + H;0 kuco; = 8,5x 108M™' s 1]
HO" + CO¥ - COs™ +. keop = 39x%10°M7's™  [m]
[Ccn] = [HCO3] + [CO3 kcino (M ™) [n]
Photodecomposition of atrazine
A + hv - products (®a) fo}
Scheme 4.5

The photodecomposition of hydrogen peroxide, reaction [b] of Scheme 4.5, produces two hyvdroxy! radicals
per molecule of hydrogen peroxide decomposed. Hvdroxy] radicals, as shown in Scheme 4.3. initiate a
radical chain decomposition of hvdrogen peroxide and react with atrazine, bicarbonate or carbonate ions

and other inorganic and organic solutes (5;) in the water (De Laat et al.. 1997).

De Laal and co-workers used equation 4.4 10 represent the degradation of atrazine by hydrogen peroxide
and UV radiation in a batch reactor (De Laat et al., 1997).

—dlA) _ —®u0A
- vV

1 + kuos[A]{HO"]ss [4.4)

where [A] is atrazine concentration, [HO"}ss the steady state concentration of hydroxyl radicals, ¢ the
quantum vield of atrazine at 253.7 nm, I¥ the volume of irradiated solution. /, the intensity of absorbed
radiation and kyo_, the rate consiant for the reaction of atrazine with hydroxyl radicals (De Laat et al..

1997). The first term on the right hand side of the equalion in equation 4.4 represents the decomposition of

atrazine due 10 direct photolysis and the second term the decomposition by reaction with hydroxyt radicals
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generaled from the photodecomposition of hydrogen peroxide (De Laat et al, 1997). De Laat and
co-workers used the model o estimate the value of the quantum yield of the photolysis of atrazine and to
predict the effects of variable such as hydrogen peroxide dose, pH and bicarbonate alkalinity on the
degradation of atrazine (De Laat et al., 1997). The quantum yield of atrazine, as calculated by different
authors, is listed in Table 4.9.

Table 4.9 : Quantum yield of atrazine

Reference Wavelength D
(nm)
Beltrdp et al,, 1993a 254 0,05
De Laal et al., 1997 253.7 0,04
Nick et al., 1992 254 0.05

Hvdrogen peroxide increases the degradation of atrazine because of radical reactions and the formation of
hydroxy! radicals (Beltrdn et al., 1993a). However, at high concentrations of hydrogen peroxide, hydroxy!
radicals are scavenged by the hydrogen peroxide; for an atrazine concentration of 10,4 mg L', hydroxyl
radicals are scavenged by concentrations of hydrogen peroxide above 340 mg L™ (Beltran et al.. 1993a).
The oxidation of atrazine, even at high concentrations of hydrogen peroxide, is due to hydroxyl radical
attack since the relative concentration of hydrogen peroxide to atrazine indicates that most of the incident
light is absorbed by the hydrogen peroxide which produces hydroxyl radicals (Beltran et al.. 1993a).
Photo-oxidation of atrazine, in the presence of hydrogen peroxide, leads to the formation of
hydroxyatrazine. deethylatrazine, deisopropylatrazine and decthyldeisopropylatrazine (De Laat et al., 1997).
The degradanon pathway of the photolysis of atrazine in the presence of hydrogen peroxide (indirect
photolysis) is the same as that for the ozonation of alrazine as shown in Figure 4.11. Products such as
2-acetamido-6chloro-4-isopropylamino-s-triazine and 2-acetamido-6-chloro-4-ethylamino-s-triazine have
been detected: 3 % hydroxyatrazine, 6 % 2-acetamido-6-chloro-4-isopropviamino-s-iriazine. 20 % deethvl-
atrazine, 3 % 2-acetamido-6-chloro4-ethylamino-s-triazine, 10 % deisopropylatrazine. | % 4-amino-2-
acetamido-6-chloro-s-triazine and 16 % deethyldeisopropvlatrazine were detected for an 87 % conversion of

atrazine (Torrents et al., 1997).

The UV degradation of atrazine has also becn investigated with photosensitizers such as acetone and
photocatalvsts such as titanium dioxide and zinc oxide (Burkhard and Guth, 1976; Hustert et al.. 1991,
Pelizzetti et al.. 1990). The use of acetone as a photosensitizer increases the photodegradation of atrazine.
Degradation follows first order reaction kinetics. Burkhard and Guth found that after a 6 h exposure period
30 % of the initial atrazine remained unreacted and 16 % deethylatrazine, 5 % deisopropylatrazine, 15 %
deethyldeisopropylatrazine and 10 % hydroxvatrazine had forrned (Burkhard and Guth. 1976). The
degradation of atrazine during UV radiation (A > 290 nm) in an aqueous ttanium dioxide suspension
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(250 mg L") was found to follow first order reaction kinetics, the atrazine half-life was less than 10 min
(Hustert et al.. 1991). The degradation rate of deethylatrazine, the primary metabolite of atrazine in soil, is
similar 1o that of atazine. The photocatalytic degradation pathway of atrazine passes through
deethyldeisopropylatrazine which degrades slowly to cyanuric acid. Atrazine is degraded faster by UV
radiation in the presence of titanium dioxide than in the presence of hydrogen peroxide. The atrazine
half-life was approximately 6 min in the presence of titanium dioxide and 180 min in the presence of
hydrogen peroxide under comparable conditions, 20 mg L™ atrazine concentration, 55 mg L hydrogen
peroxide concentration and A > 290 nm (Husterl et al., 1991). Pelizzeth and co-workers investigated the
photocatalytic degradation of atrazine under simulated solar-irradiation conditions (Pelizzetti et al., 1987;
Pelizzetti et al.. 1990). The spectral distribution of a 1 500 W Xenon lamp above 340 nm simulates solar
radiation (Pelizzetti et al., 1987). The half-life of atrazine was approximately 5 and 80 min, respectively, in
the presence of titanium dioxide and zinc oxide for an atrazine concentration of 25 mg L' and a

semiconductor concentration of 500 mg L. Atrazine degradation in 4 different soil slurries (2 000 mg L)

with titanium dioxide (5 000 mg L!) had a half-life, depending on the nature of the soil, of between 10 and
40 min (Pelizzetd et al., 1990). Degradation in the soils was slow in the absence of Gtanium dioxide; in one
soil, atrazine concentration was reduced to approximately 40 % of the initial concentration after 7 d of
irradiation (Pelizzetti et al., 1990). Complete degradation of an aqueous solution of atrazine (5 mg L™') with

titanium dioxide (100 mg L) occurred within 1 h (Pelizzetd et al., 1987).

Kearney and co-workers found that ozone logether with UV radiation decreased the concentration of a
10 and 100 mg L' atrazine solution by 90 % in 1 h and 2 ] 000 mg L™* within 4 b (Kearney et al., 1987).
Beltran and co-workers investigated the effects of parameters such as pH, temperature and the presence of
radical scavengers on the oxidation of atrazine by UV/ozonation (Beltrin et al., 1994b). Atrazine
degradation increased with decreasing pH and increasing temperature (3, 10 and 20 °C). The ozone panial
pressure was adjusted so that the ozone solubility in water was the same at the three temperatures. Atrazine

degradation atso decreased in the presence of bicarbonate and carbonate ions because of the scavenging of
hydroxyl radicals (Beltrdn et al., 1994b).

The degradation of atrazine during UV/ozonation is determined by three processes, the direct photolysis of
ozoae, atrazine and hydrogen peroxide; direct reactions of ozone with atrazine and hydrogen peroxide; and
reactions between atrazine and radicals generated from the decomposition of ozone and hydrogen peroxide
(Beliran et al.. 1994b). The mechanism of the oxidation of atrazine by UV/ozonation consists of the

reactions listed in Scheme 4.2 and the reactions listed in Scheme 4.6 (Beltran et al.. 1994b; Zwiener et al .
1995).
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O3 + H,0 + hv - H,0, + O, (al
H;0; + hv - 2HO* (o]
A + hv - products (9
H:0, = HO; + H* pK =11,7 [d]
HO; + O; & HO, + 03" B=2.8%10°M s [e]
O3 + H - HO" + O 3]
H,0, + HO* % HO; + H,0 ky=271x10"M's’ le]
HO; + HO* % HOj + HO- k3=75%x100M' s [
Scheme 4.6

The direct photolysis reactions are listed in reactions [a] to [c] of Scheme 4.6. Hydrogen peroxide in neutral
solution dissociates to the hydroperoxide ion, reaction {d] of Scheme 4.6. The reaction initiates further
decomposition of ozone to produce hydroxyl radicals, reactions [e] and [f]. Reactions of hydrogen peroxide
with hydroxyl radicals, reactions [g] and [h], are of low importance because of the low concentration of
hydrogen peroxide and high pK value (Beltrdn et al., 1994b).

The primary quantum vields of ozome. hydrogen peroxide and atrazine, reactions [a]. (b} and [c] of
Scheme 4.6, are 0,62; 0.5 and 0,05 mol per photon. respectively (Beitran et al., 1994b). The extinction
coefficients at 254 nm of hydrogen peroxide and ozone, 18,6 and 2 900 L mol™' cm™, respectively, indicate
thai since hydrogen peroxide is the least light absorbing species (lowest extinction coefficient) the formation
of hydroxyl radicals from reaction [b] of Scheme 4.6 would be significantly lower than that formed through
reactions [d] to {f] (Beltrdn et al., 1994b; Zwiener et al., 1995). Atrazine degradation is due mainly to
reaction with hydroxvl radicals. followed by direct photolysis and the lowest contribution due 10 direct
ozonation (Beltran et al.. 1994b).

Both Beltran and co-workers and Zwicner and co-workers represented the degradation of atrazine by a first
order differential equation with three terms representing each of the contributing processes, ozonation,
photolysis and photolytic oxidation (Beltran et al., 1994b: Zwiener et al., 1995). The equation proposed by
Beltran and co-workers is listed in equation 4.5.

— Zf’\ = kchCO, - ]A + kHo_,\C,.\Cgo [45]

The first term on the right hand side of the equation represents degradation due to direct reaction with
ozone in the liquid phase, the third term the photolytic oxidation due to reaction with hyvdroxvl radicals.

The second term /5 represents degradation due to direct photolysis and is calculated using equation 4.6.
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IA=—d)AIofA[1—cxp(—2,3LZe;C;)] [4.6]

where @, is the quantum yield of atrazine, 1 the effective intensity of the incident radiation in water, L the
effeciive path of radiation, €; and C; the extinction coefficient and concentration of a species i present in the

water and f» the fraction of radiation absorbed by atrazine (Beltran et al., 1994b).

Beltrdn and co-workers compared various oxidation iechmnologies for the degradation of atrazine, the
degradation rate increased in the order: direct photolysis < ozonation < UV radiation with hydrogen
peroxide < UV radiation with ozonation (Beltrdn et at., 1994b). Atrazine degradation in the presence of
hydroxyl radical scavengers, such as bicarbonate or carbonate ions, is the same for direct photolysis,
ozonation and UV radiation with hydrogen peroxide and is greatest for UV radiation with ozone (Beltran
et al., 1994b).

Zwiener and co-workers investigated the degradation of atrazine and deethylatrazine by UV radiation with
ozone (ozone doses of 0; 2,2; 4,4; 6,7; and 8,9 mg L’ and a UV radiant power of 42,5; 54.6; 72,25 and
85 WL ina large-scale water treatment plant (Zwiener et al., 1995). Atrazine of concentration
0,28 pg L' was degraded in a 70 m® h” flowrate of raw water to below the EEC threshold limit for
pesticides (0,1 pg L") at ozone doses of 4,4, 6,9 and §,9 mg L"' in combination with a radiant power of
between 42,5 and 85 W L. A radiant power greater than 72,25 W L' was required to reduce the ozone
concentration in the outlet water 1o the allowed threshold limit for ozome (0,05 mg L™) in drinking water.
The concentration of deethylatrazine. at a flow rate of 70 m® b, was reduced from 0.6 10 0,25 pg L™ for an
ozone dose of 8.9 mg L™ and a UV radiant power of 85 W L. The outlet concentration of deethylatrazine
was only reduced 1o the EEC limit of 0,1 ug L at an ozone dose of 16 mg L' and a radiant power of
85 W L' when the hydraulic residence time in the UV radiation unit was increased by decreasing the water

flow from 70 10 30 m® h*! (Zwiener et al., 1995).
4.3.3 Ultrasonic degradation

The advanced oxidation technology, ultrasound, has also been investigated for application in water
treatment. lnvestigations by Koskinen and co-workers and Pétrier and co-workers have indicated that

atrazine is degraded by ultrasound (Koskinen et al., 1994; Pétrier et al., 1996).

