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BACKGROUND TO THE PROJECT

Environmental legislation and the increasing potfulion of water supplies have necessitated the evaluation of
existing technologies and the development of new technologies for the removal of organic poliwants from
industrial effluents and potable water, and for the disinfection of potable water by the inactivation of bacteria

and pathogens.

Recently, advanced oxidation processes have developed as potentially powerfut methods for the treatment of
organic pollutants in water and the disinfection of potable water. These processes involve the generation of
highly reactive free radical intermediates such as the hydroxyl radical. The advantage of these oxidation
processes is that organic pollutants can be completely mineralised to carbon dioxide, water and a small amount
of acids, while the degradation process usually operates at or near ambient temperature and pressure. In some
cases, complete mineralisalion may not be achieved due to excessive reaction times, nevertheless, advanced
oxidation processes are potentially beneficial as pretreatment steps that complement other treatment processes.
For example, advanced oxidation processes can be used to enhance the biodegradation of highly toxic

poliutants.

The rates of advanced oxidation processes are greatly enhanced compared to those of oxidation with
conventional oxidants because of the high reactivity of the radical species, primarily hydroxyl radicals, The
reaction rates of hydroxyl radicals are typically 10° to 10° imes faster than the corresponding reaction rates of
strong oxidants such as ozone (Yue, 1992). In order for advanced oxidation processes (o be used for water
treatment purposes, h_\'dm;yl radicals musl be generaled in excess. One way in which to achieve this is the
irradiation of hydrogen peroside with ultraviolet (UV) light which induces the decomposition of hydrogen
peroxide to form two hydroxyl radicals. Advanced oxidation technologies include processes involving

hydropen peroxide, ozone, ultrasound and UV radiation, or combinations of these.

The rates of chemical reactions can be increased by concentration, pressure, catalysts, ultraviolet light and
cavitation. Cavitation is defined as the formation, expansion and implosion of bubbles in a liguid (Perry,
1973; Suslick, 1988; Young, 1989; Riesz, el al, 1990). Bubbles are formed due 1o the reduction of local
pressure in a liquid 1o the vapour pressure of the liquid at a specific lemperature, Theoretical calculations
indicate that a minimum pressure (known as the cavitation threshold) of 1 013 MPa is required to form bubbles
(Shutilov, 1988). However, experimental observations indicate that the cavitation threshold varies from 101 to
2 532 KPa, although a cavitation threshold of 20 260 kPa has also been reported (Chetty, 1994). The cavities
collapse when the local pressure is greater than the vapour pressure of the liguid. Collapse of these bubbles
leads to the release of considerable energy which is claimed Lo generate sufficient localised temperatures and
pressures to form hydroxyl and hyvdrogen radicals from the thermal dissociation of water molecules {Chang,
etal, 1981). 11 has been predicted that focalised temperatures between 2 273 K and 5000 K and pressures
ranging from 101 MPa to 101 300 MPa occur upon collapse of the bubbles (Noltingk and Neppiras. 1950 in
Hughes and Nyborg, 1962; Petersen and Zaleiko, 1981; Suslick, 1988; Mason, 1990a). Cavitation can be

produced in a liquid by four different methods ;



¢+ Hydrodynemic cavitation is produced as a result of pressure vaniations in a flowing liquid due 1o the

geometry of the system.
» Acoustic cavitation is produced by sound waves in a liguid which cause pressure variations.
®  Optic cavitation is produced by photons of high intensity light (i.e. laser) that rupiure a liquid.
®  Particle cavitation is a resull of any type of elementary particles. e.g. protons, rupturing a liquid.

The formnation of free radicals due lo the dissociation of water molecules into hydroxyl and hydregen radicals
has been reported under the conditions of acoustic cavitation (Makino, et al, 1982) and hydrodynamic

cavitation has claimed to result in the production of hydroxyl radicals (Petersen and Zaleiko, 1981).

Watergroup (USA) has developed an advanced oxidation technology (CAV-OX® process) that employs UV
radiation, hydragen peroxide and hydrodynamic cavilation to degrade organic compounds present in water at
mg/Z concentrations to nondetectable levels by phatolysis and oxidation (EPA, 1993). Ideally, the end products
of the process are water, carbon dioxide. halides and, in some cases. organic acids. The major components of a
CAV-OX® syslem are the cavitation chamber, UV reactor and control panel. In addition 10 the production of
hydroxyl radicals by the UV phololysis of hydrogen peroxide in the UV reaclor, it is claimed that
hydrodynamic cavitation, induced in a venturi nozzle in the cavitation chamber, generates hydroxy! and
hydrogen radicals which recombine 1o form hyvdrogen peroxide and hydrogen gas (EPA, 1993). The
CAV-OX® system has been used to treat groundwater contaminated with volatile organic compounds such as
trichloroethylene, benzene, toluene and xylene (EPA, 1993). A similar oxidative process combining hydrogen
pero‘xide, hydrodynamic cavitation and uliraviolet radiation has resulted in up to 98 % decreases in the organic
concenirations of various wastes, e.g. beverage-making elfluent. tannery waste, activated sludge and raw

sewerage (Lipowicz, 1981; Petersen and Zaleiko, 1981).

Preliminary evaluation of a CAV-OX® system in 1990 by the Pollution Research Group on the behalf of
Diarec Diamonds indicated that hydrodynamic cavitation enhanced the effect of hydrogen peroxide and UV
radiation on the decolourisation of dye efMluent thus supporting the claims thal hydrodynamic cavitation
generates hyvdroxyl radicals (Nevtzell-de Wilde and Chetty, 1990). It was also proposed that hydrodynamic
cavitation alone may have the potential 1o inactivate pathogenic bacteria since UV radiation and hydrogen
peroxide, the other conslituents of the CAV-OX® system, are known (o successfully inactivate bacteria.
Hydrodynamic cavitation could therefore provide a less capital inlensive technique to the present use of
chlorine as a disinfectant for raw water treatment since cavitation venturi nozzles could be installed in water

systems to exploit the existing pressure/velocity head, e.g. for rural water supply.

PROJECT ATMS

This project was initiated to evaluate different methods for the production of free radicals for the oxidation of

organic molecules in industrial effluents and potable water. The aims of this project were (o :



D Investigate the oxidation rate and daughter products of various advanced oxidnlion processes, or

combinations thereof, on a sequence of model organic campounds.

T Investigate the disinfection propertics of various advanced oxidation processes on model microbiological

indicators.

O Investigate the eflecliveness of these processes on a sclected number of process streams such as coloured

iextile effluent and toxic organic chemical steams.

Due to the possible application of hydrodyvnamic cavitation as a method for the production of free radicals
without further chemieal addition, the emphasis of this research project was to investipate hydrodynamic
cavitation and evaluate its ability to produce free radicals for the treatment of polable water and industrial
effluents, with particular reference to the CAV-OX® system. Ultrasonic cavitalion was also investigated
during this research project; as a comparative technique to hydrodynamic cavitation since the cavitation effects

of sonic waves have been well docurmnented | as well as a treatment methaod for industrial pollutants,

PROJECT OBJECTIVES

The aims of the project were to be achieved by investigation of the following research areas:

O The microbiological assessment of hydrodynamic cavitation for the treatment of raw waler,
O The evaluation of hydrodynamic caviiation in the CAV-OX® system.

O The effect of ultrasonic cavitalion on organic pellutants in industrial effuents.

O The computational fluid dynamics of hydrodynamic cavitation in a venturi,

The potential for the use of hydrodynamic cavitation as a raw waler trealment process was assessed by
determining the effect of hydrodynamic cavitation on the inactivation of viable bacteria in raw water. The
original intention was to use a model, single bacleria specics, e.g. Escherichia cofi. as an indicator of the
effectiveness of hydrodynamic cavitation for bacterial inactivation. However, as naturally-occuring bacteria
are believed to be more resilient to treatment than laboratory—cullured species, raw water containing a variety
ol bacteria, was initially used as the indicator since it provided a realistic representation of the bactericidal
efficiency of hydrodynamic cavitation. Once the cfficiency of a process has been established, the

microbiological quality of the water can be evaluated by using selected species of bacteria as indicators,

The CAV-OX® system supplied 1o the Pollution Research Group by Diarec Diamonds was investigated
primarily to determine the concentration of hydrogen peroxide produced by hvdrodynamic cavitation in the
cavitation chamber. Prior to this, the efficiency of hydrodynamic cavitation prodoced by the venturi nozzle of
the cavitation chamber was determined. Factors affecting the rate of peroxide formation during cavitation

were also investipated.

The effect of ultrasonic cavitation on organic pollutants in industrial effluents was investigated as part of an

allied Sasol research project in which the viability of ulirasound te degrade hvdanioin compounds 1o more
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biodegradable producis was considered. Hydantoin compounds are formed during the coal gasilication process
by combination of cyanide, ammania. carbon digxide and a kctone. and accumulate in the cfTluent stream from
the coal gasification plant at Sasol. Ultrasound was uscd as a degradation techairue instead of hydrodynamic
cavitation since it is widely reported that ultrasound produces cavitation from which hydroxyl radicals are
formed. 1t was postulated that the hydroxyl radicals formed during sonication would oxidise the hydantoin

compounds and the degradation products could then be identified and assessed for their biedegradability.

Computational fluid dyvnamics was invesligated as a method to delermine the experimental conditions which
could lead to cavitation in a venturi. The STAR-CD program was used to determine numerical resulis for
experimental flow conditions in a venturi, Good agreement of the experimentally determined and numerically

simulated results for the same fow conditions was used to validate the numerical resulis.

SUMMARY OF RESULTS

In this report, the results from the four areas of research that compiled this project are organised and discussed
in terms of the theoretical. physical. chemical and biological elfects of cavitation as each of the research topics

could encompass mare than one of these aspects.

Theoretical Effects of Cavitation

This section discusses the resulis obtained from (he investigation of the Aow conditions that initiate
hydrodynamic cavilation uvsing compuiationnl fluid dynamics, The STAR-CD program was used to
numerically simulate the flow conditions in a venturi (the dimensions of which were reported in literature) and
these numerical results were validated by comparison with the poblished experimental results. It was
concluded from this investigation that the numerical method using the STAR-CD program is capable of
simulating flow conditions up te cavitation. i.e. 10 indicale the potentinl of cavitation in a fluid. In addition,
using computational fluid dvnamics. it is possible 10 estimate the local velecities at any point within a venturi
thus enabling the determination of local cavitalion condilions (as delined by a cavitation number) at any point

in a fluid.

Physical Effects of Cavitation

The characterisiics and events of ultrasonic cavitation produced in an ulirasonic cleaning bath and
hydrodynamic cavitation produced in two sets of equipment. i.e. the cavilation chamber of the CAV-OX®

system (Figure 1) and specially constructed hydrodynamic cavitation rig (Figure 2), were investigated.
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FIGURE 2 : Process instrumentation dizgram of the hydrodynamic cavitation rig

Prior to experimentation, the CAV-OX® svstem was modificd by disconnecting the eavilation chamber from
the nltraviolet reactors and connecting the system so that water could be recirculaled through the cavitation

chamber that contained the nozzle, The hydrodynamic cavitation rig was constructed to maximise the
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intensity of cavitation and thus facilitatcd o large range of operating conditions. This rig was designed 1o
enable the recirculation of feed water (raw water) through a venturi nozzle which was a perspex replica of the
nozzle used in the CAV-OX@ unit. The nozzle was installed about 10 metres above the (Tee liguid surface in

the feed tank thereby creating a low pressurz on the discharge side of the nozzle which favours cavitation.

The physical characteristics of the hydrodynamic cavitalion produced in the CAV-OXE chamber and the
hydrodynamic cavitation rig were investigated in terms of appearance of bubbles (a2 phenomenon of cavitation),
nozzle flow characteristics, cavitation number (this indicates the intensity of cavilation; the lower the
cavitation number, the greater the intensity of cavitation produced)} and sound emission. The presence of
bubbles, which formed in the throat and collapsed in the divergent section of the chamber, indicated that
hydrodynamic cavitation occurred in both systems. The mass of bubbles increased with increasing flow rate,
increasing throat pressure and decreasing discharge pressure. From this it was concluded that the degree
(intensity) of hydrodynamic cavitation increases with increasing flow rate and as the pressure drop across the
nozzie is increased (this was also observed in the investigation of computational fluid dymamics of
hydrodynamic cavitation), This was conflirmed by the results for the cavitation numbers for the CAV-0X®

chamber and hydrodyvnamic cavitation rig,

The cavitation number is a dimensionless parameter which describes the susceptibility of a fluid to cavitate, It
is the ratio of static pressure (P - P,) to dynamic pressure (3 p #") where P is the local fiuid static pressure;
P,.is the saturated vapour pressure at the fluid temperature: p is the fluid density, and « is the local fluid
velocity (Young, 1989). The lower the cavitation number. the more intense the cavitation. Throal cavitation
numbers in the CAV-OX® chamber ranged from 0,006 to 0.563 and hydrodynamic cavitation, as indicated by
the presence of bubbles, was only observed in the CAV-OX® chamber when the throat cavitation number was
less than the threshold cavitation number (which was predicled from extrapolation of literature results to be
0,250 for the CAV-OX® chamber). Cavitation numbers in the hydrodynamic cavitation rig ranged from 0,025
to 0,482; the greatest flow rate and pressure drop across the nozzle resulted in the lowest cavitation number
thus confirming that these flow conditions produced the greatest degree of cavitation.  Since the collapse of
bubbles emit sound, the sound pressure levels determined in the CAV-OX® chamber and hydrodynamic
cavilation rig increased with increasing flow rate and pressure drop across the nozzle. The sound pressure
levels emitted by the hydrodynamic cavitation rig reached at maximum of 82 dB al 4 000 Hz for the most

intense condition of cavitalion.

The ultrasonic cavitation produced in a ultrasonic cleaning bath was also characterised in terms of its physical
effects. It was proposed that stable ultrasonic cavitation occurs with an intensity of 9.6 kW/m® in the

ultrasonic cleaning bath. However, this intensity is reduced in the reaction vessel.

Chemical Effects of Cavitation

The chemical characteristics of hydrodynamic cavitation were determined by evalualing the concentration of
hydrogen peroxide produced in the CAV-OX® chamber and hydrodynamic cavitation rig. No detectable
amount of hydrogen peroxide was produced by the hydrodynamic cavilation of water in the CAV-OX®
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chamber, even in the presence of oxvgen (which enhances hydrogen peroxide production). Similarly. no
detectable amount of hydrogen peroxide was produced by the hydrodynamic cavitation (using the maost intense
cavitation conditions) of water in the hydredynamic cavitation rig. The minimum detection limit of hydrogen

peroxide for these experiments was 0,034 mg/Z using the spectrophatometric analytical method of Baga, et al.

(1988),

The concentration of hvdrogen peroxide produccd by the ultrasonic cavitation of water in the ultrasonic
cleaning bath was determined 10 be approximaiely 0,06 mg/f. This result supporis the reporis (hat hydroxyl
radicals {which combine to form hydrogen peroxide) are formed during ultrasonic cavitation. Saturation of
water with oxygen prior 10 ultrasonic cavitation (sparged far 13 min prior to sonication) significantly enhanced
the concentration of hydrogen peroxide (3,5 mg/2) formed. 1t was concluded that continuous sparging with

axygen was necessary in order 10 maintaia the enhancement of the radical reactions in the presence of oxygen.

The degradation of l.methylhvdantoin by ultrasonic cavitation was investigated and it was demonstrated tha
partial degradation (approximately 23 to 30 %) occurs, possibly due 1o oxidation by the radical species
(especially hydroxyl radicals) that are formed during ultrasonic cavitation. Degradation of 1-methylhydantoin
is enhanced by the addition of 1 332 mg/¢ hydrogen peroxide (approximately 62 % degradation), and further
degradation (approximately 68 %) occurs with the addition of hydrogen peroxide and exygen saturation prior

to sonication,

Investigation inlo the identification of the sonochemical and photochemical' degradation products of
l-methylhydantoin in the presence of hydrogen peroxide indicated that similar products were formed. One of
the producis formed in the photochemical and sonochernical degradation of 1-methyvlhydantoin in the presence
of hydrogen peroxide was tentatively identificd as 1-methylparabanic acid. Oxamide was a suspected product

in the sonochemical degradation of 1-methylhvdanioin in the prescnce of hydrogen peroxide and oxygen.

Biological Effects of Cavitation

As there was no detectable decrease in the colony forming units of raw waler bacteria as enumerated by the
heteratrophic plate count technique, it was concluded that hydrodynamic cavitation does nol inaclivate raw
water bacteria. However. it was obsenved from scanning electron micrographs that hydredynamic cavitation of
raw water caused increased dispersal of baclerial aggrepates which caused a increase in the turbidity
measurements, Consequently, the combination of hydrodvnamic cavilation and ultraviolel irradiation was
assessed to determine if the dispersal of bacterial agpregales by hydrodynamic cavitation prior Lo ultraviolet
irradiation would enhance bacterial inactivalion by ultraviolet light. No significant enhancement in bacierial

inactivation was observed when compared with only ultraviolet irradiation. Significant inactivation of raw

' Hydrogen peroxide and UV radiation were used 1o enable the degradation of more concentrated solutions

of l-methylhydantoin in shorter time periods to produce sufficient quantities of products for separation.

collection and identification.

AP 7 .................................... -



water bacteria (1,6 to 2 log reduction units} occurred upon ultrasonic cavitation of the water in the vlirasonic

cleaning bath.

REALISATION OF OBJECTIVES

From the results obtained during the project. it would appear that the objectives of the project have been
achiteved. The potential use of hydrodynamic cavitation for the treatment of raw water withiout the addition of
chemicals has been disproved since hydrodynamic cavitation is not an effective method the inactivation of
bacteria in raw water. Similarly, the application of hydrodynamic cavitation as a single advanced oxidation
process is nol recommended as the concentration of hydrogen peroxide produced by the hydrodynamic

cavitation of water (less than 0,034 mg/¢) would be ineffective for the oxidation of organic pollutants in

industrial effluents and potable water. These resulis also invalidate the manufaciurer’s claims about role of
hydredynamic cavitation in the production of hydroxy! and hydrogen radicals in the CAV-OX® system. From
the results oblained during this research project, it was concluded that the function of hydrodynamic cavitation
produced in the cavitation chamber of the CAV-OX® system is to disperse the effluent to be treated prior (o s
oxidation with hydrogen peroxide and ultraviolct light, The resulis obtained for the degradation of
1-methylhydantoin (an organic poliutant in Sasol effluent) by ultrasonic cavitation in the ultrasonic cleaning
bath indicate the patential of sonochemistry as an advanced oxidation process for the treatment of industrial
effluents. The sonochemical formation of hydroxyl radicals by uitrasonic caviiation can be enhanced for
industrial treatment purposes by the addition of hydrogen peroxide and oxygen. The flow conditions, i.e. fluid
velocities and pressure drops, which initiste hydredynamic cavitation in a fluid can be simulated using
computational fluid dynamics. However, whilst it has been demonstrated that computational fluid dynamics is
a uvseful tool to indicale the potential of a fluid 1o undergo cavitation. the numerical simulation of
hydrodynamic cavitation which involves two-phase MNow using compuiational fluid d_\'nn'mics has not been

achieved in this project becanse the flow svsiem is too complex.

RECOMMENDATIONS

O No further investigation into the CAV-OX® pracess.

{3 Further investigation into uitrasonic caviiation on a laboratory and pilot-plant scale for the treatment of

industrial effluents.

O Investigation of the combination of ultrasonic cavitation and uitraviole! treatment using industrial

effluents.

T Investigation of effect of dispersion using hydrodynamic cavitation prior to disinfection with chlorine or

ozone on the dose of these disinfectanis.

O No further work on the computational fluid dynamics of hyvdrodynamic cavitation since detailed flow

conditions that occur during cavilation cannot be modelled at present.
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TECHNOLOGY TRANSFER

O The use of compulational Muid dynamics in this project by the University of Potchefsiraom for Christian
Higher Education to describe hydrodynamic cavitation in a venturi has resulted in [urther application of
this method in the Waler Research Commission Project No. 648 : The Application of Computational Fluid

Dvnamics to Improve the Design and Operation of Water and Wastewater Treatment Works.

O Technical assistance and informalion has been given 1o Sasol, Eskom, CG Smith and the University of

Durban-Westville on aspects of advanced oxidation lechnology. in particular sonochemistry.
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Chapter 1

Introduction

Environmental legislation and the increasing pollution of water supplies have necessitated the evaluation of
existing technologies and the development of new technologies for the removal of organic poliutants from
industrial effluents and potable water, and for the disinfection of potable water by the inactivation of bacteria

and pathogens,

Traditionally, organic contaminants in industrial effluents and potable waler have been removed by separalion
processes such as adsorption by granulated activated carbon (GAC), air stripping, flecculation and filtration,
However, these methods merely transfer the pollulanis from one phase to another resulting in problems in the
disposal of the waste. Chemical disinfeciants, such as chlorine, chlorine dioxide and ozone, are currently used
in the production of potable water but there is increasing concern over the formation of potentially hazardous
by-products of these processes, e.g. trihalomethanes are toxic residuals formed in the chlorination of potable

water and are believed to be carcinogenic,

Recently, advanced oxidation processes (AOP's) have developed as potentially powerful methods for the
treatment of organic pollutants in water and the disinfection of potable water, These processes involve the
generation of highly reactive free radical intermediates such as the hydroxyl radical. The advantage of AOP's
is that organic pollutants can be completely mineralised to carbon dioxide, water and a small amount of acids,
while the degradation process usually operates at or near ambienl temperature and pressure. In some cases,
complete mineralisation may nol be achieved due to excessive reaction times, neverfheless, AOP's are
potentially beneficial as pretreatment steps that complement other treatment processes. For example, advanced

oxidation processes can be used to enhance the biodegradation of highly toxic pollutans.

