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Introduction♦

A sound i3 a wave train of longitudinal

compressions and rarefactions in an elastic medium and

of such frequency as to toe auditole. <.hen the frequency

is raised above the limit of audibility, which for humans

varies from about 15,000 to 20,000cps, then the sound

becomes an ultrasound.

The first man to do any experimentation with

ultrasounds, or ultrasonics as they are called, was the

physiologist and psychologist Galton. He produced ultra¬

sounds toy means of a whistle tuned to a frequency above

the audibility limit for humans, but still audible to

animals. Ultrasonic whistles are known as ''Galton

whistles", and can be used for the generation of vibrations

in gases and liquids. Such whistles, together with

sirens both ultrasonic and sonic, find application in the

precipitation of aerosols for the recovery of materials

and the prevention of atmospheric pollution. Tneir upper

frequency level is limited, however, and they have not

been used for the investigation of chemical effects.

Ultrasonic thistles can be used in the liquid phase for

the production of stable emulsions.(l)

A more flexible type of generator uses the principle

of magnetostriction. If a metal bar, (nickel is very

suitable,) is placed in a magnetic field, then a change in
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the dimension parallel to that field tases place. If

the magnetic field is made to oscillate, then the Oar

also will oscillate. To obtain a maximum amplitude of

oscillation for a given field strength the field is made

to oscillate at the fundamental frequency of oscillation

of the bar, and thus resonance is obtained.(2) The

frequency range of magnetostriction generators i3 from a

few kilocycles to aoout 50,000 cps. They are particularly

useful for coupling to solids. One important application

is in the ultrasonic soldering iron, used to solder

aluminium. Here, the bit of the iron is made to vibrate,

and the vibrations break up the surface oxide layer on the

metal, allowing the soluer to amalgamate with a fresh

metal surface.

The most common type of generator used for chemical

experiments makes use of the piezo-electric effect. An

X-cut quarts crystal is subjected to an oscillating

electric field, usually generated electronically, and is

thus made to vibrate at the frequency of the field. For

a maximum conversion of electric to vibrational energy,

the frequency of the field mu3t be the natural fundamental

frequency of vibration of the crystal. By suitable

cutting of the crystals, generators can be made to operate

at frequencies of several megacycles per sec. and at

powers of several hundred watts. The crystal is usually
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immersed in a liquid to provide suitable loading and

prevent an excessive and damaging amplitude of vibration.

The medianical effects of TJSB are well known and

have been the subject of much research. As a general

rule these effects are greater in the lower range of

frequencies, say from a few to a hundred kilocycles per

sec. They include the emulsification of liquids and

peptisation of gels and precipitates, the dispersion of

solids in liquids, and on the other hand accumulation

and aggregation of emulsions and sols, depending on the

conditions used.(3)

Because of their physical properties, ultrasonics

can be used for material testing, the waves being

interrupted and reflected by any flaw in a continuous

medium, such as a crack or a bubble in a metal casting,(3)
and they can also be used in the measurement of film

thickness, and in echo sounding at sea.

On the border between physical and chemical

effects of ultrasonics we have the degradation of polymer

solutions which has been extensively studied. elville and

Furray (4) have degraded polymethyl methacrylate and

polystyrene and induced the polymerisation of styrene

monomer in the absence of cavitation, working at a

frequency of 2l3Kc/s. whereas all other recorded chemical
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effects are suppressed by the suppression of cavitation.

On the other hand, many physical effects can he

produced by cavitation from other than an ultrasonic

source, for instance by tne action of fast moving

propellers or by venturi nozzles (b) but no chemical

effects have so far been produced by these means. a

possible exception is the erro3ion by cavitation of

marine propellers. Marboe (6) suggests that this is due

in part to the chemical attack of ions formed on the

surface of the cavities at the metal-water interface.

Chemical effects are manifest only at the higher

ultrasonic frequencies, say 100 Kc/s. and above, while

the physical effects are reduced at high frequencies, and

it is only with the chemical effects that this thesis is

concerned. •

The chemical effects of ultrasonic radiation

'hereinafter USE.) have been studied spasmodically since

about 1927. A paper appeared in that year by Richards

and Loom is (7) noting that IJSR. speeded up to a small

extent the iodine "clock reaction". since the earliest

investigations, the chemical effects of IJbR. have been

linked with cavitation which was known to require tho

presence of a gas in the solution under irradiation.

Schmitt, Olsen and Jonnson in 1929 (8) describe the

liberation of I2 from KI, Cl2from CCI4, the oxidation of



HgS and the bleaching of certain indicators. They
stated that 0^ was necessary for the reactions, and

suggested that it was activated in the cavities.

Om of the moat interesting phenomenon produced

by ultrasonic radiation is sonoluminescence. This

luminescence takes the form of a very faint glow usually

of a bluish colour, visible to the dark-adapted eye when

USR. of sufficient strength to cause cavitation passes

through water in the presence of air, or another suitable

gas. It appears to oe strongest where cavitation is

most vigorous, and doe3 not persist when the USR. is

switched off.

The first observations of sonoluminescence were

by Beuthe. His work is commented on by Irensel and

Schultes (9) who photographed the luminescence produced

by §Mc/s U.S.3. in distilled water, and ascribed it to

electrical discharges in the solution. They also

suggested that the 0^ in the bubblos in the solution was
dissociated by the discharge, and that the oxygen atoms

combined with the water to give

Since then many workers have uescrioed the

formation of hyurogen peroxide and the liberation of

iodine from potassium iodide, (10, 11, l£, 13, 14, 26,

40 , and others.)
Other cnemical effects discussed include molecular



rearrangement, (15, 16), liberation of free halogens

from various organic halides, (17, 27), polymorphic

transformations, (18), degradation of long chain

molecules, (4, 19, 20), hydrolytic effects, (21),

deactivation of enzymes, (22), and effects on photo¬

graphic emulsion, (23).

The first specific investigation into

sonoluminescence was by Chambers.(24) His work was

done at a sonic frequency, 8,900cps, ana he obtained

sonoluminescence from thirteen organic liquids. He

related the visually ooserved intensity of the

luminescence to the viscosity and dipole moment of the

liquids. No other workers have reported sonoluminescence

in the absence of water,

Further investigation was made by Harvey (25) using

a frequency of 550K.cs. He reported sonoluminescence

from water in the presence of pure 0^, Hg, or he, but not
in the presence of H or OOg, He also observed that an
increase in the hydrostatic px-essure sufficient to reduce

or prevent cavitation extinguished the luminescence, and

that the addition of Br^ to the water markedly increased
it.

Prudhomme and Grabar (26) showed conclusively that

0^ was not necessary for sonolumineacence or for the
characteristic oxidative effects. They also observed the
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suppression of the luminescence by the addition of small

amounts of cartain organic liquids to the water under

irradiation. This they attributed to the efiect of the

vapour pressure of the organic liquid in preventing the

rapid collapse of the cavities. noting that everything

that suppressed the sonoluminescence also suppressed

ultrasonic chemical activity, they concluded that the t«o

phenomena ..ere closely related.

Moue of action.

A variety of theories has been put forward in

explanation of the chemical effects of UdR. but so far no

one theory has been absolutely proved. All the theories

are based on the phenomenon of cavitation, -.hen the

ultrasonic beam traverses a liquid, the alternate **aves of

compression and rarfefaction, if strong enough, cause the

formation of cavities in the liquid during the negative half

of the pressure cycle, which cavities are rapidly collapsed

during the positive half. In an ultrasonic beam of

frequency lMcs. and energy 10 »*atts/8q.cra. the pressure

variation is from +5at. to -bat., and tne acceleration of the

particles is 2b),0Q0g. (27) If cavitation is suppressed

in any way, by increasing or uecreasing the external pressure

over the liquid, or oy completely degassing it and thereby

removing all the cavitation nuclei, then all chemical

activity and sonoluminescence stops.



The most popular theory is that of Frenkel, (28)

namely that the chemical effects are due to electric

discharges across the cavities in the ultrasonic beam.

He suggests that the cavities form initially in the shape

of a lens, which rapidly expands into a sphere of the same

radius. Because the distribution of charged ions

throughout the liquid will not be exactly uniform, then

the two sides of the cavity will carry opposite charges,

and if the radius of the bubble is large compared with the

mean free path of an electron in the gas filling it, and

yet not so large that the electric field across it is

reduced too far, ionisation will take place and there will

be a rapid discharge. His calculations show that the

average field across a cavity will be of the order of

600v./cm., and this is sufficient to cause breakdown in

water vapour at the pressures expected in the cavities.

The time taken for such a charge to leak round a

cavity by ionic conduction is calculated to be of the order

of 10~4 sec. which is long compared with the lifetime of

bubbles in the high frequency ultrasonic fields

(5x10"^ to 10~? sec.) which cause chemical activity.

*<here however the cavities are formed by sonic vibration,

or by propellers or Reynolds jet3, the time of formation

of the cavities is relatively long, (Bressler (29) suggests

10 sec. at a high velocity jet, ) and the charge will



-9

leak away, rather than discharge through the gas in the

cavity. This provides an explanation for the fact that

no chemical activity is observed under the action of low

frequency ultrasonics, at jets, in waring blenders, etc.

This theory has received considerable if indirect

experimental support, firstly from the effects of various

dissolved gases. Chemical activity will take place in

solutions saturated with oxygen, nitrogen, argon or air.

These gases have similar solubilities in water, and

approximately the same diffusion constant. It seems

likely that in their presence, although a cavity may be

nucleated by a gas bubble, by the time the cavity has

expanded it will contain largely water vapour at a pressure

of about l/50th atm. (30). In the presence of carbon

dioxide, however, all chemical activity and sonolumine3cence

is suppressed. The solubility of this gas being so very

much greater, it would be expected to diffuse more raoidly

into the cavities, raising the internal pressure and

suppressing the discharge. The audition of organic

liquids of high vapour pressure, (alcohol, acetone, ether,

etc.) which would be expected to have the same effect, also

suppresses the activity. The suppression of the activity

by hydrogen can be explained by its greater diffusion

constant, and also by it3 effect on the active radicals

formed in the cavities (see below).
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Secondly, if the suggestion of an electric

discharge through the water vapour in the cavities is

allowed, then many of the chemical effects of the

ultrasonics are readily explained. Hodebush (31) and

others have shown that an electrodeless discharge

through water vapour will produce hydrogen atoms and

hydroxy1 radicals, the latter dimerising to form

hydrogen peroxide. The formation of hydrogen

peroxide by ultrasonics is well known, and the presence

of hydroxyl radicals has been demonstrated by

performing direct substitution in the benzene nucleus

(this thesis, p.63 ), analogous to the work of Weiss

and Stein, (32) who used the effect of ionising

radiation on aqueous solution as a source of OH radicals.

Miller, (33, 34) has drawn attention to the analogy

between the effects of ultrasonics and ionising

radiation on aqueous solutions, both in the production

of hydrogen peroxide, and in the oxidation of ferrous

ions. An essential step in the effects of ionising

radiation is known to be the formation of hydrogen atoms

and hydroxyl radicals, and it seems most likely that the

same primary step is the cause of the chemical effects

of the ultrasonics. The suppression of the oxidative

chemical effects by hydrogen is no doubt partly due to

the latter combining preferentially with the hydroxyl
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radicals according to the well known reaction,

Hg + OH = HgO + H. (35).
An extention of the Jrenkel theory by Prudhomme

and Grabar (36) is that there is an ultraviolet

component in the sonoluminescence, which is absorbed by

water at 1800A. and that photochemical dissociation

follows. Yhile this might be possible, no direct

evidence for ultraviolet light in the sonoluminescence

has been put forward, and the discharge itself is

sufficient to cause the dissociation.