Atrazine degradation followed first order reaction kinetics with a rate constant of 2,10 x 10 min™' for
sonication of a 0,67 mg L' atrazine solution, at 30 ° C, with a Heat-Systems Ultrasonics model W-225R

sonicator operating at a power of between 70 and 80 W and a frequency of 20 kHz (Koskinen et al.. 1994).
A 200 mlL sample volume was sonicated in a2 250 mL beaker. The solution pH did not change significantly
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during sonication, after 120 min, pH had changed from 7,64 to 7,45 (Koskinen el al., 1994). The rate of
atrazine degradation increased with increasing frequency; the initial degradation rate was 7,8 times greater
at 500 kHz than at 20 kHz for sonication at 20 °C with an acoustical power of 18,5 W (Pétrier et al., 1996).
Hydrogen peroxide formation was also greater at 500 kHz than a1 20 kHz. The concentration of an atrazine
solution (22 mg L' initial concentration) was reduced within 80 min, during sonication of a 100 mL sample

at an acoustical power of 18 W and frequency of 500 kHz, to below the detection limit (0,02 mg L") of the
system (Pétrier et al., 1996).

Sonochemical degradation products (deethylatrazine, detsopropylatrazine and deethyldeisopropylatrazine)
resulted from dealkylation of atrazine similarly to that occurring during the oxidanion of atrazine by ozone
or photocatalysis with titanium dioxide (Pétder et al., 1996). The intermediate, 2,4-diamino-6-chloro-
N-aceto-N'-(1-methylethyl)-1.3,5-triazine, was also detected This intermediate precedes the formation of
deethylatrazine and characterises the reaction of hydroxyl radicals with the carbon atom adjacent 1o a
secondary amine (De Laat er al., 1995). Sonochemical degradation of atrazine is due to reaction with
hydroxy] radicals, the presence of n-pentanol (a radical scavenger) during sonication totally inhibited the
degradation of atrazine (Pétrier et al.,, 1996). The higher hydrogen peroxide formation at an ultrasonic
frequency of 500 kHz accounted for Lhe greater atrazine degradaton at that frequency since more hydroxyl
radicals would be present (Péirier et al., 1998). The reactions reported by Pétrier and co-workers (0 occur
dunng the ultrasonic degradation of atrazine are listed in Scheme 4.7.

Initiation step
H,0 2 B + HO" [2]
0. 2 20 [o]
Reactions in the cavitation bubble
H* + O, - HO; icl
O + H.0 - 2HO" {d]
2HO® - H,0+ O e]
20" » 0O, (f1
HO; + HO* - H,0 + O, (]
Reactions in the interfacial area of a cavitation bubble
2HO; - H;0; + 0O, (h]
2HO" - H,0, il
A + HO® - products 1)
Scheme 4.7

The degradation of atrazine is initiated by the homolytic scission of water and oxygen, reactions [a) and [b]

of Scheme 4.7. Water and oxvgen are reformed from the radical reactions (reactions [c] to [g}) occurring in
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the cavitation bubble. Hydrogen peroxide and products from the reaction of hydroxyl radicals and atrazine
are produced in the interfacial area of a cavitation bubble and in the bulk solution. Atrazine degradation is
related to the availability of hydroxyl radicals escaping the cavitation bubble (Pétrier et al., 1996).

4.3.4 Biological treatment

Afrazioe is oot readily degraded in activated sludge systems during water treatment (Dries et al., 1987,
Hogrefe et al., 1986; Meakins et al., 1994; Nsabimana et al, 1996). Meakins and co-workers investigated
the behaviour of atrazine and its primary degradation products, deethylatrazine and deisopropylatrazine,
during bench-scale primary aod secondary wastewater treatment (Meakins et al,, 1994). The triazine
compounds remained in solution and were not removed during primary sedimentation by adsorption onto
settleable solids. Secondary treatment with biologically active mixed liquor (of different suspended solids
concentraion) removed between 9 and 39 % of the triazine compounds. The reduction im concentration
was not a biological process since similar results were achieved with mixed liquor in which the microbial
actvity had been suppressed by the addition of a 1 % (w/v) sodium azide solution and reduction in
temperature 10 4 °C. The percentage removal of triazine herbicides with mixed liquor, as shown in
Table 4.10, increased with increasing suspended solids concentration (Meakins et al., 1994). Reduction in
triazine concentration during secondarv wastewater treatment was thus due to physical adsorption onto
suspended solids (Meakins et al., 1994),

Table 4.10 : Removal of triazine herbicides with mixed liquor with different concentrations of
saspended solids (Meakins et al., 1994)

Triazine kerbicide removal (%)

Suspended solids (mg L) 0 1 900 2 200 2 700
atrazine 0.9 12,5 18,6 35.5
deethvlatrazine 4.9 9.5 16.5 21.0
deisopropylatrazine 6.5 15,4 17,2 39.1

The maximum removal of deisopropylatrazine (39 %) indicated that the bulk of triazine compounds would
pass through a sewage treatment process and be discharged in the effluent into the environment. A
conventional rwo-stage sewage Llreatmeni process js thus ineffective im substantially reducing the

concentration of tntazine compounds (Meakins et al., 1994).

Nsabimana and co-workers investigated the effects of atrazine on the microbiology of the activated sludge
prooess since atrazine is (Oxic 10 organisms such as bacteria and fungi in soil and algaes and shrimps in
aquatc ecosystems (Nsabimana et al., 1996). Six bacterial strains were isolated from a sludge sample as
representative of activated sludge microflora. Growth of the bacterial strains was unaffected by atrazine

concentrations of 1 and 10 mg L™ ap atrazine concentration of 100 mg L™' retarded the growth of oune of the
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bacterial strains. The total bacterial count and biomass (measured as mixed liquor volatile suspended

solids) were reduced in a laboratory pilot plant that was fed continuously with an atrazine concentration of

either 1 mg L' for 6 d or 20 mg L™ for 7d. Chemical oxygen demand (COD) was increased afier 22 h for

an atrazine concentration of 20 mg L. Sludge metabolic activities such as dehydrogenation, proteolyis,

nitrification and denitrification were unaffected by atrazine (Nsabimana e1 al., 1996).

Volskay and co-workers investigated the toxicity of various organic compounds (inchiding atrazine) to
activated sludge microorganisms by measuring the concentration that reduced the oxygen consumplion of
the organisms by 50 % in comparison to a control (Volskay and Grady, 1988; Volskay et al., 1990).
Oxygen consumption was reduced by 5 % for an atrazine concentration (33 mg L") equal (o its solubility
limit (Volskay and Grady, 1988; Volskay et al, 1990).

Hogrefe and co-workers developed a small-scale system that was capable of degrading 80 % of triazipe
compounds in real wastes (Hogrefe et al., 1985). The process consisted of a mixed bactenal culture
(acrobic) maintaiped at 37 °C in an open, unsterilised system. An added source of carbon, such as glucose,
in a molar ratio of carbon to nitrogen of 10 was required for microbial growth. Microbial growth and thus
atrazine degradation was retarded by salt concentrations above 3 %. A residence time of 40 h (ie. a
dilution rate of 0,025 h™') was necessary to prevent washout. The dilution rate was 100 low for industrial
applications and a fluidised bed reactor, io which the organisms were immobilised on a layer of sand, was
developed (Hogrefe et al., 1986). The biomass concentration, of between 12 and 18 g L} volatile suspended
solids, in (he reactor was 10-fold higher than that in the continuous culture sysiem; a lower residence time
(25 h versus 40 h) was also achieved. The system recovered readily from process perturbations. Aerobic

conditions and an added carbon source were required to achieve maximal removal (approximatelv 80 %) of
triazine compounds (Hogrefe et al., 1986).

A mixed microbial culrure has also been used to degrade atrazine in soil and water systems (Grigg et al.,
1997). Degradation in soil. afler 100 d, was 78 and 21 %, respectively. for atrazine concentrations of
10 and 50 g L: degradation in water, afier 80 d, was 90 and 56 %, respectively. Lower degradation of the
50 g L atrazine concentration was atiributed to phosphorous depletion. Degradation of these atrazine
concentrations indicated that mixed microbial cultures could be used for atrazine bioremediation at
contamination concentrations, typically between 0,02 and 410 mg L', reported at agrochemical mixing and

loading facilities (Grigg et al., 1997).

Microorganisms, in the biological transformation of pesticides and other compounds in natural waters, usc a
variety of electron acceptors such as oxygen, nitrate, sulfate and carbon dioxide (Wilber and Parkin, 1995).

The dominant eleciron acceptor condition can affect the rate of transformation of compounds. Wilber and
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Parkin investigated the biotransformation of atrazine under acrobic, nitrate-reducing, sulfate-reducing and
methanogenic conditions (Wilber and Parkin, 1995). Biotransformation occurred under all electron
acceptor conditions.  The relative rates of transformation decreased in the order methanogenic
> sulfate-reducing > aerobic > nitrate-reducing conditions, however, the differences in rates were not
statistically significant at a 95 % confidence limit. Atrazine was transformed as a secondary co-metabolic
substrate; acetate was fed as a primary substrate and transformation, under aerobic and nitrate-reducing
conditions, stopped once the acetate had been depleted (Wilber and Parkin, 1995).

Ozonation has been used as a pretreatment for soil biodegradation of atrazine because of the enhanced
biodegradability of the oxidation by-products (Kearney et al., 1988). Kearney and co-workers developed a
two-chamber unit consisting of ozopation and subsequent circulation through a biologically active soil
column for on-site treatment of herbicide wastewater (Kearney et al., 1988; Somich et al, 1990).
Degradation of atrazine in the soil column after 50 d, as shown in Table 4.11, increased with increasing pH

of ozonation.

Table 4.11 : Effect of ozone pretreatment on atrazine biodegradation in soil columns after S0 d
(Kearney et al, 1988)

Percentage atrazine degradation

(%)
without ozonation <20
ozonation at pH 6,5 (unbuffered) 55
ozonation at pH 8 65
ozonation at pH 10 75

Atrazine solutions, after ozonation at pH 10. were neutralised before being added to the soil column of the
unit developed by Kearney and co-workers. The microbial population of the soil column was fortified with
Pseudomonas strain A since different strains of Pseudomonas have been identified that degrade atrazine
(Behki and Khan, 1986; Shapir and Mandelbaum, 1997). Atrazine metabolism was rapid in the first 3 d,
slower over the following 7 d and levelled off at approximately 60 % after 15 d of treatment. Indigenous
soil microorganisms, without the addition of Pseudomonas strain A. degraded atrazine more slowly, a 40 %
degradation was achieved afler 15 d (Kearney et al., 1988).

Orzonation and metabolism in a biologically active soil column were used to treal the pesticide waste and
rinsate, a mixture of several pesticides, from a small farm (Somich et al.. 1990). Degradation kinetics of
atrazine in solution with other pesticides did not follow first order reaction kinetics as did degradation in
pure solution. The lag in degradation was attributed to preferential reaction of ozone with other compounds
such as formulating agents (Somich et al., 1990). Atrazine concentration, Iin 114 L batch experiments,
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decreased from 17,2 mg L™ in the untreated pesticide waste to 8,8 mg L™ after ozonation and 5,1 mg L™
afler ozonation and circulation through the soil column (Somich et al., 1990).

Bioassays were conducted to determine the toxicity of by-products produced from treatment of the pesticide
waste and rinsate (Somich et al., 1990). Wheat, a monocotovledon, and soybean, a dicotyledon, were
treated 2 wk post-emergence with either distilled water, untreated pesticide waste, ozonated pesticide waste
or pesticide waste that had been ozonated and circulated through the soil column. Leaves of the soybean
planis 1hat had received untreated pesticide waste were withered and discoloured afier 1 wk; all other plants
appeared normal. Wheat plants showed no visible differences after 3 wk; soybean plants that had received
untreated pesticide waste were stunted relative to the control, while the plants that had received either of the
treated solutions were larger and bealthier. This was attributed to the bioavailable nitrogen in the oxidation
by-products. Toxic effects were not observed in wheat or soybean plants that recejved untreated or treated
pesticide waste (Somich et al., 1990). Ames tests using several strains of Salmonella typhimurium and one
strain of Escherichia coli, with and without metabolic activity, showed no evidence of mutagenic activity in
untreated pesticide waste, ozonated pesticide waste or pesticide waste that had been ozonated and circulated
through the soil column (Somich et al., 1990).