The rates of advanced oxidation processes are greatly enhanced compared to those of oxidation with
conventional oxidants because of the high reactivity of the radical species, primarily hydroxy! radicals (OH).
The reaction rates of hydroxyl radicals are typically 10° 10 10° times faster than the corresponding reaction
rates of strong oxidants such as ozone, as can be seen from Table 1.1 (Yue, 1992). The rate constants assume

second order kinetics,
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TABLE 1.1 : Sccond order reaction rates of ozone and hydroxyl radicals with viirious categorics of

organic compounds (Yue, 1992)

Categories of organic compounds Rate constant (mol/fs)

0, "OH

Olefins 1 to 430 x 10° 10° 1o 10%
S-containing organics 1010 1,6 x 10° 10" to 10
Phenols 10 16°
N-containing organics 10 to 10° 10" 10 10*
Aromatics 1to 107 10°to 10"
Acetylenes 50,00 10° 10 10°
Aldehydes 10,00 10*
Kelones 1,00 10° to 10"
Alcohols 10%10 1 10°t0 10°
Alkanes 10* 10%to0 10°
Carboxylic acids 107 10 10° 10710 10°

The hydroxyl radicals must be generaled in excess for AOP's to be efficient for waler purification purposes,
One way in which to achieve this is the irradiation of hvdrogen peroxide (H.Q,) with ultraviolet (UV) light
which induces the decomposition of hydrogen peroxide to form two hydroxyl radicals. {Ldvanced oxidation
lechnologies include processes involving hydrogen peroxide, ozone, ultrasound and UV radiation, or
combinations of these. The broad objective of this project was (o evaluate different methods for the production
of free radicals for the oxidation of organic compounds in industrial efluents and potable waters, This was to

be achieved by :

O The investigation of the oxidation rate and daughter products of various advanced oxidation processes, or

combinations thereof, on a sequence of model organic compounds.

00 The investigation of the disinfection properties of various advanced oxidalion processes on model

microbiological indicators.

[ The investigation of the effectiveness of these processes on a selected number of process streams such as

coloured textile effluent and toxic organic chemical steams,

Watergroup (USA) has developed an advanced oxidation technology (CAV-OX® process) that employs UV
radiation, hydrogen peroxide and hydrodynamic cavitation to degrade organic compounds present in water at

mg/E concentrations to nondetectable levels by photolysis and oxidation (EPA, 1993). Ideally, the end products



of the pracess are water, carbon dioxide, halides and, in some cases, organic acids. The CAV-OX@ system has
been used to treat groundwater contaminated with volatile organic compounds such as trichloroethylene,
benzene, toluene and xylene (EPA, 1993). A similar oxidalive process combining hydrogen peroxide,
hydrodynamic cavitation and ultraviolet radiation bas resulted in up to 98 % decreases in the organic
concentrations of various wastes, e.g. beverage-making effiuent, tannery waste. activated siudge and raw
sewerage (Lipowicz, 1981; Petersen and Zaleiko, 1981), The major components of a CAV-OXE& system are

the cavitation chamber, UV reactor and control panel. Figure 1.1 shows the conflipuration of the CAV-OXE
system,

Low Energy
,:T:;Tr UV Reactor
| Equalisation Tank

“ Recycle T
Hydrogen ' l’] |f
—-__‘-__._.--—"

Peroxide | — — —
Addition

| Waler
" Output

Cavilation Chamber )

P

influent Holding Tank

High Energy
UV Reactor

FIGURE 1.1 : Schematic diagram of the CAV-OX® system (EPA, 1993)

In addition to the production of hydroxyl radicals by the UV photolysis of hydrogen peroxide in the UV
reactor, it is claimed that hydrodynamic cavitalion, induced in a venturi nozzle in the cavitation chamber,
generates hydraxyl radicals and hydrogen aloms which recombine to form hydrogen peroxide and hydrogen
gas (EPA, 1993). Hydrodynamic cavitation is the reduction of pressure in a liquid stream by increasing the
velocity of the liquid by constricting the fluid fiow, e.g. in a valve, orifice, etc., and subsequent collapse of the

resulting bubbles,

Preliminary evaluation of a CAV-OX® system in 1990 by the Pollution Research Group on the behalf of
Diarec Diamonds indicated that hydrodynamic cavitation enhanced the efiect of hydrogen peroxide and UV
radiation on the decolourisation of dye efiluent thus supporting the claims that hydrodvnamic cavitation
generates hydroxyl radicals (Neytzell-de Wilde and Chetty, 1990). It was also proposed that hydrodynamic
cavilation alone may have the potential to inactivale pathogenic bacteria since UV radiation and hydrogen

peroxide, the other constituents of the CAV-OX® system, are known to successfully inactivate bacteria,
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Hydrodynamic cavitation could therefore provide a less capital intensive technique to the present use of
chlorine as a disinfectant for raw water treatment since cavitation venturi nozzles could be installed in water
systems to exploit the existing pressure/velocity head. It could therefore find application in the production of
potable water in rural areas. Therefore, the emphasis of this research project was the investigation of
hydrodynamic cavitation for the production of free radicals for the treatment of potable water and industrial
efluents with particnlar reference 10 the CAV-OX® system. Ultrasonic cavitation was also investigated
during this research project, mainly as a comparative technique since the cavilation effects ol sonic waves has

been well documented. Consequently, this project investigated the following areas:

0 The microbiological assessment of hydrodynamic cavitation for the treatment of raw water.
I The evaluation of hydrodynamic cavitation in the CAV-OX® system.

O The effect of ultrasonic cavitation on organic pollutants in industrial efiluents.

c

The computational fluid dynamics of hydredynamic cavitation in a venturi..

The potential for the use of hydrodynamic cavitation as a raw walter treatment process was assessed by
determining the effect of hydrodynamic cavitation on the inactivalion of viable bacteria in raw water. The
original intention was to use a model, single bacleria species, e.g. Escherichia coli, as an indicator of the
effectiveness of hydrodynamic cavitation for bacterial inactivation, However, as naturally-occuring bacteria
are believed to be more resilient to treatment than laboratory-cullured species, raw water containing a variety
of bacteria, was initially used as the indicalor since it provided a realistic representation of the bactericidal
efficiency of hydrodynamic cavitation. Once the efficiency of a process has been established, the

microbiological quality of the water can be evaluated by using selected species of bacieria as indicalors.

The CAV-OX® system supplicd 10 the Pollution Research Group by Diarcc Diamonds was investigated
primarily to determine the concentration of hydrogen peroxide produced by hydrodynamic cavitation in the
cavitation chamber. Prior to this, the efficiency of hydrodynamic cavitation produced by the venturi nozzle of
the cavitation chamber was determined. Factors affecting the rate of peroxide formation during cavitation

were also investigated.

The effect of ultrasonic cavitation on organic pollutants in industrial effluents was investigated as part of an
allied Sasol research project in which the viability of ultrasound to degrade hydantoin compounds to more
biodegradable products was considered. Hydantoin compounds are formed during the coal gasification process
by combination of cyanide, ammonia, carbon dioxide and a kelone, and accumulate in the efffluent stream from
the coal gasification plant at Sasol. Ultrasound was used as a degradation technique instead of hydrodynamic
cavitation since it is widely reported that ulirasound produces cavitation from which hydroxyl radicals are
formed. It was postulated that the hydroxy! radicals formed during sonication would oxidise the hydantoin

compounds and the depradation products could then be identified and assessed for their biodegradability.



The investigation of computational {luid dynamics as a method to detcrmine the experimental conditions
which could lead to cavitation in a venturi was undertaken by the Depanment of Mechanical Engineering at
Potchefstroom University for Christian Higher Education. The STAR-CD program was used to determine
numerical results for experimental flow conditions in & venturi, Good agreement of the experimentally
determined and numerically simulated resulis for the same flow conditions was used 1o validate the numerical

results,

This report combines the results from these different invesligalions by highlighling the aspects of the work

achieved, the results obtained and the conclusions reached. This report is divided into three parts.

Chapter 2 consisis of a discussion of cavilation and summary of its characteristics as reported in literature,

Also included are the experimental setups of the equipment used in the project.

Chapter 3 summarises the experiments performed and discusses the results obtained from the projects. This
chapier is organised in terms of the theorctical, physical, chemical and biclogical effects caused by cavitation.
The section on theorctical aspecis considers the work underiaken on the computational fluid dymamics of
cavitation. The physical characteristics observed in the CAV-OX® sysiem, hydradynamic cavitation rig and
ultrasonic cleaning bath are described in the section on the physical effects of cavitation. Similarly, the
chemical effects produced in the CAV-OX® syslem, hydrodynamic cavitation rig and ultrasonic cleaning bath
are reported in their own section. The section on the biological effects of cavitation contains the work
undertaken to evalvate the microbiological effectiveness of hydrodymamic cavitation produced in the

hydrodynamic cavitation rig.

The conclusions from this project are presented in Chapter 4 and recommendations for future work are
discussed in Chapter S of the report. Chapter 6 details the list of publications and technology transfer actions

taken during this project. The data resulting from the project is available in the Annexures to this report.



Chapter 2

Cavitation

Cavitation is defined as the formation, expansion and implosion of bubbles in a liquid (Perry, 1973; Suslick,
1988; Young, 1989; Riesz, et al,, 1990). Bubbles are formed due 10 the reduction of local pressure in a liquid
to the vapour pressure of the liquid at a specific temperature. Theorelical calculations indicate that a minimum
pressure (known as the cavitation threshold) of 1013 MPa is required to form bubbles (Shutilov, 1988),
However, experimental observations indicate thal the cavitation threshold varies from 101 to 2 532 kPa,
although a cavitation threshold of 20 260 kPa has also been reported (Chetty, 1994). The bubbles, which
contain gas, vapour or a misture of both, expand as a result of the reduction in pressure at constant
lemperature (cavitation) or by an increase in lemperature (boiling). The vapour bubbles formed by cavitalion
consist mainly of gases which have come out of solution. The formation of these cavities is also dependent on

the presence of nuclei which can either be submicroscopic gas bubbles or solid particles.

The cavities collapse when the local pressure is greater than the vapour pressure of the liquid. Collapse of
these bubbles leads 1o the release of considerable energy which is claimed o generate sufficient localised
termperatures and pressures to form hydroxyl radicals and hydrogen atoms from the thermal dissociation of
water molecules (Chang, et al, 1981). Localised lemperatures of up to 2273 K and pressures up 1o
20 260 MPa have been reported (Petersen and Zaleiko, 1981). However, instantaneous localised temperatures
have been predicted to be 5 000 K with pressures ranging from 101 MPa (Sustick, 1988; Masor, 1990a) to
101 300 MPa (Noltingk and Neppiras, 1930 in Hughes and Nyborg, 1962) upon collapse of the bubbles.
Noise, vibration and extensive pitting of boundary materials is caused in the regions of bubble collapse (Perry,
1973).

Cavitation can be produced in a liquid by four different methods :

Hydrodynamic cavitation is produced as a result of pressure variations in a flowing liquid due to the

geometry of the system.
Acoustic cavitation is produced by sound waves in a liquid which cause pressure varialions.
Optic cavitation is produced by photans of high intensity light (i.e. laser) that rupture a liquid,

Particle cavitation is a result of any type of elementary particles. e.g. protons, rupturing a liquid.

The formation of free radicals due to the dissociation of water molecules into hydroxyl radicals and hydrogen
atoms has been reported under the condilions of acoustic cavitation (Makino, et al,, 1982) and hydrodynamic

cavitation has been claimed 1o result in the production of hydroxyl radicals (Pelersen and Zaleiko, 1981). Fres



radicals are defined as an atom or group of aloms that possess an unpaired eleciron (Morrison and
Boyd, 1987),

Hydrodynamic cavitalion was investigated for its potential {0 produce hydroxyl wadicals and its ability to
inactivate bacteria in raw water since this is the form of cavitation utilised in the CAV-OX® system. Since
there is much information available in literalure on vitrasonic cavitalion, this was used as a comparative
technique for the inactivation of raw water bacteria. Ultrasonic cavitation was selecied as the process for the

degradation of hydantoin compounds in industrial efMuent.

2.1 ULTRASONIC CAVITATION

In a stationary ligqunid, the ambient pressure can be varied by the transmission of sound waves through the
medium. Ultrasonic eavitation occurs if the pressure amplitude of the applied sound is greater than a certain
minimum pressure called the cavitation threshold (Webster, 1963). Two types of cavitation result : transient
cavitation and stable cavitation. Transient cavilation involves a relatively violent activity in which spots of
high temperatures and pressures occur in very short bursts at localised points in the sonicated medium. These
implosions may be accompanied by localised shock waves and/or the generation of free radicals. Stable
cavitation is a much less violent phenomenon associated with vibrating gaseous cavities. Due to oscillations of
the bubbles, the adjacent liquid flows. This cffect can be increascd by the collapse of cavities which results in

shack waves (hat enhance the flow of liquid. This is termed as microstreaming.

Inactivation of bacteria by ultrasound has been proposed 10 result from the microstreaming effect of ultrasonic
cavitation (Scherba, et al,, 1921). However, ultrasonic cavitation also gives rise to various effects such
as mechanical forces due to surface resonances of the bacterial cell wall, pressure gmdienls.resulting from the
collapse of cavities near the cell wall ar the radinl resonances of bubbies, velocity effects of the direct sound
beam and free radical formation (Neppiras and Hughes, 1964). 1n addition, shearing stresses can result from
shock waves (Thacker, 1973).  Although doubt exists as to the exact cause of bacterial inactivation by
ullrasonic cavitation, it seems unlikely that free radical attack of the bacterial cell wall is responsible since cell
rupture and free radical formation occur independently of one another (Hughes and Rogers, 1959 in Neppiras
and Hughes, 1964). A possible explanation for this is that the peroxide radicals that are formed during
cavitation are scavenged by the suspending medium (Thacker, 1973), It is, however, suggested that bacierial
cell rupture occurs as a result of the mechanical siresses thit oceur during ultrasonic cavitation (Hughes and
Nyborg, 1962; Thacker, 1973).



The high temperatures and pressures resulting from the collapse of the bubbles produce hydroxyl and hydrogen
radicals' from the dissociation of water molecules according to the following reaction (Weissler, 1939,

Websier, 1963; Todd, 1970; Makino, et al., 1982; Bremner, 1986; Riesz, et al., 1990) ;
H,O0 —» °*H+ *0H (2.1}

One of the observations that supports the formation of free radicals from water by uvltrasound is the weak
emission of light during cavitation (sonoluminescence), This probably occurs due to the recombination of
hvdroxyl and hydrogen radicals in water according to the following reaction {Jarman and Taylor, 1970;
Young, 1989).

*OH + *H —= H>QO + hv ) (2.2}

Hydroxyl and hydrogen radicals formed in ultrasonic cavilation can be initiators of chemical reactions. The

primary reactions that accur in pure water are recombination of the radicals, i.e.

‘H+ *0OH = H,0, (2.3
*OH + *OF - H,O, (2.4)
and

‘H+*H > H,. (2.5)

The presence of hydrogen peroxide in sonicaled water has been reporied by various researchers (Schmitt, et al..
1929, Weissler, 1959; Suslick, 1988). Hydrogen peroxide is formed by the recombinalion of the radical
species (Reaction 2.4) resulting from the dissociation of water (Reaction 2.1). The presence of hydrogen

peroxide in cavitated water provides indirect evidence for the formation of free radical species by cavitation.
The hydrogen peroxide yield upon sonolysis of water increases in the order O, > Air > Ar >N, when these
gases are present in solution, In the presence of oxygen pas, the yield of hydrogen peroxide is increased by the
following reactions (Weissler, 1959; Mead, et al.. 1976)

‘H+ 0, — HOS 2.6)

and

' A hydrogen radical and a hydrogen atom are identical electronic species, i.e. both have a single unpaired electron,

therefore hydrogen radicals are often referred (o in literature as hydrogen atoms, In this report, the hydrogen species

resulting from the homolysis of a water molecule will be referred 1o as a hydrogen radical.
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HOS + HO; - H20, + 0. (2.7)

The addition of hydrogen gas 10 oxygenated water can further enhance the vield of hydrogen peroxide by
increasing the yield of hydrogen radicals from the dissociation of hydrogen gas. These hydrogen radicals
subsequently react with the oxygen present (Reaction 2.6) thus increasing the yield of hydrogen peroxide as a
result of Reaction 2.7. However, enhancement of the hydrogen peroxide yield only occurs for 2 maximum
concentraiion of hydrogen of 20 %. Above this concentration, the yield of hydrogen peroxide decreases due 10

the reaction of hydroxyl radicals with hydrogen gas according to Reaction 2.8 ;
*OH+ Hy —» H.0 +°*H {2.8)

Various other radical reactions occur which lead can lead to complex chemical reactions (Mead, et al., 1976;
Weissler, 1979). Schwikkard (1994} discusses these reactions in detail. The hydroxyl radicals penerated in
ultrasonic cavitation can react with organic compounds present in solution resulting in the oxidation of these

compounds,

Laboratory-scale sonochemical experiments can either be performed using an ulirasonic bath or probe.
Ultrasonic reactors are available for large-scale industrial uses of sonochemistny, Generally, the use of
different equipment makes comparison of published resulls for sonochemical experimenis in literature difficult
since factors such as the frequency and power oulput of the bath, size of the bath, the type of the reaction vessel
and its pasition in the bath (Mason, 1991). Consequently, each ultrasonic bath and probe will give an unique
result, Indirect comparison of the intensity of cavitation induced by somic waves can be made by the
quantitation of the hydrogen peroxide produced by the recombination of hydroxyl radicals formed during
ultrasonic cavitation, This was carried oul during the investigation of hydantoin degradation by ultrasonic
cavitation (Schwikkard, 1994).

A KERRY Pulsatron cleaning bath was used for the experimenis involving ultrasonic cavitation, This bath has

a capacity of 8 £ and operatcs at a frequency of 38 kHz (220/240 V; 50/60 Hz phase). A temperature control

system was installed by Schwikkard (1992). Figure 2.1 illustrates the setup of the ultrasonic bath used in the

experiments.
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FIGURE 2.1 : Schematic diagram of the ultrasonic bath and temperature control system
(Schwikkard, 1992)

HYDRODYNAMIC CAVITATION

Hydrodynamic cavitation occurs when the pressure of a fluid liquid stream can be decreased by increasing the
velocity of the liquid. This causes a decrease in the local pressure 10 less than the vapour pressure of the liquid

resulting in the formation of vapour-filled cavities in the liquid (Young, 1989).

There are three cases of flow cavitation ;

Travelling cavitation occurs when bubbles form within a liquid which, as they travel with the liquid,

expand and subsequently collapse.

Fixed cavitation occurs when a bubble forms that is attached to an immersed body, or to the surface of the

Now channel, and remains fixed in position in an unsteady state.

Voriex cavitation occurs in the cores of vortices that form in regions of high shear.

Travelling cavitation occurs in the cavitation nozzle of the CAV-OX® system. It is possible that free radical
formation can be produced by hydrodynamic cavitation in a nozzle due 1o (he high temperatures generated on
collapse of the bubbles. This appears to be confirmed by reports that luminescence has been observed in
venturi nozzles (Jarman and Taylor, 1964, 1965; Peterson and Anderson, 1967). The formation of hydroxyl
radicals in the CAV-OX® system as a result of hydrodynamic cavitation was therefore investigated (Chetty,
1994). Prior to experimentation, the CAV-OX® system was modified by disconnecting the cavitation chamber
from the ultraviolet reactors and the system connected so that water could be recirculated through the
cavitation chamber that contained the nozzle, A transparent tube was connected afier the outlet to the
cavitation chamber to observe if cavitation persisted in the liquid after the cavitation chamber. A gas inlet was
added to the system before the feed pump to the cavitation chamber so as to facilitale mixing of the two
phases. Valves were added between the feed pump and the cavitation chamber 1o control the flow rate. Figure
2.2 illustrates the modified CAV-OX® system,
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FIGURE 2.2 : Meadificd CAV-OX® system uscd for experiments (Chetty, 1994) H

Since hydrodynamic cavitation is known to produce mechanical stresses, such as shock waves and pressure
gradients, which are similar 1o the effects produced by ultrasound, the destruction of bacteria by hydrodynamic
cavilation is a possibility. The effect of hydrodynamic cavitation on bacteria was assessed by the construction
of a cavitalion rig which maximised the intensity of cavitation and thus facilitated a large range of operating
conditions. This rig was designed o enable the recirculation of feed water (raw water) !hrough a venturi
nozzle which was a perspex replica of the nozzle used in the CAV-OX® unit. The nozzle was installed abont
10 meires above Lhe free liguid surface in the feed tank thereby creating a low pressure on the discharge side of
the nozzle which favours cavitation. A schematic diagram of the hydrodynamic cavitation rig is shown in

Figure 2.3.
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FIGURE 2.3 : Process instrumcntation diagram of the hydrodynamic cavitation rig {Botha, 1993)

Both pieces of equipment, i.e. the CAV-OX® system and the hydrodynamic cavitation rig, were evalvated for
their ability to produce cavitation by characterising the nozzle hydraulics in terms of flow rate, sonic pressure

levels, energy input and cavitation number. The results are summarised in Chapter 3 of this report.