A different idea has been put forward by JYarboe,

(37). He suggests that during the rapid formation of

the cavities, some hydrogen-oxygen bonds are broken,

leaving free radicals and/or ions on the cavity surface.

The ease of breaking bonds at an interface is known to

depend in certain cases on the gaseous atmosphere at the

interface, 30 the change in ultrasonic activity with the

gas in solution Could be explained. The sonolurnine3cence

is supposed to come from the reaction between adjacent

radicals or ions on the cavity surface analagous to the

luminescence observed by Audubert, (38) during the

neutralisation of strong acids by strong bases. However,

the fact that Audubert's luminescences were at wavelengths

of the order of 2000 - 2400 %, while sonoluminescence

appears to be in the visible region throws some doubt on

the analogy.
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Griffing, (39) lias suggested that the cause of

ultrasonic chemical activity is a rapid temperature

fluctuation of several hundred degrees during the

adiabatic expansion and collapse of small gas bubbles

in the ultrasonic field, and has related the activity

to the thermal properties of the gases. This idea has

been criticised by Teissier, (40) on the ground that it

does not explain the depolymerisation effects which will

occur in the presence of COg in non-aqueous media, but
not in aqueous media, though the heat properties of the

gas are the same in both cases.

Griffing's theory is independently supported by

the work of Noltingk and beppiras, (41) who have

examined cavitation mathematically. They suggest that

the collapse of the cavities is extremely violent,

resulting in momentary pressures of thousands of

atmospheres. As the result of adiabatic compression

the gas within the cavities may be raised to 10,000°C.

If this occurs, there might be sufficient dissociation

of the water vapour in the cavity to cause the ultrasonic

chemical effects, and incandescence to provide the

sonoluminescence.

Objects of this research.

The research described in this thesis was

undertaken with the idea of deciding, if possible, the
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fundamental mode of chemical action of USR. in water,

and the relationship between chemical action and

sonoluminescence. To that end, attempts were made to

determine the spectrum of the sonoluminescence, hoping

that that would give an indication of its source, and

perhaps also of the radical and atomic species present

in the cavities. In fact, little could he discovered

about the spectrum, so measurements were made of the

relationships between chemical activity, luminescent

intensity and ultrasonic power for a number of

reactions in the presence of oxygen, nitrogen and

argon. The presence of hydroxyl radicals in water

under ultrasonic irradiation was proved by performing

direct substitutions in the benzene nucleus.

The validity of the various theories for

ultrasonic activity has been discussed in the light of

the experimental results, and none of those so far put

forward has been found entirely adequate.
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Apparatus.

The Generator and Irradiation Vessels.

The source of ultrasonic waves used throughout

this work was a Mullard High Frequency Ultrasonic

Generator, Type iS.7562.

This is a piezo-electric type generator. Radio-

frequency voltages are generated toy a silica triode

which is capable of giving over a kilowatt output.

The H.T. voltage for this is supplied by two grid-

controlled mercury vapour rectifiers in a full wave

circuit. The output of the oscillator triode is

controlled via the H.T. voltage toy varying the phasing

on the rectifier grids, the actual control toeing a

potentiometer giving a continuous variation. The

frequency of the oscillator can toe changed toy

substitution of the oscillator coils, and fine adjustment

is made by a variometer in the anode circuit.

The R.F. voltage is fed via a coaxial cable to the

transducer head (Figure 1.) containing the crystal.

The latter is an X-cut quartz disc, 4•5cm. in diameter,

silvered on tooth sides and mounted on the face plate of

the transducer-head toy "Araldite** thermosetting resin.

Face-plates carrying crystals of various thicknesses are

interchangeable. Those available for this research

had fundamental frequencies of vibration of •§-, 1, and 2,vc/s



Figure 1.

Transducer head with baseless vessel.
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The high potential aide of the R.F. lead is applied to

the back of the crystal, the return to earth being from

the front silvering to the outside of the transducer

head and the sheath of the coaxial cable. The whole of

the transducer assembly, including the cable entry, is

water-tight and can therefore be mounted in a thermostat

bath, and, if it is desirable, the liquid under

irradiation can be in direct contact with the crystal.

The output power of the generator was measured

relatively for a given frequency by measuring the radio-

frequency voltage applied to the crystal. At resonance

this is related to the power by the formula:-

Power = Voltage^
Resistance

where the power is in watts, and the resistance varies

directly as the acoustic impedance of the liquid

irradiated and inversely as the square of the frequency.
indicator

The r.f. voltage/was in fact a milliarameter fed

from a condenser potential divider chain and a high

voltage rectifier. For convenience of observation a

second milliammeter was connected in series with the one

on the generator, having a longer scale and giving more

accurate readings of the output voltage.

For all experiments except those on the spectra of

sonoluminescence, the transducer head was mounted in a
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glass fronted thermostatic tank maintained at 20°C. "by

a "Sunvic" control.

Two types of irradiation vessel were used, the

first without a base, and the 3econd with a base. The

"baseless" vessel consisted of a piece of glass tubing,

about 58rara. internal diameter, flanged and ground flat

at one end. This end was pleased to the surface of the

transducer head by a brass ring bolted to the mounting

(Figure 1). Hings of rubber were placed between the

glass and the transducer head, and between the glass

and the brass ring to provide a water-tight joint, and

to prevent breakage. Thus the solution under

irradiation was in direct contact with the crystal.

The second type of vessel was a piece of tuoe of

42mra. internal diameter, made of soft glass and sealed

with "Araldite" thermosetting resin to a plain glass

disc of about 70mm. diameter, cut from a cleaned

photographic plate. Some difficulty was found in making

this joint as the glass plate frequently cracked on

cooling after the thermosetting. The plate also

frequently cracked during use, although whether this was

due to inevitable mechanical strain, or to some effect

of the ultrasonics, is not known. After use for some

time, the "Araldite" seal eventuallj? pulled away from
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one or other of the glass surfaces, usually the smooth

slide. JSfforts were made to prevent this by making a

ground ring on the surface of the slide, but this of

course weakened it and did not seem to improve the life

of the joint, so the practice was not continued.

The percentage transmission of USE. through a

glass plate depends on the wavelength of the radiation

and on the thickness of the glass, (27) and is a

maximum when the thickness equals an odd number of half-

wavelengths. As the wavelengths of the radiations used

were not accurately known, and as only a limited number

of thicknesses of plate were available, it was necessary

to choose the base plates by trial and error. A

particular plate was temporarily fastened to the tube

with vaseline, and the luminescence from water in the

tube under irradiation, at a fixed power and at the

optimum tuning of the generator, was measured. It is

shown elsewhere in this thesis that there i3 a direct

proportionality between the intensity of the luminescence

and the chemical activity, so the luminescence could be

used as a measure of the radiation transmitted by the

base plate. jSxperiment showed that the brightest

luminescence, and therefore the best transmiss ion (at
(0*84mrn.)

-^Mc/s) was obtained through a plate 0-33in. thick, but
that a variation of + or - 10c, made no detectable

difference. (ifixperiments at frequencies
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of other than ^Mc/s were performed in vessels without

a base, or closed with a film of cellophane.)

Using the glass base plate as a flange, the

irradiation vessel was clamped between two brass rings

held at a fixed distance above the surface of the

crystal, a rubber washer being placed between the glass

and the upper brass ring to minimise breakage. (Figure 2).

The distance between the glass and the crystal was found

to be critical for maximum energy transfer. This was

carefully adjusted during the setting up of the

apparatus with a particular crystal and then fixed for

the rest of the experiments. The criterion was again

maximum luminescence at a given power.

During irradiation there was a tendency for air

bubbles driven out of the water in the thermostat tank
. •

to collect under the base plate of the irradiation

vessel. Slits were therefore cut in the lower brass

ring so that the bubbles could escape round the edge of

the vessel base. A circulating pump was also arranged

to urive a jet of the tank water across the base of the

vessel, and so carry any air bubbles away. Experiment

showed that switching the pump on and off made no

difference to the energy transmitted from the crystal to

the vessel.

For the experiments involving irradiation unuer
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pure nitrogen or argon, and for some comparative runs

under oxygen, the vessel was made from a (iuickfit B40

cone (internal diameter 33ram.) attached to a glass base

as above.

Luminescence Measurements.

All the measurements of relative intensity of

the sonoluminescence were made with 9-stage photo-

multipliers. Three types were used, the American 931A,

the Mazda 27M2, and Mazda 27M3. These are similar in

performance, but the response of the 931A is limited to

the spectral range 6,000 to 3,500 Au., the short wave

cut-off being due to the glass envelope, while the other

two are fitted with a U.V. transmitting envelope which

extends the range down to 2,200 Au. The sensitivity of

the tubes depends markedly upon the H.T. voltage applied

to them, but is roughly the same for each for a given

H.T. The 931A and the 2?M2 become unstable if the H.T.

is raised much above 800v. while the 27M3 will operate

satisfactorily at up to lOOOv. It was unfortunately

impossible to use the same tube throughout the work,

because the tube life and performance is uncertain, but

as all measurements were relative, and as no changes

were necessary during the course of any one section of

the work, this was not important.



Flrure ^

Photomultiplier and Valve Voltmeter Circuit.

All unmarked resistances are IV_n..
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Unless otherwise stated, the transducer head

was clamped with the centre of the crystal 8*5cm. from

the glass plate which formed the front of the thermostat

tank. A photomultiplier was mounted outside the tank,

its photocathode 4*5cra. from the glass and directly in

front of the irradiation vessel. The centre of the

photocathode was approximately opposite the centre of

the column of water under irradiation. The H.T. to the

photomultiplier was supplied by a number of 120v.

batteries connected in series, the pile being decoupled

from the multiplier by a 1M. resistance and a 0-5^F
condenser. H.T. voltages were measured frequently at

the battery end of the decoupling resistance, and any

depreciation of the batteries was compensated by the

audition of further cells in series. The voltages for

the multiplier uinodes were provided by a chain of 1M

resistances across the H.T. supply.

The final anode current from the multiplier was

fed through a 100M resistance in the grid circuit of a

valve voltmeter bridge, (Figure 3), the H.T. for which

was supplied by a stabilised power pack, (Figure 4).

The output from the bridge was measured by a Cambridge

microarameter via a Pye Universal Shunt, and damped by

a 2000^F condenser.
The linearity of the bridge circuit and the ratio



Figure4. StabilisedPowerPack.

\
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of the shunt positions were measured as follows

A low impedance voltage source, (a tapped

resistance across an accumulator), was included between

the earthy end of the 100 Iff grid resistance and the

zeroing potentiometer (point X, Figure 3). ,Vith the

input voltage zero, the potentiometer was adjusted till

the microammeter read zero. The input voltage was

then adjusted to a suitable value and the response on

the microammeter at the appropriate setting of the shunt

noted. The zero was then rechecked.

Table for Graph 1.

Voltage
input Shunt at 1

Response in uA.
Shunt 'at 2 Shunt

0-1 38

0*2 80 32

0-3 120

0*4 160 68

0* 5 200 86

0*6 230 102

0*7 120

0*8 136

0»9 150

1-0 170

1 -1 188 80

1*2 202 86

1 *3 218 S3
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Volts in Shunt at 2 Ohunt at 5

1-4 229 98

1*6 10?