Oxidation of atrazine in the binary treatment system consisting of ozonation and biomineralisation
produced chlorodiamino-s-triazine as the final ozonation product (Leeson et al.. 1993). This compound is
used as a nimogen source by the microbial species in the soil column, however, agricultural wastes usually
contain other nitrogen sources such as ammonia fertilisers. An ammonia concentration of 0.14 g L™
inhibited the biodegradation of atrazine by Pseudomonas strain A.  The microbial strain K/ebsiella
terragena (strain DRX-I) which preferred an organic gitrogen source and was able to tolerate high
ammonia concentrations was isolated from a sewage sludge (Hapeman et al., 1995; Leeson et al.. 1993).
Degradation of chlorodiamino-s-triazine by Klebsiella 1erragenc required an added carbon source (corn
syrup) and occurred regardless of the presence of ammonia. Complete mineralisation of
chlorodiamino-s-triazine occurred within 3 d in the presence of either a 0.07 or 0.14 g L' ammonia
concentration; 40 % degradation occurred within 10 d in the presence of a 14 g L' ammonia concentration.
The complete ucitisation of chlorodiamino-s-triazine in the presence of ammonia concentrations of 0.07 and
0.14 g L indicated that Kiebsiella rerragena had a strong preference for chiorodiamino-s-triazine as a
njtrogen source and that both the nitrogen atoms of the amino groups and the triazine ring structure were
being utilised as pitrogen sources (Leeson et al., 1993). Degradation of chlorodiamino-s-triazine occurred
via the iniermediate aminochlorohvdroxy-s-triazine (Hapeman et al.. 1995). Pilot-scale wrials of the
ozonation and biomineralisation process of pesticide wastes were performed in a 200 L system (Hapeman
et al.. 1995). Formulated atrazine was mineralised by K/ebsiella terragena with and without ammonjure
nitrate (NHLNOs), a fertibiser often found in agriculiural waste., with respective ozonation cfficiencies of
0.0088 and 0.0108 mo) of atrazine per mol of ozone (Hapeman et al.. 1995).
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4.4 CONCLUDING REMARKS

Atrazine is a herbicide thal acts due to the inhibition of photosynthesis and is thus less toxic to animals than
to plants. The effect of atrazine on humans has not been fully investigated though it appears to be
minimally toxic during inhalation, eye and skin contact and for ingestion in small quantities.

The major concern with atrazine is its persistence in the environment, its half-life in soil varies between
14 and 109 d, it has been found to persist from year to vear in soil and water. It is the most frequently
detected herbicide tn ground and surface waters in Europe and the United States. The presence and
persistence of atrazine in potable water sources has resulted in various countries regulating or banning the

use of atrazine. Health standards in the US have been se1 for atrazine at 0,3 pg L" and in Europe at
0,1 pg L.

Atrazine in soil 1s degraded or adsorped into soil particles. Degradation is through hydrolysis to form
bydroxvatrazine or via N-dealkylation to form deethylatrazine and deisopropylatrazine. Dealkylation is
usuvally due to microbial acion whereas hydrolysis is an adsorption-catalysed chemical reaction. Further

degradation is via deamination and ring cleavage. The degradation products are more biodegradable than
abrazine.

Groundwater contamination occurs due to atrazine leaching through the soil. Deethylatrazine and
deisopropylatrazine are the main degradation products that leach because of thetr lower retention in soil.
Further degradation does not continue in groundwater due to the lower temperatures and microbial
populations. Arrazine accumulation in surface water is due 1o runoff from agricultural fields during rainfall
and irrigation. Deethylatrazine and deisopropylatrazine are also formed from the degradation of other

triazine herbicides such as simazine. cyanazine and propazine.

Chlonne, chlorine dioxide and chloramine have no effect on atrazine during water treatment. Atrazine is
also not readily degraded in an activated sludge system or affected by flocculation and coagulation in a
clarifier. Nanofiltration removes between 80 and 90 % of atrazine. Atrazine concentration is reduced bv
about 83 % during ozonation and between 95 and 97 % with the use of granular activated carbon.
Pretreatment with ozone improves atrazine degradation in an activated sludge system (due 10 the enhanced
biodegradability of the degradation products) as well as the length of time before atrazine breakihrough
occurs in activated carbon filters. Atrazine degradation during ozonation is improved with the addition of
hydrogen peroxide. Afrazine is also degraded by ultrasound.

The nature of the ozonation degradation products depends upon reaction conditions, although. ring cleavage
does not occur.  Degradation is due to both reaction with ozone and hydroxvl radicals. The direct reaction
with ozone produces only dealkylated products whereas dealkylated and hydrolysed products are formed
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from the reaction with hydroxy! radicals. Hydrogen peroxide is formed during the production of dealkylated
products. The higher rate conmstant indicates that the reaction with hydroxyl radicals is faster thag the direct

reaction with 0zone. Both reactions occur in the bulk solution and are not limited by mass transfer.



EXPERIMENTAL DESIGN

The advanced oxidation processes, ultrasound and ozone, have been investigated. The equipment designed
and used during the imvestipation, as well as, the analytical procedures followed are described in this
chapter. The ultrasonic equipment is detailed in Section 5.1, ozonmation equipment in Section 5.2,
experimental procedures in Section 5.3, analytical procedures in Section 5.4 and the statistical software
program in Section 5.5.

S.1  ULTRASOUND EQUIPMENT

The investigation of the sub-processes occwrring during sonication and the degradation of atrazine was
performed in an ultrasonic laboratory reactor (ultrasonic cell). The cell was designed and operated using an

wltrasonic horn for an energy source. The ultrasonic horn is described in Section 5.1.1 and the ultrasonic
cell in Section 5.1.2,

5.1.1 Ultrasonic horn

A 20 kHz Ultrasonic process svstem, model P100/2-20, was obtained from Sonic Systems (postal address:
Urit 3. Monks Dairy, Isle Brewers, Taunton, Somerset, TA3 6QL, UK). The sysiem. shown in Figure 5.1,
consists of a generator (modet P100-20), transducer asserobly (model 23820-AS) and an high intensity
ultrasonic horn (part no. A93655) with replaceable tip (part no. A93656-2).

ultrasonic transducer
generalor housing
scale
selector
—f s
_/_/' @ ultrasonic
analogue = 5 hom
meter \ variable power

control

Figure 5.1 : Ultrasonic process system
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The system operates at a nominal frequency of 20 kHz. The vibration amplitude of the transducer and the
electrical power to the transducer are determined by means of a variable control mounted on the front panel
of the gencrator assembly. Amplitude and electrical output by means of a selector switch are read from an
analogue meter, amplitude off the green scale and electrical power off the red scale. The amplitude of the
peak 10 peak transducer displacement is calibrated in micrometres, the meter range is 0 to 15 um.
Electrical power is measured in Watts. the meter range is O to 100 W. The mass of the generator assembly
15 4.5 kg. the width, depth and height dimensions are 321. 175 and 110 mm, respectively. The generator

assembly is designed for continuous operation without forced atr cooling (Soni¢ Systems. 1994).

The pre-stressed piezoelectric transducer is mounted in 2 sealed housing and is designed for contimuous
operation at ambient temperature (5 fo 40 °C). The mass of the transducer assembly is 0.332 kg. A

schematic diagram and a picture of the transducer assembly and ultrasonic horo are presented in Figure 5.2.

.59
! 34 |
transducer
87 housing
b
57 upper fixed
hor element
38 ultrasonic
7 ! borm
7 {
replaceable
S b (Ip
dimensions in mm | 12.5
30
(a) (b)

Figure 5.2 : Ultrasonic horn

The horm and replaceable tip are manufactured from a titanium alloy (Ti-64) containing 6 % of an
aluminjum alloy and 4 % vanadium (Perkins, 1997b). The hom is coupled 10 the transducer assembly by a
stud that is screwed into the transducer. The working surface of the horn is eroded during sounication.
Erosion of the horn is prevemted with the use of a replaceablc tip screwed into the end of the hom.

Replacement of a tip due to erosion is less expensive than repiacement of the entire hom. Approximately
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] mm of the tip can be machined without significantly changing the total length of the horn and thus
affecting the resonant frequency of the system (Perkins, 1997a). The surface of the tips used during the
investigation were machined once the electrical power drawn by the transducer for a preset vibrahonal
amplitude began to fluctuate. A tip was replaced when the machined surface had also eroded. The effect of
machining the surface of a born tGp on the performance of Lhe ultrasonic system was evaluated by measuring
the formation of hydrogen peroxide generaled by a new tp and comparing it 10 that generated afler
machining (Section A.l.1 of Appendix A). The data presented in Figure A_l indicates that machining the
surface of a horn tip does not affect the performance of the system.

The Ultrasonic process syslem supplied by Sonic Systems has a power-by-demand characieristic, the
generator automatically delivers the required electrical power to maintain a preset transducer displacement
amplitude irrespective of the load conditions (Sonic Systems, 1994). The acoustic power transferred 10 a
sample is calculated (equation 2.1) from the difference between the electrical power supplied to the
transducer when the horn is placed in a sample and the electrical power supplied to the transducer when the
horn is without load (Somic Systems, 1994). The horn is defined as being without load when the tip rests in
air and is not submersed in any sample.

(ectr . ) .
Acoustic power (W) = electrical power suppiied to ) _ (elecmcal power supplied 10 [2.1]

\ ransducer when loaded transducer when unloaded

The calculation of acoustic power i based on the assumpton that the losses in the system are only
mechanical and displacement-related, electrical losses are low and can be ignored (Perkins, 1997a). The
losses in the system are mechanical hysteresis losses in the transducer stack (both in the piezoceramic and at
the interface joints), dynanuc frictional losses in the transducer compression bolt threads and mechanical
losses in the transducer and horm materials (Perkins, 1997a). The total electrical power (as indicated on the
power meler) supplied to the transducer when it is unfoaded is used 10 overcome these mechanical losses at
a set transducer displacement amplitnde. The mechanical losses are unchanged when the transducer is
loaded and operated at the same displacement amplitude, the measurement indicated on the power meter is
thus the sum of the acoustic mechanijcal losses and the acoustic power supplied to the reaction solution It
follows that the acoustic power supplied 10 a treatment sample is the difference berween the loaded
transducer power and the unloaded transducer power (Perikdins, 1997a).

The efficiency of the energy transformation of Lhe ultrasonic horn was determined by comparison of acoustic
power with electrical power. Acoustic power is the energy delivered into a reaction solution, electrical
power is the energy drawn at the wall. The electrical power supplied to the transdncer of the ultrasonic
horn was read from the meter on the face of the ultrasonic generator when the transducer was loaded. The
acoustic power was calculated from Lhe difference in electrical power supplied to the transducer when
loaded and without load (Sonic Systems. 1994). The calculation of acoustic power was confirmed using
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calorimetry (described in Section A.1.2). The average acoustic power measured during sopication at each
transducer displacement amplitude is compared in Table 5,1 with the average electrical power.

Table 5.1 : Conversion of electrical power to acoustic power

Transducer Average acoustic Average electrical Energy
displacement power power conversion
(pm) W) W) (%)
5 24,2 28,2 86
8 39,3 46,3 85
11 36,7 68,7 83

Acoustic powers generated during sonication with the nltrasonic horn at different transducer displacement
amplitudes are recorded in Table 5.1. The conversion of electrical to acoustic power by the ultrasonic horn

is approximately 85 %.
5.1.2 Ultrasonic cell

An ultrasonic laboratory reactor (ultrasonic cell) was designed and constructed to investigate the free radical
reactions occurring during sonication and to apply ir a case study of the ultrasonic degradation of a model

organic compound. The ultrasonic cell is shown in Figure 5.3.