A venluri was used in the numerical simulation of the flow conditions leading o hydrodynamic cavitation
using computational fluid dynamics (Meyer, 1993a). The dimensions of the venturi used in this investigation
were identical to those of the venturi used in the experimental investigation of the damage caused by cavitating
flow in a venturi on metal insens to ascertain the cavitalion damage that occurs on bladed profiles such as

propelier blades (Hamit, et al.,1963). The venturi which consists of a nozzle. throat and diffuser, is illustrated

in Figure 2.4,
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FIGURE 2.4 : Geometry and dimensions of the venturi used in the simulation of hydrodynamic
cavitation from a transverse view (1) and a cross-sectional view (b). Unless specified, all the

measurements are in mm (from Meyer, 1993a)

The nozzle is the convergent section of the venwri, ie. the area of the venturi through which the flow
decreases, and has a length of 76,0 mm and an included angle of 6 °. The throat section of the venturi has a
constant radius of 6,477 mm and is 539,67 mm in length. The convergent section of the venturi is the diffuser
which has a length of 64,54 mm and an included angle of 6 °, The lotal length of the venturi is 211,17 mm.
Two bladed-profile inseris were placed in the diffuser of the venturi, 143,46 mm from the inlet of the throat

(Figure 3.3(a)). As illustrated in Figure 3.3(b), these inserts were placed at right angles Lo each other.

Chapter 3 summarises the results obtained from the investigations of ultrasonic and hydrodynamic cavitation

using the equipment reported in this chapter,



Chapter 3

Effects of Cavitation

This chapter consolidates the resulis obtained from the four areas of research that comprised this project,

namely,

O The computational fluid dynamics of hydrodynamic cavitation in a venturi.
0O The microbiolegical assessment of hydrodynamic cavitation for the treatment of raw water.
O The evaluation of hydrodynamic cavitation in the caviiation chamber of the CAV-OX® system.

O The effect of ultrasonic cavitation on organic pollutants in industrial effluents.

The results from the various areas are organised and discussed in terms of the theoretical, physical, chemical
and biological effects of cavitation since each of the above research topics could encompass more than one of

these aspects,

3.1 THEORETICAL EFFECTS OF CAVITATION

This section reviews the results obtained using computational Duid dynamics (CFD) to investigate the flow
conditions that initiate hydrodynamic cavitation. In order to verify the numerical simulation, the results from
the computer simulation of the flow in a venturi were compared with the experimental results available in the

literature (Hamit, 1963; Harmit, et al., 19635; Ivany, et al., 1966).

3.1.1 Numerical Method

The flow through a venluri under cavitaling conditions was simulated using an academic version of the
STAR-CD program run on a convex parallel-processing minicomputer. This program can successfully

simulate three-dimensional flow with heat transfer in complex geametries (STAR-CD manual, 1993).
3.1.1.1 Assumptions

* As mentioned in the previous chapter, hydrodynamic cavitation involves the formation of vapour-filied
cavities (bubbles) in a fluid, i.e. two-phase flow occurs during hydrodynamic cavitation. However, since
the STAR-CD program used in this study could not simulate two-phase flow, it was assumed that the
bubbies are a minor component of the flow when evaluated from the whole perspective and therefore only

the fluid phase {single-phase flow) was simulated.

®  The flow was assumed 10 be incompressible due to the fact that the gaseous phase, which causes extreme

pressures in a cavitaling flnid, was not simulated.
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*  The flow through the venturi nozzle was assumed 10 be steady due 1o the absence of the gascous phase
(bubbles).

e To enable comparison of the numerical results with the experimental results (Hamit, 1963; Hamit, et al.,

1965; Ivany, et al., 1966), turbulent flow through a venturi was simulaled.

¢  As the gaseous component of cavitalion was not considered in the simulation and heal is only generated
upon gaseous bubble collapse (Mason, 1990a; Suslick, 1989 in Mason, 1991), the fiow was assumed 10 be

isothermal.

3.1.1.2 Modifications of the Numerical Method

The above assumptions enable the simplification of the Wavier-Siokes equations which describe flow
conditions such that the numerical method is less invelved (Anderson, et al., 1984: STAR-CD manual, 1993).
However, the Navier-Stokes equations cannot numerically simulate the macroscopic effects of turbulent flow
since the time and distonce increments used in the numerical simulation have lo be extremely smalk,
Consequently, the simulation is time-consuming as a number of equations are required to be solved for every
grid point, in addition, only 4 small part of the flow can be simulated in this way, This problem can be
overcome by solving the effect of turbulence, and not the details of turbulent flow, with the k- turbulence
model {Anderson, et al., 1984).

As pressure is not a primary variable in the eguations that describe flow, the SIMPLE-algorithm, which
calculates a pressure field from the continuity equation and then solves for the velocities in the momentum
equations (Patankar, 1980), was used in the STAR-CD program. The conjugani-gradient method is used to
solve the algebraic equations (STAR-CD manual, 1993),

3.1.2 Verification of the Numerical Method

Evaluation of the STAR-CD program for the simulation of various flow problems and benchmarks' has
resulied in good correlation with experimental results. However, in order to use this program to numerically
simulate the flow conditions required for the development of cavitation in a ventwri, it was necessary to
determine the inlet flow conditions for a venturi, Therefore, fully-developed. turbulent flow through a pipe
was simulated using the STAR-CD program and the numerical resulls verified by comparison with the
published experimental results in Martinuzzi & Pollard (1989) and Pallard & Martinuzzi (1989). The
turbulent flow in this simulation had a Reynelds number of 380 000 in order to conform with the experimental

flow conditions,

' A benchmark is a standardised experiment carried out to evaluate numerical results 1o verify a numerical methed,

simulation or algorithm. The conditions of the experiment are very controlled (all the necessary boundary conditions are

known) hence the results shoutd be extremely accurate (Meyer, 1993b).



A fully turbulent flow profile in a pipe is only established after 50 to 80 pipe diameters, Thus, 10 model
turbulent flow in a pipe with a radius of 6,477 mm, simulation of more than 640 mm of pipe before the venturi
is required. The simulation of this pipe section could be avoided by specifyving a velocity profile at the inlet 10
the venturi which wouold numerically simplify the simulation by reducing its size, The Blasius -;- Law

(Daugherty, et al., 1989) was used 10 specify the velocity profile at the inlet of a hydraulic smooth pipe ;

1

u _ - R) <

T = — 3 (3.1
max R

where :

u = the axial velocity for a pipe of radius, r

Uy, = the maximum velocity in the pipe

R = the radius of the pipe wall

The grid used in the pipe had 50 x 17 x 9 (7 650) points in the axial, radial and angular direclions respectively,
The first point was chosen close enough to the wall 1o enable the use of the wall-functions to simulaie the effect
of the rigid wall on the flow as described by Launder and Spalding (1973} and the STAR-CD manual (1993).
Prior to simulation with the STAR-CD program, the velacity was normalised by using the mean velocity in the
pipe (u,.,) and Ihe radial position mormalised with the pipe radius (R) of 6,477 mm. The normalised,
numerically simulated velocity profile for fully-developed turbulent flow in a pipe (Reynolds number of
380 000) was compared with the experimental results of Nikuradse (Martinuzzi & Pollard, 1989; Pollard &
Martinuzzi, 1989) and the numerically simulated resulis using Launder's method (Launder and Spalding,

1973). The results are illustrated in Figure 3.1.

3.3
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FIGURE 3.1 : Comparison of normalised, numerically simulated velocity profile from STAR-CD
and the numerical reults obtained using Launder's method (Launder and Spalding, 1973) with the
experimentally determined velacity profilc (Nikaradse in Martinuzzi & Pollard, 1989; Pollard &

Martinuzzi, 1989) for fully develaped, turbuient flow in a pipe at a Reynolds number of 380 000

From Figure 3.1, it can be seen that, near the symmelry axis (/R <0,3), there is a better fit of the
nmemerically-simulated results from STAR-CD with the experimental results than those from Launder's
method. However, between /R =0,3 and /R = 0,8, Launder's results compare better with the experimental
results , but near the wall of the pipe (/R > 0,8), the STAR-CD results agree more with the experimental
resulis. This region is important since prediction of the correct velocities and pressures near the wall of a pipe
is essential for the simulation of cavitation near a rigid wall where cavitation erosion could occur. The
deviations between the simulated and experimental results are probably due to the unknown wall roughness
used in the experiments and the simulations (a hydraulically smooth pipe was used in the STAR-CD program).
It was therefore conclnded that the numerically-simulated results from the STAR-CD program satisfactorily

predict the experimental conditions for turbulent fiow in a pipe.

The axial pressure drop profile in the pipe was also determined using the STAR-CD program and the resulis
are illustrated in Figure 3.2,
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FIGURE 3.2 : Numecrically-simalated axial pressure drop profile for turbulent flow cenditions
having a Reynolds number of 380 000 in a hydraulically smooth pipe with a radius of 6,477 mm

using the STAR-CD program

3.1.3

Initially, the pressure drop is non-linear as the inlet velocity used in the simulation was estimated by
Equation 3.1. From Figure 3.2, the simulated pressure drop across the pipe was determined to be 2,666 kPa/m,
A pressure drop of 2,895 kPa/m was calculaled from the Moody chart (Daugherty, et al., 1989). Since the wall

roughness is unknown, the correlation between the simulated and experimental results is satisfactory.

Cavitation in a Venturi

The simulation of cavitation in a venturi (refer to Figure 2.4) was performed for flow having a Reynolds
number of 302 000 and under standard cavitation conditions. Standard cavitation refers to the condition in
which termination of cavitation occurs approximately 133 mm from the inlet of the venturi. The numerical
results were then compared with experimental results which were obtained for standard cavitation conditions

in a venturi (Hamit,1963; Hamit, et al., 1965).

For incompressible flow conditions in the numerical simulation, the pressure field is calculated relative to an
arbitary zero pressure at the outlel of the venturi, i.e. only the pressure drop is important as this causes the
flow. However, for standard cavitation conditions, the absolule static pressure is required and can be
determined from the experimental results for a specific point in the venturi. In the numerical simulation, this
point swvas chosen at the beginning of the divergent part of venturi, 136,17 mm from the inlet and the static

pressure at this point can be calculated from the cavitation number. The cavilation number, o, is defined as :
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P - P !
S, = ——— (3.2)
1l 2
3 Dlm
where

P = local static pressure (kPa)

P, = saturated vapour pressure at the {luid temperature (kPa)

p = fluid density (kg/m*)

u, = mean throat veleity (nvs).

Hammit, et al. {1963) experimenlally delermined a cavitalion number, o, of 0,0} for standard cavitation of
water (density of 998 kg/m’ ) in a venturi containing bladed inserts at a Reynolds number of 302 000, i.c. for a
mean throat velocity of 23,36 m/s. A calculated static pressure of 2,435 kPa therefore exists in the fluid at the
point 136,17 mm from the inlet of the venturi for a vapour pressure of 2,332kPa and the experimental
cavitation conditions of Hamit, et al. (1965). The pressure used in the numerical simulation of cavitation at

this point was adjusied so that it would equal the experimental slatic pressure at this point in the venturi.

Figure 3.3 compares the experimental results of Hamit, et al. (1963) with the numerically simulated resulis
obiained for the cavitation numbers at the different axial points where pressure was measured in the veniur.
Point ¢ on the graph is the reference point, 136,17 mm from the inlct of the venturi, where the static pressure

of 2,45 kPa exists.
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FIGURE 3.3 : Comparison of cavitation in a venturi for numerically simulated results and
experimentally determined results (Hamit, et al,, 1965) under the same flow conditions (Revnolds
number of 302 080}

3.1.4

The numerically simulated cavilation number profile was calculated using a series of axial program points on
the wall of the venturi and shows reasopable agreement with the experimental values. The numerically
calculated cavitation number is lower than the experimental results at the infet of the venturi due to the lower
pressure loss resulting from the simplified inlet peometry used in the program, In addition, the pressure
defined at the inlet in the simulation and experiments is different which would also affect the results. The
unspecified wall roughness and local effects caused at the pressure taps from which the pressure measurements
were made in the experiment could also resnlt in discrepancies in the experimental and numerical resuits. The
slight 'bump' in the numerical cavitation number profile that occurs on the graph after point d is caused by the
presence of the bladed inserts and is observed due 10 the ability of computational fluid dynamics (o determine

the cavitation number at every point in the venturi throat.

The numerical results indicate that the increase in velocity and drop in the static pressure in the nozzle
decreases the cavitation number. The cavitation number decreases in the throat of the venturi due {0 a pressure
drop caused by frictional losses, However, in the diffuser, there is recovery of static pressure therefore the

velocity decreases which causes an increase in cavitation number.

Cavitation Number

The cavitation number indicates the intensity of cavitation at various points in a fluid : in principle, the lower

the cavilation number, the greater the intensity of cavitation. The cavitation number as defined in
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Equation 3.2 is an average cavitation number for a fluid at a certain point in a pipe of specific geametry as it
only takes into account the average throat velocity in the fluid. However, since CFD solves for the entire flow
field, local velocities can be determined for specific points in a venturd (Meyer, 1993a). Hence, a local
cavitation number (Equation 3.3) was defined to calculate the cavitation intensity at specific points in the flow

field.

- P +
G{ — ._‘P—‘_ G.3)

L(U;" + U!) 2
2 2

The subscript / denotes the local value available from the numerical results,

The average of the mean throat velocity and the local velocity was used in the calculation of the local
cavitation number in order (o obtain a characteristic velocity for a specific point and geometry. However, this
local cavilation number has to be verified by comparison of the numerically simulated results with

experimentally determined resulls.

PHYSICAL EFFECTS OF CAVITATION

Various characteristics of cavitation, both hydrodynamic and ulirasonic, were investigated in the project and

this section reviews these resulis.

Hyvdrodynamic Cavitation

The occurrence of hydrodynamic cavitalion in two sets of equipment was investigated. These were the
CAV-OX® system that was donated by Diarec Diamonds and modified as described in the previous section,
and the hydrodynamic cavitation rig which was constructed in the Department of Chemical Engineering at the

University of Natal, Durban. Both the systems were itlustrated in Figures 2.2 and 2.3,

Operating Conditions of the CAV-OX® System

The operating conditions of the CAV-OX® chamber listed in Table 3.1 were used lo determine the cavitalion
charactenistics of the CAV-OX® systern. The flow rate was varied with the three gate valves connected in
series upstream of the cavitation nozzle and measvred using a magnetic induction flowmeter, The discharge

pressure was varied using the valve in the exit liae.



TABLE 3.1 : Gauge pressures and flow rates measured in the cavitation chamber of the CAV-OXE

system during operation

Flow rate (&/min) Discharge pressure (kPa) Fecd pressure (kPa) Throat pressure (kPa)
25 0 620.2 -120
23 70 620,2 ~ 940
33 10 613,3 -94,3
35 70 6133 =945
48 18 5995 -950
48 70 3995 -93.0

The data in Table 3.1 was used 1o calculate theoretical velocilies and pressures for the venturi nozzle in the
cavitation chamber of the CAV-OX® system {Chetty, 1994). Figure 3.4 illustrates the theoretical velocity and
pressure distributions for the CAV-0OX® venturi.

an [ ]
Bl {2l oa = _ i)
ol R | ‘
& waf
- g = CLoELTE
Bl 2
Ea g
,2 ;'-'
Tl e T
=
ol 3w
o y
Y o
t = o R . . : . : .
q b | L) -3 - 100 L HO o 1 F. ] L] [ ] | ] 1 th (73] “a
Axial distance [mm)} Axiaf distancs (mm}

FIGURE 3.4 : Theoretical velocity and pressure distributions in the CAV-QX® chamber (graphs
(a) and (b) respectively)

The formation of cavities in a hydrodynamic system occur in regions of high velocities and low pressures.
Figure 3.4 indicates that the maximum velocity and minimum pressure region for the CAV-0X® chamber is

at the venturi throat.

From Figure 3.4(b), it would appear that the pressure in the CAV-OX® chamber is greater than the ambient
pressure of 101 kPa therefore no tensile pressures are created in the liquid (in order for cavitation to occur, the
Iocal pressure has to be reduced to the vapour pressure of the liquid). Consequently, the theoretical pressures
indicate that cavitation does not occur in the CAV-OX® chamber. However, according to Table 3.1, the
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experimental throat pressures measured in the CAV-OX® chamber indicate that cavitation does occur in the
CAV-OX® unit.

3.2.1.2 Operating Conditions of the Hydrodvnamic Cavitation Rig

The various characteristics of the hydrodynamic caviiation rig thar were experimentally investigated included
the hydraulic characteristics of the nozzle, energy dissipation and the intensity of cavitation generated in the
cavitation rig. The hydraulic characteristics of the nozzle in the cavitation rig were determined by
investigating the reiationship between the inlet and outlet pressures difference and flow rate. Figure 3.5 shows
the graphical relationship between this pressure difference and flow rate. In this figure, each line represents

different inlet pressure conditions (as absolute pressures).

140
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120] ©
R 354 kPa
100 304 kPa
E
E 80F 204 kPa
o | 154
g kPa
3 104 kPa
£ of 5¢kPa(R)
20
(1] } 1 1 '
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FIGURE 3.5 : Experimental hydraulic characteristics of the nozzie in the hydrodynamic

cavitation rig for differcnt absolute inlet pressures, AP is equal 1o the difference in the inlet and

outlet pressures of the nozzle, Points A, B and C on the graph represent aperating conditions of

Iow, medium and high intensities of cavitation

Cavitation occurs at constant flow rate which is illustraied in Figure 3.5 by the horizontal portion of the lines.
1t can also be seen from Figure 3.3 that the intensity of cavitation decreases, and eventually ceases to occur, as
the pressure drop across the nozzle is reduced. At this point, the flow rate decreases. In these situations, the

throat pressure is increased to above the vapour pressure of the liquid thus preventing bubble formation,

Three operating conditions in the hydrodynamic cavitation rig, which are detailed in Table 3.2, were selected
for further study. These conditions are represenied by points A, B and C on the graph is Figure 3.5 and
correspond to low, medium and high intensities of cavitation respectively.
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TABLE 3.2 : Operating conditions in the hydrodynamic cavitation rig selected for

study where AP, ., = P, = Po.g. (25 absolute pressures)

Condition | Flow rate {&/min) Py« (kPa} Pouge (kPa} AP 10 (KP2}
A 44 54 32 22
B 78 204 52 152
c 124 487 13 472

The hydraulic characteristic data for the hydrodynamic cavitation rig were used to investigate the energy
dissipated by the nozzle at various conditions of cavitation (Botha, 1993). The condition of highest cavitation
intensity (Point C) showed the greatest dissipation of energy because of the large pressure drop across the

nozzle.

Cavitation Numbers

Hydrodynamic cavitation can be defined by a dimensionless parameter known as the cavitation number, o,
{this was defined in Equation 3.2) which expresses the state of a fluid near to, or, cavitaling {Lehman and
Young, 1964). As the slatic pressure (P) approaches the vapour pressure of the liquid (P, ), the system
becomes more susceptible 10 cavitation. The pressure of the system can also be decreased by increasing the
liquid velocity (u,). Hence, the lower the cavilation number for a particular condition, the greater the intensity

of cavitation,

{a) CAV-OX® systcin

The data from Table 3.1 was used 1o determine the velocities and pressures at the throat of the venturi in the

CAV-OX® chamber. These were then used to determine the cavitation numbers at the venturi throat of the
CAV-OX® chamber (see Table 3.3}

TABLE 3,3 : Cavitation numbers and flow parametees for the venturi throat of the CAV-0X®

chamber

Flow rate Discharge Upstream fluid | Throat fluid Absolute threat | Throat cavitation
(&/min} pressure (kPa) | velocity (m/s) velocity (m/s) pressure (Pa) number
25 0 0,82 17.5 7325 0,027
25 70 0,82 17,3 89325 0,363
33 10 L13 24,4 6 823 0,012
35 70 1,13 244 6825 0,012
48 18 1,58 33,5 63235 0,006
48 70 1,58 33,5 6323 0.006
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It can be observed that the cavitation numbers generally decrease with increasing flow raes. The critical
throat or threshold cavitation number is defined as the maximum cavitation number at which cavitation occurs.
For the venturi in the CAV-OX® chamber which has an internal diameter of 24 mm, the critical throat
cavitation number i5 predicted to be 0,250 by extrapolation of literature data (Young, 198% in Chetty, 1994).
This indicates that hydrodynamic cavitation will be produced in the CAV-QX® chamber for all the gperaling
conditions reported in Table 3.3, except the fiow rate of 25 £/min and discharge pressure of 70 kPa. This was
confirmed by the photographic studies undertaken, the results of which will be discussed in the following

section,

(b} Hydrodvnamic Cavitation Rip

Cavitation numbers determined for the selected operating conditions in the hydrodynamic cavitation rig,
specified in Table 3.2, are tabulated in Table 3.4. It can be seen that the most intense cavitation conditions in

the hydrodynamic cavilation rig (C) has the lowest cavitation number.

TABLE 3.4 : Cavitation numbers for the operating
conditions sclected for study in the hydrodynamic

cavitation rig

Conditions Cavilation number
A 0,482
B 0.258
C 0.025

Direct comparison of the cavitation numbers for in the CAV-OX® chamber and the cavitation rig cannot be

made since the cavitation numbers for both sysiems were determined under different operating conditions,

Photographic Studies

The occurence of hydrodynamic cavitation was observed in both the hydrodynamic cavitalion rig and the
CAV-OX® chamber by photographing the water passing through the venturi nozzles. Cavitation was
observed in the photographs as a mass of bubbles, the volume of which varied depending on the flow rate and
discharge pressure. Figures 3.6 and 3.7 present some of the results obtained which illustrate that cavitation
occurs in the CAV-OX® chamber and the hydrodyanmic cavitation rig respectively. Bubbles are produced at
the throat of the nozzles except for the operating condition in the CAV-QX® chamber for a flow rate of
25 M/min and discharge pressure of 70 kPa (Figure 3.6{a)) which confirms the results obtained for the
cavitation numbers for the CAV-OX® venturi (Table 3.3). It was concluded from the photographs that
hydrodynamic cavitation does occur in both the hydrodynamic cavitation rig and the cavitation chamber of the

CAV-OX® system when the ambient pressure equals, or is greater than, the fluid vapour pressure,
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FIGURE 3.6{i) : Photographs of hydrodyoamic cavitation produced in the CAV-OX® chamber for a flow rate
of 25 #min and discharge pressures of (a) 0 kPa (a) and (b) 70 kPa
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FIGURE 3.4(1i) : Photographs of hydrodynimic cavitution peoduced in the CAV-OX® chamber for a flow rate

of 48 £/min and discharge pressures of (€) 18 kPa and (d) 70 kPa
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FIGURE 3.7 : Photographs of hydrodynamic cavitation produced in the hydrodynamic cavitation rig under (a)

low intensity, (b) medium intensity and (c) high intensity operating conditions
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From the cavitalion numbers presented in Section 3.2.1.2 and the photographic studies undertaken, it can be
concluded that a higher (hreshoid cavitation number is required for the hydrodynamic cavitation rig than for
the CAV-0X® chamber.