1*9 122

These results, plotted on GraphI show that the

response of the bridge is substantially linear up to an

input of l*3v. and that the sensitivities for the three

shunt positions are:- Shunt at 1, 400^ii/v;
Shunt at 2, 1 GS^A/v; Shunt at 5, 73/cA/v. The
maximum linear response is full scale deflection at

Shunt 1, SlO^A at Shunt 2, and 95^A at Shunt 5,
The response of a photomultiplier is theoretically

linear with light intensity. This was checked with two

of the multipliers used, the 27?12 and the 931A, by means

of the inverse square law as follows:-

The photomultiplier at a suitable H.T. voltage

was exposed to a small torch bulb fed from an accumulator

via a variable resistance. tfith the bulb at a suitable

distance from the multiplier the resistance was adjusted

until a large deflection was obtained from the micro-

ammeter. The distance from the bulb to the

multiplier (d) was then varied, and the response (r) of

the microammeter noted. The values of ^against d, or
IOr

r against c/*- were plotted and the straight lines obtained

showed that the multiplier response was linear at least
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up to the limit of linearity of the valve-voltmeter

bridge.

1). Multiplier 27M2. H.T. 648v. 8hunt at 2.

Table for Graph 2. •

d.cm. TyUA' 1/ d.cm. r 'jdA' l/yr:
30 198 0-071 70 45 0-149

40 123 0.090 80 37 0-164

50 81 0-111 90 30 0-182

60 63 0*126

Table for

100

Graph 3.

25 0-200

2). Multiplier 931A. H.T.700V. r taken at

dcm. r}CLA• 105/<*2 d. cm. v.AA. I0b/d2
80 256 15*6 100 192 lO'O

86-5 240 13*4 110 160 8-3

87-5 232 13-1 150 88 4 -4

90 219 12-4 180 64 3*1

95 212 11*1 195 56 2-6

3). Multiplier 931A. H.T. 515v. r taken at Sg
Table for Graoh 4.

d. cm. r^A. 10b/d2 d.cm. r . ioJ/a2
55 176 33-0 90 68 12*3

59 150 28-6 100 54 10-0

65 130 23-7 120 44 6-9

70 112 20.4 150 32 4 *4

80 82 15.6



Graph 5.

Photomultiplier 9olA Linearity.

Graphs 4 <p 5.

Linearity of Response and Variation

40 80 12u 160 200
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(This multiplier was used at an H.T. of 515v. for the

measurement of the relatively strong luminescence from

argon saturated water.)

The variation of the photomultiplier (type 931A)

response with variation in H.T. was also plotted. The

small bulb was again arranged in front of the

multiplier so that at a high H.T. voltage a large

deflection was obtained. With the bulb position and

voltage fixed, the H.T. to the multiplier was varied,

and the variation of the response noted.(Shunt at 2.)

Table for Graph 5.

H.T. volts. Response Sg H.T.volts Response 83
700 194 585 60

655 125 540 32

634 100 515 23

All the luminescence measurements in this thesis

are relative, no attempt having been made to standardise

the photomultipliers and amplifiers with a light source

of known intensity. Unless it is specifically stated

to the contrary, the measurements quoted in any one

section of the thesis may not be directly comparable with

those quoted in another section because of changes in

the multiplier age, type, and H.T. As the response of

the multiplier and valve voltmeter are linear with light
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intensity, intensities are quoted as the response of

the output meter in microaraps, together with the setting

of the shunt. .diere an occasional high reading fell

outside the range of linearity, it was corrected from

the appropriate graph before quotation.
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lleating Sffect of Ultrasonics.

Several attempts have been made to estimate the

total ultrasonic energy from a vibrating quartz crystal

by measuring the temperature rise in some appropriate

system in order to determine the "yield" of some

chemical or physical effect. Jellink and white (19)

measured the temperature rise in the whole oil-bath

into which their vibrating crystal operated, while

Selman and wilkins (42) measured the temperature rise

in a calorimeter suspended above the crystal and filled

with a suspension of asbestos fibres in water to ensure

the complete absorption of all the ultrasonic energy.

yith regard to the present work, it was felt that

neither of the above methods would be directly

significant. The former for instance measures the

total energy produced oy the crystal rather than the

portion of the energy available in a vessel clamped above

the crystal, making no allowance for reflection and

dispersion by the vessel base. In the latter method,

the presence of asbestos fibre seemed an undesirable

change in conditions which might affect the amount of

energy entering the vessel by damping vibrations of the

base.

Measurements were therefore made in two of the
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vessels actually used in the chemical investigations,

and containing approximately the same volumes of water

that they contained in those investigations. The

procedure was as follows. The vessel was arranged

above the %Mc/s. crystal in the thermostatic tank in

the usual way. One junction of a thermocouple was

placed in the vessel close to the side i.e. out3ide

the most intense region of disturbance caused by the

ultrasonic waves. This position was chosen because

it was found that if the thermocouple was in the centre

of the vessel it absorbed the radiation and its temperature

rose more rapidly than that of the water. The other

junction of the thermocouple was placed in the

thermostatic tank, and the B.M.F. was measured by a Pye

galvanometer. A rectangular paddle (1*5 x 3 cm.) was

constructed of thin perspex and round this was wound a

piece of "Hichrome" wire, resistance 25 ohms. The wire

was connected to a voltmeter, an ammeter,and a variable

supply of D.C. The vessel was filled with water to the

level used in the appropriate experimental work, the

generator switched on to a given power, and the tuning

adjusted to give the maximum disturbance of the water in

the vessel. (This condition of maximum disturbance has

been found to be the condition of maximum luminescence

and chemical activity.) The temperature of the water
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in the vessel then rose, and the irradiation was

continued until it reached a steady value, the water
%

being automatically stirred by the action of the

ultrasonics. The generator was switched off, and the

perspex paddle placed in the vessel. A current was

passed through the resistance wire and adjusted until

the temperature rise in the vessel was the same (at

the steady value) as that caused by the ultrasonics,

the water being vigorously stirred with the paddle.

The current through, and the voltage across the wire

were then measured.

As the temperature of the thermostat bath was

constant, it can be assumed that at any given temperature

the heat loss from the v.ater in the vessel would be

constant at the steady state, and **ould be equal to the

heat input, either from the ultrasonics or from the

resistance wire. Therefore, in the above experiment

the wattage dissipated by the wire would be equal to the

heating effect of the ultrasonics.

Graphs 6A andB show the watts of heat produced

by the ultrasonics against the power output of the

generator in Kv"' at ■§- Mc/s in the vessels used for

the irradiations under oxygen, (p. 72 ) and under

nitrogen, (p. 83) and argon, (p. 92 ) respectively.
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Table for Graph 6A.

Inp^t
Kv*

Heating
Watts

Input
Kv2

Heating
Watts

4.8 9-7 16-0 29-8

6-2 13*9 17.2 33-0

9 ♦ 0 17.4 20-3 36.8

9.9 19-6 22-0 39-6

12-2 23-8 25-0 40-6

15-2 28-9

Table for Graph 6B.

Input
Kv2

Heating
Watts

Input
Kv2

Heating
.•at ts

6-8 15-0 21-2 31-8

8*4 16-8 26.0 35.2

13-1 21.3 28.0 38.2

16-0 25.4

The graphs from these tables show that within

reasonable experimental error it is possible to draw a

straight line through the points over the range in

which measurements were taken. This means that the

value "Kv2" (t iat is the square of the radio-frequency

voltage applied to the crystal) quoted tnroughout this

thesis is a relative measure of the ultrasonic power

dissipated in the water under irradiation.

It is unlikely that this linearity i3 absolute,

indeed a close examination of the points on Graph 6A
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reveals a possible curvature. This however is slight,

the maximum deviation from the straight line in the

region under consideration being of the order of 2?..

This is well within the limits of error of measurement

of not only these heating effects, but also of the

luminescence and chemical effects studied, so tor all

practical purposes it can be neglected.

iSxtrapolations of the lines "Heat against Power"

do not pass through the origin as would be expected.

This is a further indication of non-linearity in the region

of low power. The generator is so constructed however

that powers are not obtainable below a limit of 2.2 Kv.

4.84 Kv^) at -gMc/s. so the non-linearity is again

unimportant.

The cross sectional areas of the two vessels were

13 • 2 sq. cm. (oxygen ) and 8»5 sq.cm. (nitrogenand argon).

The respective wattageo shown by the curves at the

highest power used in the experimental work (5 Kv.) are

46, and 35*0, giving power intensities of 3*5 and 4»1

watts /sq. cm. of vessel base. These are lew compared

with those quoted by Salman and ./ilkins (42) (up to

55 watts /sq. cm. at 1*2 Mc/s. of calorimeter base) but

the area involved is greater, making the total wattage3

of a comparable order (46 watts against 60 watts).
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ANALYSIS.

Hydrogen Peroxide.

H202 was estimated by the spectrophotometric
measurement of the iodine liberated from KI in the

presence of ammonium molybdate, (43) using a Unicam

SP 600 spectrophotometer.

A solution of H202 was standardised both by
titration with standard KMn04 (44), and by titration

of the I2 liberated from KI with standard Ra2S203 (45),
the results being in good agreement. On the same

day, after suitable dilution, quantities of the

standard H,302 were pipetted into 10ml. graduated
flasks. To each was added 5 ml. 0.211 KI, and 0.1 ml.

ci-

cf ammonium molybdate. The mixture was made up

to the mark, and allowed to stand for at least 5 mins.

before measurement of the transmission density at
O

3b30A in a cell of suitable length. Sxperiment

showed that the transmission density was stable for at

least an hour after the solutions had been made up.

Results, in terns of M/l x 10° and transmission density

(lcm. path), were plotted (Graph 7) and found to give

a good straight line.

Iodine.

In the experiments involving air saturated
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KI-CCI4 solutions, where comparatively large

quantities of I2 were liberated, estimation was by
direct titration with standard iia2£2°3 • With
Og saturated KI solutions the quantities were smaller,

and were estimated by measuring the transmission
o

density of the solution at 3530A in the presence of

excess KI. A calibration curve was drawn by

measuring the transmission density of diluted

solutions of kncwn strength. The resultant graph

(Graph 8) was a good straight line.

hitrite.

Hitrite was estimated by the coupling reaction

between naphthylamine and sulphanilic acid, (47).

The sample, usually 5 ml. was placed in a 50 ml.

graduated flask with 1 ml. of the sulphanilic acid

reagent (made by dissolving 0*6 gra. recrystallized

sulphanilic acid in 70 ml. hot water, cooling, adding

20 ml. conc.HCl and diluting to 100 ml.). After

standing between 3 and 10 mins., 1 ml. a-naphthylaraine

hydrochloride solution was added. (0.6 gm. in 1 ml.

conc.HCl, made up to 100 ml.) and 1 ml. 2M sodium

acetate. After dilution to 50 ml., the mixture was

allowed to stand for at least 10 mins. and then the
O

transmission density at 5200A was measured in a Unicam
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Spectrophotometer. (SP600).

A calibration curve was constructed using

nitrite solutions of known strength, prepared by the

dilution of a solution standardised on the same day

with potassium permanganate and oxalic acid.(48).

The curve was linear over the required range. (Graph 9).

titrate.

It was found possible to make a rough

quantitative estimate of nitrate in micro-molar

concentration, by reduction to nitrite with zinc dust,

and estimation of the nitrite.(49), If the solution

to be analysed contained nitrite as well as nitrate,

the former was removed by boiling the sample, usually

5 ml., for ten minutes with an equal volume of 4M

ftH^Cl. After cooling, the sample was then shaken
with 35-45 mg. of zinc dust and 3ml. of acetate buffer

solution, for exactly 30 seconds. (The buffer wa3

prepared by adding 50ml. 2ft acetic acid to 25ml. 2n ftaOH

and diluting to 100ml.). The nitrite thus produced

was estimated as above, except that it was found

necessary to add 0.1ml. conc. HC1 with the onaphthylamine

solution. It was found from experiments with known

ft02"-N03" mixtures that the quantity of nitrate present
was unaffected by boiling with and that between
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49% and 58$ of it was reduced to nitrite. Experiment

showed that both the quantity of the zinc and the time

of shaking were critical.