Figure 5.3 : Ultrasonic cell



Chapter 5 ExPErmMENTAL DEsicr 58

The ultrasonic cell (manufactured from 316 stainless steel) is 195 mm high (from the base to the top of the
lid) and the external diameter of the water jacket is 114 mm. Other dimepsions of the cell are presented in
Figure 5.4. A 500 mL sample can be sonicated in the cell. Temperature is measored by a thermocouple in
a well centred at the bottom of the cell and is regulated by the circulation of cooling water in the water
jacket. A schematic diagram of the cell is shown in Figure 5.4.

139
= Deoprene septum
74 sample gas port for gas sampling
feed inlet enfrances
60

seal for m ‘ 6
transd
bowsing, —] 1
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seal
cooling
water
195
outlet
—_—
cooling
waler
inlet /iﬂsffusa
—_—
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- ire;
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114 dimensions m mm

Figure 5.4 : Schematic diagram of ultrasonic cel

The sample inlet pori, gas infet and outlet ports and a neoprene septum for gas sampling are positioned, as
shown e Figure 5.4, in the lid of the cell. A liquid sample can be sanirated with gas during sonication by
bubbling the gas through the stainless steel diffuser in the cell.

The paramelers that affect cavitation and thus the outcome of a sonochemical experiment are listed in
Table 2.5 in Section 2.5.5. These parameters include the characteristics of the reaction medium (viscosiry.
vapour pressure, presence of solid particles), reaction conditions (pressure, temperature, gas sparging) and
the type of ultrasonic system (power, frequency, reactor size and geometry). These parameters were taken
into acoount during the design of the ultrasonic c¢ll and are discussed in the following subsections.
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5.1.2.1 Frequency

Ultrasonic experiments are usually performed at frequencies of between 20 and 100 kHz, the frequencies
used in different ultrasonic investigations are reporied in Section 2.5.5. The ultrasonic intensity required to
initiate cavitation increases as frequency increases (Mason, 1993; Pestman et al, 1994). Commercial
ulirasonic equipment operate at a fixed frequency (determined by the transducer) and optimisation in
regards 1o frequency cannot be performed The frequency of the Ultrasonic process system supplied by
Sonic Systems is 20 kHz (Sonic Systems. 1994).

5.1.2.2 Acoustic power

Ultrasonic effects are determined primarily by the amount of acoustic power delivered (o a system.  Acoustic
power is also reported in literature as intensity (or power density), either, in terms of the surface radianng
area of the ultrasonic source or the volume of Liquid sonicated (Table 2.6 in Section 2.5.5). Perkins defined
intensity as the electrical power supplied to the transducer divided by the radiating surface area of the
ultrasonic horn (Perkins, 1990).

The acoustic power delivered by the Ultrasonic process system from Sonic Systems was varied by changing
the displacement amplitude of the transducer from 0 to 12 um. The ultrasonic effects, in 500 mL of water,
increased with increasing power. Experiments were performed at a transducer displacement of 11 pm and
not at 12 pm because the maximum displacernent vibration began to decrease as the horn tip ercded
Experiments were also performed at displacement amplitudes of 5 and 8 pm when the effect of acoustic
power was being investigated Typically, 69 W of electrical power was required by the trapsducer to
generate a displacement of 11 ym when the ultrasonic horn was loaded with 500 mL of water. An electrical
power of 12 W was required by the transducer to generale a displacement of 11 pm when the horn was
without load. Hence. the acoustic power delivered to 500 mL of water for a transducer displacement of
amplitude of || um was 57 W. Ultrasonic intensity calculated in terms of the radiating surface area of the
hom (1.25 cw diameter; 1.23 cm” radiating surface area) was 46,1 W cm’®. The radiating surface area was

calculated from 7 x (radius)’. Ultrasonic intensity calculated in terms of the volume of liquid sonicated

(500 mL) was 0,114 W cm™. Acoustic power and ultrasonic intensity (in terms of both area and volume) of

the Ultrasonic process system for sonication of a 500 ml. sample at transducer displacement amplitudes of

5.8and 11 pm are reported in Table 5.2.
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Table 5.2 : Acoustic power and intensity of the Ultrasonic process system

Transducer displacement Acoustic power Dltrasonic intensity Ultrasonic intensity
(um) W) W cm?) (W em™)
5 24.2 19,7 0,048
8 39,3 32,0 0.079
1] 56,7 46,] 0,114

The ulirasonic intensity ai Lhe radiating horn surface of the Ultrasonic process system, shown in Table 5.3.
is comparable with that of other investigations using an ultrasonic horn.

Table 5.3 : Comparison of the ultrasonic intensity of the Ultrasonic process system with that of

other sonochemical investigations nsing an aktrasonic horn

Reference Investigation Frequency Ultrasonic intensity
(kHz) (W em™)

(Pugin. 1987) enhancement of reaction between 20 24
lithium and 1-bromopentane

(Donaldson et al,, 1979)  polymerisation of nitrobenzene 20 25

(Price et al., 1994) degradation of aromatic compounds 22 39

this investigation degradation of atrazine 20 46

(Suslick et al., 1989) effect of ultrasound on nicket and 20 50
copper powders

(Serpone et al., 1994) degradation of chlorophenol 20 52
compounds

(Ratoarinoro et al., 1992) enhancement of reaction between 20 57

ethy] malonate and chalcone

(Kotronarou et al., 1992b) degradation of hydrogen sulfide 20 75

5.1.2.3 Horn shape

The vibrating motion generated by a transducer is magnified by the hom (Goodwin, 1990; Perkins, 1990).
Different shapes of ultrasonic horns and the magnification obtained with each shape is discussed in
Section 2.5.3. Materials of construction are also discussed in Section 2.5.3. Two stepped ulirasonic homs
manufactured from a titanium alloy were obtained with the Ultrasonic process system. The low intensity
horn had an upper and lower diameter of 3,0 and 2.0 cm, respectively, and the high intensity homn an upper
and lower diameter of 3,0 and 1,25 ¢m, respectively. The magnification of transducer displacement
calculated for the low and high intensity ultrasonic horns was 2,25 and 5,76, respectively. Magnification
for stepped horns is calculated from the square of the ratio of upper to lower horn diameter (Perkins. 1990).
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The low intensity horn was only used during preliminary experiments (reported in Section A ]1.3) to
determipe acoustic intensity in sample volumes from 100 to 1| 000 mL. The high intensity born was
incorporated in the design of the ultrasonic cell all expeniments in the cell were performed with the high

intensity hom.
5.1.2.4 Volume

Preliminary experiments using the low intensity ultrasonic horn (Section A_1.3 of Appendix A) indicated
that the initial rate of hydrogen peroxide formation increased with increasing ultrasonic intensity and hence
decreasing sample volume for a range of water volumes from 100 to 1 000 ml.. Gondrexon and co-workers.
in an investigation of the sonochemical degradation of chlorophenol, found that the rate of degradation
decreased with increasing sample volume for the range of 100 to 400 mL when the acoustic power input
was 60 W (Gondrexon et al., 1993). Sonochemical effects decrease with increasing sample volume for a set
acoustic power input. The volume of 2 sampie to be sonicated io the ulrasonic cell was fixed at 500 ml.
The volume had to be large enough so that the kinetic information would be applicable for process scale-up
but also small enough so that the ultrasonic intensity would be sufficient to cause sonochemical effects. The
sample volume could also not be too big since as discussed in Section 2.5.3 a small zone of high intensity is
created around the tip of an ultrasonic bom and intensity decreases with increasing distance from the horn
tip (Goodwin, 1990; Pugin, 1987; Suslick et al., 1984). The internal diameter of the cell is 8.1 cm and the
height of a 500 mL sampile in the cell is thus 9,7 cm. The diameter was chosen so that the sample volume
would not be flat and wide which would have created deadspots in the liquid on either side of the horm tip.
The height of the cell was calculated such that the tip of the horn would be approximately 1 cm below the
surface of the Liquid and would not be exposed even with the vigorous liquid movement and splashing that
oocurs dunng sonication. The total volume of the ultrasonic cell is approximately 900 ml.

The volume of a2 sample (500 mL.) that can be sonicated in the ultrasonic cell is compared in Table 5.4 with
saraple volumes used in other sonochemical investigations. The comparison of ultrasonic intensity in
Table 5.3 indicates that the Ultrasonic process system operates with a comparable imensity at the radiating
surface area of the horm with that of other sonochemical investigations, however, as shown in Table 5.4 the

greater samiple volume in the ultrasonic cell results in a lower volume-based intensicy.
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Table 5.4 : Comparison of the sample volume that can be sonicated in tbe ultrasomic cell with

sample volumes of other sonochemical investigations

Reference Investigation Sample volume  Ultrasonic intensity
(mL) (W em™)
(Cost et al., 1993) degradation of p-nitrophenol 25 2
(Kotronarou et al., 1992b) degradavon of hydrogen sulfide 25 1,7
(Ratoarinoro et al., 1992) enhancement of reaction between 57 13

ethyl malonate and chalcone

(Serpone el al., 1994) degradation of chloropheno) 100 0,5
compounds

(Pugin, 1987) enhancement of reaction berween _ 100 0,3
lithjum and 1-bromopentane

(Price et al., 1994) degradation of aromatic 120 0,25
compoumds

(de Visscher et al., 1996) degradation of monocyclic 150 0,097
aromatic compounds

(Pétrier et al., 1994) degradation of pheno! 200 0.15

(Donaldson et al., 1979)  polymerization of nitrobenzene 250 0,28

this investigation degradation of atrazine 500 0,11

(Lorimer et al., 1991) decomposition of potassium 1200 0,025
persulphate

(Bhatnagar and Cheung,  degradation of chlorinated C1 and 2 000 0,1

1994) C2 volatile organic compounds

5.1.2.5 Vessel type

Ultrasonic horns are used 10 sonicate samples. described in Section 2.5.3. in beakers. cuphoms or flow cells.
Sample volumes sonicated by ultrasonic horns, indicated in Table 5.5. typically range from 25 to 1 400 mlL.
Flow cells incorporating an ultrasonic horn as the source of ultrasonic energy atlow for sonication in both
batch and continuous mode, the sonicated zone of the system used by Cheung and Kurup to study the
degradation of chlorofluorocarbon compounds was 35 mL when used in baich mode and 250 mL when used
in continuous mode (Cheung and Kurup. 1994). Lin and co-workers used a circulating svstem in the study
of the degradation of 2-chlorophenol, the 1 L sample volume was circulated at a flow rate of 0.5 L min™
through the sonication cell (Lin et al,, 1996). Flow cells are manufactured, indicated in Table 5.5, from
either glass or 316 stainiess steel. The ultrasonic cell was designed as a closed batch system (to allow for
saturation with differemt gases) that could be modified later 1o be used in continuous mode. It was
mapufactured from stainless steel so that the material of construction in a écale—up exercise would be the
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same to that used in a pilot-plant system. The ultrasonic cell is compared in Table 5.5 with vessel types and

volumes of other sonochemical investigations using an ultrasonic horn.

Table 5.5 : Comparison of the ultrasonic cell with vessel types and volumes of other sonochemical

imvestigations using an ultrasonic born

Reference Investigation Sample Vessel Vessel type
volume  volume
(mL) (ml)
(Kotronarou et al., 1992a) degradation of parathion 25 50 suainless stee] cell with
water jacket
(Serpone et al., 1994) degradation of chlorophenol 100 150 glass cell with water
compounds jacket
(Price et al., 1994) degradation of aromatic 120 500 centrifuge tube immersed
compounds in cooling bath
(de Visscher et al., 1996) degradation of monocyclic 150 200 glass vessel with water
aromatic compounds jacket
this investigation degradation of atrazine 500 900 stainless steel cell with
water jacket
(Lorimer et al., 1991) decomposition of potassium 1200 1400 flange top, round-
persuiphate bottomed glass flask

The connection between an ultrasonic horn and the wall of a flow cell (Figure 2.13 tn Section 2.5.3) can be
sealed with either an O-ring or by screwing the cell onto an external thread at the nodal point on the horn
(Goodwin, 1990). Sustick and co-workers used flow cells Lha_\t were sealed with a Teflon cotlar and
gas-tight O-rings in various sonochemical investigations (Suslick et al., 1983: Suslick. 1990). The flow cell
used by Cheung and Kurup in the investigation of the degradation of chlorofluorocarbon compounds was

sealed by threading the reactor bodyv onto an external thread on the transducer housing of the ultrasonic
hom (Cheung and Kurup, 1994).