Sound Emission

Sound oulput is one of the phenomena associated with hydrodynamic and ultrasonic cavitation, The various

stages of hydrodynamic cavitation have been described in terms of the noise produced (Ball, et al., 1975).
* Incipient cavitation represcnts the onset of cavitation where the noise consists of light, intermittant,
popping sounds.

e  Critical cavitation is characterised by a light, steady noise which sounds like bacon frying.

e Incipicnt damage cavitation results from the implosion of vapour cavities and is associated with

objectionable noise that produces vibration and damage.

* Choking cavitation occurs when the pressure at the constriction of the nozzle equals the vapour pressure
of the liquid and there is no further increase in discharge when the pressure downsiream of the nozzle is

decreased at a constant upstream pressure.

The sound levels produced by the CAV-OX® system and hydrodynamic cavitation rig were measured using a
sound level meter and an octave filler set as described in Botha (1993) and Chetty (1994). This equipment
measures sound in decibels (dB) over the frequency range 31,5 Hz to 31 500 Hz,

{a) CAV-0X® System

The sound levels in the CAV-OX® chamber were recorded at the audible frequency range, ie.l6 Hz to
16 kHz. The maximum sound level was produced in the CAV-OX® chamber was recorded in the divergent
section of (he nozzle, i.e. the region of bubble collapse. The sound levels emitted in the divergent section of
the nozzle were recorded for the operaling conditions specified in Table 3.1 (the blanks were determined by

replacing the cavitation chamber with a stainless steel pipe) and the resuits are illustrated in Figure 3.8.
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FIGURE 3.8 : Sound pressure levels recorded in the CAV-0X® chamber for different flow rates.
The blank was determined by replacing the cavitation chamber with a stainless steel pipe and

recording the sound levels at different flow rates

Two features can be observed in these graphs : the sound pressure levels increase ‘with increasing flow rate
since more bubbles collapse at a higher flow rate, and the sound pressure levels are a function of the discharge
pressure. Increasing the discharge pressure can cause the sound pressure levels to either increase or decrease.
An increase in the discharge pressure causes the liquid pressure Lo increase in Lhe region where bubble collapse
occurs. As a result, the bubbles collapse more rapidly and violently and the sound pressure levels increase
(Figures 3.8(c) and 3.8(d)). The maximum sound emitled in the CAV-OX® chamber was al the maximum
flow rate and discharge pressure (Figure 3.8(d)). Figure 3.8(b) indicates that the sound pressure levels initially
increase with the discharge pressure due to an increase in the liquid pressure in the region of bubble collapse.
However, further increase in the discharge pressure results in the liquid pressure increasing in the region of
bubble growth thus favouring the growth of smaller bubbles which emit lower sound pressure levels upon
collapse. An increase in the discharge pressure can also cause an increase in the throat pressure of the

CAV-0X® chamber which hinders bubble formation. This was observed for the flow rate of 25 #/min. From

Table 3.1, it can be seen that the throat pressure increases from - 94 kPa to - 12 kPa as the discharge pressure

increases from 0 kPa to 70 kPa. Consequently, bubble formation is hindered and no sound pressure levels were
recorded for this flow rate (Figure 3.8{a)).
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(b) Hydrodynamic Cavitation Rig

Sound pressure levels were recorded for the operating conditions in the hydrodynamic cavitalion rig at various
backpressures (P,,) over the frequency range 31,5 Hz to 31 500 Hz. The measurements were recorded at night

when the background noise was at a minimum. Figure 3.9 shows the results obtained.

1 B 22kPs & dakPa [ 64kFa {a) 100e W 54wpa B 6ivPa T 106P2 152 wal{b)
{3 Background sound Jevel B Backg s tovet
@ sat 16 kHz
a 16 Hz Human Ear 16 kHz 0 162 Human Ear :

3

dB ref 20uPa rms sound pressura lev

d8 ref 20uPa rms sound pressure level

illi
Bl £
i
3 E
E J
&3

"5 &3 15
Cclava frequency band (Hz2) Qutava frequency band [Hz)

|‘H tFa B 1okPa D 1A kPa 20 kPa | ()
0334 kP £l Baskground sound leve!

to 46 Hz Human Ear 15 kHz
ot : 1

s i :

: : £

3 H . £
. : | b
: . 2

. . b+

a i
31,5 63 125 250 500 10602000 4000 000 15000 31500
Octave frequency band {(Hz)

3

m
[=]

b o
(=] [=]
T

£
[=]

dB ref 20uPa rms sound pressure level

FIGURE 3.9 : Octave frequency hand spectra measured in the hydrodynamic cavitation rig for (a)
low intensity, (b) medium intensity and (c) high intensity cavitation conditions. The backpressure
conditions (outlet absolute pressures) at which the sound levels were recorded for each intensity of

cavitation are give in the legend of each graph

The sound levels for the hydrodynamic cavitation rig exhibited a similar trend to those recorded in the
CAV-OX® chamber, i.e. the sound levels increase with increasing flow rate. However, it was determined that

the noise produced in the cavitation rig in the frequency range ol 4 000 to 16 000 Hz was affected by flow rate.

3.2.2 UUltrasonic Cavitation

The ultrasonic bath with a temperature control system (refer to Figure 2.1) was used in the investigation of the
degradation of hydantoin compounds by ultrasonic cavitation. Prior to investigating the chemical effects of
ultrasonic cavitation on hydantoin degradaion, it was necessary to determine the physical characteristics of the
bath used.
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Sound Levels of the Dltrasonic Bath

A sound level meter and octave filler set were used to measure the sound levels at different octave frequency
bands (Botha, 1993). The results obiained for the ultrasonic cleaning bath showed that the maximum sound
output was at a frequency 31,5 kHz (in the ulirasonic frequency range) which is maximum frequency

measurable by the sound meter. The specified frequency of the bath was 38 kHz.

Intensity of the Ultrasonic Bath

The intensity of an ultrasonic bath can be estimated by determining the temperature increase of the water
sonicated in the bath. The acoustic energy from the ultrasonic waves is absorbed by the liquid in the bath and
converted inic thermal energy which increases the temperature of the water in (he ulimsonic bath

(Goswami, et al,, 1988). This rate of energy input can be calculated from the initial linear increase in

temperature and indicates the amouat of energy available to enhance sonochemical reactions. Figure 3.10

illustrates the temperature increase in the water in the ultrasonic bath which was operated for 360 min.
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FIGURE .10 ;: Temperature profile of 5 £ of water senicated in the vltrasonic bath for 360 min

The temperature profile in Figure 3.10 indicates that the temperature of the waler in the ultrasonic bath
increased from 23,9 °C to 52,2 °C within 210 min. Afier this time, the temperature remained constant. This
indicates that the temperature of the water in the ultrasonic bath has 1o be controlled during experiments thus a
temperature control system was established 1o maintain the temperature of the water in the ultrasonic bath at
25 °C (illustrated in Figure 2.1).
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Within 60 min, the temperature of the water in the ultrasonic bath increased from 23,9 °C 10 39.7°C

(Figure 3.10). The heat capacity (Cp) of water at 31.8 °C, the average lemperature in this lemperature range, is
4 177,38 VkgK(Welty, et al., 1984} therefore the power, Q. required (o raise the temperature (by AT degrees) of

a liquid with a mass flow rate, m, can be calculated from Equation 3.4.
O = mCpAT (3.4

Substitution of the above values and that for the mass flow rate of the sonicated water (0,0013 kpg/s;

Schwikkard, 1994) gives a power ouiput of 91,4 J/s.

The intensity of an ullrasonic bath is defined as the energy emitted at the surface of the ultrasonic device
(Mason, 1991). The ultrasonic bath used in the experimenis contains four piezoelectric transducers (each
55 mm in diameter) bonded to its base; the combined surface area is therefore 9 503 mm®, Thus, the intensity
for the operating conditions of the ultrasonic bath can be calculated by dividing the power (91,4 W) of the
ultrasonic bath with the surface area through which the energy was emitted (9 503 mm?). The intensity of the

ultrasonic bath used in the experiments is therefore 9,6 kKW/im®.

Stable cavitation (discussed in Section 2.1) only occurs at intensities of 10 ta 30 kW/m’® whilst transient
cavitation (refer to Section 2.1) occurs if the intensity is greater then 100 kW/m* (Mason. 1990b). It could
therefore be concluded Lhat stable cavitation that occurs in the ultrasonic bath. Sonochemical effects, e.g. free
radical formation, microstreaming, etc., result from both stable and transient cavitation (Ratoarinoro, et al.,
1992) since, although the temperatures and pressures developed in stable cavities are lower then those in
collapsing transient cavitics, the lifespan of stable cavities is longer which increases the probability to affect
chemical reactions (Mason, 1990b). Therefore, sonochemical effecls could be observed tising the ultrasonic

bath as the promulgator of ultrasonic waves.

Although the intensity of the ultrasonic bath was calculated to be 9,6 kW/m?, a Jower intensity is possible
within the reaction vessel. Goodwin (1990a) proposed that, as ultrasonic waves are attenuated at the
glass/water interface, the intensity within the reaction vessel could be reduced to 5 kW/m®. Under these
conditions, ultrasonic cavitation may not occur in the reaction vessel (however, the formation of hydrogen
peroxide in the ultrasonic bath (see Section 3.3) proved that ullrasonic cavitation occurs). Therefore, it is
important to compare the temperature of the water in the reaction vessel is affected through heat conduction

from the water in the ultrasonic bath.

Temperature Profile of Water in the Ultrasonic Bath and Reaction Vessel

The temperature of the water in the reaction vessel is affecled by heat conduction from the water in the
ultrasonic bath thus the intensity of ultrasonic cavitation within the reaction vessel cannot be estimated by
calorimetry, i.. as the intensity of water in the ultrasonic bath was determined. However, the temperature of

the water in the reaction vessel can be compared to temperature increase of the water in the ultrasonic bath



over a period of time when the temperature of the water in the ultrasonic bath is controlled at 25 °C and when

it was nol controlled (see Figure 3.11).
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FIGURE 3.11 : Temperature profiles of the witer in the reaction vessel and wltrasonic bath
sonicated for 360 min when the temperature of the bath was uncontrolied and when the

temperature of the bath was controlled at 25 °C

From this figure, it can be seen thal the temperature increase of the water in the reaclion vessel is less than that
in the ultrasonic bath for the uncontrolled cases A and B. Since this temperature increase is an indication of
the amount of energy absorbed by the water, it would appear to confirm the observation that the intensity of
cavitation in the reaction vessel would be lower than the imensity of cavitation in the ulirasonic bath
(Goodwin, 1990a),

Goodwin (1990b) reported that the temperature of the water within the reaction vessel was greater than the
temperature of the water in the ultrasonic bath if this lauer temperature was controlled, therefore the
temperature of a sonochemical reaction must be monilored within the reaction vessel. The aclval intensity of
cavitation within the reaction vessel could be obtained if the temperature of the waler in the reaction vessel
could be measured without any external faclors acting on it, i.e. conduction by either warm or cold water. The
true temperature curve of the water in the reaction vessel (without external factors) would thus lie between
graphs B and C in Figure 3.11 as these were influenced by heating through conduction and cooling through

conduction respectively,
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CHEMICAL EFFECTS OF CAVITATION

Hydrodynamic Cavitation

The major chemical effect believed (o result from hydrodynamic cavitation is the generation of hydroxyl
radicals which are propased to result from the thermal dissociation of water molecules. These hydroxyl
radicals can subsequently underge reactions with organic compounds in solution resuliing in degradation
products. Free radicals can be detected by various methods which require sophisticated and expensive
instrumentation, e.g. magnetic susceptibility, mass speciroscopy and electron spin resonance. However, since
hydroxyl radicals can combine to produce hydrogen peroxide, the presence of hydroxyl radicals can be detected

by determining the hydrogen peroxide concentration in the system.

Various spectrophotometric methods are available for hydrogen peroxide detection and quatitation (Eisenberg,
1943; Sellers, 1980; Baga, et al., 1988), The [Grst two methods use titanium sulphale and the latter one,
copper(Il) sulphate and 2,9-dimethyl-1,10-phenanthroline (DMP). These methods were evaluated during the
course of the project (Chetty, 1993) and it was found that the CuSQ, / DMP method (Baga, et al., 193R) was
the most sensitive of the methods evaluated as it can detect hydrogen peroxide in the concentration range of
10¥ mol/¢ (0,034 mg/8) 10 1.2 x 10" mol/2 (4,03 mg/é). This methiod was used to delermine the hydrogen
peroxide concentration produced in the CAV-OX® chamber, hydrodynamic cavilation rig and ullrasonic

cleaning bath.

3.3.1.1 Factors affecting Hydrogen Peroxide Determination in the CAV-OX® svstem

Prior to the investigation of hydrogen peroxide formation in the CAV-OX® chamber, factors affecting
hydrogen peroxide concentration were assessed. Hydrogen peroxide is an unstable compound that decomposes
naturally to water and oxygen. The rate of decomposition is dependent on exposure to light (particularly UV)
and temperature. Metal ions and organic compounds present in solution can also enhance the decomposilion
of hydrogen peroxide. Experiments were undertaken to determine the effect of laboratory light, increased

temperature and the stainless steel surfaces of the equipment on hydrogen peroxide decomposition.

Solutions of knawn concenirations of hydrogen peroxide (1.3 mg/¢ and 0,6 mg/f) were exposed to the various
conditions and the hydrogen peroxide concentration monilored at regular intervals. Figures 3.12 and 3.13
illustrate the results obtained as normalised hydrogen peroxide concentration (C/C, ), ie. the ratio of
hydrogen peroxide concentration at time 1 (C) to the initial hydrogen peroxide concentration (C). Rate
constants were determined by muitipying the gradients of the graphs by the respective initial concenirations,

i.e. C,. Further details are reported in Chelty {1994).
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FIGURE 3.12 ; Dccomposition of hydrogen peroxide solutions (a} exposcd to lizht, () at a
temperature of 32 °C, (¢} in the feed tank of the CAV-0OX® cquipment, and (d) in the sample port

of the cquipment. The initial concentration of the hydropen peroxide solution was 1,5 mgfé
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temperature of 32 °C, (c) in the feed tank of the CAV-0OX® equipment, and (d) in the sample port

of the equipment. The initial concentration of the hydrogen peroxide selution whas 0,6 mp/é

Comparison of Figures 3.12(a) and 3.13{a) indicate that the decomposition rate of the 1,5 mg/¢ hydrogen
peroxide solution is lower than that of the 0,6 mp/¢ hydrogen peroxide solution which is expected since

hydrogen peroxide is more stable at higher concentrations (Snell and Ettre, 1971),

For the 1,5 mg/2 hydrogen peroxide solution, there is negligible effect of temperalure on the decomposition
raie of hydrogen peroxide (Figure 3.12(b)}, However, a temperature of 32 °C enhances the decomposition rate
of the 0,6 mg/¢ hydrogen peroxide solution significantly (Figure 3.13(b)). These results indicate that the
temperature achieved during operation of the CAV-OX® chamber (32 °C; Chetty, 1994) could affect

quantitation of the hydrogen peroxide concentrations produced by hydrodynamic cavitation .

Hydrogen peroxide decomposition is enhanced by the stainless steef surfaces of the CAV-OX® equipment as
can be seen in graphs (¢} and (d) in Figures 3,12 and 3.13. The decomposition rate of the higher concentration
of hydrogen peraxide is greater than for the lower hydrogen peroxide concentration, Hydrogen peroxide
decomposition is also increased in the sample port than in the feed tank since the surface area in the sample

port is large in comparison to the volume of the solution,



It was demonstrated that the decomposition rate of the 1,5 mg/f hydrogen peroxide solulion was enhanced
under flow conditions in the CAV-OX® equipment (refer to Figure 3.14). A flow rate of 48 &/min was used
since this results in a3 minimum residence time in the equipment thus minimising the contact time between the
solution and the stainless steel surface of the equipment (excluding the feed tank). The decomposition rate of
the hydrogen peroxide solution could be decreased under fiow conditions in the CAV-OXE chamber if the
metal surface of the equipment was passivated with nitric acid prior to eperation (Figuse 3.14). Chetey (1994)

gives further details of these experiments.
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FIGURE 3.14 : Dccomposition of 1,5mg/¢ hydropen peroxide solution in the CAV-OX®

cquipment at a flow rate of 48 &/min
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3.3.1.2 Quantitation of Hvdrogen Peroxide produced by Hydrodvnamic Cavitation
(a) CAV-OX® System

From the preliminary investigations outlined in Section 3.3.1.1, it was concluded that the operating conditions

in the CAV-OX® equipment could affect the quaatitation of any hydrogen peroxide formed due to
decomposition. In order to minimise the decomposition of any hydrogen peroxide produced. the equipmeni

was passivated before experiments were performed.

Some of the operating conditions previously investigated (see Table 3.1) were selected for the evaluation of

hydrogen peroxide production in the CAV-OX® chamber and are summarised in Table 3.5.

TABLE 3.5 : Opcrating conditions selected for the evaluation of hydrogen perovide production in
the CAV-OX® chamber
Operating condition Flow rate (&/min) Discharge pressure (kPa)
A 25 0
B 23 70
C 48 18
D 48 70

The above operating conditions were selected on basis of the photographic results (Figure 3.6) and sound levels
obtained for these (Section 3.2.1.3). For condition A, few bubbles were produced {Figure 3.6(a)) which
emitied no sound on collapse therefore no hydroxyl radicals are expected to be produced for these operaling
conditions. Similarly, for condition B (Figure 3.6(b)), no bubbles are produced therefore no hydroxyl radicais
are expected. Thus, for conditions A and B, no hydrogen peroxide is expected to be detected. However,
conditions C and D (Figure 3.6(c} and (d) respectively) produce a large number of bubbles that collapse
violently thus are predicted to favour the formation of hydroxyl radicals hence hydrogen peroxide should be
detected.

The following experiments were carried out (Chetty, 1994)

*  Comparison of the decomposition rates obtained for cavitated and non-cavitated 1,5 mg/# hydrogen

peroxide solutions at the operating conditions A, B, C and D specified in Table 3.5 (see Figure 3.15).

*  Determination of any hydrogen peroxide formed in reverse osmosis (RO} water and oxygenated RO water

cavitated in the CAV-OX® chamber al the operating conditions A, B, C and D.

Figure 3,13 illustrates the decomposilion rates for cavitated and non-cavitated hydrogen peroxide solutions.
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FIGURE 3.15 : Comparison of the decomposition rates for cavitated (indicated by *) and
non-cavitated (indicated by — ) hydrogen peroxide solutions for the various operating conditions
A, B, C and D in the CAV-OX® chamber

It can be seen that there is neither formation nor enhanced decomposition of hydrogen peroxide during

cavitation .

Reverse osmosis water was cavitated for 30 min at flow rates of 48 #min and 25 ¢/min for varying discharge
pressures, i.e. 0 kPa, 14 kPa and 70 kPa, and the amount of hydrogen peroxide in the samples was determined
using the copper sulphate / DMP melhod (Baga, et al., 1988). The absorbance readings ranged between 0,001
and 0,004 (Chetty, 1994) therefore it was concluded that, under the experimental conditions investigated, an
undetectable amount of hydrogen peroxide was formed in the CAV-QX® chamber.

The effect of oxygen enhancement on the formation of hydrogen peroxide by hydrodynamic cavitation was
investigated by cavitating RO water that contained varying concentrations of oxygen at the most intense
cavitation conditions in the CAV-OX® chamber, i.e. a flow rate of 48 #min and a discharge pressure of
70 kPa. The absorbance readings for the experiments varied betweeen 0,000 and 0,006 (Chetty, 1994), It was

therefore concluded that, under the experimental conditions investigated, oxygen dogs not enhance hydrogen

peroxide formation,
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(b) Hydrodynamic Cavitation Rip

The formation of hydrogen peroxide by hydrodynamic cavitation in the hvdrodymamic cavitation rig was
investigated by cavitating 80 £ of RO water in the rig for a period of 18 h. Samples were withdrawn at time
intervals and the concentration of hydrogen peroxide determined by the copper sulphate / DMP method, It was
concluded that an undetectable concentration of hydrogen peroxide was formed within the 18 h duration of the

experiment.

Ultrasonic Cavitation

Mason {1991) reports that the energy input for an ultrasonic system is dependant on the size of the ultrasonic
bath, type of reaction vessel and the position of the reaction vessel in the ultrasonic bath thus preventing
comparison of experimental results from different ultrasonic systems because of the different equipment
parameters (ultrasonic bath or probe). One way of comparing the intensity of cavitation in ultrasonic systems
is by determining the concentration of hvdrogen peroxide formed as a result of the recombination of hydroxyl

radicals produced during ultrasonic cavitation (Sehgal, et al., 1982).