The accuracy of the method is not great, possibly
%

not better than 20%.

Peroxide in the presence of h'itrite.

In the presence of nitrite, potassium iodide is

oxidised to iodine, so the method given above for the

estimation of peroxide is not applicable. .Experiment

showed that if 1 ml. of a solution of 2 x 10"^ M.KOg
was added to 5 ml. 0.2M.KI and 0.1 ml. ammonium

molybdate, and the whole made up to 10 ml., the

resultant transmission density was between 0.05 and 0.03

after 5 rain3., rising to between 0.15 and 0.10 after

30 mins. The solutions in which it was required to

estimate peroxide contained from about 1 to 6 x 10~5 M.SOg
and so would have given a large and irreproducible blank

reading by thi3 method.

The method involving the audition of Ti(U04)2
solution, with the formation and coloriraetric estimation

of the pertitinic acid, was tried but found too

insensitive.(50)

In acid solution, peroxide will oxidise nitrite

to nitrate. If, therefore, a measured excess of nitrite
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i3 added to a nitrite-peroxide mixture which is then

acidified and allowed to stand, the fall in nitrite

concentration will give a measure of the peroxide

present.

Using standard solutions of micromolar concentration,

it was found that in the presence of about 100^ excess

nitrite in normal HgS04 after an hour, a quantity of
nitrite equivalent to 90/^ of the peroxide present had

been destroyed. At the concentrations occurring in

the present work, it is doubtful if the method is

accurate to better than -20%.

(Since this work was done a paper has been

published by Schwarz and Allen (51) in which a method

of estimating peroxide in the presence of nitrite by the

oxidation of iodide is described. They state that in

the presence of a sodium hydroxide - potassium hydrogen

phthalate buffer, the iodide-nitrite reaction is

sufficiently 3low and reproducible for a correction

factor to be applied. This method might well have been

more suitable than the one used here.)

Ferric Iron.

The concentration of Fer+ + was measured

spectrophotometrically using the absorption peak at
O

3040A. A calibration curve was constructed in the usual
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way, using diluted standard solutions which were 0.813

with H2S0^.(52) The concai tration-transmission density
relation was linear up to 2.5 x 10~3 Folar. (Graph 10).

ffolin's reagent.

25gra. sodium molybdate, 100 gm. sodium tungstate,

50ml. of 85$ phosphoric acid and 100ml, conc. hydrochloric

acid were mixed, diluted to 700ml. and refluxed for 10

hours. The solution was cooled and to it were added

150gra. lithium sulphate, 50ml. of water and a few drops

of bromine. After boiling for 15 mins. to expel excess

bromine the solution was cooled and diluted to 1 litre.

It was a golden yellow in colour.

Addition of 2ml. of this reagent to a few ml.

of a solution of a phenol, followed by the addition of

10ml. of hot 10$* sodium carbonate solution produces a

blue colouration.
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Sonolumines cence.

'Qualitative effects.

Chambers (24) working at 8900c/s reported

sonolumineacence from thirteen organic liquids, but no

worker using higher frequencies has reported it from

anything other than water or aqueous solutions.

A variety of organic liquids wa3 irradiated at

^Mc/s. in a platinum based vessel with a quartz window

(see p. 54) at room temperature. Ihe 27M3 phot-

multiplier at an H.T. of 720v. was placed about 20cm.

from the vessel, and so screened that only light from

the window could reach it. Under these conditions the

luminescence from water at full power was equivalent to

340 (shunt at 2). For each experiment the vessel was

dried out, and 40ml. of the organic liquid placed in it.

It was then irradiated at full power (5Kv.) and the

luminescence, if any, noted. Small quantities of water

were then successively added, and the luminescence on

irradiation again noted. Results were as follows.

Liquid. Qater added, mis. Luminescence.
(Shunt at 2)

Nitrobenzene 0 zero

1 16

2 80

10 120
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Liquid Water added, mis. Luminescence.

Glycerine 0 zero

1 zero

6 12

15 35

Ethylene glycol 0 zero

5 zero

15 90

Dibutyl phthalate 0 zero

1 15

10 65

E Butyl alcohol 0 zero

5 zero

20 3

Isopropyl alcohol 0 zero

15 zero

Acetone 0 zero

15 zero

Ethyl alcohol 0 zero

15 zero

Ether 0 zero

15 zero
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It will be noted that none of the organic

liquids showed sonoluminescence when pure, and that

most of them did not luminesce in the presence of

water. The last three substances, acetone, ethyl

alcohol and ether will suppress the sonoluminescence

from water if they are present in very small

quantities, a few drops to 20ml. being sufficient.

The qualitative effects of gases on Luminescence.

As was stated in the introduction, unless there

is a gas in solution in a liquid under ultrasonic

irradiation, neither the chemical effects, nor the

sonoluminescence appear. Also, the intensity of the

effects and the luminescence varies with both the nature

of the gas present and its concentration. It has been

found by experiment that if water saturated with any

gas at the temperature of the experiment is irradiated,

then some of the gas is driven out of solution and at

the same time the luminescence (and the chemical

effects) increase in intensity until some equilibrium

value is reached, usually within one or two minutes.

•/here such figures a3 "Luminescence at a given power"

or "Chemical activity at a given luminescence" are

quoted, the figures given are those obtained after the

equilibrium has been reached, (except in such experiments
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as, "Variation of Luminescence with oxygen

concentration", where this is definitely excluded.)

In the apparatus used for the irradiation of

solutions saturated with various pure gases (p. 83 ),

the luminescence at full power at -|Mc/s from water

saturated with oxygen at 20 °C measured with the shunt

at 1, and the multiplier H.T. at 700v. was 200.

Saturation with nitrogen gave the same value. If the

water was saturated v«ith air, the value rose to 190

shunt at 2, (=450 shunt at l). The addition of

hydrogen or carhon dioxide to the water suppressed the

luminescence, saturation with the gas being unnecessary

to produce the effect. If the water was saturated

with argon the luminescence was 200 shunt at 1, with

the multiplier H.T. reduced to 515v. (=1680 shunt at 1,

H.T. 700v.). The addition of small quantities of

bromine to the water under irradiation raised the

luminescence to 120 shunt at 2, at 515v. H.T.

(=2400 shunt, 700v.H.T.). The quantity of bromine

added passed through an optimum value when 10ml. of

saturated bromine-water had been added to 60ml. of pure

water. The addition of carbon disulphide to the water

under irradiation raised the level of the luminescence

to about the same value as that from bromine water,

although an exact measure was not made.
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The relative values of the luminescences under

the various gases with that from oxygen fixed as 10,

is given below.

Ga3 Luminescence Gas Luminescence

H2 0 Air 22

C02 0 A*. 84

02 10 Br;, 120
No 10

Quantitative effects. The variation of Luminescence

with Power for Air Saturated .Vater.

The study of the variation of luminescence with

power presents a little difficulty because of the

variation of the luminescence with the quantity of gas

in solution and the temperature. Experiments under

air were therefore made with the irradiation vessel in

the thermostatic tank, and with a capillary tube leading

a slow stream of bubbles into the liquid to maintain

the concentration of the air in solution. The

luminescence was measured by a 2712 photoraultiplier,

mounted outside the tank as usual. The tank

temperature was 20°C.

For each measurement the generator was switched on

to the required power and the tuning was adjusted. It

was then switched off and on once or twice and allowed
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to run for a minute or two. During this procedure

the luminescence rose to a steady value, presumably

because gas was being driven out of solution until

the optimum concentration was reached. iVhen the

measurement had been taken, the generator was switched

off and the water in the vessel, whose temperature

rose by 2 to 3 degrees, was aL lowed to cool to the

temperature of the bath.

Graph 11 shows the variation of luminescence

with power at -^Mc/s., giving the average values for

four separate determinations, Agreement between the

separate determinations was tlO^, The photomultiplier

H.T. was 600v. Shunt at 2,

Table for Graph 11

■Power Kv^ Luminescence Power Kv^ Luminescence

6,4 7 16.0 79

9.0 17 19,3 102

10.25 31 23.0 130

12.95 52

Graph 12 shows the variation of luminescence

with power at 2Mc/s., the photomultiplier H.T. being

700v. shunt at 2. Readings above 220 are corrected

for non-linearity of the amplifier, (see Graph l).

Average results for three determinations which agreed

to tlO% are given.
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Table for Graph 12

Power Kv2 Luminescence Power Kv2 Luminescence

1.00 16 4.00 151

1.44 20 4.84 216

1.96 31 5.76 282

2.56 66 6.76 325

3.24 121

The graphs 11 and 12 show that, after an

initial curvature, the intensity of the luminescence

under air is directly proportional to the power.

Luminescence variation with Power for oxygen saturated

water at jMc/s.

The apparatus and procedure used to saturate

the water with oxygen to the exclusion of other gases

was that described on p. 72 ; oxygen was blown over

the surface of the water during the experiment, but not

bubbled through it. 80ml. of water were placed in

the vessel. The generator was switched on to maximum

power and tuned to give maximum luminescence. The

generator was then switched off and on once and the

tuning checked until no further improvement in the

luminescence could be effected* Readings of the

luminescence were then taken with the photomultiplier

H.T. at 700v. and the shunt at 2 while the generator
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power was reduced stepwise without switching off.

The experiment .*as repeated three times.

Tablp for Cfv *1 1?

Power Kv2 Luminescence
dxpmt.1 dxpat.2. hxpmt. 3

23.04 170 210 220

19.36 136 164 193

16.00 118 146 158

12.96 98 116 120

10.24 70 88 88

7.84 54 58 64

5.76 38 40 42

Graph 13 shows that each separate experiment

gives a straight line, hut that the slopes of the lines

are different. If the lines are extended, each cuts

zero luminescence at about 2 Fv:-;. This suggests that

there la a power threshold below which there is no

luminescence.

Luminescence variation wl^h Po^r for hitrogen saturated
ater at *Mc/s.

The apparatus and procedure used to saturate

water with nitrogen to the exclusion of other gases was

that described on p. 83. 70ml. of water were placed

in the irradiation vessel, and, during the experiment,

oxygen-free nitrogen was bubbled slowly through. For
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each reading the generator was switched on and tuned,

and allowed to run for at least a minute until there

was no further change in the luminescence. There were

two runs, the first in descending order or power, and

the second in ascending order. The multiplier H.T.

was 700v. and the shunt at 1.

Table for Graph 14

Power Kv2 Luminescence
Run 1 Run 2

25.0 180 190

21.0 160 190

17.4 140 176

15.6 122 160

14.1 104 146

12.6 90 126

11.1 76 94

9.8 61 80

8.5 56 64

7.4 44 52

6.4 32 38

Graph 14 shows that except for anomalies at the

highest powers, luminescence under nitrogen is linear in

intensity with power. ihctention of the lines to zero

luminescence again indicates that as for oxygen there is

a power threshold below which there is no luminescence.



-46

Luminescence variation with Power for Argon Saturated
-,ater.~~ & Mc/sT

Using exactly the same procedure as above for

water saturated with nitrogen, the variation of

luminescence with power for water saturated with argon

was - investigated. (The procedure for saturating the

water with argon was that described on p.93 ). Because

of the greater intensity of the luminescence the

photomultiplier H.T. was reduced to 515v. (shunt at 1).