The ultrasonic horn was initially inserted through a hole in the 1id of the ultrasonic cell that was scaled with
an O-ring. The contaci between the horn and the lid of the cell dampened the movement of the horn and
reduced the transfer of acoustic power to a sample in the cell. Acoustic power transferred to a water sample

in the cell was calculated to be approximately 17 % of that transferred to a 500 mL water sample in a beaker
(detailed in Section A.1.4).

The cell 1id was changed such that the transducer housing fitted into 2 raised support, shown in Figure 5.4,

to prevent contact between the horn and the lid. A rubber seal coated with Vaseline® was used to ensure a
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gastight fit between Lhe transducer housing and the cell support. Elastic bands were also used to hold the
transducer housing down and exert a slight pressure on the seal. The connection between the transducer
housing and cell support was checked using soapy water for leakage when gas experiments were performed

in the cell
5.1.2.6 Pressure

External applied pressure is one of (he paramelers that determines the level of cavitation in a system
(Section 2.2.1). Henglein and Gutiérrez found that the yield of iodide oxidation decreased with increasing
pressure from 100 to 300 kPa at acoustic powers of 30 and 50 W and reached a maximum before decreasing
at powers of 80 to {50 W (Henglein and Gutiérrez, 1993). Chendke and Fogler found that the intensity of
sonoluminescence from an aqueous carbon tetrachloride solution varied nop-linearly with pressure, local
maxima occurred at 608 and 1 216 kPa (Chendke and Fogler, 1983a).

The connection between the transducer housing of the horn and the lid of the ultrasonic cell, as described in
Section 5.1.2.5. did not allow for pressure control in the cell. Pressure is not usually controlled in flow
cells. Kotronarou and co-workers during the investigation of the ultrasonic oxidation of hydrogen sulfide
noted that pressure was not controlled in the flow cell and that initial headspace pressure was atmospheric
(Kotronarou et al., 1992b).

5.1.2,7 Mixing

Shock wave formation during sonication, (discussed in Section 2.3.2), results in efficient mixing. Goodwin
noled that high-intensity uitrasound delivered by utrasonic horms may provide sufficient agitation so as to
eliminate the need for stirring (Goodwin, 1990).

The agitation induced in 500 mlL of water by the ulmrasonic horm was investigated (described in
Section A_].5) using potassium permanganate crystals. A comparison of the mixing in the water afler 5 s of
sonication and afler 10 min of the control without sopication ts shown in Figure 5.5. The efficient mixing

shown in Figure 5.5 indicated that additional facilities for surring in the ultrasonic cell did not have to be
included
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(a) (b)
Figure 5.5 : Mixing of potassium permanganate crystals in 300 mL of water during sorication

and io the control without sonication; (a) after S s of sonication and (b) the control after 10 mia

5.1.2.8 Temperature

Ultrasonic experiments are affected by temperature, generally, the lower the temperature the greater the
sonochemical effect (Mason et al., £1992). The temperature of a sample also increases during sonication and
must be controlled for repeatable and consistent results. The intensity of ultrasonic cavitation in water is a
maximum at 35 °C, cavitation intensity is within 70 to 100 % of the maximum in the temperature range
2010 50 °C (Niemczewski, 1980). Sounication in the ultrasonic cell was performed at 25 + | °C. Ulwrasonic
experiments are typically performed at 25 °C (Kotronarou et al.. 1992b; Lin et al., 1996; Mead et al, 1975;
Sehgal et al, 1982), other temperatures reported in literature include 15°C (Suslick et al., 1989), 20°C
(Dopaldson et al., 1979; Price et al,| 1994) and 30 °C (Kotronarou et al., 1991; Kotronarou et al., 1992a).

Temperature was regulated in the ultrasonic cell by circulating cooling water through a water jacket. Flow
cells used in ultrasonic experiments, as noted in Table 5.5, usually incorporate water jackets for the control
of temperature. The cold water bath from which the cooling water was circulated was mpaintained below
17 °C (usually between 10 and 15 °C) by a Labotec refrigeration unit (model no. FTC 300). The cooling
water bad to be cooler than 17 °C for the termperature in the cell (o be maintained at 25 °C. The
refrigeration unit and pump (Little Giant pump, catatogue no. 582013) that circulated the water through the
refrigeration unit were set on a imer (National TB 179) that typically switched the unit on for 2 h and off

for 3 h when overnight experiments were being performed. A schematic diagram of the cooling system is
shown in Figure S.6.
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Figure 5.6 : Schematic diagram of the cooling system of the ultrasonic cell

The temperature in the ultrasonic cell was measured by a thermocouple positioned in the centre, just above
the base of the cell. The pump (Gormann Rupp Industries) that circulated the cooling water through the
water jacket was controlled by a Fuji PYZ 7 digital controller. The pump was automatically switched on if
the (emperature in the cell rose above 25 °C and switched off if the temperature fell below 25 °C.

5.1.2.9 Gas saturation

The presence of a gas during sonication, as discussed in Section 2.2.1, provides additional nucleaion sites
for cavitation. The nature of the gas, as discussed in Section 2.3.1.2, influences the radical reactions that
occur during sonication, A diffuser was included in the ultrasonic cell to allow for saturation of liquid
samples with different gases. The gas inlet pipe, as shown in Figure 5.4, entered through the lid of the cell.
The diffuser was screwed into the bottom of the gas inlet pipe and was positioned in the lower half of the
liquid sample. The diffuser was made from an approximate 1.5 cm piece of porous steet pipe. Gas was
sparged continually through the liquid samples in the ulmrasonic cell during sonication swnce liquids are
degassed by ultrasound (Mason, 1990). To ensure saturation, gas was also sparged for 10 min prior to
sontcation through the liquid samples. Saturation periods reported in literature are 5 min (Misik et al..
1995; Young. 1976), 10 min (Donaldson et al., 1979. Mead et al.. 1976; Sehgal and Wang, 1981), 15 min
(Hart and Henglein, 1985) and 20 min (Gutiérrez el al., 1987, Rassokhin et al, 1995). A schematic
diagram of the gas lines is shown in Figure 5.7.
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Figure 5.7 : Schematic diagram of the gas lines

Gas flow rate was controlled by the rotameter shown in Figure 5.7. The calibration of the rotameter is
described in Section A_1.6. A flow rate of 6,0 mL s™' was used to ensure gas saturation in the liquid samples

but without excessive splashing Gas flowrates reported in literature vary between 0,25 and 31,7 mL s’

depending on the volume of sample (Hua et al., 1995a; Hua et al., 1995b; Rassokhin et al., 1995; Weissler,
1959).

5.1.2.10 Sampling

The ultrasornic cell was designed such that samples could be taken for anatysis in three ways. A neoprene
septum. as shown in Figure 5.4, allowed for gas sampling during the sonication of volatile compounds.
Liquid samples (up 10 5 mL) were also taken through the septum using a syringe with a long needle. This
allowed for continuous sampling during an experiment withoul disturbing the gas atmosphere in the cell.
Liquid samples {up to 10 mL) were sucked up using a pipette through the sample inlet port in the lid of the
cell. Larger samples (50 to 200 ml) were collected through the outlet drainage port at the bottom of the
cell. The final rwo methods of sampling could not be performed continuously but only once an experiment
had been compleled and the ultrasonic cell was opened.

5.2 OZONE EQUIPMENT

Ozone was generated using a Sorbios generator model GSG 001.2 that was loaned by Umgeni Water. The
generator produces ozone according 10 the corona discharge method, described in Section 3.2.2. and is air
cooled The ozone-generating element consists of an AL,Ox-ceramic tube with an outergrounded elecirode

and an inner net-like counter electrode (Sorbios. 1993). The oxygen used as feed gas has to be free of
hydrocarbon compounds and have a dew point below 40 °C (Sorbios, 1993).

The mass of the generator assembly is 8 kg, the width, height and depth dimensions are 360, 200 and
360 mm, respectively. A rotameter with regulating vatve for gas flow adjusmment and a variable dial to
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regulate power input are mounted in the front panel of the generator assembly. Analogue meters to record
current and pressure are also mournted in the front pane] of the generator assembly. Ozone production is
determined by gas flow (production increases with decreasing flow) and by power input that can be vaned
between 0 and 220 V. The generator produces ozone at a nominal rate of 1 g b with a concentration of
S0g m™ for an oxygen flow rate of 1 L h! (Sorbios, 1993).

Ozone experiments were performed in a fumehood due to azone toxicity. The ultrasonic cell was used as
the ozonation chamber and was moved into the fmmehood. Ozone was bubbled through a sample using the
existing pas diffuser in the cell. Typical volumes of ozonation chambers recorded in literature are 200 ml.
(Andreozzi et al., 1989), 250 mL (Upham et al., 1997), 500 mL (Siddiqui, 1996; Sotelo et al., 1987) and
1 000 mL (Beltrdn, 1995; Perkowski et al., 1996).

The gas lines, shown io Figure 5.7, were modified to allow for both ozonation and non-ozonation gas
experiments. A schematic diagram of the complete experimental setup is shown in Figure 5.8.

DOD-020DE gAS experiments

0zZonagon
experimental setup
SHEI|
e T 6
0zoDne
generator

Figure 5.8 : Schematic diagram of the ozonation experimental setup

The experimental setup, shown in Figure 5.8, is similar to that used in the investigation by Singer and Zilli
of the ozonation of ammonia (Singer and Zilli, 1975) and in the disinfection investigation by Upham and
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co-workers (Upham et al,, 1997). A bypass line allowed for the ozone-containing gas to be diverted when
the ultrasonic cell was opened for a sample to be taken. The bypass line and the exhaust gas line from the
ultrasonic cell were passed through 500 mL gas washing bottles containing a 2 % (20 000 mg L™
potassium jodide solution. The potassium iodide reacted with amy remaining ozone before the gas lines
ended near the top of the fumehood. The solutions changed from colourless to yellow with the iodine that
was liberated during the reaction with ozone. A 2 % potassum iodide solution was used to degrade
unreacted ozone in the iovestigations by Smith and co-workers (Smith et al., 1992) and Volk and
co-workers (Volk et al., 1997).

The flow rate of oxygen (medical grade; 99,5 %) was controlled by the rotameter in the gas-line and the
rotameter in the ozone generator. Oxygen flow rate was maintzined at 2.4 mL s, oxygen flowrates
recorded in literature vary between 1,7 and 17 mL s (Andreozzi et al., 1989; Koga et al., 1992; Singer and
Zilli, 1975; Sotelo et al., 1987; Trapido et al., 1997). Oxygen flow was always starnted prior to the generator
being switched on at the sian of a day and stopped afler the generator bad been switched off al the end of a

day. The generator was switched on and allowed to run for over an hour to warm up and stabilise before
experiments were started.

The ozone generator was characterised, described in Section A2, by measuring ozone production at
different voltages (voltage could be adjusted between 0 and 220 V). A voltage setting of {30 V was used as
a standard voltage for ozone experiments. The concentration of ozone generated in the oxygen stream at
voltapes between 100 and 200 V is shown in Figure 5.9.
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Figure 5.9 : Ozone concentration in 2 2,4 mL s oxygen gas stream generated by a Sorbios
ozone generator at voltages between 100 and 200 V (1 = 3 per voltage)
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The average ozone comcentration, the weight percentage of ozone in the oxygen/ozone gas stream and the
ozone production rate generated by the Sorbios ozone generator at voltages of 100. 130, 150 and 170 V for
an oxygen flow rate of 2,4 mL s are presented in Table 5.6.

Table 5.6 : Average ozone conceutration and weight percentage of ozone in a 2,4 mL s oxygen gas
stream generated by the Sorbios ozone generator at voltages of 100, 130, 150 and 170 V

Volhtage Ozone Ozone weight Ozone
V) concentration percentage production rate
(mg L) (%) (mg s™)
100 1,2 0,1 0,003
130 5,7 04 0,014
150 14,6 1,1 0,030
170 20,7 1,6 0,047

The % error in the daily rate of ozone production during experimentation (at 130 V) was calculated from
the ozone mass balances reported in Section D.4 to be 7,5%.