Hydrogen Peroxide Formation in the Ultrasonic Bath

It has been reporied that maximum hydrogen peroxide formation oceurs in water saturated with oxygen gas
(Mead, etal, 1975). As these experimental conditiong would be optimum for the oxidation of arganic
compounds, the concentration of hydrogen peroxide produced by the ultrasonic cavitation of water saturated
with dissolved oxygen over a 24 h period in the ultragonic bath was determined. The results are shown in

Fignre 3.16.
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FIGURE 3.16 : Effect of dissolved oxygen on the formation of hydrogen peroxide in water

ultrasonically cavitated in the ultrasonic bath. The control represents hydrogen peroxide

produced in water in the absence of oxygen

3.3.2.2

In the absence of oxygen, the concentration of hydrogen peroxide was produced in the water was 0,06 mg/¢
which is significant since the detection limil for the analvtical method is 0,03 mg/. Since hydrogen peroxide
is 2 product of recombination of hydroxyl radicals formed by the ultrasonic cavitation of water molecules, these
results confirm that uitrasonic cavitation occurs in the ultrasonic bath. It is also evident that the presence of
dissolved oxygen in solution enhances the concentration of hydrogen peroxide formed, as reported by
Mead, et al. (1975). The concentration of hydrogen peroxide increases relatively linearly: in the presence of
oxygen over the 24 h period investigated to give a maximum concentration of approximately 3,5 mg/, It
must be noted that there is a lack of precision in the resuits from sonochemical work due to variable acoustic
output and other factors (Jennings and Townsend, 1961). This is evident from the large scatter of the

experimental data in Figure 3.16.

Dissolved Oxvegen in the Ultrasonic Bath

As ultrasound has been reporied to degas liquids (Mason, 1991), the concentration of dissolved oxygen in
water sparged with oxygen for 15 min prior to sonication for 8 h was investigated, Figure 3.17 presents the
resulls obtained.
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FIGURE 3,17 : Dissolved oxygen concentration in 10 m! water ultrasonically cavitated over B h in

the ultrasonic bath

It can be seen that the dissolved oxygen content in the waler decreases from approximately 29,7 mg/¢ to
9,3 mg/t over 3 h, and then appears to stabilise around this concentration. A dissolved oxygen concentration
of 9,0 mg/¢ was measured in water in equilibrium with air. Therefore, in order 1o ensure that the hydrogen
peroxide concentration increases over lime, oxygen gas should be bubbled through the solution being

sonicated,

3.3.2.3 Degradation Kinetics of 1-Methylhvdantoin

One of the research areas of this project involved the investigation of degradation of hydantoin compounds by
ultrasonic cavitation {Schwikkard, 1994} therefore the sonochemical degradation of J-methylhydanioin was
investigated as a function of tlime in the absence and presence of hydrogen peroxide and oxygen. The resuits

are shown in Figure 3.18.
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FIGURE 3.18 : Sonochemical degradation of I-methylhydantoin (IME) solution {50 mg/£} in
(a) the absence of hydrogen peroxide and oxypen, () the presence of 1332 mg/¢2 hydrogen
peroxide and absence of oxygen, and (c) the presence of 1 332 mg/2 hydrogen peroxide with oxygen

saturation prior to sonication. The contro) solutions were identical unsenicated solutions ||

maintaincd at a constant temperature

From Figure 3.18, it can be observed that no natural degradation of 1-methyl hydanioin occurs, i.e. ultrasonic
cavitation is required for degradation. Therefore, it can be concluded that 1-methylhydantoin can be degraded

by ultrasonic cavitation and the rate of degradation is enhanced by the presence of hydrogen peroxide and
oxygen as shown in Figure 3.19.
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FIGURE 3.19 : Comparisen of the sonochemical degradation conditions for S0 mg/f

1-methythydantoin
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Approximately 23 to 30 % degradation of l-methvlhydantoin was achieved over 24 b in the ultrasonic bath.
Addition of 1322 mg/¢ hydrogen peroxide enhances the sonochemical degradation of 1-methylhydantoin to
approximately 62 % over 24 h as the concentration of hydroxy) radicals, which are the oxidising species, are
increased. The presence of oxygen further increases the concentration of these radicals, as described in
Section 2.1, and hence further sonochemical degradation of 1-methylhydantoin (approximately 68 %) occurs.

A continuous stream of oxypen during sonicalion would enable the greatest degree of oxidation of
I-methylhydantoin.

Identification of Degradation Products from 1-Methvlhvdantoein

This section briefly reports the results obtained for the identification of the products resulting from the
sonochemical and photochemical degradation of 1-methylhydantoin in the presence of hydrogen peroxide.

Schwikkard (1994) gives a more detailed report of the results.

Photochemical degradation of 1-methylhydantoin in the presence of hydrogen peroxide was selected as the
technique to produce sufficient quantities of degradation products for collection, separation and identification,
As the available ultraviolet (UV) irradiation sources were more powerful then the ultrasonic bath,
photochemical irradiation enabled the degradation of larger volumes of more concentrated 1-methyihydantoin
solutions in shorter time periods. In addition, analysis by high performance liquid chromatography (HPLC)
indicated that similar degradation products were formed for the photochemical and sonochemical degradation
of 1-methylhydantoin in the presence of hydrogen peroxide. This is expected since the degradation mechanism
for both methods involves oxidation of 1-methylhydantoin by hydroxy! radicals.
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A white precipitate was formed during the irradiation of 1-meithylhydantain with a medium pressure mercury
ultravielet light source (Hanovia lamp). A mass spectrum of the precipitate was obtained which indicated the
presence of a compound with a molecular weight of 128 g/mol, as well as the presence of a contaminant, It
was postulated that the reaction of hydantoin with hydroxyl radicals in the presence of oxygen produces
parabanic acid (Pegel, 1993) thus the identical reaction with l-methylhydantoin would result in
1-methylparabanic acid. Hence, this compound was suspecied to be 1-methylparabanic acid (which has a
molecular weight of 128 g/mol).

The mass spectrum of the precipitate contains all the required fragmentation patterns reported by Coral, et al.
(1979) for 1-methylparabanic acid. Other major peaks on the mass spectrum of the precipitate appear to
correspond with those reporied for I-methylhydantoin {Carral et al., 1971), Thus, it was tentively concluded

that the precipitate contained 1-methylparabanic acid and 1-methylhydantoin,

The solubility of the precipitate in varicus solvents was tested for subsequent purification using an open silica
gel column. No suitable organic solvent or solvent mixture (water, methanol, ethanol, ethyl acelate, hexane,
methylene chloride, propan-2-ol, chloroform, glacial acetic acid and water {1:1), diethyl ether) was found in -

which the precipitate dissolved significantly for further purificalion purposes.

The solution of 1-methylhydantoin irradiated in the presence of hydrogen peroxide with the Hanovia lamp was
rotavapored to dryness so that the products in solution could be separated and purified for identification
purposes. An off-white/slightly yellow, hygroscopic precipitate was obtained. The mass spectrum of this
precipitate indicated that it contained a mixture of compounds (two distinct parent compounds with a
molecular ion of 256 amu and 146 amu were observed but conld not be identified). A peak at 60 amu was also
obtained which could possibly could correspond to the molecular ion of urea; this is one of the products (the
others being S-hydroxyhydantoin and glycolic acid) formed in the electroreduction of parabanic acid which

also produced an off-white, extremely hydroscopic solid (Dryhurst, et al., 1970).

Urea, oxamide and oxalic acid are possible photochemical and sonochemical degradation products of
hydantoin or 1-methylhydantoin which have been identified in literature (Dryhurst, et al., 1970; Qchiai, 1971;
Fahr, et al., 1980; Yuetal,, 1980; Ienaga, et al., 1988). The UV spectra of these compounds were compared io
the UV spectra of the degradation products from 1-methylhydantoin for all the experiments carried out. The
urea sample was contaminated therefore could not be used for comparison purposes, and the UV spectrum of
oxalic acid did not correspond with the spectrum of any of the degradation products. However, the UV
spectrum of oxamide was found to be identical to the spectrum obtained for one of the products formed from
the sonochemical degradation of 1-methythydantoin in the presence of hydrogen peroxide and oxygen. Similar
retention times were also observed for oxamide and this product under the same HPLC operating conditions
thus supporting the identification of this product as oxamide. However, confirmation of the identity of this

product is required.
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BIOLOGICAL EFFECTS OF CAVITATION

One objective of this project was (o investigale the effectiveness of hydrodyvnamic cavitation for the inactivation
of raw water bacteria since the potential existed for hydrodynamic cavitation to be used as a simple water
treatment process {venturis could be installed in water systems to exploit the existing water head). Ultrasonic
cavitation is known to decrease the number of viable bacleria in water and was therefore used a comparative

technique,

The effect of both types of cavitation on raw water bacteria (present in waler obtained from Umgeni Water's
Wiggins Water Treatment Works which was supplied from the Cleremont Pump Station in Durban) was
determined using the heterotrophic plate count method. This method does not evaluate the quality of the water
after treatment but gives an indication of the efficiency of the treatment process. Plate counis of bacteria were
enumerated prior to, and after, cavitation. The resulls were generally plotted in terms of logarithmic reduction
curves (death curves). It was noticed that the death curves of raw water bacteria were non-linear. This effect
oceurs since raw water contains 8 mixed population of bacteria, the individual species of which have different
death rates, Hence, the initial linear portions of the cunves (within 10 min) have been used for comparison
between experiments. The death curves also demonstrate a aifing off efTect where the death rate is reduced.
This effect is ofien evideni in work where the surviving colonies are below the 30 colonies per plate limit

recommended in Standard Methods (1983).

HYDRODYNAMIC CAVITATION

The objective was (o determine whether hydrodynamic cavitation alone could reduce the number of colony
forming units of raw water bacteria as quantitated by the heterotrophic plate count (HPC)} method.
Experiments were performed at three selected operating conditions which represent states of low (A), medium
(B) and high cavitation {C) iniensity for the hydrodynamic cavitation rig. These operating conditions are

described in more detail in Section 3.2 and in Botha (1993).

Figure 3.20 illustrates the concentration of colony forming units in raw water cavitated for 2 h at the various
intensities of cavitation in the hydrodynamic cavitation rig. Samples were withdrawn at various time intervals
during the experimenl. The control in each experiment was raw water which was exposed io identical

experimental conditions as the samples except the nozzle was replaced by tubing.
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FIGURE 3.20 ; Effect of (a) low intensity, (b} medium intensity, and (c) high intensity
hydradynamie cavitation generated in the hydrodynamic cavitation rig on colony forming units in

raw waler
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It is evident from these figures thal, whilst there is a slight variation in the bacterial count over the period of
the experiment, there is no significant decrease in the concentration of raw water bacteria exposed (o
hydrodynamic cavitation. The trend in the results is either a constant bacterial count or a slight increase in the
counts. This was not considered significant since the increase is less than an order of magnitude. Further
experiments in which the cavitation time was increased to 12 h confirmed that there was no enhanced decrease

in the bacterial counts of raw water expased 10 cavitation.

It was concluded that hydrodynamic cavitation was ineffective as a single process for the inactivation of raw
water bacteria since there was no significant effect on the plate counts of raw water bacteria exposed to

hydrodynamic cavitation.

Raw water bacteria generally exist in the natural state as aggregates which can be fixed onto the surface of
mineral or organic matter or incorporated in human, animal or cell debris. Consequently, bacteria can be
protected from inactivation by various disinfecting agents. This has been noted in work with bacterial
inactivation by UV irradiation (Qualls, et al., 1983). As hydrodynamic cavitation causes turbulence of the
liquid as it passes through the nozzle, it has potential for the dispersion of bacterial aggregates in raw water.

In order to determine the degree of dispersion of bacierial aggregates, raw water was cavitated for 2 h in the
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hydrodynamic cavitation rig. Samples were removed at intervals over the two hour period and the turbidity of
the water was measured using nephelometry. In addition, plate counts were performed for each sample in
order {0 assess the relationship between the turbidity of the cavitaled water and bacteria concentration. Control

experiments were performed using raw water which had been suspended in a bottle inside the feed tank of the

cavitation rig to altain the temperature of the samples. The resulis obtained are presented in Table 3.6.

TABLE 3.6 : Turbidity measurements and plate counts for raw water cavitated at the highest
cavitation intensity (AP, = 472 kPa) in the hydrodynamic cavitation rig. (-) indicates neo
analysis
Cavitation time Turbidity (NTU) CFU (mé)
(min) Control Experiment Control Experiment
0 23 2,5 1000 1100
5 2,5 3,5 ) 1 400
10 25 36 (= “
30 26 1,1 700 13500
120 2.6 4.1 1000 2200

The turbidity of the raw water increases over the period of cavitation as a result of dispersion of the bacterial
aggregates and the plate counis show a corresponding increase. 1L was established that the water temperature
in the cavitation rig was not responsible for the enhanced plate counts since the plate counts of the control
remained constant. It was surmised that the increase in the plate counts was caused by the dispersion of the
bacterial aggrepates as a result of cavitation since there would be an increase in the number of single or

clumped colonies of bacleria in the cavitated water.

Dispersion of bacterial aggregates was qualitatively investigated by photographing samples of cavitated water
using scanning electron microscopy. Raw waler was sampled prior to cavitation and subsequently afier
cavitation for 30 h. The samples were treated with standard electron microscopy techniques to prepare stubs

for viewing with the scanning electron microscope (Botha, 1993),

Figure 3.21 shows the scanning electron micrographs of non-cavitated (Micrographs 1, 3 and 4) and cavitated
(Micrograph 2) water samples. Bacteria exist in raw waler as aggregates as illustrated in Micrograph 1.
Closer magnification of the bacterial aggregates (Micrograph 3) reveals that Lhe bacteria could be associated
with algal cells (the large objects in the micrograph) and debris which provide protection for the bacteria.
Micragraph 4 shows the presence of spores (the slar-like object and nearby spherical object) which are very
resistant to cavitation as well as elongated rod and spherical bacteria. Cavitation of raw water results in

dispersion of the bacterial aggregates as is demonstrated in Micrograph 2.
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Therefore, it can be concluded that hydrodynamic cavitation generated in the caviiation rig is sufficient 10
cause dispersion of bacterial aggregates as indicated by the comparison of the turbidity measurements and
scanning electron microscopy of cavitated and non-cavitated raw water samples. As a result of this dispersion
of bacterial aggrepales, the plate counts af bacteria enumerated afier hydrodynamic cavitation show a slight
increase. However, there is no direct relalionship between concentration of colony forming uniis and the

depree of bacterial aggrepale dispersion observed with hydrodynamic cavitation of raw water.
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FIGURE 3.21 : Scanning clectron micrographs of non-cavitated (Micrographs 1,3 and 4) and

cavitated (Micrograph 2) samples of riwy water
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ULTRASONIC CAVITATION

Ultrasonic cavitation generated in the ullrasonic bath was investigated for its effect on the numbers of colony
forming units of raw waier bacteria as quantitated by the heterotrophic plate count method. Samples of raw
waler were sonicated in the baih at a temperature of 235 °C for 2 h and small volumes were withdrawn from the
sonicated samples ot various intervals. The control experimenis consisied of unsonicated raw water

maintained at a constant temperature of 23 °C.

In order lo compare results from various experiments that have different initial concentrations of viable
bacteria, the results were normalised by dividing by the initial count. It must be emphasised that it is the
initial linear portion of the curve which is important when comparing Lhe effectiveness of the various methods

used for the inactivation of bacteria in raw water.

Figure 3.22 illustrates the results oblained for the concentration of bacteria in sonicated raw water. The initial
results obtained were as colony forming units per mé (CFU/mé) and are recorded in Botha (1993). However,
for the reasons mentioned in the previgus paragraph, the resulis are interpreted in terms of log (N/N,} where N

and N, represent the final an initial counts respectively.
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FIGURE 3,22 : Plate counts for raw water sonicated for 2 h in the ultrasenic bath

It can be seen that the cavitation generated by ultrasound results in a decrease in the bacterial count whereas

the unsonicated samples (control) indicate no reduction in colony ferming units. Afier 10 min of sonication,

there was a iog reduction in the bacterial count of between 1 and 2,35 units which corresponds 1o between
0,1 % and 11 % survival of the bacterin. As Lhe intensity and frequency of ultrasound emitted by the bath has
been characterised, it can be concluded that ultrasound of intensity, 9,6 kW/m® (Section 3.2.2.1), and

frequency, 38 kHz, has an average baclericidal efficiency of 96,2 % for raw water bacteria determined by the

heterotrophic plate count method using nutrient agar substrate incubated for 48 h a1 37 °C.



Raw walter which contained a relatively tow initial population of bacteria (1 000 CFU/mé#) was sonicated for
2h. Samples of unsonicated and sonicated water were prepared for scanning electron microscopy and
photographed. Figure 3.23 illustrates the micrographs obtained for unsonicated (Micrographs 5 and 6) and
sonicated (Micrographs 7 and 8) water. As was observed in the micrographs of uncavitated water, a variety of
bacteria are present in the unsonicated raw water as aggregates and associated with debris (Micrographs 3
and 6). Dispersion of the bacterial aggregales as well as some disruption of bacterial cells occurs upon
sonication as is demonstrated in Micrographs 7 and 8. Comparison of the degree of dispersion caused by
hydrodynamic cavitation {Figure 3.21, Micrograph 2) and ultrasonic cavitation (Figure 3.23, Micrograph 7
and 8) indicates that hydrodynamic cavitation is a more eflective dispersion method. As result of the [ow
initial bacteria population and thus low turbidity of the sample, the effects of sonication on raw water bacterial

agpregates are less pronounced in scanning electron microscopy than that of hydrodynamic cavitation.

It was concluded that vltrasonic cavitation elfectively inactivates bacteria as enumerated by the helerotrophic
plate count method with the efficicncy of inactivation dependent on the intensity and frequency output of the
ultrasonic bath. It was concluded from scanning electron microscopy that a possible reason for this is the

disruption of bacierial cells by ultrasonic cavitalion in addition to their dispersion.
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FIGURE 3.23 : Scanning electron micrographs for unsenicated (Micrographs 5 and 6) and

sonicated (Micrographs 7 and 8) samples of raw water



3.4.3 CAVITATION AND ULTRAVIOLET IRRADIATION

Ultrasonic cavitation results in dispersion of aggrepgates and the inactivation of bacteria. It is possible that
hydrodynamic cavilation may enbance the inactivation of bacteria by other disinfecting agents since
hydrodynamic cavitation disperses bacterial aggregates thus enabling a greater exposure of bacteria to the
disinfecting agent. The disinfecting agent chosen in this study was uliraviolet irradiation as it is extremely
effective and non-chemical. Both hydrodynamic and uvltrasonic cavitation prier to ultraviolet (UV) irradiation

were investigated for their effectiveness to enhance the biological effects of UV radiation.

A high pressure mercury lamp with a 254 am filter was used as the light source. The intensity of the lamp was
determined by chemical actinometry to be 0,2 mW/cm®. Raw water was obtained from Wiggins Water
Treatment Plant and cavitated either in the hydrodynamic cavitation rig or in the ultrasonic bath for various
periods of time. After cavitation the samples were irradiated with UV light for various time periods before
plating and enumeration of viable bacieria. The control for each experiment consisied of uncavitated water
that was itradiated with the UV light,

The results obtained for the UV inactivation of the sonicaled raw water samples are illustrated in Figures 3,24
and 3.25. If can be seen the figures that ultrasonic cavitation followed by irradiation only appears to have a
significant effect on the death rale of bacteria after a sonication time of 10 min (Figure 3.25) which can be

attributed to the fact that sonicalion alone is sufficien! 1o cause inactivation.
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FIGURE 3.24 : Plate counts for raw watcr sonicated for 1 min prior to UV irradiation
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FIGURE 3.25 : Plate count for raw water sonicated for 10 min prior to UV irradiation

Comparison of the control and experimental death curves in Figures 3.24(a) and 3.24(b) demonstrate litde
enhancement in the inactivation of bacteria by UV in sonicaled raw water. Since UV radiation is a potent
inactivator of bacteria (refer to Figure 3.26), any eilect of sonicalion on the death rate of the bacteria is

insignificant.
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FIGURE 3.26 : Death curve for raw witter bacteria irradiated with UV light of 234 nm

The effect of the enhancement of UV irradiation on bacterial inactivation was determined by cavitating raw
water in the hydrodynamic cavitation rig al the highest intensity of cavitation for 3 minutes prior to irradiation
with UV. Uncavitated raw water was irradiated under identical experimental conditions as the controls. Plate
counts were performed before and afier cavitation on the irradiated raw water. The results obtained are

depicted in Figure 3.27,
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FIGURE 3,27 : Plate counts for raw water cavitated for 3 min prior to UV irradiation

1t is evident from Figures 3.27(2) and 3.27(b) that there is negligible enhancement on the inactivation of raw
waler bacteria when hydrodynamic cavitation is vsed in ¢conjunction with UV, After 2 min of irradiation, there
is a log reduction of 2 and 1,7 for Figures 3.27(a) and 3,27(b) respectively. These reductions correspond to an
average inactivation of 98,2 % for raw water hacteria exposed 1o a UV dose of 25,2 mWs/cm®, These results

are consislent with those obtained from Iow inlensity cavitation of raw water followed by UV irradiation.

From the experiments performed it was concluded that there was no significant enhancement by ultrasonic or
hydrodynamic cavitation in.the inactivation of raw water bacteria by ultraviolet radiation. This could be
attributed to the fact that the UV source used in the experiments is very intense and is therefore extremely
effective alone for the inactivation of bacteria in raw water (97,5 % inactivalion of bacteriq is observed for a
UV dose of 25,2 mWs/cm® ). Any contribution to the enhancement of the death rate of bacteria by cavitation is
therefore observed 1o be negligible in comparison to the effectiveness of inactivation by UV light. This could
be confirmed by using a less intense UV source and repeating the experiments performed using the

combination of cavitation, both ultrasonic and hydrodynamic. and ultraviolet light,



Chapter 4

Conclusions

4.1

4.2

This chapier presents the conclusions obtained from the four areas of research investigated in this project,

namely,

U The microbiological assessment of hydrodynamic cavitation for the treatment of raw water
O The evaluation of hydrodynamic cavitation in the cavitation chamber of the CAV-OX® system
O3 The effect of ultrasonic cavitation on organic pollutanis in industrial efffuenis

O The compulational fluid dynamics of hydrodynamic cavitation in a venturi

In order to be consistent with the style of this report, the conclusions are discussed in terms of the various

effects of cavitation.