The results quoted are the average of three experiments,

variation between which was not greater than -10^.

Table for Graph 14A

Power Kv2 Luminescence Power Kv2 Luminescence

25.0 172 14.0 72

23.0 158 12.5 56

21.0 141 11.1 26

19.2 122 9.7 20

17.4 105 8.5 0

15.8 88

Graph 14A indicates that, as for the other gases, the

relationship between power and luminescence is linear,

and there is a power threshold below which there is no

luminescence.

Variation of Luminescence with Temperature at constant
power.

For a given power, sonoluminescence varies inversely
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with temperature, possibly because of changes in the

solubility of the gas in solution and/or changes in

the vapour pressure of the water, and consequent

effects on cavitation.

Experiments were done in a baseless vessel,

with the water in direct contact with the crystal.

The transducer head was not in the thermostat bath,

but a glass cooling coil was mounted inside the

irradiation vessel for the control of the temperature.

The vessel was open to the air. The luminescence wa3

measured by a 27M2 multiplier, H.T. 650v. mounted

24cms. from the outside of the irradiation vessel.

280ml. distilled water at about 60°C was placed

in the vessel. »i/hen it had cooled to 50°C the

generator was switched on (to 4Kv. at ^Mc/s. or to 2.5Kv.

at 2Mc/s.) and the luminescence measured as quickly as

possible. The generator was switched off and the water

was allowed to cool further with stirring, then the

procedure was reoeated. .Vhen the temperature had

dropped to about 30°C, and the rate of cooling became

very slow, tap water was run through the cooling coil.

To reach temperatures below do out 15°C, ice was added to

the vessel. The ice was allowed to melt completely

and the volume in the vessel was adjusted before readings

were taken.
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Table for Graph 15^

g-Mc/3. 4
Temp." C

Kv.
Luminescence Temp. Luminescence

49.5 20 25.0 88

47.5 26 22.5 98

45.0 33 20.0 100

42.5 39 17.5 106

40.0 42 15.0 106

37.5 48 12.5 118

35.0 58 10.5 119

32.5 64 7.5 125

30.0 66 5.0 125

27.5 80

Table for

2.5

Graph 15B

135

2Mc/s. 2
Temp.°C

.5 Kv.
Luminescence Temp. Luminescence

50.0 56 25.0 104

47.0 61 22.0 109

45.0 63 20.0 112

42.5 73 17.5 108

40.0 77 15.0 103

37.5 86 12.5 118

35.5 86 10.0 130

32.5 86 7.5 140

30.0 100 5.0 139

27.5 105
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Graphs 15A and B show that the relationship

Between luminescence and temperature is nearly, if not

quite linear over the range explored at both gMc/s
and 2Mc/s.

The variation of Luminescence with the Concentration
of Oxygen in Solution.

It was noted that if a ireshly saturated solution

of oxygen in water was irradiated at a fixed power,

the initial luminescence gradually rose to a fixed

value, and at the same time gas was driven out of

solution. An attempt was therefore made to determine

the dependance of the intensity of the luminescence on

the concentration of the oxygen in solution.

The dissolved oxygen was estimated by an adaptation

of Winkler's method, (8l). A pipette, approx. 25ml.,

was constructed with a tap at both ends of the bulb.

Bitted to each tap was a piece of tubing, open at the

end and graduated in 0.3ml. divisions. (Figure 5)

Figure 5.



-50-

Three solutions were prepared; l) 150gm. of sodium

hydroxide dissolved in 250ml. distilled water, and the

solution saturated with potassium iodide, (about 50gm.).

2) 113gra. manganese sulphate (4Hg0) in 250ml. water.
3) iSqual volumes of conc. sulphuric acid and water.

A sample of the oxygen solution to be estimated

was drawn into the pipette until the space between the

taps was quite full, care being taken not to suck so

hard that oxygen was drawn out of solution. The taps

were then closed. A quantity of solution 1. was

placed in the open tube above the first tap, and by

manipulating the taps, exactly 0.3 ml. was adnitted to

the bulb, that quantity of water being lost through

the second tap. A small glass bead in the bulb was

then shaken up and down to ensure mixing of the

solutions, and the remainder of solution 1. was

carefully washed out of the tube. The pipette was

inverted and in the same way 0.3 ml. of solution 2.

was admitted to the bulb throu^i the second tap, so

that solutions 1. and 2.would not be mixed outside

the bulb. On mixing the contents of the bulb, a white

precipitate of manganous hydroxide was produced, a nd a

proportion of this was oxidised by the oxygen in the

solution, to the brown manganic hydroxide. After allow¬

ing 3 minutes for the completion of the reaction, 0.3ml.
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of solution 3. was admitted via the first tap, and

mixed. The manganous hydroxide then dissolved in the

sulphuric acid. The manganic hydroxide also dissolved,

the manganic ions oxiding some of the potassium iodide

present, producing free iodine equivalent to the oxygen

originally present in the solution. The iodine solution

was run out of the pipette, and after dilution ten times
Q

its absorption was measured at 3530A in a 2mm. cell.

A blank was done with each experiment by adding the

solutions to the bulb in the order 1, 3, 2., no

manganous hydroxide being formed in the bulb. During

the irradiation of the water, a certain amount of

hydrogen peroxide would be produced and this would appear

as iodine in the estimation of the oxygen. However,

this would be less than 10^. of the total iodine present

and it would also appear in the blank.

Because of the difficulty of preparing oxygen

solutions of known concentrations, no calibration curve

was constructed. Instead, measurements were made on

solutions saturated under the conditions of the

experiments and other results expressed as percentage

saturation. It wa3 known that the absorption of iodine

solutions was linear with concentration up to the

concentrations involved (Graphs analytical section),
and it was assumed that the amount of iodine produced
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was directly proportional to the amount of oxygen

in the original solution.

Apparatus used for the saturation and

irradiation of the water was that described on page 72 .

120ml. oxygen saturated water was transferred to the

vessel and irradiated at 4.8 Kv. at Mc/s., the tuning

having been adjusted previously and fixed for the

series of experiments. The initial luminescence was

noted (photomultiplier H.T. 700v. Shunt at 2), and the

irradiation continued until the value rose to the

required level. A sample was immediately taken in the

special pipette, and the concentration of oxygen

present was estimated. The experiment was repeated for

a variety of luminescences.

Table for Graph 16

Luminescence. ^'saturation. Luminescence. /saturation.

35 100.0 160 45.5

76 70.4 200 48.9

100 68.3 200 43.4

130 54.5 200 37.2

160 48.9 235 42.3

Graph 16 shows that the results are not entirely

reproducible, and that for a small change in oxygen

concentration the change in luminescence is large. This
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fact no doubt explains, at least in part, the

difficulty in obtaining reproducibility in all

quantitative measurements of ultrasonic activity.

It should be noted that, under normal

circumstances, the rise in luminescence to between

160 and 200 is comparatively rapid, occupying perhaps

2 minutes. Further rise is very slow, and does not

take place if, as in most of the quantitative

experiments, gas is bubbled through the solution

under irradiation. That is to say, the normal

equilibrium figure for this power and frequency is

about 200.
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The Spectra of oonoluminescence

The source of sonoluminescence has long been a

matter of speculation. It is known to be associated

with cavitation, appearing only with cavitation and

brightest in the areas where cavitation is most

intense (11). It is also associated with chemical

activity, and it has been shown elsewhere in this

thesis that there is a direct proportionality between

the two. It has been suggested that the chemical

activity is the result of an ultra-violet component

in the luminescence, or alternatively that the

luminescence follows from molecular excitation or the

recombination of some radical species (28, 37). With

the idea therefore of discovering the source of the

luminescence, and possibly of determining some of the

radical species in the cavities, an attempt was made to

determine the spectra of various sonoluminescences.

Attempts to Photograph the Spectra.

A piece of glass tube, 6cm. in diameter was

mounted directly on the top face of the transducer-head

and sealed to it with plasticine so that the generator

crystal operated directly into water contained in the

tube. Coaxial with the latter was mounted a smaller

tube, 3 cm. in diameter. The base of the smaller tube
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was closed with either a cellophane film secured with

a rubber band, or with a piece of platinum foil sealed

to the tube with "Araldite". The side of this tube

carried a 2cm. diameter window made of a flat quartz

disc, also sealed to the tube with "Araldite".

The assembly was mounted so that the luminescence

passing through the quartz window fell on the slit of a

small Hilger Quartz Spectrograph. With the slits of

the spectrograph removed, and using Ilford Special
*

3apid Panchromatic plates with exposures of up to two

hours, no image was obtained from the luminescence

produced by £Mc/s ultrasonic waves of the highest

available power passing through water in the presence

of air.

The Ilford plates were then changed for Kodak,

type Oa-i". These are specially prepared to have a

maximum sensitivity at long exposure times and are
o

sensitive down to 6800A. The addition of a small

amount of bromine to the water being irradiated has

been found to increase the luminescence by a factor of

about twelve, and attempts were made to obtain a spectrum

from this source. An exposure of 8 hours, renewing

the bromine (which was driven out of the solution by the

passage of the ultrasonic beam) at £ hour intervals

again gave no image.
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It was therefore assumed that further attempts

to detect a spectrum "by photography would be useless.

Spectrum measurements using Photomultipliers.

Attempts were made to determine the spectrum of

sonoluminescence using a photomultiplier as the detecting

agent, instead of a photographic plate. The type chosen

first was the Mazda, type 27M2, fitted with a U.V.

transparent envelope, making it sensitive to light of
O

wavelengths between 2200 and 5500A.

The photomultiplier was mounted in a light-tight

aluminium box, the face of which opposite the photocathode

carried two razor blades arranged to form a slit which

would admit light from the spectrograph. The box was

mounted on a travelling microscope stand, so that the

slit could be accurately moved along the exit of the

spectrograph in the plane normally occupied by the

photographic plate. The normal 3lit of the spectrograph,

about one cm. long, was removed and replaced by a slit

made from razor blades, about 2^ cm. long.
was provided

The voltage for the photomultiplier/lby a pile of

H.T. batteries in series, the voltage being adjusted to

between 720 and 850v. and the multiplier output was

measured by the valve voltmeter already described
*** .

(p.20 diagram 3 ).



-57-

The sensitivity limit of the arrangement was

set by the level of the random noise from the photo-

multiplier. As this is a function of the absolute

temperature, efforts were made to reduce it by

cooling the photomultiplier to the temperature of an

alcohol-"Drikold" mixture.

By these methods, neither the sonoluminescence

from water, nor that from bromine water could be

detected through the spectrograph, although the light

from a mercury-vapour source, or from a dimmed torch

bulb, could be readily detected.

The Mazda multiplier was then replaced with an

a.M.I. type 6260 11 stage photomultiplier, which has

considerably greater sensitivity, and lower background

noise. It was also decided that the signal to noi3e

ratio could be further improved if the output from the

multiplier could be passed through a tuned A.C.

amplifier.

A rotating sector was therefore mounted between

the source of the luminescence and the spectrograph,

and driven to interrupt the light at 450 cps. The

wanted signals from the multiplier, at this frequency,

were then fed to a four stage tuned amplifier, (Hgure 6).

The first stage was an SP61 pentode, connected as a

cathode follower. .Next was an EP37A low noise pentode,



FigureC.
Tunedamplifiercircuit.
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resistance-capacity coupled to a second SP61. Part

of the output from this valve was returned in negative

phase to its grid via a resistance-capacity tuned

filter which passed all but the wanted frequency. The

amplification of the stage was therefore a maximum at

this frequency, and a minimum at all other frequencies.