5.3 EXPERIMENTAL PROCEDURES

Hydrogen peroxide, dissoived oxygen, ozome and atrazine concentrations were measured during the
investigation.  Hydrogen peroxide and dissolved oxygen concentrations were measured in the
characterisation of the ultrasonic cell. Hydrogen peroxide is formed during sonication and was thus used as
a qualitative measure of the free radical reactions initiated by ultrasound Dissolved oxygen concentration
was determined since the presence of oxygen enhances free radical reactions. Hydrogen peroxide and ozone
concentrations were measured in the characterisation of the ozone system. Afrazine concentration was
measured in the atrazine degradasion experiments. The analytical procedures used 1o perform each of the
measurements are detailed in Section 5.4.

An 8 mL sample was required for the hvdrogen peroxide determination. Samples were sucked up using a
pipette through the sampie¢ inlet port in the lid of the ultrasonic cell. Each data point in an experiment was
thus measured in a separate experiment since the ultrasonic cell had to be opened to take the measurement,
thus altering the gas atmosphere in the cell. Separate experiments were also performed for each data point
in the measurement of dissolved oxygen and ¢zone concentrations. Dissolved oxygen concentration was
measured by lifting the ultrasonic horn out of the vltrasonic cell and inserting the oxygen electrode into the
reaction solution immediately afler sonication was stopped. Larger sample volumes were required in the
determination of ozon¢ concentration, volumes of between 15 and 90 mL were used in the indigo method

and 50 mL in the potassium iodide method. Samples were collected through the outlet sample draip at the
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bottom of the ultrasonic cell. The ozone gas was diverted through the bypass line to the potassium iodide
traps so the ultrasonic cell oould be opened for a sample to be taken.

Atrazine samples for determination were withdrawn continually during an experiment since samples of only
up to 2 mL were required for HPLC analysis (25 uL sample injection volume). Atrazine samples were
taken through a syringe with a long needle through the neoprene septum in the nltrasonic ceil lid  The total
reaction volume (500 mL) was not significantly affected by the three samples (< 10 b in total) that were
taken during the experiment.

Experiments were performed in either duplicate or triplicate to ensure data reproducibility. The standard
deviation in dala was calculated at each ome period of an experiment though only the maximum value is

reporied where the data is presented in a figure or lable. Statistical apalysis (mean, 95 % confidence limits.
standard deviation) is reported in Appendix F.

5.4 ANALYTICAL PROCEDURES

The analytical procedure used to measure hydrogen peroxide conceniration is described in Section 5.3.1, to
measure gzone concentration in Section 5.3.2, dissotved oxygen in Section 5.3.3 and atrazine concentration
in Section 5.3.4.

S.4.1 Hydrogen peroxide measurement

A method based on the reduction of copper(H) ions by hydrogen peroxide in the presence of an excess of
2,9-dimethyl-1,10-phenanthroline (DMP) was used 10 measure the concentration of hydrogen peroxide in
solution (Baga et al,, 1988). A copper(I)-DMP complex, Co(DMP); . is formed according to the reaction
presented in Scheme 5.1.

2Cu? + 4DMP + H,0; » 2Cu(DMP)3 + O, + 2H"
Scheme 5.1

The product is stable in air- and oxygen-saturated solutons and is measured spectrophotometrically al a
wavelength of 454 nm. The method is accurate to measure hydrogen peroxide concentrations in the range

0.030 t0 4,08 mg L™ (Baga et al.. 1988).

A sample mixture consisting of | mL of a copper(Il) sulphate solution. 1 mL of an ethanolic DMP solution
and 8 mL of the solution of which the hydrogen peroxide concentration was to be determined was prepared
in a 10 mL volumetric flask. Absorbance of the sample mixture was measured at a wavelength of 454 nm
iz 2 10 vuw plass cuvette with a Pharmacia Biotech Ultrospec 2000 (model 30-2106-00) specirophotomeler.
Absorbance was measured for solutions of kmown hydrogen peroxide concentration and a calibration curve
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was drawn by plotting absorbance at 454 nm versus hydrogen peroxide concentration. The concentration of
a hydrogen peroxide solution of unknown concentration could thus be determined using the calibration
curve and the measured absorbance valoe of the solution.

The experimental procedire used to construct a calibration curve and the calibration curve drawn for each
batch of chemical reagents used during the igvestigation are presented in Section B.! of Appendix B. The
error associaled with determining hydrogen peroxide concentration using the three calibration curves
reponed in Appendix B were 11, 14 and 13 %, respectively.

5.4.2 QOzone measurement

Agueous ozone concentration was determined using an iodometric (Eaton et al, 1995a) and indigo
colorimetric method (Bader and Hoigné, 1981; Eaton & al., 1995b). The iodometric method could detect
concentrations greater thap | mg L' whereas the indigo colorimetric method could measure ozone

concentrations down to 2 ug L' (Eaton et al., 1995a; Eaton et al., 1995b). The jodometric method was used
for the daily characterisation to determine the rate of ozone generabon as well as to determine the amount
of azone that had passed through the ultrasonic cell and reacted with the potassium iodide in the gas raps.
The indigo colorimetric method was used to measure residual ozone in solution in the ultrasonic cell after
an experiment had been completed Both methods are reported in literature for oczone determination, the
iodometric method was nsed in the investigations by Caprio and co-workers (Caprio et al., 1982), Smith and
co-workers (Smith et al., 1992) and Singer and Zilli (Singer and Zilli, 1975) and the indigo method in
investigations by Roche and co-workers (Roche et al., 1994; Roche and Prados, 1995), Volk and co-workers
(Volk et al., 1997) and Hoigné and Bader (Hoigné and Bader, 1983).

5.4.2.1 lodometric method

The iodometric method is based on the liberation of free iodine from potassium iodide (KF) solutions by
reaction with ozone (Eaton et al.. 1995a). The liberated iodine is titrated with a standard solution of sodium
thiosulfate (Na;S20s) using starch as ap indicator. The Gtration is performed at a pH of 3 (0 4 since the

reaction is mot stoichiometric al a2 neutral pH due to the partial oxidaton of thiosulfate to sulfate. The
chemical reactions of the iodometnc method are shown 1n Scheme 5.2 (Hargis, 1988).

O; +21" + HO - 20H + 0, + I [a]
2520? + [ = S40§_ + 2I° [b]
Scheme 5.2

The iodomerric method can be used to determine ozone concentrations above 1 mg L?. The procedure of
the potassium iodide reaction and titration with sodium thiosulphate was performed as recorded in Standard
Methods (Eaton et al., 19952). The daily characterisation o determine the rate of ozone generation is
described in Section B.2.
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5.4.2.2 Indigo colorimetric method

The indigo colorimetric method is based on the decolourisation of indigo in acidic solution by ozone (Bader
and Hoigné, 1981; Eaton et al.,, 1995b). Potassium indigo trisulfonate is used to prepare the indigo stock
solution. Indigo trisulfonate absorbs light strongly at a wavelength of 600 nm and has a molar absorptivity
of Espo = 23 800 M’ cm™ (Bader and Hoigné, 1981). A potassium indigo trisulfonate molecule contains
one carbon-carbon double bond that will react with ozone. Thus, as shown in Scheme 5.3, one mole of
ozone reacts with one mole of sunlfonated indigo. The reaction produces sulfonated isatin and similar
products that do not absorb light at a wavelength of 600 nm (Bader and Hoigné, 1981).

indigo trisulfonic acid isatin suifonic acid
Scheme 5.3

The indigo colorimetric method can be used to detect ozone concentrations down to 2 pg L' (Eaton et at.,
1995b). The relative error is less than 5 % without special sampling setups and in laboratory testing may be
reduced to 1 % (Eaton et al., 1995b). Hydrogen peroxide and organic peroxides decolourize the indigo
reagent very slowly; no inierference is recorded for hydrogen peroxide if the absorbance at 600 nm is
measured within 6 h of adding the reagents. The indigo method cannot be used to determine ozone
concentration in the presence of bromine, the imterference of chlorine can be masked by malonic acid
(Eaton et al.,, 1995b). The procedure of the indigo colorimetric method (Section B.2) was performed as
recorded in Standard Methods (Eaton et al., 1995b).

5.4.3 Dissolved oxygen measurement

The dissolved oxygen concentration of water samples was measured using 2 WTW 90 oxygen electrode with
a WTW OXJ 91 controller. Dissolved oxygen concentration was measured immediately afier sonication and
care was taken so as to not trap oxygen bubbles below the electrode. The controller was adjusted daily for
changes in atmospheric pressure. Atmospheric pressure was read from a Negreri & Zambra barometer
(model number MM 4 188/43). The controller was calibrated daily by submersing the oxygen electrode in
oxygen-saturated water at 25 °C and setting the standard measurement to 40,32 mg L, the solubility
conceniration of dissolved oxygen in water at 25 °C (International Critical Tables, 1928). The solubility
concentration of oxygen in water at temperatures between 0 and 40 °C is recorded in Section B.3.



Chapter 5 EXPERIMENTAL DESIGN 521

5.4.4 Atrazine measurement

Alrazine concentration during sonication and ozonation was measured using high performance liquid
chromatography (HPL.C). The HPLC system consisied of a Waters TM 600 controller. a2 Waters 486
tunable absorbance detector, a Waters U6K injector system, a Demark Techpology computer system and a
Seikosha SL-75 printer. The solvent was a 70:30 (v/v) mixture of methanol to water and was pumped at a
flow rate of 0,6 mL min" through a reverse phase column, LiChrospher® RP-Select B (250 x 4 mm, 5 um
particles). The sample injection volume was 25 pl.. Absorbance was measured at a wavelength of 230 nm.
A calibration curve relating atrazine concentration 10 absorbance measured with the HPLC at a wavelength
of 230 nm is presented in Section B.4. The error in the atrazine concentrations calculated using the
atrazine calibration curve is 7 %. HPLC methods, as reported in literature, have been used to detect
atrazine concenirations from 0,4 10 over 50 mg L' (Brambilla et al., 1995; Chan et al., 1992; Péier et al.,
1996: Stucki et al, 1995), Solvents are usually 50:50 to 80:20 (vAv) mixtures of methano! and water
(Hustert et al., 1991; Pémier et al., 1996) or 30:70 to 55:45 (v/v) mixmres of acetonitrile and water
(Beltran et al., 1993a; Belirdn et al., 1998; Mirgain et al,, 1993). Columns are typically reverse phase C18
columns (Ardntegni et al., 1995; Chan et al.,, 1992; Grigg et al.,, 1997) and absorbance is m¢asured at a
wavelength between 214 and 235 nm (Arantegui et al., 1995; Beltran et al., 1998; Mirgain et al., 1993).

An atrazine stock solution was prepared in a 1 L volumetric flask by dissotving 100 mg of atrazine (97 %;
Sanachem) in 60 mL methanol and diluting with ultrapure water to total volume. Methano! was used lo
dissolve the atrazine since atrazine solubility in water is 33 mg L™ at 22 °C (Tomlin, 1997). The ultrasonic
cell was rinsed between experiments with both acetoue and waler due to the low solubility of atrazipe in
water. Waste atrazine solution was collected in buckets and as recomumended in the Material Safety Data
Sheet (MSDS) was reacted with a 10 000 mg L™ sodium hydroxide solution before dilution and disposal to
drain (Bradfield. 1997).

The methods used to measure ozone and hydrogen peroxide concentration were tested using controls for

interference due 10 atrazine. Atrazine was shown nol o interfere with the methods.

5.5 STATISTICAL MODELLING

Statistical amalysis of the dala was performed using he software programme STAT/ST/CA that was
developed by Statsoft, Inc (Statsoft. Inc., 2000). STAST/CA is a comprehensive statstical data analysis,
graphics, data base management and custom application development system. S7TATISTICA consists of
modules in which the different types of analyses are performed (Statsoft. Inc.. 2000). Stalistical analysis
used in the iovestigatiop included descriptive analysis o calculate means and standard deviations,
regression analysis, analysis of variance, non-linear estimation and expeﬁmémal design to generate surface
response diagrams.



ULTRASOUND PROCESS INVESTIGATION

The implementation of a new industrial process, as shown in Figure 1.1, progresses from the discovery or
demonstration of a process to a laboratory reactor so that reaction rate and yield data can be measured and a
mathematical reactor model be formulated, to a pilot plant reactor for the evaluation of the reactor model
and investigation of process control and hence to the design and construction of a large-scate reactor. A
sound fundamental knowledge of the process should be obtained during the investigation in the ultrasonic
laboratory reactor. An ultrasonic laboratory reactor (the ultrasomic cell) was designed (Chapter 5) for
laboratory experimentation to demonstrate and evaluate the potential application of ulirasound to degrade

organic pollutants during water treatment and to investigate the implications for scale-up.