THEORETICAL EFFECTS OF CAVITATION

It was concluded from this investigation that the numerical methed using the STAR-CD program is capable of
simulating flow conditions up to cavitation, i.e. 10 indicate the potential of cavitation in a fluid. In addition,
using computational fluid dynamics, it is possible 10 estimate the local velocilies at any point within a venturi
thus enabling the determination of local cavitation conditions (as defined by a cavitation number) al any point

in a fluid.

PHYSICAL EFFECTS OF CAVITATION

The characteristics of ultrasonic cavitation produced in an ultrasonic cleaning bath and hydrodynamic
cavitation produced in the cavitation chamber of a8 modificd CAV-OX® system and a specially-constructed

hydrodynamic cavitation rig were investigated.

The physical characteristics of the hydrodynamic cavitation produced in the CAV-OX® chamber and the
hydrodynamic cavitation rig were investigated in terms of appearance of bubbles (a phenomenon of cavitation),
nozzle flow characteristics, cavitation number (this indicates the intensity of cavilation; the lower the
cavitation number, the greater the inlensity of cavitation produced) and sound emission. The presence of
bubbles, which formed in the throat and collapsed in the divergent section of the chamber, indicated that
hydrodynamic cavitation occurred in both systems. The mass of bubbles increased with increasing flow rate,
increasing throat pressure and decreasing discharge pressure. From this, it was concluded that the degree
(intensity) of hydrodynamic cavitation increases with increasing flow rate and as the pressure drop across the

nozzle is increased (this was also observed in the investigation of computational fluid dynamics of
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hydrodynamic cavitation). This was confirmed by the results for the cavitation numbers for the CAV-0XP
chamber and hydrodynamic eavitation rig. Throat cavitation numbers in the CAV-OX® chamber ranged from
0,006 to 0,563 and hydrodvnamic cavitation. as indicated by the presence of bubbles. was onky observed in the
CAV-0X® chamber when the throal cavitation number was less than the threshold cavitation number (which
was predicled from extrapolation of literalure results to be 0,250 for the CAV-OX® chamber). Cavitation
numbers in the hydrodynamic cavitation rig ranged from 0,023 to 0,482; the greatest flow tate and pressure
drop across the nozzle resulted in the lowest cavitation number thus confirming that these flow conditions
produced the greatest degree of cavitation. Since the collapse of bubbles emit sound, the sound pressure levels
determined in the CAV.OX® chamber and hydrodynamic cavitation rig increased with increasing flow rate
and pressure drop across the nozzle. The sound pressure levels emitted by the hydredynamic cavitation rig

reached at maximum of B2 dB at 4 000 Hz for the most intense condition of cavitation.

The ultrasonic cavitation produced in a ullrasonic cleaning bath was also characterised in 1erms of its physical
effects. It was proposed that stable ultrasonic cavitalion occurs with an intensity of 9,6 kW/m® in the

ultrasonic cleaning bath. However, this intensity is reduced in the reaction vessel,

CHEMICAL EFFECTS OF CAVITATION

The chemical characteristics of hydrodynamic cavitalion were determined by evaluating the concentration of
hydrogen peroxide produced in the CAV-OX® chamber and hydrodynamic cavitation rig. No deteciable
amount of hydrogen peroxide was produced by the hydrodyvnamic cavitation of water in the CAV-OX®
chamber, even in the presence of oxygen (which enhances hydrogen peroxide production). Similarly, no
detectable amount of hydrogen peroxide was produced by the hydrodynamic cavitation (using the most intense
cavitation conditions) of water in the hydrodynamic cavitation rig. The minimum detection limit of hydrogen

peroxide for these experiments was 0,034 mg/2 using the spectrophotometric analytical method of Baga, et al.

(1988).

The concentralion of hydrogen peroxide produced by the ultrasonic cavitation of water in the ultrasonic
cleaning bath was determined to be approximately 0,06 mg/f. This resull supports the reports that hydroxyl
radicals (which combine to form hydrogen peroxide) are formed during vltrasonic cavitation. Saturation of
water with oxygen prior to ultrasonic cavitation (sparged for 15 min prior 1o sonication) significantly enhanced
the concentration of hydrogen peroxide formed from 0,06 mg/£ to 3,5 mg/2. It was concluded that continuous

sparging with oxygen was necessary in order to maintain the enhancement of the radical reactions in the

presence of oxygen,

The degradation of 1-methylhydantoin by ultrasonic cavitation was investigated and it was demonstrated that
partial degradation (approximately 25 to 30 %) occurs, possibly due to oxidation by the radical species
(especially hydroxyl radicals) that are formed during ultrasonic cavitation. Degradation of 1-methylhydantoin

is enhanced by the addition of 1 332 mg/¢ hydrogen peroxide (approximately 62 % degradation), and further
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degradation {(approximately 63 %) occurs with the addition of hydrogen peraxide and oxygen saturation prior

to sonication.

Investigation into the identification of the sonochemical and photochemical degradation products of
1-methylhydantoin in the presence of hydrogen peroxide indicated that similar products were formed. One of
the products formed in the photochernical and sonochemicat degradation of 1-methyvlhydantoin in the presence
of hydrogen peroxide was tentatively identilied as 1-methyiparabanic acid. Oxamide was a suspecied product

in the sonochemical degradation of 1-methylhydantoin in the presence of hydrogen peroxide and oxygen

BIOLOGICAL EFFECTS OF CAVITATION

As there was no detectable decrease in the colony forming units of raw water bacteria as enumerated by the
heterotrophic plate count technique, it was concluded that hydrodynamic cavitation does not inactivate raw
waler bacteria. However, it was observed {rom scanning electron micrographs that hydrodynamic cavitation of
raw water caused increased dispersal of bacterial aggregates which caused a increase in the turbidity
measurements. Consequently, the combination of hydrodynamic cavitation and ultraviolet irradiation was
assessed to determine if the dispersal of bacterial aggregates by hydrodynamic cavitation prior to uitraviolet -
trradiation would enhance baclerial inactivation by ultraviolet light, No significant enhancement in bacterial
inactivation was observed when compared with only ultraviolet irradiation. Significant inactivation of raw
water bacteria (1,6 to 2 log reduction units) occurred upon ultrasonic cavitation of the water in the ulirasonic

cleaning bath,

SUMMARY OF CONCLUSIONS

The potenlial of hydrodynamic cavitation for the treatment of raw water without the addition of chemicals has
been disproved since hydrodynamic cavitation is not an effective methed for the inactivation of bacleria in raw
water. Similarly, the application of hydrodynamic cavitation as a single advanced oxidation process is not
recommended as the concentration of hydrogen peroxide produced by the hydrodynamic cavitation of water
(less than 0,03 mg/?) would be ineffective for the oxidation of organic pollutants in industrial efluents and
potable water. These results also invalidate the manufacturer's claims about role of hydrodynamic cavitation in
the production of hydroxyl and hydrogen radicals in the CAV-OX® system. From the results obtained during
this research project, it was concluded that the function of the hydrodynamic cavitation produced in the
cavitation chamber of the CAV-OX® system is o disperse the effluent prior to oxidation with hydrogen
peroxide and ultraviolet light. The resulls obtained for the degradation of 1-methylhydantoin (an organic
pollutant in Sasol effluent) by ultrasonic cavitation in the ultrasonic cleaning bath indicate the patential of
sonochemistsy as an advanced oxidation process for the treatment of indusirial effluents. The sonochemical
formation of hydroxyl radicals by ultrasonic cavitation can be enhanced for industrial treatment purposes by
the addition of hydrogen peroxide and oxygen. The flow conditions, i.e. fluid velocities and pressure drops,
which initiate hydrodynamic cavitation in a fluid can be simulated using computational fluid dynamics.

However, whilst it has been demonstrated that computational fluid dynamics is a useful 100l to indicate the
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potential of a fluid to undergo cavitation, the numerica! simulation of hydrodynamic cavitation which involves

two-phase flow using computational fluid dynamics has not been achieved in this project because the flow

system is toa complex.

Thus, the conclusions resulting from this project can be summarised as follows :

O

Computational fluid dynamics using the STAR-CD program can be used to determine the flow conditions

in a pipe, venturi, etc., which initiate hydrodynamic cavitation,

Hydrodynamic cavitation, which has been characterised in terms of its physical effecls in two sets of
equipment, does not produce detectable concentrations of hydrogen peroxide thus negating the reports of
hydroxyl radical formation, and subsequent hydrogen peroxide production, by hydrodynamic cavilation in
the CAV-OX® system (EPA, 1993).

Hydrodynamic cavitation is not effective as a method for the inaclivation of bacteria in raw water although
it has been used to disrupt bacterial cells (Harrison and Pandit, 1992a, b). However, hydrodynamic
cavitation conld be used as a means of dispersion in combination with processes such as the CAV-OX®

process.

Ultrasenic cavitation in an ultrasonic cleaning bath does produce hydrogen peroxide as well as inactivate

raw water bacteria.

Degradation of 1-methylhydantoin can be achieved by ultrasonic cavitation in the ultrasonic cleaning bath,
The degradation rate is enhanced in the presence of hydrogen peroxide, and in the presence of hydrogen
pernxide combined with oxygen saturation prior 10 sonication. Similar results are observed for the

photochemical degradation of 1-methvlhydantoin.

Tywo degradation products of 1-methylhydantoin have been tentatively identified : t-methylparabanic acid
results from the photochemical and sonochemical degradation of 1-methyltiydantoin in the presence of
hydrogen peroxide, and oxamide is a suspected product in the sonochemical depradation of

l-methylhydantoin in the presence of hydrogen peroxide and oxygen.
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Recommendations

From the research carried out in this project, the foliawing recommendations can be made ;

G

(W

No further investigation into the CAV-0OX® process,

Further investigation into ultrasonic cavitation on a laboratory and pilot-plamt scale for the treaiment of

industrial efluents.

Investigation of the combination of ultrasonic cavitation and ultraviolet treatment using industrial

effluents.

Investigation of effect of dispersional mixing using hydrodynamic cavitation together with disinfection

with chlorine or ozone on the dose of these disinfectants.

No further work on the computational fluid dynamics of hydrodynamic cavitation since the detailed flow

conditions that occur during cavitation cannot be niodelled at present.
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Technology Transfer

INTERACTION WITH OTHER WRC PROJECTS

Involvement with the University of Potchefstroom for Christian Higher Education and their use of
computational fluid dynamics to describe hydrodynamic cavitation in 2 venturi has resulted in further
application of computalional fluid dynamics in the Water Research Commission Project No. 648 : The
Application of Computational Fluid Dynamics to fimprove the Design and Operation of Water and Wastewater

Treatinent Works.,

TECHNOLOGY TRANSFER ASPECTS

Interest in advanced oxidation processes has been shown by Sasol, University of Durban-Westville, Eskom,
C G Smith and the Foundation for Water Research :

00 A report highlighting the industria] uses of sonochemistry for Sasol was prepared for Dr P Stegman

(Annexure A),

O Assistance has been given to Mr G Lok of Eskom Technology, Research and Investigations who requested

information on the uses of sonochemistry in the food and beverage industry.

O Technical advice has been given 1o Mr 5 Baines of the Physics Department at the University of

Durban-Weskville.

0O Dr K] Zeitsch from CG Smith Chemicals, and Dr G Burger and Mr J Buzzard from Illovo Sugar Lid

approached the Pollution Research Group for information on ultravielet radiation for the sugar industry.

DO Two representatives (Ms C Stephens and Dr D Newsome) Irom the Foundation for Water Research (FWR)
in the United Kingdom visited the Pollution Research Group in May 1993, The FWR are involved in

ultrasonic work and were inferesied in using ultrasonic cavitation for water treatment,

PUBLICATIONS

Papers Presented at Conferences and Seminars

O S Chetty, F G Neytzell-de Wilde and C A Buckley, Evaluation of Hydrogen Peroxide and Ultraviolet
Radiation of Oxidised Organic Molecules in Industrial Effluents and Potable Water, 2nd Biennial
Conference/Exhibition, Water Institute of Southern Africa, World Trade Cenire, Kempton Park,
South Africa, 13 - 16 May 1991 {(Annexure B)
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O G W Schwikkard, Fater Purification by means of Free Radicals. Sasol Technology Symposium. Rand

Afrikaans University, Johannesburg, South Africa. | July 1992

O C J Botha and C A Buckley, Disinfection of Patable Water - The Role of Hvdrodvnamic Cavitation,
International Specialised Conference on the Disinfeclion of Potable Water. Kruger National Park,
South Africa, 13 - 18 March 1994

O C Kaiser, G W Schwikkard and 8 J Winship, The Use of Cavitation as an Advanced Oxidation Process
Jfor Water Treatment, Water Institute of Southern Africa (Natal branch) General Meeting, Pinetown,
South Africa, 26 July 1993

Poster Presentations

O C J Botha and C A Buckley, A Study of Hvdrodvnamic Cavitation as a Method of Water Disinfection,
Biotech SA '93 : 1st Biolechnology Conference in South Africa - Biotechnology and Development in
South Africa, Rhodes University, Grahamstown, South Africa, 31 January - 3 February 1993

Papers in Journals

O Candace J Botha and Chris A Buckley, A Study of Hvdrodvnamic Cavitation as a Method of Water
Disinfection, Journal of Water Supply Research and Fechnology - Aqua, 1993, Vol. 13, Ne. 2, in print

(Aanexure C)
Theses

O C I Botha, 4 Study of Hvdrodvnamic Cavitation as a Method of Water Treatiment, MScEng (hesis,
University of Natal, Durban, South Africa, 1993

O G W Schwikkard, 4n Investigation of the Sonochemical Degradation of Hvdantoin Compounds, MScEng
thesis (ewnt faude), University of Natal, Durban, South Africa, 1994

Q S Chetty, The Evaluation of the Cavitation Process lo Produce Radical Species capable of Oxidising
Organic Pollutants in Industrial Wastewaters and Potable Water, MScEng thesis, University of Natal,
Durban, South Africa, 1994

Other

O As a spin-off from this project, research is being undertaken on the Kinetics of hydrogen peroxide

formation in the ultrasonic bath by a MScEng student, Sanjeev Jewnarain, at the University of WNatal.

ARCHIVING OF DATA

The data from the project is contained in Annexures D to F which are available from the Water Research

Commission on request.
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Industrial Application of Ultrasound

April 1995
Gavin Schwikkard

Ultrasonic applications with the potential for use at Sasol are discussed in the following

sections @

1 Chemical Processing

The application of ultrasonic energy in the chemical processing industry can be
classifed into two categories: (a) applications in which ultrasonic methods yield a
product superior to that obrained by conventional means (due to a change in reaction
path) and (b) applications where ultrasonic energy is used 1o enhance the rates of

conventional unit operations, e.g, solid-liquid extractions (Chendke and Fogler, 1975).

In organic synthesis, the use of ultrasound can reduce reaction time and by-product
formation thus increasing the yield (Henglein, 1987). Suslick and Johnson (1984)
demonstrated that the wuse of ultrasound reduced temperature and pressore
requirements for formation of transition-metal carbony! complexes. For the reaction
in Scheme 1, the use of ultrasound enabled the operating temperature and pressure to
be decreased from 160 to 10 °C and from 20,3 o 0,45 MPa respectively, while still

giving a comparable yield of the end product.

VCl3.(THF)3 = ¥(C
Scheme 1

Ultrasound can be applied to both homogeneous and heterogeneous chemical reactions,
With homogeneous chemical reactions, an increase in reactivity with sonolysis occurs
because of the formation of radicals. Sonolysis of water produces hydrogen and
hydroxyl radicals which combine to form hydrogen peroxide (Makino et al., 1982).
Radical formation has also been reported for the sonolysis of organic solvents.
Jennings and Townsend (1961) proposed a reaction scheme involving free radicals for

the sonication of carbon tetrachloride and chloroform in water, They reported that the



b

sonication of carbon tetrachloride and chloroform molecules produced free radicals
since the dissociation energy required for these molecules was less than that required

to split the water molecule (which is known to dissociate during sonication).

For heterogeneous reactions involving mixtures of immiscible liquid phases, sonolysis
causes a fine emulsion of the phases and chemical reactions are enhanced due to the
increase in interfacial contact area berween the phases (Mason, 1990).
Davidson et al. {1987) investigated the hydrolysis of wool waxes in sodium hydroxide

and reported that the use of ultrasound decreased the reaction time and temperature,

In heterogeneous solid-liquid reactions, the metal can either take part in the reaction
or act as a catalyst. The enhanced reactivity can be attributed to an increase in
surface area because of the erosion (pitting) of the metal surface which is due either 1o
microstreaming or shock wave pgeneration during cavity collapse (Mason, 1990).
Ratoarinoro et al. ([992) investigated the physical and chemical effects of ultrasound
on the addition of ethyl malonate to chalcone in toluene using potassium hydroxide as
a solid catalyst. With sonication, the initial reaction rate increased by a factor of 10.
This increase in reaction rate is due to a decrease in the size of catalyst particles

during sonication which corresponds to an increase in surface area thereby increasing

the reaction rate.

The ultrasonic enhancement of heterogeneous reactions is greater than that obtained
for homogeneous reactions, indicating that chemical applications of ultrasound in
industry will be most feasible for heterogeneous solid-liquid reactions, i.e. reactions

incorporating a solid phase or catalyst (Bremner, 1986).

Inter-phase mass transfer, especially solid-liquid extractions, is also enhanced by the
application of ultrasonic waves. Solid-liquid extraction processes which have showed
an increase in extraction rates due to the application of ultrasound are: extraction of
soluble matter from cellular solids (e.g. sugar from sugar beets), solvent extraction (oils
from oil seeds), extraction of alkaloids from herbaceous and plant-like materials and

the leaching of oils (Chendke and Fogler, 1975).



Environmental Remedintion

Ultrasound can be applied in environmental remediation, for the removal of airborne
particles or degradation of low level contaminants (Grinthal and Ondrey, 1992),
Acoustic agelomeration can be used to remove pollutant particles from air which are
too small (less than 5 um in diameter) to be removed by electrostatic precipitators.
Airborne soot in a 15 m® chamber were reduced by three orders of magnitude with an
ultrasonic transducer, which operated at 21 kHz, in experiments performed at the
Institute of Transuranium Elements in Germany, experiments were also scaled up to a

170 m? chamber (Grinthal and Ondrey, 1992).

Projects in the USA f{funded by the Department of Energy (DOE) and the
Environmental Protection Agency (EPA) are researching the ultrasonic enhanced
decomposition of toxic organics in sotl and water (Grinthal and Ondrey, 1992). The
results from one project, have shown that ultrasound reduced the time required to
destroy 3-chlorobipheny] in waste water by 75 % (Grinthal and Ondrey, 1992). The
reaction was performed at ambient temperature and pressure, and titanium dioxide was
used 10 catalyze the degradation of water molecules into hvdroxyl radicals; the
hydroxyl radicals react with the halogenated organic compounds decomposing them
into carbon dioxide and hydrochloric acid, Ultrasound has been used in research
performed at the University of Akron (Ghio) into the treatment of drinking and waste
water contaminated with low level (mg £') volatile organic compounds (Grinthal and
Ondrey, 1992). Ultrasound was shown to destroy seven pollutants, separately and in
mixtures (benzene, carbon tetrachloride, 1,2-dichloroethane, methylene chloride,
1,1,1-trichloroethane, |I,1,2-trichloroethylene and toluene). Although the cost of
ultrasonic treatment was more then ozonolysis, ultrasonic treatment was more effective
in the treatment of certain compounds; 1.1,l1-trichloroethane, irichioromethane and

carbon tetrachloride (Grinthal and Ondrey, 1992).

The combination of ultrasound and ozone has been used in the wreatment of industrial
effluent and municipal sewage. The use of ulirasound causes an emulsion, of the
suspended particles and dispersed microorganisms, to form. In the treatment chamber,
ultrasonic waves prevent the ozone bubbles from coalescing thus ensuring a maximum

surface area available for oxidation (Chendke and Fogler, 1975). In a pilot plant



processing 76 £ d? of sewage, 60 s of ultrasonic and ozone treatment proved capable
of destroying 100 % of the microorganisms, 93 % of the phosphates and 72 % of the

compounds cantaining nitrogen {Chendke and Fogler, 1975).

Emaulsification

The advantages of ultrasonic emulsification over conventional methods are that an
ultrasonic emulsion has particles in the submicrometre range with an extremely narrow
particle size distribution. In laboratory studies, the mean particles size of an ultrasonic
emulsion was reported to be between 0,18 to 0,37 um {Chendke and Fogler, 1975).
The emulsions are more stable and thus the addition of a surfactant 10 produce and
stabilize the emulsion is not necessary. The energy needed to produce an emulsion is
also less than that needed in conventional methods (Chendke and Fogler, 1973).
Industrial applications of ultrasonic homogenization are the production of
waorcestershire sauce, cream type soups, peanut butter and emulsion paint {Chendke

and Fogler, 1973).