The output from the tuned stage was then fed to an SL39

output pentode with a transformer in its anode circuit

to match it to the impedance of the indicating meter.

The output from this transformer was then rectified by

a commutator mounted on the same shaft as the rotating

sector, and fed to a microammeter via a shunt. The

output was simultaneously displayed on a Cossor

oscillograph (model 1035) so that the tuning of the

circuit could be adjusted and its working checked.

The photoraultiplier was run at an H.T. voltage of 1700v.

also supplied by 120v. H.T. batteries.

The apparatus was calibrated for wavelength by

scanning the spectrum from an Osira mercury vapour lamp,

the lines being identified visually, and by comparison

with photographs taken with the s& e spectrograph. The
O

lines used were 3650; 4070; 4340; 5460; and 5790A.

The slit on the spectrograph was 0.3mm. wide, the

resultant image at the exit for any one wavelength being

about 1.4mm. in width. The slit in front of the



'avelength
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multiplier was also 0.3mra. wide, so the movement of the

multiplier required to traverse a line entirely from
O

one side of the slit to the other was 2mm. At 3650A,
Q Q o

2mm. = 100A, and at 5640A 2ram. = 200A. This means

that for two spectral lines to he absolutely resolved,

their centres must appear 2mm. or mere apart at the

e^it of the spectrograph, (between 100 and 200A.

depending on the wavelength). Thus any fine structure

in the spectra under investigation would be lost.

(Calibration, Graph 17).

The response of a multiplier is far from linear

with wavelength, due to the variation of response of the

photocathode material, and the varying transmission of

the glass envelope. The readings of the indicating

meter must therefore be multiplied by a sensitivity

factor taken from the spectral response curve for the

multiplier, (supplied by S.M.I, research laboratories).

The Spectrum from Bromine-water.

Graph 18A shows the response obtained from

bromine water luminescence, together with the estimated

limits of error of the measurement of the intensity.

The error arises from random fluctuations of the

indicating microameter, due to noise in the multiplier

and the amplifier, and is estimated to be 15 divisions.



Graph18.
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Also plotted is the absorption curve of bromine -

water (Graph 18B).

It is seen that the luminescence is a band starting
O O

at about 5150A. and rising to a peak at 6000A. After
O

that it seems to be falling, but beyond 6250A. the

multiplier is insensitive, and no conclusions can be

drawn. The absorption of bromine water starts at about
O

6000A. and rises rapidly with decreasing wavelength, so

it seems probable that the fall in the intensity of the
o o

luminescence between 6000A. and 5000A is due to absorption

by the bromine water.

Carbon Bisulphide.

The addition of a few drops of carbon disulphide

to water under irradiation also increases the intensity

of the sonoluminescence. At the same time the CS2 is
rapidly decomposed, clouding the water with precipitated

sulphur. In taking any spectral measurements, therefore,

the carbon disulphide-water mixture has to be renewed

every few minutes.

It i9 seen (Graph 19A) that this luminescence is a
O Q

band from aoprox. 3700A. to beyond 5900A. Its extension

beyond this could not be determined because of the lack

of sensitivity of the multiplier.

A saturated solution of CS2 in water does not
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O

absorb at wavelengths greater than 3500A. (Graph 19B)

so the fall in the CSg luminescence between 5000 and
O

3700A. cannot be due to absorption by the solution.

Jater.

All attempts to measure the spectrum of the

luminescence from water alone failed, due to the very

low intensity of the light.

Sxperiments with filters.

Having failed to detect ultra violet wavelengths

in the sonoluminescence spectra using the spectrograph,

attempts were made to detect it using filters.

A piece of Chance glass 0X9, 4 mm. thick, was

placed between the quartz window of the irradiation

vessel and 27M3 photomultiplier. Irradiation of

bromine water produced no light that could be detected

through the glass which transmits between 3250 and
O

3850A. (Graph 20A).

A tube with plane quartz ends containing a 3cm.

column of a solution of 145 gm MiS0A 7 H20 +41,5 gm

CoSO^ 7HgO in 1 litre, (82) was placed between the
vessel and the multiplier. This filter passes light

o

between 2450 and 3500A., (Graph 20B), but nothing could

be detected from irradiated bromine water through it.



Graph
20.

Transmission
of

various
filters
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The interposition of a piece of glass slide
o

which did not transmit below 3100A. (Graph 20C) between

the quartz window of the vessel and the multiplier made

no difference to the recorded intensity from irradiated

bromine-water or pure water.

These experiments indicate that these luminescences
o

contain no component between 2450 and 3850A.

The audition of bodium Salicylate.

It was thought possible that an ultra-violet

component of the luminescence produced in the cavities

might be absorbed by the water and so escape detection.

A solution of sodium salicylate is known to fluoresce
O

when excited by light of wavelength between 950A.and about
©

3400A.(67), and therefore if there was any luminescence

produced by the cavities between these wavelengths, the

ultrasonic irradiation of such a solution should produce

a fluorescence additional to the normal sonolurainescen ce.

However, the addition of sodium salicylate to water

under irradiation caused no change in the intensity cf

the sonoluminescence, and it was therefore concluded

that there was no such ultra violet component present.

After irradiation, the sodium salicylate solution

was exposed to an ultra violet light, and it was confirmed

that it did fluoresce.
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Hydroxylations in the Benzene Nucleus.

It has been frequently demonstrated that in

aqueous solutions hydroxyl radicals will react with

the benzene nucleus to produce phenolic bodies.

Bates, Evans, and Uri, (53) have produced o, m, and p

hydroxybenzoic acids by photochemical excitation of

solutions containing ferric -OH ion-pair complexes;

Cosgrove and Waters, (54) have oxidised phenols with

Benton's reagent, and Loebl, Stein and Weiss et alia,

(55) have hydroxylated benzene, benzoic acid and some

amino acids by the action of ionising radiation on

aqueous solutions. Stein and Weiss, (56) suggest the

hydroxylation of aromatic nuclei as a means of detection

of OH radicals.

The most satisfactory explanations for the chemical

effects of ultrasonic radiation involve the initial

breakdown of water molecules into hydrogen and hydroxyl

radicals, and if these explanations were true, it would

be expected that the hydroxyl radicals could be used

directly to hydroxylate aromatic nuclei. Experiments

were made to confirm this.

Irradiation of Benzene in Water.

50 ml. of water were shaken with 1 ml. of benzene.
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and the mixture was irradiated in direct contact with

the £Mc/s crystal at full poster for a period of two

hours. A slow stream of air was bubbled through the

solution to maintain the gas concentration, and benzene

was added periodically to replace that lost by

evaporation. At the end of the period, the solution

was dark brown in colour, and smelt strongly of charring.

The irradiated solution was tested for phenols

by the addition of Iblin's reagent (see p. 36 ), and by

spraying a drop on filter paper witn a solution of

phosphornolybdic acid then exposing to ammonia fumes.

Both tests were negative. The 50ml. irradiated solution

was evaporated on a steam bath to about 5ml. and the

tests were repeated, but again they were negative.

In case any phenols formed had suffered subsequent

decomposition by the prolonged irradiation, the

experiment was repeated, but with an irradiation time of

only 10 rains. The tests for phenols were again negative.

Irradiation of Phenol.

50ml. of a saturated (at 18°C.) aqueous solution

of phenol were irradiated in direct contact with the

£Mc/s. crystal for 2 hours at full power. A slow stream

of air was bubbled tnrough the solution, which was kept
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cool by means of a cooling coil. The solution turned

brown, indicating that some decomposition had occurred.

The solution was evaporated to about 5 ml. and

one drop was placed on a piece of filter-paper. This

was sprayed with a solution of phosphomolybdic acid

and exposed to ammonia fumes. The resultant blue spot

showed the presence of a dihydroxy phenol, because a

similar blue spot was given by known solutions of each

of the three dihydroxy phenols, but not by phenol itself.

An attempt was made to identify the dihydroxyphenols

present by chromatography. Two chromatogram3 were run

in the solvent mixture n-butanol, benzene, water; 1:9:10.

(57), one carrying a $ot of the evaporated irradiated

solution, and the other a spot of a solution of an

artificial mixture of the three dihydroxy phenols, the

papers after development being sprayed with a solution of

phosphomolybdic acid and exposed to ammonia. In addition

3 papers were run, each carrying one of the dihydroxy

phenols. The seoaration of the artificial mixture was

not good, an extended spot some 10cm. long being produced,

covering an area corresponding to that covered by the

three spots on the chromatogram3 of the separate hydroxy

phenols. The chromatograra of the irradiated solution

showed an elongated spot, some 10 cm. long and similar

to that produced by the artificial mixture.
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It seems likely then, although the proof is not

absolute that all three of the dihydroxy phenols had

been produced by irradiation of the solution of phenol.

Irradiation of Toluane.

50 ml. of water were shaken with 1 ml. of toluene

and the mixture was irradiated for 2 hours in direct

contact with the £Mc/a. crystal at full power, excessive

temperature rise being prevented by t e cooling coil in

the vessel, and air being 3lowly blown through the

solution. The mixture again turned brown, indicating

decomposition.

The mixture was evaporated to about 5 ml. and

tested with 2:6 dichloroquinone chloroimide, Folin'3

reagent, and Millon^ reagent. (58) Comparison of the

results with those produced by testing known solutions

of the three cresols, showed that sane at least of the

cresols were present, althougi it was impossible to say

whi ch.

An attempt was made to separate a mixture of the

cresols by the chromatographic method outlined above,

but it was not successful.

Irradiation of nitrobenzene.

50 ml. of water were 3haken with 1 ml. of

nitrobenzene, and the mixture irradiated for 2 hours as above.
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Extensive decomposition occurred,the resulting solution "be
dark brown. It was evaporated to about 5 ml. then

extracted with ether, giving a clear ether solution

of any nitrophenols present. After evaporation down

to small bulk, the solution was tested with MilIon's

reagent, and gave a yellow colour. Nitrobenzene

gives no colour with Millon's reagent, while the three

nitrophenols give orange-yellow coloration.

A drop of the ether solution placed on filter

paper was found to fluoresce brown under uv. light as

do m- and p-nitrophenols. tfhen sprayed with a solution

of bis-diazotised benzidine and exposed to ammonia fumes,

the spot was coloured yellow, as are similarly treated

spots of solutions of m- and p-nitrophenol. These tests

indicate the presence of m- and/or p-nitrophenol in the

irradiated solution of nitrobenzene.

Attempts were made to separate the three nitro¬

phenols chromatographically as outlined above, but

without success.

Irradiation of Benzoic acid.

50 ml. of a saturated solution of benzoic acid

was irradiated for 2 hours as above. The solution wa3

evaporated down to small volume and the precipitated

excess of benzoic acid filtered off.

Spots of the irradiated solution were run on
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chromatograms using a solvent mixture of alcohol,

water, ammonia (S.G. 0.880.) :: 20, 4, 1. toy volume,

and the results were compared with chromatograms of

synthetic mixtures of the three hydroxytoenzoic acids.

In each case, three distinct spots were detectable.

That from the ortho acid (Hf.0.94) fluoresced brightly

under u.v. light, and those from the meta acid (Rf.0.89)

and from the para acid (Rf. 0,74) became visible after

spraying with a solution of p-nitrophenyl hydrazine

that had been treated with nitrous acid as in

diazotization, and exposing to ammonia. Thus it was

conclusively shown that all three hydroxybenzoic acids

had been produced.

An attempt to estimate the relative proportions

of the three isomers was made as follows.