This chapter details the process investigation to characterise the ultrasonic cell and to investigate the
mechanistic sub-processes occurring during sonication. Experiments investigating dissolved oxygen
concentration are reported in Section 6.1, hydrogen peroxide formation in Section 6.2, hydrogen peroxide
degradation in Section 6.3, interval experiments in Section 6.4 and commercial hydrogen peroxide
experiments in Section 6.5. A summary of the experimental programme of the ultrasonic process
investiganon is presented in Table 6. 1.

Table 6.1 : Experimental programme of the ultrasonic process investigation

Section Title Measured Variables Data Statistics
parameters Appendix Appendix
6.1 Dissolved oxygen [0,] O, concentration C.l F.3.1
concentration gas (Ny; air; Oy)
6.2 Hvdrogen peroxide [H202] O, concentration C2 F.3.2
formaton acoustic power
6.3 Hvdrogen peroxide [H,0;] gas (Ny: air; Op) C3 F33
degradaton
6.4 Interval experiments H20,] sonication intervals C4 F.3.4
gas intervals
65 Commercial hydrogen [HaOn) H,0O, concentration C5 F3.5

peroxide experiments gas (Ny; air; Os)
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The experimental data discussed in this chapter is reported (as indicated in Table 6.1) in Appendix C. The
statistical analysis (rmean, 95 % confidence limits, standard deviation) is reporied in Appendix F. Standard
deviation was calculated for each time period of an experiment though only the maximum value is reported
in this chapter. Each data poimt in experiments measuring hydrogen peroxide or dissolved oxygen
concentration was measured in a separate experiment since the ultrasonic cell had to be opened during
sampling (described in Section 5.3), thus altering the gas atmosphere in the cell.

6.1 DI1SSOLVED OXYGEN CONCENTRATION

The chemical reactions that take place during sonication are reported in Section 2.3. The reaction schemes
are summarised in Appendix H on A3 paper that can be folded out. Free radicals react to produce hvdrogen
peroxide and to oxidise organic compounds in water. The reactions that take place during sonication are
affected by the presence of a gas since certain reactions may be inhibited or other reactions initiated
depending on the nature of the gas. The presence of carbon dioxade or hydrogen, explained in
Section 2.3.1.2, inhibits the sonochemical formarion of hydrogen peroxide whereas the presence of oxygen
enhances oxidation taking place during sonication since perhydroxy! radicals (*HO;) are produced from the
additioral reactions shown in Scheme 2.3 and Scheme 2.4 (see Appendix H). Cavitation intensity is also
enhanced, explained in Section 2.2.1, when a gas is present during sonication since additional nucleation
sites are available for cavity formation.

A gas-saturated liquid, however, is degassed during sonication. Schwikkard demonstrated that the oxygen
concentration of an oxygen-saturated solution was reduced to that of an unsaturated solution within 3 b of
sonicabon in a ultrasonic bath (Schwikkard, 1995). Dissolved oxygen concentration is an important

parameter 10 quantify and control in an ultrasonic system in order to obtain reproducible results.

The dissolved oxygen concentration ir oxvgen-saturated water was measured during sonication over 3 h.
The water was saturated with oxygen by sparging medical grade oxygen through the water at a flow rate of
6 mL s for 10 min prior 10 sonication: oxygen sparging was stopped as the ultrasonic hora was switched
or. Oxygen concentration was measured at time periods of 0; 5: 10: 20; 30: 45; 60: 90: 120; 150 and
180 min. Triplicate experiments were performed for each time period The dissolved oxygen concentration
in water with no sonication, once oxygen sparging was stopped. was measured as a control. The reduction
in dissolved oxygen concentration during nitrogen sparging of oxygen-saturated water (without sonication)

is also shown in Figure 6.1; nitrogen sparging was started as the oxygen sparging was stopped.
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Figure 6.1 : Reduction in dissolved oxygen concentration in oxygen-saturated water during
sonication, witheut sonication (control) and during mitrogen sparging without sonication; the
dissolved oxygen concentrations in water saturated with oxygen at partial pressures of 20 and
100 kPa are also shown (7 = 3 per time period)

Sonication, shown in Figure 6.1, reduces the oxygen concentration of oxygen-saturated water faster than the
reduction in concentration in the absence of ultrasound, demonstrated by the control. The maximum
standard deviation in the oxygen concentrations measured for the control and during sonication are 1,65

and 1,85 mg L™, respectively. Oxygen concentration decreased during sonication from that of saturation at
a partial pressure of 100 kPa (approximately 40 mg L™ at 25 °C, the long dashed line in Figure 6.1 denoting
water saturated with pure oxygen) to that of water saturated with oxygen at a partial pressure of 20 kPa (the

shornt dashed line in Figure 6.1 denoung water saturated with air). The oxygen concentration of water

saturated with air was measured in all samples before experimentation, oxygen concentration varied

between 8.3 and 12,3 mg L™, the average was 10,0 mg L™ (Table C.2 in Appendix C).

The rapid decrease in oxygen concentranion in water saturated with pure oxygen during nitrogen sparging,
shown in Figure 6.1, is a convenient method to de-oxygenate a solution so as to imvestigate chemical
reactions occurring in the absence of oxygen. Oxygen concentration decreased within 5 min from 40 mg L'
to below 3 mg L' and remained below 2 mg L™ from 15 min onwards. The maximum standard deviation
in oxygen concentrations measured during nitrogen sparging is 2,)5 mg L™}, the standard deviation in data
at each time period is recorded in Table F.11 in Appendix F. 1t is thus possible to operate the ultrasonic cell

as an anaerobic environment by sparging nitrogen through the system.

The degassing characteristic of ultrasound resulted in the oxygen concentration of oxygen-saturated water to

decrease during sonication, as shown in Figure 6.1, however. the dissolved oxygen concentration must be
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kept constant during sonication if the effect of oxygen on radical reactions is to be investigated. A constant
oxygen concentration, shown in Figure 6.2, was obtained by continuing the oxygen sparging during
sonication. Pure oxygen was sparged through water at a flow rate of 6 mL s for 10 min prior to and during
sonication. Oxygen concentration was measured at timme periods of 0; 5; 10; 20 and 40 min. Duplicate
experiments were performed for each time peniod. Oxygen concentration was also measured over 40 min in
water saturated with air and nitrogen; saturation was achieved by sparging air or nitrogen through the water
for 10 min prior to and during sogication at a flow rate of 6 mL s™'. A control was performed by measuring
dissolved oxygen concentration during sonication in water that had been saturated with air and subsequently
had no gas sparging through it.
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Figure 6.2 : Dissolved oxygen concentration in nitrogen-, air- and oxygen-saturated water

during somication in the ultrasonic cell (n = 2 per time period)

The dissolved oxygen concentraion in water during sparging with nitrogen, air or oxygen, as shown iu
Figure 6.2, remained constant during the 40 min experiment. Dissolved oxygen concentration in the
control and during air and oxygen sparging was approximately 10,7; 12,5 and 39,6 mg L', respectively.
The saturation concentration of pure oxygen (at 100 kPa partial pressure) in water is approximately
40 mg L. Oxygen concentration during sonication with nitrogen sparging was below 1.2 mg L'
throughout the experiment. The maximum standard deviation in oxygen concentrations measured for the
control and during nitrogen, air and oxygen saturation are 0,28; 0,21; 0,71 and 0.96 mg L. respectively.
There 1s not a significant difference between air sparging and the control with out air sparging.

The ultrasonic cell is thus able to be used to investigate the effect of oxygen concentration on reactions

occurring during sonication. Oxygen conceniration is kept constant by continuing the gas sparging through
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the waler during sonication. Different oxygen concentrations cap be maintained during sonication by
sparging gases such as nitrogen, air and oxygea or no gas through the solution in the ultrasonic cell.

6.2 HYDROGEN PEROXIDE FORMATION

Free radicals are highly reactive chemical species and have a very short lifespan, Radical concentrations
can be measured using Spin trapping compounds and electron spin resonance techniques. The chemistry of
free radicals is summarised in Appendix G. The radical reactions occwrring during sonication, as shown in
Scheme 2.2 in Section 2.3.1.1 and Scheme 2.3 in Section 2.3.1.2, lead to the production of hydrogen
peroxide (summarised in Appendix H). Various routine methods are available to measure hydrogen
peroxide concentration in water. Thus the detection of bydrogen peroxide can be nsed as a qualiwative
measure of the radical reactions occurring during sonication. A higher hydrogen peroxide concentration
indicating, process conditions that enhance the occurrence of the radical reactions. The effect of ultrasound
on a system is indirect, as discussed in Section 2.3.1.1, in that it is due to the formation of highly reactive
radical species and not due to direct anack on solutes present in solution. The measurement of hyvdrogen
peroxide was used in this investigation as an indirect surrogafe measure of the degree of radical reactions
occurring during sonication and as a tool 1o judge under which process conditions the most radical reactions
occurred in the ultrasonic cell.

6.2.1 Effect of dissolved gas

The formation of hydrogen peroxide in water in the ultrasonic cell was measured using the DMP method
detailed in Section 5.4.1. The effect of dissolved oxygen concentration on hydrogen peroxide formation
(and hence on the occurrence of radical reactions) during sonication was investigated by measuring
hydrogen peroxide concentration in nimogen-. aif- and oxygen-sarurated water, The pases were sparged
through the water at a flow rate of 6 mL s™ for 10 min prior to and during sonication to maintain saturation.
The rate of formation of hydrogen peroxide under saturation with each gas was calculated from the
measurement of hydrogen peroxide concentration al ime periods of 0; 4: 8; 12; 16; 20; 30; 60. 120: 240:
480 and 960 min (16 h). Triplicate experiments were performed for each time period for each gas. A
conwrol was performed by measuring hydrogen peroxide concentration during sonication of water with no
gas sparging The formation of hydrogen peroxide in nitrogen-, air- and oxygen-saturated waler is
presented in Figure 6.3.
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Figure 6.3 : Hydrogen peroxide formation in nitrogen-, air- and oxygen-saturated water during

sonrication in the ultrasonic cell at an acoustic power of 87 W (n = 3 per time period)

The formartion of hvdrogen peroxide over 20 min is shown in Figure 6.3(a) and over 16 h in Figure 6.3(b).
The rype of gas present during sonication is shown 10 influence the concentration of hydrogen peroxide in
solution, Figure 6.3(a). Hydrogen peroxide concentration was the greatest during oxvgen saturation. the
least during nitrogen saturation and similar in the control and dunng air saturation. The maximum
standard deviation in the hvdrogen peroxide concentrations measured over O t0 20 min for the control and
during nitrogen, air and oxygen saturation are 0,010; 0.004; 0,006 and 0,008 mg L™, respectively (the
maximum standard deviation for the experiment is quoted, though. the standard deviations calculated for
each of the time periods are listed in Appendix F). The initial offset in Figure 6.3(a) in the hydrogen

peroxide concentration during oxygen sparging afier the 10 min saturation period is unexplained but was
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present during the 3 replicate experiments. The very low concentrations, however, lie at the minimum
detection limit of the DMP method and the offset could be due to experimental error. Hydrogen peroxide
concentration (and hence the occurrence of radical reactions) during sonication is directly determined by the
dissolved oxygen concentration which, as reported in Section 6.1, is greatest for oxygen saruration, the least
during nitrogen saturation and similar in the control and air saturation.

The rate of hydrogen peroxide formation for the different gases was calculated over the initial 20 min period
from the regression of the data using the linear regression model

y =a+ bx (6.1
where the coefficient b, the gradient of the regression line, represents the rate of hydrogen peroxide
formation. The calculated rates of hydrogen peroxide formation in nitrogen-, air- and oxygen-saturated

water during sonication (and the standard error of the calculated values) are recorded in Table 6.2.