Polymer Chemistry

Prolonped exposure of polymer solutions to ultrasound results in a permanent reduction
in the viscosity of the solution, This degradation is due to cavitation. Ultrasound is
also used for the initiation of polymerization (Lorimer, 1990). Ultragonic irradiation,
in both batch and continuously stirred reactors, of the suspension polymerization of
styrene was found to be an effective method of preventing agglomeration between
droplets and the sticking of droplets to the reactor wall. Both of these lead to heat
build up and the formation of large masses thus shortening operation times

(Hatate et al., 1981 in Lorimer, 1990),

Defoaming

Ultrasonic techniques uvsed for breaking foams are mechanical with the advantape that
the addition of chemical defoaming agents are not required. Most liguids with
viscosities up to 500 cp can be ultrasonically defoamed, however, the exact mechanism

of ultrasonic foam disintegation is not entirely understood (Chendke and Fogler, 1973).
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Ultrasonic Mixing

Reverbatory ultrasonic mixers introduce a high level of uhirasonic energy inte a
flowing stream for a briel period of time, A typical application is the cleaning of
crushed ore which improves the recovery of precious metals from the ore
(Hunicke, 1990). Water slurries of 3 £s™! can be treated with a total of 16 kW of
ultrasonic energy. Vibrating trays are used for coal and ore beneficiation which can
treat slurries with a typical flow rate of 6 kg s™ (mixed with an equal volume of
water). The power requirement of this equipment (2 kW) is remarkably low

(Hunicke, 1990).

Ultrasonic Cleaning

Ultrasonic cleaning equipment is the most widely used ultrasonic industrial application
and systems of up to 50 000 ¢ are commercially available {Mason, 1991). An ultrasonic
cleaner which contained approximately 7 500 £ of heated aikaline-detergent solution
and delivered 40 kW of ultrasonic energy was used by the US Navy, from 1968
anwards, 1o factlitate the disassembling of jet engines since heat and corrosion made
the unscrewing.of fastening bolis difficult (Hunicke, 1990). The ultrasonic energy was
supplied by two banks of irnm_ersib[e transducers and the uniformity of the ultrasonic

energy was found to be within 10 % anywhere in the tank.
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EVALUATION OF HYDROGEN PEROXIDE AND ULTRAVIOLET RADIATION TO
OXIDISE ORGANIC MOLECULES IN INDUSTRIAL EFFLUENTS AND POTABLE
WATER

S. Chetty, F.G. Neytzell-de Wilde and C.A, Buckley
Pollution Research Group, Department of Chemical Engineering, University ol Naial,
Durban, 4001, Repubiic of South Africa.

ABSTRACT

The protection of the environment has become an important issue which has implications on
industrial operations, specifically the oxidation of organic pollutants in wastewaters. Present
methods employ processes to produce a free radical which initiates free radical chain reactions,
The use of photolysis for this application has been studied but industrial applications are
limited. This preliminary study evaluates the literature of the photocatalytic processes with
emphasis on ultraviolet radiation, Current work is concentrated on the production of the
hydroxyl radical as an initiator which can be achieved by the photocatalytic decompasition
of hydrogen peroxide. It has been reported that cavitation aiso produces the hydroxyl radical
from a water molecule. Effluents containing reactive dyes were treated with UV radiation
and hydrogen peroxide. The decolourisation of these effluents was maximised at the UV
exposure time of 36 seconds for peroxide concentrations greater than 20 mg/f. Cyanide
effluent was also treated and the concentration was reduced from 5 mg/¢ to under 2 mg/t
with 7 mg/£ of hydrogen peroxide.

EKSERP

Die beskerming van die omgewing het nou *n belangrike saak geword en het verwikkelinge
op nywerheidse bewerkings gekry. Een van die gebiede wat bepaar daardeur beinvioed is,
is die verwydering van organiese besoedelmiddels van nywerheidse gemorste water en
drankbare water. Hedendaagse metode magk pebruik van ontwikkelinge wat 'n vrye radikaal
oplewer wat 'n vrye radikaal ketting reaksie veroorsaak, Die gebruik van fotolitiese reaksies
vir hierdie applikasie is omvattend bestudeer maar nywerheidse applikasies is beperk. Hierdie
inleidende studie bereken die letterkunde van die fotokatalitiese ontwikkeling met klem op
ultraviolet uitstraaling, Die hoof kenmerk van hedendaagse werk is die oplewering van die
hidroxyl radikaal as 'n aanvanger. Dit kan deur die fotokatalitiese ontbinding van die
waterstof perokside verrig word, Dit was gerapporteer dat die kavitasie ook die hidroxyl
radikaal van 'n water molekule oplewer, Uitstromendes wat reaktiwe kleurstowwe bewat
het was met UV uitstraaling en waterstol perokside behandel. Die ontkleuring van hierdie
uitstromendes was hoogste by die UV blootstellinge tyd van 56 sekonde vir waterstof perokside
konsentrasie groter as 20 mg/é. Cyanide uitstomendes was cok behandel en die konsentrasie
was van 5 mg/¢ tot onder 3 mg/f verminder met 7 mg/¢ van waterstof perokside.

KEYWORDS

Ultraviolet radiation, hydrogen peroxide, decolourisation, oxidation, hydroiyl radical,



INTRODUCTION

The oxidation of organic compounds in industrial effiuents and potable water is becoming
increasingly important, Processes that are typically vsed in industry involves the generation
of a free radical which initiates free radical chain reactions resulting in the oxidation of the
organic species. These processes use chemical initiators such as hydrogen peroxide, ozone,
chlorine and chloride dioxide and/or high energy radiatian such as ultraviolet (UV), x-ray,

gamma ray and electron beam radiation ta produce the free radical initiator .

*The use of chlorine to generate free radicals for the treatment of drinking water alters the

smell and taste characteristics of the treated water (Mone, 1973}, Ozone oxidises the organics
by the generation of an oxygen {ree radical, the predominant products being saturated alcohols
and carboxylic acids which build-up after a certain extent of ozonation (Marooka er al., 1988).
This can be eliminated by using a stronger oxidising agent. The hydroxyl radical is second
only to the fluorine radical in oxidising strength.

Advanced oxidation processes usually refers to the combination of ozone with ultraviolet
radiation or hydrogen peroxide aor a combination af all three processes to produce the hydroxyl
radical. Other processes that also produce the hydroxyl radical are a combination of UV
radiation and hydrogen peroxide, a combination of ferrous ion with hydrogen peroxide
{Fenton's reagent), the heterogenecus photocatalytic decomposition of water and electron
beam radiation. The use of cavitation has been employed in a process 10 produce the hydroxyl
radical by splitting a water molecule.

FREE RADICALS FROM THERMOLYSIS, PHOTOLYSIS OR ELECTRON TRANSFER

A free radical is an atom, 2 molecule or a complex which contains one or more unpaired
electron.  Free radicals can exist in the gaseous and liquid phases and the principles are
similar in both cases (Codagan, 1973 and Barrow, 1966).

Radicals may be formad by homolytic sciséion (equal splitting) of co-valent bonds
A8 = JA* + B*

where * represents an unpaired electron.

The principle types of reactions are :-

abstraction: *CH, + CH CH,CH,CH, - CH, + CH,*CHCH,CH,

addition : Br* + CH,~CH-R - BrCH,-*CH-R
and combination : 2(*CH,) =+ C.H,

The first two reactions are steps that do not eliminate the free radical ceantre and do not
directly give the final products but constitute only steps in that direction. The abstraction
step can lead to chain reactions, as in the system of Hyand Cl, :

H* + Ci, =+ HCt + Cl*

Ci* + H, » HCl + H*



H* + Cit, = aealc.

The addition step can lead to polymerisation reactions as in the formation of polythene :

R* « CH,=CH, = R-CH,~*CH,

R—CHz_CHz + CH:'CH; - R—CH:*CH:-CH;-‘CH;

™~

Production of Free Radicals

The simplest way o produce radicals is by direct homolysis of co-valent bonds either by
thermolysis or photolysis :

LEL )
A-B =  Ar+B*
or hghi
Another method is to introduce the odd electron from another species in the form of electron

transfer via a redox reaction for example Fenton's reaction :
L]
Fe? + H,0, - Fe* + HO + *0H

Photolysis involving radiation in and below UV range have been employed in bond breaking
(Cha and Smith, 1972 and Anon, 1950a).

Radical Chain Processes Involved in the Oxidation of Organic Compounds

The liquid-phase oxidation of organic substances occurs by chain-forming and branching
reactions but not by combustion. Chain reactions increasz the number of free radicals and
accelerates the rate of oxidation. Peroxides and hydroperoxides initiate chain reactions by
the homolytic rupture of the comparatively weak O-Q bond {(Emanual et al., 1984). Reactions
from bond scission lead to larger molecules or smaller molecules {Semenov, 1958).

Radical Formation by Homolytic Bond Scission Due to Light Absorption

In ordinary chemical reactions, activation energy is supplied by the chance collection in a
molecule or pair of molecules, of a large amount of thermal energy. Activation energy can
also be acquired through the absorption of a quanta of visible or uitraviolet radiation resulting
in photo-chemical reactions. Energy absorption per mole of reaction substance is shown in
Table | for different wavelengths (Glasstone, 1948),



TABLE 1 : ENERGY ABSORPTION FOR DIFFERENT WAVELENGTHS

Wavelength Colour region Energy
nm ki/mol
200 ultraviolet 599
300 ultraviolet 399
400 vioiet 299
500 blue preen 239
600 yellow orange 200
700 red 171
800 near infrared {50

The relationship between wavelength and energy is given by :
E = —° (1

where

E = energy (I}

h = Planck’s constant (6.626*10-34 I.s5)
¢ = speed of light (m/s)

A = wave lerngth (m)

Only light which is absorbed can produce a photochemical change. This is quantified by
the absorbance spectrum of the substance. The absorbed radiation affects rotational,
vibrational or the electronic energy levels of a molecule. The first two transitions are
insufficient to provide activation energy for chemical reaction (ahove 167 kJ/mol) or for
direct bond breaking (209 t0 418 kJ/mol). Only electronic transitions are sufficient to break
bonds. The absorption of radiation is, however, not necessarily accompanied by chemical
reaction.

The electronic spectrum of colourless substances absorbs in the ultraviolet region (less than
400 nm), the energy absorbed will be greater than 299 kl/mol (Table 1). Such radiations
are Iikely to praduce a chemical change. The electronic spectrum of coloured substances lie
in the visible region (400 to 800 nm) with corresponding energies of 293 1o [46 kJ/mol, which
is often sufficient to bring about phaoto-chemical reactions.

The above comments refer to dissociation as the primary stage. A number of secondary
processes can Follow the primary stage such as, for example, recombination of the products,

removal of energy from the light absorbing substance before it has time to react, and chain
reactions,

Where the active radiation falls within the banded (discontinuous) spectral region of the
absorbing molecule, the primary process is not dissociation, bur formation of excited or
activated molecules possessing energy in excess of the normal due to an increase in the



electronic energy. The excited molecule may then react when it collides with another
molecule, or it may lose its energy if it does not react or combine within a short time {10°7
to 10-8 5). There is also the possibility of dissociation occurring if there is sufficient energy.

In some cases the reacting substance is unable to absorb radiation directly but a suitable atom
or molecule (sensitizer} can absorb the radiation and pass it on to the reacting molecule. Such
reactions are called photosensitized reactions.

Bond dissociation enargies are given in Table 2 for various common bonds (Johnston, 1968).
" Any energy acquired by the molecule (by radiation, from electron transfer or by mechanical
degradation) can readily be distributed amongst the various modes of molecular excitation,
and reaction occurs when the bond to be broken accumulates the necessary amaount of energy.

TABLE 2 : DISSOCIATION ENERGY FOR COMMON CHEMICAL

BONDS
Bond Yalue Compound
(kJ/mol) (s)
0=0 498 0,
H-H 436 H,
O-H 464 H,0O
0-0 142 H.0O,
c-C 347 Organic
C=C 611 COrganic
C=C 837 QOrganic
C-H 413 Orpanic
C-N 305 Organic
C-0 358 Organic
C=0 736 Aldehydes
C=0 749 Ketones
C=0 303 CO.
C=0 1 077 cO
C-F 490 CFy
C-Cl 326 CCly
C-Br 272 CBry

Generation of the Hydroxyl Radical Using Hydrogen Peroxide

Effect of ultraviolet light

Hydrogen peroxide is excited by the absorbtion of UV light and dissociates into two hydroxyl
radicals (OH"). The wavelength of 254 nm is preferred.

Secondary reactions also occur but yields are low and not considered important (Dainton,
1966). The liquid phase reaction involving the decomposition of hydrogen peroxide has been
thoroughly investigated.



Photo sensitizers

Organic molecules containing carbony! groups such as benzophenone (CgHsCO-Cglls) and
anthraquinone (CgHy(CQ),CgH;) are easily excited by the absorption of UV light. They in
turn transfer the energy to the potentially reactive molecules. This technique catalytically
produces hydroxyl radicals from peroxide,

The Use of Water for Generation of Hydroxyl Radicals

UV irradiation of water can produce hydroxyl radicals if the wavelangth is less than 184 nm.
Because of the very short wavelength it is better to use ionizing radiation {(Ashmore et al.,
1967).

It is alleged that the hydroxyl radical can be produced by controlled cavitation (Chang er af.,
1981). Cavitation is caused either by hydrodynamic pressure reduction of a body of liquid
or by sonalysis. These processes produce a vapour filled cavity, the violent collapse of which
produces instantanecus temperatures up to 2 000 "C and pressures over 100 MPa (Knapp et
al,, 1970). The high temperatures may cause partial dissociation of some molecules to form
reactive hydroxy! radicals. Luminescence due to the photochemical release of energy has
been observed. The literature on acoustic cavitation covers a considerable amount of
information on chemical effects including the formation of free radicals {Young, 1989). Very
little information has appeared in the literature on the use of hydrodynamic cavitation.

T;

Peterson and Zaleiko (1981) have reported on the oxidation of a number of chemicals by
hydrodynamic cavitation alone. Oxidation times ranged from 30 minutes to 130 minutes.
The use of hydrodynamic cavitation for destruction of microbial cell material in wastewater
sludge has also been discussed (Peterson and Zaleiko, 1981).

Should the water molecule dissociate in the absence of scavenpers the following could be
expected :-

H* +« *OH - H,0

2H* = H,

2*0H - H,0,

H* + H,0 - *0H + H,
*OH + H, » H* + H,0

Chang et al.. (1981) claims the dissociation of water, which has a bond energy of 502kJ/mol.,
by cavitation does occur, It can be expected that molecules with lower bond energies will
also form radicals,

Reactions of the Hydroxyl Radical

‘Hydroxyl radicals oxidise by abstraction of a hydrogen atom from an organic molecule resulting
in an organic radical (R*) :-

RH + QH*t -+ R* + HOH



In the presence of oxygen, the organic radical (R*) combines readily with an oxygen molecule
to form a peroxy radical ROO®*, These organic peroxy radicals are very reactive,

Many addition reactions with hydroxyi radicals have been investigated. With vinyl compounds
it forms substituted hydroxy ethyl radicals which are the initiating species for addition
polymerisation. Similar reactions occur with aromatic molecules to produce more complex
molecules for example the formation of m-cresol from toluene (Semenov, 1958 and
Bryce-Smith, 1968-1986).

‘Clenrly then, from the above it is necessary to investigate carefully the end products before
the techniques used in a process can be recommended far effluent purification.

Merz and Waters have indicated thar the following compounds are not readily attacked by
the hydroxy! radical ;-

Carboxylic acids, such as acetic, maloni¢, maleic and fumaric,
Ketones such as acetone, methyl ethyl ketone,
Amides such as urea, acetamide.

‘They also list a number of compounds with the products that have been identified (Table 3).

TABLE 3 : PRODUCTS OF OXIDATIONS WITH THE HYDROXYL RADICAL

Substrate type

Substrate oxidised

Products identified

Primary and secondary Methyl alcohol CH,0
alcohols Ethyl aleohol CH;-CHO
Ethers Diethyl ether CH,-CHO
Dioxan CH,0, H-CO,H, oxalic acid
Amino acids Glycine CH,0
Alanine CH;3-CHO

Tertiary aicohols

tert-Butyl alcohol
tert-Amyt alcohol

CH;-CO-CH,, CH,0
CHj-CO-CH;, CH,-CHO
C,Hs-CO-CH,, CH.O

Gilycols Ethylene glycol CH,{OH)-CHO, CH,0
Esters Methyl acetate CH,0
Ethy! acetate CH,-CHO
Carboxylic acids Propionic acid CH,-CHO
Amines Diethylamine CH;-CHO
Triethylamine CH4~-CHO
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CHEMICAL TESTS CONDUCTED TO EXAMINE THE CHARACTERISTICS OF
HYDROGEN PEROXIDE AND ULTRAVIOLET RADIATION

Intraduction

Tests using UV radiation and hydrogen peroxide were conducted on effluents containing
Remazol red and Remazol biue reactive dyes and a sodium cyanide efflvent,

Cyanide is a relatively easy inorganic molecule te oxidise, Ritcey (1989} discusses the various
processes used to treat cyanide elfluent. Although ozone treatment is one of the more
successful methods in destroying cyanide effluent it cannot however remove iron cyanide
complexes without ultraviolet or uitrasound treatment,

Experimental

The apparatus consisted of three photoreactors connected in series, fitted with low pressure
mercury vapour lamps. Each lamp is physically isolated from the fluid in the reactor by a
quartz tube which atlows 70 to 90 % of short UV rays (predominantly 254 nm) to pass (Mone,
1970), A dosing pump was used to inject hydrogen peroxide into the effluent. The apparatus
is depicted schematically in Fig. 1.
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Figure 1. Schematic representation of experimental apparatus

The decolourisation of dyes was determined by ADMI analysis (Allen er af., 1972). The
extent to which cyanide concentration decreased was determined with MINTEK cyanide
detector sticks., These sticks indicated cyanide concentration in the ranges greater than 2
meg/¢, 0,5 to 2 mg/t and less than 0,5 mg/s

Results and Discussion

Tables 42 and db tabulates the results of the tests with Remazol red dye effivent and Remazol
blue dye effluents respectively. The effect of hydrogen peroxide concentration and exposure
time to UV radiation is shown in Figs. 2 and 3, In all cases complete decolourisation of the
effluent could be achieved with less than 100 mg/¢ of hydrogen peroxide. In both cases the
reduction of the ADMI units was greatest at the intermediate retention time of 56 seconds.
The reaction products have not been determined. Dvyes treated with only hydrogen peroxide
showed no reduction in the ADMI value,



TABLE 4a : EFFECT OF H,0, CONC. AND UV RADIATION
EXPOSURE TIME ON DECOLOURISATION OF REMAZQL RED DYE

EFFLUENT
Flow rate Retention HaOg ADM]I Reduction
time eane. value in ADMI
£/min seconds mg/é % age
2z 81,6 3 223 38,4
25 83 76,5
50 100 72,4
75 44 87,0
100 35 90,3
32 56,3 a 228 42
5,9 44 B63,4
11,7 80 796
17.6 78 79.9
234 68 82,7
58,6 67 a3
46.9 26 93,4
82 20 54,0
40 45 ] 147 59,5
6,3 106 70,8
125 52 85.7
21.9 54 85.1
31,25 66 81.8
55 65 Bz2,1
70 73 79,9
130 76 79.1

Initial dye concenteation 5 mg/2

TABLE 4b : EFFECT OF H,0, CONC. AND UV RADIATION
EXPOSURE TIME ON DECOLOURISATION OF REMAZOL BLUE
DYE EFFLUENT

Flow rate Retenticn HaOyp ADMI Reductian
time cone. value in ADMI
L/min asconds mg/L % age

22 81,8 o 128 24,7
5,6 100 41,2

11,4 86 494

18,9 50 52,9

15,9 B4 50.6

45.5 B0 52.9

636 B4 50,6

32 56,3 0 138 15,3
29 114 33,3

11,7 B6 45,7

17,6 68 60,2

20,8 84 50,9

469 0 474

65,6 43 74,8

93,8 41 76,0

40 45 0 144 19,1
6,3 114 36,0

12,5 163 39,3

15,6 86 51,7

25 103 421

40 106 40,5

70 70 60.7

100 68 618

Initia! dye concentration 5 megf¢
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The strong oxidation characteristics of the hydroxyl radical is further illustrated by the
treatmnent of the cyanide effluent. The concentration of the effluent is reduced from 5 mg/¢
to below 2 mg/¢ by the use of 7 mg/f ol hydrogen peroxide. The results of these tests are
given in Table 5.

TABLE 5 ; RESULTS OF TESTS WITH CYANIDE EFFLUENTS
Conditions Flow rate Ha02 Final cyanide
concenttation
£/rin mg/{ mg/L (CN)
No treatonent 3,75 »2
UV only 3,75 >2
H203 only 3,75 a8 =2
UV and HzDg 3,76 4,9 >2
UV + Hy02 3,15 3,0 »2
UV + Ha02n 3,75 7.0 <

Initial concentration of cyanide as CN = 5 mg/¢

CONCLUSIONS

High energy radiation and strong oxidising agents are being used to achieve complete oxidation
of organic pollutants. One such oxidising agent is the hydroxy! radical which can be produced
. by irradiation of hydrogen peroxide. The hydroxyl radical can also be produced by the
splitting of the water molecule. The cavitation process uses this method. Molecules such
as glucose have been shown to undergo complete oxidation when treated with the hydroxyl
radical, If complete oxidation is not achieved then products need to be identified since toxic
compound may be formed. An example is the oxidation of toluene which can produce
m-cresol.
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Tests conducted with reactive dye effluents indicated that complete decolourisation of the
effluent could be achieved with less than 100 mp/¢ of hydrogen peroxide. Furthermore at
concentrations above 20 mg/L of peroxide the decolourisation of the effluent is maximised
at the retention time of 56 seconds. Cyanide eflluent was also treated with UV radiation
and hydrogen peroxide. The cyanide concentration was reduced from 5 mg/£ to under 2
mg/¢ with 7 mg/¢ of hydrogen peroxide,
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DISINFECTION OF POTABLE WATER -
THE ROLE OF HYDRODYNAMIC CAVITATION

Candace J, Botha and Cliris A, Buckley
Pollution Rescarch Group, Department of Chemical Enginecring, University of Natal,
King George V Avenue, Durban, 4001, Republic of South Africa

ABSTRACT

With the quality of water declining due to pressures from the increasing demand on water resources
and the controversies regarding the use of commonly used disinfectants in walter treatment processes,
it is necessary to research new water treatment processes. The CAV-OX® process involves the
combination of ultraviolet radiation, the addition of hydrogen peroxide and hydrodynamic cavitation,
This technology is based on the production of hydroxyl radicals by hydrodynamic cavitation and by
photolysis of hydrogen peroxide. As disinfection by both hydrogen peroxide and ultraviolet radiation
has been exiensively researched, a hydrodynamic cavitation rip was built 1o evaluate hydrodynamic
cavitation in terms of bacterial inactivation for disinfection.