Concentrated spots of the original irradiated

solution were chroraatographed on two strips. One strip

was treated to show the position of the spots, the

appropriate areas were cut from the other strip, and the

hydroxy acids washed from the paper with water. To

each solution was added 2 ml. of a 0.1^ solution of 2:6

dichloroquinone chloroimide, and water to 50 ml. The

resultant coloured solutions were compared on a

spectrophotometer with standard solutions made up from

known quantities of the hydroxy acids.
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The results, which are very approximate, indicate

a ratio, o:m:p:: 70:1:1.4. It is quite possible that

a portion of the unchanged benzoic acid whose fif. is

quite close to that of the ortho-acid has been included

in the estimation of the ortho-acid, and it must be

remembered that considerable absorption and adsorption

of the three hyuroxy acids may have occurred during the

precipitation of the excess benzoic acid when the

irradiated solution was evaporated. Nevertheless, the

measurements confirm beyond doubt the presence of all

three hydroxybenzoic acids, so indicating the presence

of free hydroxyl radicals in the irradiated solution.
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The Hydrogen Atom. *

The primary effect of ionising radiation on

aqueous solutions is to dissociate the water molecules

into H and OH radicals, (59). In the presence of

molecular oxygen the hydrogen radicals are rapidly

removed hy the efficient reaction, H + 02 = HO. and
therefore it is the effects of the oxidising OH radical

which are predominant. In the absence of oxygen and

the presence of hydrogen, however, the OH radicals may

be removed by the reaction, H2 +• OH = H?0 + H.
insulting in the production of further hydrogen radicals.

The action of the ionising radiation then becomes

reductive, due both to these latter radicals and to the

primary H radicals.

If a solution of mercuric ions is irradiated with

X-rays in the presence of hydrogen, the ions are

reduced, probably according to the equation,

Hg + H « Hg + H .(35) In the presence of chloride

ions, mercurous chloride is produced, possibly by the

reactions, 2Hg+ = Hg++ + Hg. Hg + Hg!* = Hg£+. The
same reaction has been found to occur with ultrasonic

radiation.

A 2% aqueous solution of mercuric chloride was
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arranged in an irradiation vessel above the i-Mc/s.
/

crystal. Hydrogen was bubbled through the solution

for 15 min3., the generator was then switched on at

maximum po.«er and the solution irradiated for 10 mins.

with the hydrogen still bubbling through. A

precipitate of mercurous chloride was produced. A

blank experiment was performed, bubbling hydrogen

through mercuric chloride solution for 25 rains,

without any irradiation. A slight precipitate only

was produced, showing that ultrasonic radiation wa3

responsible for reduction of some of the mercuric ions.



Figure T.

Apparatus to saturate '/ater with 0xjgen.
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The Production of Hydrogen Peroxide under Oxygen.

The ultrasonic irradiation of water under air

produces a mixture of products that is difficult to

analyse. Under pure oxygen, the only products that

can be envisaged are hydrogen peroxide and possibly

gaseous oxygen and hydrogen. (The formation of Hg
from the reaction 2H = H2 might well be prevented by

the preferential reaction H + Og = HOg, (59)).
The hydrogen peroxide is readily estimated giving a

measure of the chemical activity, so the .vater-oxygen

system is convenient for investigation.

Apparatus.

A five litre flask was closed with a tight-

fitting rubber bung which carried two glass tubes, one

stopping short just inside the bung and the other

reaching nearly to the bottom of the flask. At the

top of each tube was a T-piece. The ends of the

T-pieces were joined to two two-way taps, arranged so

that a stream of gas could be lead into the flask via

the long tube and out through the short tube or vice-

versa. (Figure 7) In order that the water should not

have to run over grease, the second tap was not

lubricated, but wa3 kept moist with distilled water to

prevent sticking. iixcept when the ^jparatus vnaa under
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vacuum during the boiling out procedure, a positive

pressure was maintained in it, so that any leaks would

be outward.

The entry tube to the system was joined via a

water lute to a cylinder of oxygen. The exit tube was

joined to a capillary tube which passed through the

centre of the rubber bung closing the irradiation

vessel, and stopped just short of the normal level of

the water in the vessel. A second hole was bored in

the bung closing the vessel to allow gas to escape to

the atmosphere. A pipette could be inserted through

this hole to take samples of the solution, or a tube

attached to a filter pump could be lowered in to a fixed

level to adjust the volume of liquid in the vessel.

There was a cone and socket joint between the five litre

flask and the irradiation vessel, so that the latter

could be disconnected, and a water pump connected to

evacuate the flask.

Procedure for saturation.

About three litres of water that had been

distilled from alkaline potassium permanganate were

placed in the flask, and oxygen was blown down the longer

tube so that it bubbled slowly through the water. The

water pump was attached and the fla3k evacuated to about
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10 cm. Hg. The water was then heated and boiled

under vacuum for half an hour, it was allowed to cool

with the oxygen still bubbling through, and the

pressure was allowed to rise to atmospheric. The

bubbling was continued for a further hour to ensure

saturation.

The oxygen from the flask was made to sweep out

the irradiation vessel for 5 minutes, then the taps

were turned so that the required amount of water was

blown over into the vessel. The 3b vel was adjusted

to that of the water in the thermostatic tank by means

of the suction tube mentioned above. The vessel then

contained 120 ml. During the experiments oxygen was

blown over the surface of the water in the vessel to

prevent diffusion of air into the vessel via the hole

used for sampling.

The oxygen used was supplied by the British

Oxygen Go. Ltd., who state that their cylinders contain:-

99.5$ or over ©2 (on dry gas), less than 10 ppm. COg,
about 10 ppra. of other carbon compounds (as COg), less
than 50 ppm. Hg, less than 0.5$ Ar, and probably a

oxygen saturated
trace of Mg. In view of the trace of nitrogen Jwater

that had been irradiated for 1 hour- at full power was

tested for nitrite and nitrate that might have interfered
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with the peroxide analysis, but none was found.

Series I. Power constant, variation of Peroxide
concentration with Time.

The vessel was filled with distilled water and

the generator tuning adjusted to give maximum

luminescence at a given power. The vessel was then

dried, swept out with oxygen and filled with oxygen-

saturated water as outlined above. The water was tnen

irradiated at a fixed power for successive periods of

2£ minutes, a 2 ml. sample being withdrawn after each

period and the peroxide concentration therein estimated.

(See p. 31 ). After 15 minutes total irradiation, the

vessel was dried out and the experiment repeated either

at the same or at a different power. The results are

given below for four powers at % Mc/s. Those at 4.8Kv

are the average of five experiments, those at 3.6Kv are

the average of two experiments, and the rest are each a

single experiment. Reproducibility is of the order of

+-5$. It was found by experiment that in this

apparatus the change in the water level caused by

the removal of 6 x 2 ml. samples made no significant

difference either to the luminescence or to the rate

of peroxide production at a given power.
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Table for Graph 21

Irradiation H202 produced x 105
time. Mins. 4.8Kv. 4.0Kv.

M
3.6Kv. 2t5Kv.

2.5 1.00 0.44 0.97 0.18

5.0 3.35 2.20 1.88

7.5 6.03 4.24 3.38 0.18

10.0 8.65 6.55 4.62

12.5 11.41 8.85 5.85 1.10

15.0 14.71 10.48 7.37 1.47

Variation of Peroxide production with Power •

The slopes of the straight portions of the lines on

graph show the rate of production of peroxide at the four

powers used.

Table for Graph 22

Power Hate,
Kv2 Mols/min.xlO+5

Power
Kv2

Hate,
Mols/min .xl0+^

6.25 0.10 16.00 0.80

11.95 0.53 23.00 1.08

These points, plotted on Graph 22 show linearity

between power and rate of production of peroxide, within the

experimental error.

3eries II. Luminescence constant, variation of Peroxide
concentration with time.

During the experiments for Series I, it was observed

that the luminescence varied considerably during a particular



Peroxide concentration xioB P.



GraeRs 22 R 24.

Rate of peroxide production against power (22)
:nd luminescence (24).

0*2 0*4 0*6 0*8 1 *0

Rate of production >'iu5 li/min.
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run at a fixed power, being initially low, and rising

within about 2 inins. to a fairly steady value. To

observe the relation between luminescence and peroxide

production the following procedure was adopted. 120 ml.

of oxygen saturated water was transferred to the vessel,

and the generator switched on. The tuning was adjusted

to give a maximum luminescence and the solution was

irradiated for a short time, (one or two minutes), so

that the oxygen concentration was reduced by expulsion

of the gas and the luminescence rose to a fairly steady

value, adjusted as required by variation of the power.

The generator was then switched off, and a 2 ml. sample

of the solution analysed for peroxide. The concentration

found was taken as the zero level for that experiment.

The solution was irradiated further, the luminescence

being kept at a fixed value by adjustment of the power.

2 ml. samples were taken for estimation of the

peroxide after 2, 4, 8, 12, and 16 minutes irradiation,

the concentrations found being adjusted to the zero

level and plotted against time. The multiplier

was in the usual place and the H.T. was 700v. The

shunt was at 2.
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Time Mins.

2

4

8

12

16

Time

2

4

8

12

16

Table for Graph 23,

HoOg concentration xio M, at luminescence:
180

2.12

4.18

8.06

12.20

16.25

80

1.32

2.47

4.74

6.85

9.12

160

2.12

3.97

7.33

11.32

15.00

60

0.94

1.91

3.68

5.38

6.83

140

1.77

3.68

7.35

9.75

13.40

40.

0.59

1.39

2.26

3.32

4.56

120

1.62

3.15

6.32

9.17

12.22

20

0.50

0.64

1.18

1.85

2.47

100

1.18

2.80

5.15

7.85

10.50

Graph 23 shows that peroxide production is linear

with time at a fixed luminescence. This suggests that

the initial curvature in the graph (2l) of peroxide

production at constant po^er is due to the removal of

oxygen from the solution to reach a condition of

maximum luminescence.

Series III. Time constant, variation of rate of
Peroxide production with Luminescence.

The slopes of the lines of Graphs 23.A and B give

the rate of production of peroxide at different

luminescences in xlO^ M./min.



Granlis 25 A & B.

Peroxide production at constant Luminescence.

3 4 6 6 10 .2 14

Peroxide concentration xio5 It.

WL . . . .

a 4 e e i ci la i

i eruxide euneen Lratiun i.Gh 11.
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Table for Graph 24

Luminescence Slope Luminescence Slope
xlQb IJ/min. xlC^ l&/min.

180 1.02 80 0.57

160 0.95 60 0.44

140 0.83 40 0.29

120 0.77 20 0.16

100 0.62

It is doubtful whether these slopes are

reproducible to better than t5$, and luminescence

measurements are only accurate to -fyfA or 5^ whichever
is the greater. These limits are marked on the graph

(24) and it is seen that, within experimental error,

the points are linear. If, however, the point "zero

luminescence, zero rate" is marked on the graph, it

would seem that some curvature is inevitable, though

whether it is a general curvature, or a non-linearity

at low levels is not known.

Series IV. The effect of the addition of salts on the
rate of production of Peroxide.

In Series I - III it was found that the

reproducibility of separated experiments was by no means

absolute, and it was fearedtnat if the addition of a salt

had only a small effect on the rate of production of

peroxide, then the effect might be masked by
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irreproducibility. The procedure to find the effect

was therefore as follows. The vessel was filled to

the usual level with oxygen-3aturated water and the

generator was switched on and adjusted until a suitable

luminescence (100 Shunt at 2) was obtained. The

solution was then analysed for peroxide, this

concentration being the zero level. The irradiation

was then continued, 2 ml. Samples being taken at 2, 4,

and 8 minutes. A weighed quantity of salt was then

added to make the solution ,2V. and the irradiation

continued, samples being taken at total times of 12 and

16 minutes. Other experiments were performed which

showed that, in the concentrations used, the salts added

had no effect on the analytical method. .alts used

were potassium chloride, potassium nitrate, potassium

sulphate, and potassium dihy-rogen phosphate.