Table 6.2 : Rate of hydrogen peroxide formation in nitrogen-, air- and oxygen-saturated water

during sonication in the ultrasonic cell for 20 min at an acoustic power of 57 W

Gas Rate of H;0; formation R
(mg v min'l)
control 0,0043 £ 0,0001 0,968
nitrogen 0,0028 + 04,0001 0,962
air 0,0044 £ 0,0001 0,971
oxygen 0,0050 £ 0,0003 0.928

The statistical F-test at a 95 % confidence level indicated that there was a significant difference in the
gradients of the regression mode} for the different gases. Multiple comparisen using the Bonferronj method
(Coetzer, 2000) indicated that the significant difference was between the gradient of the nitrogen regression
line and the other regression lines, there was no significant difference between the gradients of the control.
air and oxygen regression lines. Thus, although the increased dissolved oxygen concentration during
oxygen saturation increased hydrogen peroxide concentration in solution. as shown in Figure 6.3(a). the rate
of formation was not significantly greater than that of the control and during air saturation. The significant
difference between nitrogen saturation and air or oxygen saturation indicates the impornance of the presence
of oxygen to enhance radical reactions and thus the performance of an ultrasonic process. Ultrasonic

systerns should not be run under anzerobic conditions if the pnimary goal is chemical oxidation of solutes.

The difference in hydrogen peroxide formation over longer time periods (16 h), as shown in Figure 6.3(b),
between the control and oxygen and air saturation was not as significant as during the shorter periods of

sonicarion although hydrogen peroxide concentrations were still greater during oxygen sparging. The data
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is more scatiered afier the longer sonication periods and has a greater standard deviation than that measured
al shoner periods of sonication. The regression lines in Figure 6.3(b) are plotted from the correlation
(equation 6.3) of hydrogen peroxide as a function of time, acoustic power and oxygen concentranon. The
maximum standard deviation in the hydrogen peroxide concentrations measured over 0 to 16 h for the
control and during nitrogen, air and oxygen saturation are 0,060; 0,012; 0,097 and 0,108 mg L.
respectively. The lack of oxygen present during sonication with nitrogen saturation, shown in
Figure 6.3(b), caused the hydrogen peroxide concentration afler 20 min of sonication to remain relatively
constant and to flucruate between 0,06 and 0,09 mg L), Whereas hydrogen peroxide concentration under
nitrogen saturation reached steady state afier 20 min, the hydrogen peroxide concentrations during air and

oxygen saturation only started to level off and approach steady state conditions after 16 h.
6.2.2 Acoustic power

Hydrogen peroxide formation is not only dependent on the presence of oxygen during sonication but also on
acoustic power, A lower acoustic power results in fewer water molecules being split into hydroxyl and
hydrogen radicals (as shown in Scheme 2.1 in Section 2.3.1.1) and thus fewer radical reactions taking place
during sonication. Hydrogen peroxide was again used as an indicator of the radical reactions occurring
during sonication at a lower acoustic power. A lower acoustic power in the ultrasonic cell was achieved by
sonicating at a transducer displacement amplitude of 5 um whereas the previous experiments \nvestigating
the formation of hydrogen peroxide under saturation with different gases during sonication had been
performed at a transducer displacement amplitude of 11 pm. Transducer displacement amplitudes of 5 and
11 pm, as recorded in Table 5.2 in Section 5.1.2.2, correspond to acoustic powers of 24 and 57 W,

respectively, and ultrasonic intensities of 0,048 and 0,114 W cm™, respectively.

The effect of dissolved oxvgen concentration was also investigated during sonication at a lower acoustic
power. Hvdrogen peroxide formation during the somication of water saturated with nitrogen (an
oxygen-free atmosphere) was compared with that in a control (water without any gas sparging through it).
The oxygen concentration in a control, as reporied in Section 6.1, is 10,7 mg L. Water saturated with
nitrogen was prepared by sparging nitrogen through the water for 10 min prior to and during sonication at a
flow rate of 6 mL s'. A contro! was performed by measuring hydrogen peroxide concentration in water
with no gas sparging. Hydrogen peroxide was measured at dme periods of 0; 4; 8; 12; 16: 20, 30; 60; 120;
240: 480 and 960 min (16 h). Triplicate experiments were performed for each time period A comparison
of the hydrogen peroxide formation during sonication at acoustic powers of 24 and 57 W for the control is
presented in Figure 6.4 and for the nitrogen-saturated water in Figure 6.3.
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Figure 6.4 : Hydrogen peroxide formation in the control during sonication in the ultrasomic cell

at acoustic powers of 24 and S7 W (n = 3 per time period)

The rate of hydrogen peroxide formation in the control, as shown in Figure 6.4(a). was lower when
sonication was performed at an acoustic power of 24 W than at 57 W. The maximum standard deviation in
the hydrogen peroxide concentrations measured over 20 min at acoustic powers of 24 and 57 W for the
control are 0,006 and 0,010 mg L™, respectively. A lower acoustic power results in fewer water rolecules

being degraded into hvdroxyl and hydrogen radicals and thus fewer radical reactions occurring in solution
during sonication.

The difference in hydrogen peroxide formation in the control due to acoustic power imput, as shown in
Figure 6.4(b), became insignificant afier 1 h. The regression lines in Figure 6.4(b) are plotted from the



Chapter 6 ULTrRASOUND PROCESS INVESTIGATION 6-10

correlation (equation 6.3) of hydrogen peroxide as a funmction of time, acoustic power and oxygen
copcentration. The maximum standard deviation in the hydrogen peroxide concentrations measured during

sonicalion at acoustic powers of 24 and 57 W for the control over 16 b are 0,026 and 0,060 mg L',

respectively.

The hydrogen peroxide formation in nitrogen-saturated water during sonication at acoustic powers of
24 and 57 W is presented in Figure 6.5.
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Figure 6.5 : Hydrogen peroxide formation in pitrogen-saturated water during sonication in the

ultrasonic cell at acoustic powers of 24 and 57 W (7 = 3 per time period)
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Hydrogen peroxide formation in a nitrogen-saturated soluton, as shown in Figure 6.5(a), was the same
irrespective of the acoustic power input. The maximum standard deviation in the hydrogen peroxide
concentrations measured at acoustic powers of 24 and 57 W during nitrogen saturation are 0.004 and
0,004 mg L™, respectively. Whereas in Figure 6.5(a) acoustic power was shown not to affect hydrogen
peroxide formation in pitrogen-saturated water during 20 min of sonication, Figure 6.5(b) indicates that
acoustic power did not influence hydrogen peroxide formation for up to 4 h of sonication. The regression
lines in Figure 6.5(b) are plotted from the correlation (equation 6.3) of hydrogen peroxide as a function of
time, acoustic power and oxygen concentration. The maximum standard deviation in the hydrogen
peroxide concentrations measured during nitrogen saturation over 16 h at acoustic powers of 24 and 57 W
are 0,004 and 0,007 mg L, respectively.

The rates of hydrogen peroxide formation for the control and nitrogen-saturated water were calculated from
the regression of the data presented in Figure 6.4(a) and Figure 6.5(a) using the linear regression model

y = bx (6.2]

where the coefficient b, the gradient of the regression line, represents the rate of hydrogen peroxide
formation. The calculated rates of hydrogen peroxide formation at acoustic powers of 24 and 57 W for the
control and during nitrogen saturation (and the standard error of the calculated values) are recorded in
Table 6.3.

Table 6.3 : Rate of hydrogen peroxide formation in nitrogen-saturated water and the control

during sonication in the ultrasonic cell at acoustic powers of 24 and 57 W for 20 min

Gas Acoustic power Rate of H>0- formation K
(W) (mg L min™)
control 24 0.0025 = 0,000] 0,962
control 57 0,0043 % 0.0001 0,968
nitrogen 24 0.0028 + 0.0001 0.968
nitrogen 57 0.0028 + 0,0001 0,962

The siatistical F-test at a 95 % confidence level indicated that there was a significant difference in the
gradients of the regression model for sonication at acoustic powers of 24 and 57 W for the control but no
significant difference in the gradients of the 24 and 57 W regression model for nitrogen saturation.

Hydrogen peroxide formation was shown to be affected by acoustic power in the presence of oxygen (as
during the control) but not in the absence thereof (as dnring nitrogen samradon). Thus, under these

experimental conditions, the presence or absence of oxygen had a greater effect on the rate of hvdrogen
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petoxide formation than the change in acoustic power from 24 to 57 W. The formation of hydrogen
peroxide during sonication at both acoustic powers ts an indication that the acoustic powers are greater than
the threshold power value, as discussed in Section 2.2.1 of Chapter 2, required to initiate cavitation.

Oxygen sparging can thus be replaced with air sparging in ultrasonic systems of similar design and power
that require (he presence of oxygen and have a long sonication period without sacrificing performance as
demonstrated to Figure 6.3(b). A lower acoustic power epergy source can also be used under both
oxygenated and de-oxygenated process oonditions in ultrasonic systems with an extended sonication period
as demonstrated in Figure 6.4(b) and Figure 6.5(b). Maximum performance in ultrasonic systems with a
short sonication period is obtained with oxygen sparging and a high acoustic power input as demonstrated
in Figure 6.3(a) and Figure 6.4(a). The most appropriate mode of operation should be investigated for
potential ultrasonic applications, however, as a guide, shon experiments should be performed with oxygen
sparging and a high acoustic input and extended somication experiments with air sparging and a lower

acoustic energy source.
6.2.3 Regression analysis

The measurement of hydrogen peroxide concentration has been used as a tool to imvestigate prooess
conditions (dissolved oxygen concentration and acoustic power) that enhance radical reactions occurring
during sonication. A statistical software package STATISTICA, detailed in Section 5.5 of Chapter 5, was
used to model hydrogen peroxide concentration, the dependent variable, as a function of dissolved oxygen
concenlration and acoustic power, the independent variables. Surface response diagrams, gradient profiles
of hydrogen peroxide concentration as a function of the two independent variables, were generated for time
periods of 20, 120 and 960 min. The gradient profiles presented in Figure 6.6 indicate the conditions of
oxygen concentration and acoustic power thal lead to the highest (dark grey) and lowest (light grey)
hydrogen peroxide concentrations. The circular symbols indicate the experimental data points.
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Figure 6.6 : Surface response diagrams of hydrogen peroxide concentration as a function of

acoustic power and dissolved oxygen concentration during sonication of water in the ultrasonic

cell

Surface response diagrams, as in Figure 6.6, indicate under which conditions a maximum response of the

dependent variable is obtained or under what conditions future experiments should be performed to improve

the response. Hydrogen peroxide concentration was not measured at a low acoustic power and high oxygen

concentration (top left co-ordinate in the diagrams presented in Figure 6.6), measurememt of hydrogen

peroxide concentration under these conditions would improve the accuracy of the predicted gradient profiles
as the 4 cormers of the experimental programme would be mapped out. The trends of hydrogen peroxide

concentration as a function of acoustic power and oxygen concentration are still illustrated. Hydrogen

peroxide concentration during short sonication experiments is shown in Figure 6.6(a) to be a maximum

with oxygen sparguig and a high acoustic power ioput and during long sonication experiments, as in
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Figure 6.6(c), is independent of acoustic power inpul and that air spargiag can be used in place of oxygen
sparging,

Oxvgen concentration, shown in Figare 6.6, was varied from a de-oxygenated concentration to that of water
saturated with pure oxygen, similarty, an acoustic power of 57 W is the maximum output of the ultrasonic
horn in the ultrasonic cell. Oxygen concentration and acoustic power can thus pot be increased in the
present equipment 10 increase hydrogen peroxide concentration during short sonication experiments as
recommended in Figure 6.6(a). The trends in hydrogen peroxide conceniration (and hence radical reactions
cccurring during sonication), however, have been demonstraled and can be used to guide the choice of
process conditions in larger-scale ultrasonic systems that deliver a wider range of acoustic powers.

The change in the surface response profiles of hydrogen peroxide at 20, 120 and 960 min, as shown in
Figure 6.6, indicates that the dependence of hydrogen peroxide concentration on Lhe independent variables,
oxygen concentration and acoustic power, change with time. There is thus 2 significant interaction between
the variables tme and oxygen concentration, and time and acoustic power. The independent variable time
should thus be included in a regression model of hydrogen peroxide formation in water during sonication in
the ultrasonic cell. Possible nop-linear relationships between the dependent and independent variables
should also be taken into account, a non-linear response of hydrogen peroxide as a function of dissolved
oxygen concentration is shown in Figure 6.6 by the curved gradient lines in the surface response profiles of
hydrogen peroxide.

A correlation was generaled for the predictio