INTRODUCTION

Young ! describes cavitation as the formation and activity of bubbles (or cavities) in a liquid. A
vapour cavity can form anywhere in a flowing liquid where the local pressure is reduced to that of
the liquid vapour pressure at the temperature of the {lowing liguid. Four kinds of
cavitation-generating mechanisms have been described : Ilydrodynamic cavitation resulting from
pressure variations in a flowing liquid due to the geometry of the system; ultrasonic/acoustic
cavitation in which sound waves create pressure variations; optic cavitation which is produced by
photans of high intensity (laser) light and particle cavitation which is produced by a proton rupturing
a liquid L

In hydrodynamic cavitation the state of a fiuid that is near to, or cavitating ¢an be defined by
Equation | :

oo = ;";p‘: v ()
where :

O¢ = cavitation number

P = local fluid static pressure (Pa)

Py = saturated vapour pressure at fluid temperature (Pa)

p = fluid density (kg/m?)

v = local fluid velocity (m/s)

Cavitation numbers are used to describe the susceptibility of a flow to cavitate. The lower the
cavitation number the more intense the cavitation. When the local pressures are lower than the
saturated vapour pressure, cavities, consisting mainly of gases which have come oul of solution, form
in the liquid 2. The presence of nuclei such as submicroscopic gas bubbles or solid non-wetted
particles can result in the occurrence of cavitation at pressures higher than the vapour pressure of
the fluid. The bubbles collapse upon entering regions where the local pressure is higher than the
vapour pressure of the liquid. The collapse causes noise, vibration and extensive pitting of boundary
materials in the regions of bubble collapse 3. It has been predicted that, during the implosion of
ultrasonically induced bubbles, instantaneous localised temperatures from 2 273 K to 5 000 K and
pressures from 101 MPa (1 000 atm) to 101 325 MPa (10% atm) can result %% In the most recent
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work predictions of temperatures above 50 273 K have been made & The intense temperatures and
pressures exhibited by bubble collapse are proposed to result in the thermal dissociation of water into
short-lived, highly reactive hydrogen and hydroxyl radicals 7. Peterson and Zaleiko * maintain that
hydrodynamic cavitation alone is effective in producing these radicals from water. Ultrasonic
cavitation, which produces noise, chemical reactions and luminescence, has been widely researched.
Webster & notes that ultrasonic cavitation accelerates chemical reactions e.g. the hydralysis of esters
and initiates reactions c¢.g. the decomposition of water :

H,0 — H* + ‘OH

The products of the above reaction are then responsible Tor secondary reactions involving dissolved
substances. The predominant secondary reactions are :

*‘OH + *OHF - My,
H + H > H,

Hydrogen peroxide has been detected in a sonicated solution of potassiuvm iodide 9,

Light emission has been observed during ultrasonic and hydrodynamic cavitation. This phenomenon
is believed to occur during bubble collapse. Jarman and Taylor !° found that the intensity of
luminescence from hydrodynamic cavitation was two orders of magnitude less than that recorded in
ultrasonic cavitation,

Ultrasound is used extensively in biology to destroy or rupture cells, to homogenise solutions and to
clean instruments. Possible mechanisms for cell disruption are shear stresses resulting from turbulent
flow and high velocity gradients ®!!, and cavitation forces involving mechanical stresses combined
with free radical reactions **. The local effects of cavity collapse producing cavitation forces include
local heating, electrica! discharges, sonoluminescence and free radical formation 5 . Apart from these
physical factars, cell size 12, cell shape !!, stage of cell development ! |, species of cell * and bond
strengths between bacterium and media ' are considerations which have been proposed to affect the
efficiency of disruption and inactivation of microorganisms, Ultrasound has also been used to disrupt
cells for the extraction of intracellular constituents, for the dispersion of bacterial aggregates ' and
to inactivate bacteria in water and effluent 15,

The application of hydrodynamic cavitation for bacterial inactivation and disruption has not been
studied extensively, Peterson and Zaleiko ¢ claim that hydrodynamic cavitation generated in a nozzle
ruptures the cell wall, reieasing the internal material that may be subsequentiy oxidised by free
radicals. Hydrodynamic cavitation has been used by Harrison !® and Harrison and Pandit ¥ to
disrupt yeast and bacterial cells in order to obtain intracellular material. The extent of disruption was
monitored by soluble protein release. Hydrodynamic cavitation is known to produce forces such as
pressure fluctuations, shock waves, stresses and extreme temperatures. Based on this, the potential for
cell destruction akin to that achieved by ultrasonic cavitation exists.

Peterson and Zaleiko 4 devised a treatment process which combines hydrogen peroxide, hydrodynamic
cavitation and ultraviolet radintion. The basis of the technology is the production of hydroxyl
radicals by hydrodynamic cavitation of water and by the photolysis of hydrogen peroxide. Little
gxperimentation has been undertaken to determine the effect of the cavitation nozzie alone, without
the effects of hydrogen peroxide and ultraviolet radiation except on sucrose, phenol, activated sludge
and raw sewage. The effect was monitored in terms of reduction in chemical oxygen demand 1,

The CAV-OX® process (Magnum Water Technology, USA) employs ultraviolet radiation, hydrogen

peroxide and hydrodynamic cavitation to photolyse and oxidise organic compounds present in water at
mg/¢ concentrations to nondetectable levels 19,
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The system is being investigated for the treatment ol voiatile organic compounds primarily
trichloroethene, benzene, toluene, ethylbenzene and xylenes '°. Hydrogen peroxide is added to the
contaminated groundwater which is then pumped through a cavitation nozzle, followed by ultraviolet
radiation (Figure 1). The removal efficiencies of contaminants are reported to range from 20 % 10 99
%. No analysis was undertaken using the nozzle alone. Hydrodynamic cavitation produced in a nozzle
is used to generate hydroxyl radicals and hydrogen atoms which combine to form hydrogen peroxide
and molecular hydrogen 1°

Groundwater
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Figure 1 : CAV-OX® system *® used in the oxidation of velatile organic contaminants

The University of Natal was approached to evaluate the CAV-OX® system for use in water treatment,
As the bactericidal effects of hydrogen peroxide and ultraviolet radiation are, well known, it was
decided to assess the efficiency of hydrodynamic cavitation alone. 1t was recognised that the potential
energy in distribution pipes could be harnessed to generate cavitation with the installation of a nozzle,
This would then allow water to be treated at source, perhaps several times along the distribution
system and possibly at the tap, making potable water readily available,

The experimental programe involved the evaluation of :
+ the bactericidal efficiency of hydrodynamic cavitation alone using heterotrophic plate count (HPC)

analysis, and
+ the analysis of hydrogen peroxide as an indication of [ree radical formation.

MATERIALS AND METHODS

The Hydrodynanic Cavitution Rig

A hydrodynamic cavitation rig (Figure 2) was constructed in order to both intensify cavitation and to
facilitate a large range of operating conditions. The cavitation nozzle was installed 10 m above the
free liquid surface in the feed tank. This provided a reduced pressure at the outlet to the nozzle.
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Figure 2 : Process instrumentation diagram of hydrodynamic cavitation rig

Figure 3 shows the dimensions of the Perspex replica of the nozzle originally supplied with the
CAV-OX® unit,
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Figure 3 : Dimensions of cavilation nozzle (mm)
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Hydrogen Peroxide Analysis

The concentration of hydrogen peroxide produced in the hydrodynamic cavitation rig was determined
by a method based on the reduction of copper (II} ions by hydrogen peroxide in the presence of
excess of 2,9-dimethyl-1,10-phenanthroline (DMP) to form the copper (§)-DMP complex 2® , This
method can detect hydrogen peroxide concentrations from 0,034 mg/f to 4,08 mp/é. The
concentration of copper (I)-DMP complex is determined directly by spectrophotometric measurement
at 454 nm, and is related to the concentration of hydrogen peroxide. A volume of 80 £ of reverse
osmosis permeate was poured into the feed tank and cavitated at the highest intensity achieved by the
rig. Samples were withdrawn from the sample port at various intervals over an 18 h period, The
sample was added to a 10 mZ volumetric flask containing DMP and copper sulphate solution and the
absorbance measured. The concentration of hydrogen peroxide was determined from the calibration
curve. The blank consisted of reverse osmosis permeate containing no hydrogen peroxide.



Heterotrophic Plate Count Analysis

Raw water (80 £) was obtained from Wiggins Water Treatment Plant in Durban and poured into the
feed tank of the cavitation rig. An initial sample was taken (rom the feed tank in a sterile sample
bottle. Cavitation was initiated at the selected operating conditions and samples were collected from
the sample port over 2 h. The samples were then appropriately diluted *!, plated using nutrient agar
and incubated at 37 °C for 48 h. As a control raw waler was pumped through the system with the
cavitation nozzle replaced by an open tube. Raw water from 2 river or dam was selected lor use in
HPC analysis as it contains 3 wide variety ol naturally occurring species ol bacteria, The HPC of
water prior to and after cavitation enable the assessment of the efficiency of the cavitation rig. This
test,does not provide an indication of the quality of the water but, rather it constitutes the initial test
in the assessment of the efficiency of the process.

RESULTS

Hydrodynumic Cavitation

The feed tank was filled with water and all valves were open and the pumps engaged. The inlet
pressure was 487 kPa, the flow rate was 124 ¢/min and the outlet pressure was 15 kPa, Valve 2
(Figure 2) was then incrementally closed and at various stapes the inlet, outlet, throat pressure and
flow rate were recorded. Where the lines are horizontal, cavitation occurs at a constant [low rate,
This procedure was followed for various inlet pressures which were set using valve | {Figure 2), The
difference between the inlet and the outlet pressure was calculated and plotted against the measured
flow rate (Figure 4). As the pressure drop across the nozzle is reduced, the intensity of cavitation is
decreased until cavitation ceases to occur. This occurs when the (low rate is reduced by increasing
the back pressure (outlet pressure), These conditions cause the throat pressure to be raised above the
vapour pressute of the liquid and bubble formation ceases,
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Figure 4 : Selected operating conditions showing inlet pressures of 54; 204; and
487 LkPa corresponding fo pressure drops across the nozzle of 22; 152; and
472 kPa respectively

In Figure 4 it is evident that the lower the inlet pressure, the smaller the pressure drop across the
nozzle and the lower the intensity of cavitation. Conditions A, B and C show increasing intensities of
cavitation. The cavitation numbers (Equation 1) were calculated for each of these conditions, The
cavitation number at condition A was 0,482, condition B was 0,258, and condition C was 0,025, The
lower the cavitation number the more intense the cavitation,




A Perspex box, filled with water, was [itted to the nozzle for photography of condition C and the
condition of no cavitation. Figure 5 (a) shows the condition of no cavitation where no bubbles are
evident.  As cavitation begins the bubbles appear at the throat of the nozzle and gradually extend to
fill the entire divergent portion of the nozzle. Figure 5 (b) cavitation of the highest intenasity
achieved by the cavilation rig where bubbles appear as a white mass in the divergent portion of the
nozzle.

Figure 5 : Photographs showing no cavilation (a), and intense hydrodynamic cavilation generated
in a nozzle (b)

Production of Hydrogen Peroxide

Hydrogen peroxide was not detected in hydrodynamically cavitated reverse osmosis permeate as there
was no significant difference between the absorbance measurement of the blank and the cavitated
water. It was concluded that any hydrogen peroxide produced was below the detection limit of
0,034 mg/¢ using the method by Baga et al. *® and was assumed to be negligible.

As a comparison, the hydrogen peroxide produced by an 8 ¢ KERRY Pulsatron (38 kHz) ultrasonic
cleaning bath was monitared using the method by Baga et al.2®. Based on the calibration curve it was

found that sonication (1 h) of reverse osmosis permeate produced approximately 0,1 mg/¢ of hydrogen
peroxide.
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Cavitation of Raw Water Bacteria

Figures 6 (a), (b), and (c) show the results of hydrodynamic cavitation {at three intensities) while
Figure 6 {d) shows the results of 2 12 h period of cavitation.
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Figure 6 {c) : Raw water exposed to high Figure 6 (d) : Raw waler exposed to 12 h of the
intensity cavitation high intensity cavilation

Figures 6 (a}, (b), and (c) show that there is no significant reduction in the concentration of colony
forming units over the 2 h period for cavitation conditions A, B or C. Figure 6 {d) shows that no
reduction in CFU/m¢ occurred after 12 h of hydrodynamic cavitation. The data from the cavitated
samples in the above figures show general trends either indicating 2 slight increase in CFU/m¢ over
time or a maintenance in CFU/mé The increases do not constitute an order of magnitude difference
and therefore are not considered significant, Any increase in count could be due to the dispersion of
aggregates of bacteria as shown in studies of turbidity and scanning electron microscopy 22.
Hydrodynamic cavitation in isolation is therefore not efflective in the inactivation of heterotrophic
bacteria.

As a comparison the effect of ultrasound on raw water bacteria was undertaken by sonication ol

25 m¢ of raw water and HPC analysis at various intervals, Treatment with ultrasound resulted in a
decrease in CFU/m{ wherens the non-senicated control indicated no reduction in CFU/m¢ (Figure 7).
Based on the experiments it can be concluded that ultrasound it an intensity of 18,3 mW/cm?



(183 W/m? )} and a frequency of 38 kHz has a bactericidal efficiency of on average 96,2 % for
heterotraphic plate count bacteria in raw water.
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Figure 7 : Inactivation of raw water bacteria by ultrasound

DISCUSSION

The objective of this project was to evaluate the potential of hydrodynamic cavitation for water
treatment with the inactivation of raw water bacteria as the primary aim. Ulirasound was used as a
comparison. Several points emerged from the experiments undertaken,

Raw Water and Heterotraphic Plute Count Analysis

The choice of raw water for experimentation as opposed to the conventionnl procedure of the
inoculation using a selected indicator microorganism e.g. Excherichia coli proved successful.  Various
authors 13?2 note the greater resistance in susceptibility of naturally occurring bacteria to disinfection
than laboratory cultured species. Bacterin which occur in rivers and streams often exist in a resistant,
stationary state, as spores or protected by association with debris. Consequently, these bacteria
require a greater dose of disinfectant than laboratory cultured bacteria.  In addition, the use of
model indicator species to determine the water quality after a disinfection process can lead to the
conclusion that the process produces water safe for human consumption. However, the pathogens that
occur in contaminated and polluted water are often resistant to the disinfection doses applied to
eliminate indicator species. Watkins 2 notes that often 2 false sense of security is obtained when
indicator species are used for the assessment of the efTiciency of a disinfection process. For these
reasons it i5 advaatageous to initially determine the efficiency of a process using a general population
of bacteria thus the HPC was selected to determine the efficiency of bacterial inactivation by
hydrodynamic cavitation. In this application, the changes in bacterial counts are more important
than the absolute numbers of bacteria. The application of HPC using raw water is favourable as it is
a simple and inexpensive form ol pilot-plant evaluation which can save time and materials should the
pilot-plant prove unsuccessful.

Hydrodynamic Cavitation

Cavitation numbers are used to describe the susceptibility of a flow to cavitate.  The lower the
cavitation number the greater the intensity of cavitation. The cavitation numbers produced by the
cavitation rig ranged from 0,5 to 0,03. Harrison and Pandit 37 report cavitation numbers ranging
from 2,79 to 0,99 (using Equation 1), and note that cavitation occurrs at numbers Jess than 1,0 to 2,5.
Based on cavitation numbers the hydrodynamic cavitation produced in this cavitation rig is
substantial.



Hydrogen Peroxide Production

A concentration of 0,1 mg/f of hydrogen peroxide was produced (rom the sonication (] h) of reverse
osmosis permeate in the ultrasonic bath, supporting the theory that cavitation results in the formation
of hydroxyl radicals which subsequently combine t0 produce hydrogen peroxide. In contrast, no
hydrogen peroxide was detected during hydrodynamic cavitation of reverse osmosis permeate.

Inactivation of Raw Water Bacteria

Fa
Heterotrophic plate counts were used to monitor changes in the concentration of viable colony
forming units in cavitated and non-cavitated raw water, At least an order of magnitude decrease is
required before the inactivation method is considered to be effective. Exposure of raw waler bacteria
to ultrasound resulted in a 2 decade reduction in CFU/mL.

The hydrodynamic cavitation produced in this cavitation rig is substantial and it can be concluded
that cavitation alone does not inactivate bacteria in raw water and therefore does not have potential to
be used as a single process in water treatment,

Comparison of Ultrasonic and Hydrodynamic Cavitution

Cavitation is the common phenomenon exhibited by both the vltrasonic bath and the hydrodynamic
cavitation rig. The results of the two forms of cavitation; i.e. hydrogen peroxide production and
efficiency of bacterial inactivation, differed. Apparent differences between the processes include :

a} Scale : Smaller volumes (40 mé) were exposed to ultrasound than to hydrodynamic cavitation (80 £).
Direct comparison of the results of the two forms of cavitation is therefore not possible.

b} Residence time : The ultrasonic bath provides continuous treatment of small volumes of water
whereas the cavitation rig limits the effective treatment period to the time (mitlisecands) in which
the water passes through the cavitation nozzle, This factor is one of the major-differences between
the two cavitation processes.

c) Initiation of cavitation : Ultrasonic cavitation is initiated by alternating compression and
rarefaction of the liquid in response to ultrasenic waves. Hydrodynamic cavitation is initiated by
the pressure drop across the nozzle.

d) Bubble size : Bubble sizes (radii) resulting from ultrasonic cavitption at intensities of | MHz and
50 kHz have been reported to be 4pm and 80um respectively 25,  The bubbles generated during
hydrodynamic cavitation are visible and can be described as a cloud of vaperous cavilics whereas
no bubbles or clouds of bubbles were observed during ultrasonic cavitation.

e) Hydrogen peroxide: A concentration of 0,1 mg/¢ of hydrogen peroxide was detected from
sonication of reverse osmosis permeate indicating the formation of hydroxyl radicals and
subsequent reaction to form hydrogen peroxide. Hydrogen peroxide was not detected by using the
Cu (II) ~ DMP method during hydrodynamic cavitation of reverse osmosis permeate, It can be
concluded from this that the concentration of hydrogen peroxide generated during bubble collapse
was less than the lower detection fimit of the analysis (0,034 mg/8). As a result of the scale and
the residence time, a relatively small volume of permeate is exposed to hydrodynamic cavitation
for milliseconds and any hydrogen peroxide which formed in the nozzle would have been diluted
in the reverse osmasis permeate (80 £. An unreasonable number of passes through the system
would be required, during which time any hydrogen peroxide would either decompose or react,

[} Bacterial inactivation : Ultrasonic cavitation inactivated bacteria whereas hvdrodynamic cavitation
was unsuccessful in inactivating boacterin,  The ultrasound and hydrodynamic results are not
directly comparable because of differences in residence time, equipment scale and possibly the
form of cavitation.



Evaluation of Water Treatment Technologies

The water industry is constantly evaluating water treatment processes. In the evaluation of systems it
is important to inform people of the ineffective processes as well as the efflective ones. The
application of hydrodynamic cavitation for the treatment ol potable water is one such a case. The
experiments undertaken in this study indicate that an undetectable concentration of hydrogen
peroxide was produced by hydrodynamic cavitation using the method by Baga et al. 20 and that no
reduction in the viability of raw water bacteria was achieved, Based on these results it can be
concluded that hydrodynamic cavitation alone is not a feasible process for disinfection of potable
water.

SUMMARY AND CONCLUSIONS

The project was designed to determine whether hydrodynamic cavitation could be used for
disinfection of raw water, Raw water was uvsed as the ingoculum as it was considered most
representative for a water treatment praject, The absolute numbers of colony forming units was of
secondary importance compared to the change in the CFU/m¢ which is used to determine the
efficiency of a process.

Hydrodynamic cavitation can rupture cells '8 but was not successful in the inactivation of naturally
occurring raw water bacteria as determined in this investigation. Had hydrodynamic cavitation
proved to be successful in the inactivation of raw water bacteria, the ease of installation would have
made this an attractive prospect for water treatment by exploiiing the existing potential energy in
pipelines of water distribution systems. Ultrasonic cavitation was not only used for comparison, but
more importantly as a control. Hydrodynamic cavitation produced in the cavitation rig was
determined to be unsuitable as a single process for the inactivation of raw water bacteria.

The conclusions of this work can be summarised as follows -

+ Raw water used in the heterotrophic plate count analysis provides an assessment of the efficiency
of the hydrodynamic cavitation process. .

+ In this study, hydrodynamic cavitation did not inactivate bacteria present in raw water,
Hydrodynamic cavitation did not produce sufficient hydrogen peroxide for oxidation and
therefore cannot be described as 2 mnjor contributer to free radical production.

+ Hydrodynamic cavitation alone is an inappropriate technology for inactivation of bacteria and
hence for disinfection.
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