■Mins
Time

2 1.32 1.88 1.56 11.29

2.324 2.50 2 • 9 7 2.79

8 4.56 5.76 5.23 4 .46

12 6.42

Salt Mued

8.44 7.32 6.44

16 8.53 11.30 9.65 8.81



Graph. 25

production

,dded

producticn
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Graph 25 shows that the addition of the above

salts had no effect on the rate of production of

hydrogen peroxide. It was also notable that, after

the addition of the salt, the generator power necessaiy

to maintain the luminescence did not change noticeably.

(For convenience in plotting Graph 25, 4, 8 and 12 were

added to the abscissa for the lines representing

KN03. KgSO^. and KHgPO^ respectively.)

Series V. The effect of pH. change on the rate of
production of Peroxide. ———

The procedure was similar to that in Series IV

above^ Oxygen- saturated water was irradiated at a

fixed luminescence, samples being taken for the

estimation of peroxide after 2, 4 and 6 mins. An

appropriate quantity of concentrated sulphuric acid was

then added, the solution mixed and the irradiation

continued at the same luminescence. Further samples

were taken after total irradiations of 8, 10 and 12

minutes. After the addition of the acid, the pH was

measured with a Pye pH meter having a glass electrode.

Table for Graph 26

Time H2°2 concentration xlO^ M.pH change from 7 to:-
Mins 1.7 2.2 2.6 2.7

2 1.20 1.15 1.42 1.48

4 2.42 2.14 2.52 2.73
6 3.60 3.31 3.67 4.04
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Time ^2°2 concentration xlC& M. pH change from 7 to:-
Mina. 1.7 2.2. 2.6 2.7

Sulphuric acid added.

8 4.84 5.20 5.05 5.59

10 6.02 6.80 6.25 6.72

12 7.36 8.88 7.80 7.90

(For convenience in plotting Graph 26, 4, 8 and 12 were

added to the abscissa of the lines representing .pH—3rr7,

pH 2.2, pH 2.6, and pH 2.7 respectively.)

Graph 26 shows that there was no change in the

rate of peroxide production on acidification to pH 1.7,

2.6, and 2.7. The change in slope on acidification to

pH 2.2 is probably due to some unnoticed change in the

conditions of irradiation. Test experiments showed that

0,1 I sulphuric acid had no effect on the accuracy of the

peroxide estimation, nor did acidification of water under

irradiation affect the intensity of the luminescence.

l-eriea VI, The effect of irradiation on pll.

Oxygen saturated water was irradiated at 4.8 Kv.

under the conditions used for Series I, a sample being

withdrawn for pH measurement after each 2i minutes

irradiation, up to a total of 13| minutes. From an

initial value of 6.75, the pH fell gradually throughout

the 12^ minutes to 6.30. The solution was allowed to

stand overnight in a stoppered flask, and the pH was found
to rise to a value of 7.3.



Photograph.

The apparatus for the saturation and

irradiation of water in the presence of various

gases, (c.f. Figure 8.). To the left of the

thermostat tank are shown the saturation flask (f)

and the condenser (g) ahove it. In front of the

tank is the 931A photomultiplier, and visible

inside the tank is the transducer-head. Over the

latter just above the tank is the top of the

irradiation vessel. Taps T2 and Tg are not yet
fitted.
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Irradiation under Nitrogen.

Apparatus.

Apparatus was constructed so that water could be

boiled under vacuum, saturated with nitrogen (or any other

gas), transferred to the irradiation vessel, a solid added

if necessary, and the solution irradiated and sampled with

the atmosphere excluded,(Figure 8) The irradiation vessel

(a) was constructed from a soft glass B40 cone to which a

plain glass slide (see p. 18) had been cemented with "Araluite"

thermosetting resin. The cone wa3 closed by a Pyrex B40

socket carrying three other sockets. One of these was

closed by a stopper (b) carrying a glass spoon (c) in which

a solid could be placed at the start of an experiment.

By rotating the stopper, the solid could be tipped into the

liquid in the irradiation vessel without admitting air.

The second socket admitted a tube (d) stopping just short

of the vessel base, and connected via a spiral and capillary

tubing (e) to the saturation fla3k (f). Attached to the

joint (i) on the top of this flask waa a condenser (g) the

internal surface of which could be cooled by a mixture of

alcohol and solid carbon dioxide. T^ to Tg are high vacuum
taps, and Mg are mercury manometers, and is a McLeod
gauge. T^ communicates with a cylinder of specially pure

nitrogen, (oxygen content les3 than 10 ppm.) via two traps
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cooled in liquid oxygen, and a mercury lute. Tg is
attached to two further traps and an oil pump. with

the exception of the B40 oone, the apparatus was

constructed throughout of Pyrex glass.

Before each set of experiments, the apparatus

and the traps preceding T-^ were pumped out to a

pressure of less than 0.0005 mm Ilg. With all other

taps closed, air was admitted via T.^ and the joint (h)
opened. By cautiously opening T4, distilled water
which had been redistilled from alkaline permanganate

was drawn through (h) into the flask. The joint was

closed and sealed with picien wax so that the water

would not have to run over grease in the subsequent

transfer. The joint (i) was also sealed with picien.

T4 was then opened and the pressure in (f) reduced
until the water just started to boil. With T? opened,
Tg was adjusted until a slow stream of nitrogen passed
through the water, preventing bumping which otherwise

was very violent. T4 was adjusted so that the pump

maintained the pressure at about 1 cm. Hg, The

condenser (g) prevented the loss of water from the

flask, under which a bunsen w as placed to prevent the

rapid evaporation from cooling the water below its

freezing point. When the water had been boiled in this
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fashion for at least half an hour, T8 was closed and
the nitrogen allowed to flow into the apparatus until the

pressure was just greater than 1 Atm. Tg was then
opened and a slow stream of nitrogen allowed to bubble

through the water in (f) for at least an hour, passing

out through the water lute (k). The saturation process

completed, T4 and T& were closed and T^, Tg and T?
opened. The nitrogen then forced the water from (f)

past the joint (h) and along the capillary (e). When

it had reached a marked point on the spiral above (d),

Tg was opened. All the water beyond (h) (23.3 ml.)
continued into the irradiation vessel, while that before

(h) returned to the flask. This process was repeated

three times, and thus a known volume (70 ml.) was

transferred to the irradiation vessel. If it was

desired to take a sample from the vessel without

admitting air, with Tx, T4, and Tg closed, T5 and T7
were opened. The consequent rise in pressure in (a)

forced the water up (d) to Tg, which was then opened and
the required amount withdrawn. If fizrther samples were

taken, the first i ml. was regarded as rinsing for T3
\

and the outlet tube, and wa3 discarded. When 5 ml.

samples were taken, a further 5 ml. of water were

transferred from (f) to keep the level in (a) constant.
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The production of nitrite.

70 ml. of water saturated with nitrogen were

irradiated at £ Mc/s. for 10 mins., the luminescence

produced being kept constant at 150 (Shunt 1, H.T. 700v.)

by adjustment of the power between about 4.0 and 4.4 Kv.

A 5 ml. sample was then withdrawn for estimation of the

nitrite, and a further 5 ml. of fresh water transferred

from the flask to keep the level in the irradiation

vessel constant. Irradiation was continued in 10 min.

periods, sampling between each, up to a total of 50 mins.,

the nitrogen being continuously bubbled slowly through

the solution* After analysis, allowance was made for

the successive dilution due to the addition of fresh

water during the run. The results of six runs are 3et

out below.

Table for Graph 27

Time Mitrite produced, xl0& M.
Ifins. Hun 1. Run 2. Run 5.

10 0*69 0.97 0.74

20 1.31 1.11 1.31

30 1.83 1.85 1.98

40 2.28 2.31 2.54

50 2.92 2.89 3.11
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Table for Graph 27

Time
Mlns. Run 4.

Hitrite produced,
Run 5.

xlO° M.
Run 6

10 1.11 0.59 1.04

20 2.18 1.63 2.20

30 3.40 2.54 3.33

40 4.37 2.94 4.06

50 5.41 3.74 5.24

In order to compare directly the activities under

nitrogen said under oxygen, an experiment was carried out

under oxygen in this apparatus, using as far 33 possible

the same procedure as above. The water was saturated

with oxygen by the same procedure used for nitrogen, and

the same quantity was transferred to the vessel. The

irradiation was carried out in 2£ min. spells, a 2 ml,

sample being taken after each, for the estimation of the

peroxide produced. 5 ml. of fresh water were added to

the vessel after the first and third samples had been

taken, and due allowance for the dilution made in the

analysis figures. The luminescence from the solution

was kept at the same level as that for the nitrogen runs,

and it was observed that the power required was about

the same*
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Table for Graph 28

Time Hydrogen peroxide produced, xlO5 M.
Mine. Run I. Run 2.

2.5 3.09 3.41

5.0 5.90 6.52

7.5 9.10 9.90

10.0 11.15 13.20

12.5 16.45 17.10

It will be observed that the production of hydrogen

peroxide under oxygen i3 of the order of ten times that of

nitrite under nitrogen.

Other products under nitrogen.

Ritrate.

It has been found that concurrently with nitrite,

nitrate is produced by the irradiation of water with

ultrasonics under nitrogen, in neutral solution. As was

mentioned in the analytical section, (p. 33) the

estimation of nitrate in the small quantities found is

difficult and of doubtful accuracy, so no estimation of

its production with time was made, but its concentration

was measured at the end of some of the experiments on the

production of nitrite. The ratio of nitrate to nitrite

was thus obtained for neutral solutions.
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Table A

Conc.HOp" Cone.HO ~ Batio Conc.HOp" Conc.HOj- Batio
xlO M xlO5 M ^ H03~:H02~ xlO5 M xlO5 M HOg-jHO

3738 T75~ ' 0 ."44' ~ —2T92" ~ —0T92"
4.13 3.5 0.85 2.89 2.36 0.82

5.00 2.3 0.46 3.11 2.90 0.93

It will be observed that there is considerable

variation in the ratio H0~:H0 ~. This may be genuine, or
& d

it may be due at least in part to inaccuracies in the

estimation of the nitrate. Other experiments showed that

for a given solution the ratio of nitrate to nitrite did not

change significantly on standing, either under air or under

nitrogen. It was also demonstrated that no significant

amount of nitrate or nitrite was lost due to the bubbling of

nitrogen through the solution in the apparatus during the

irradiations.

The pH of the solution under irradiation affects the

ratio of nitrate to nitrite. «Vater was acidified with

sulphuric acid, or made alkaline with sodium hydroxide,

saturated with nitrogen, irradiated and the nitrate and

nitrite concentrations measured.

Table B

2

£H. Cone.HO ~
XlO M.

Cone. BO,"*
xlO5 M.

Batio,
dO^-iHO^"

5.302.2 0.9 4.75

8.0 3.3 1.58 0.48

10.0 2.9 1.58 0.55
In acid solution it is seen that the concentration

of nitrate rises, while that of nitrite falls. This is to

be expected because the peroxide produced (see below)
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will rapidly oxidise nitrite in acid solution. In

alkaline solution the ratio is similar to the lower

values obtained in neutral solution.

Hyd ro ge n pe roxi de.

It was found by testing solutions with titanium

sulphate reagent (50) that hydrogen peroxide was

produced by irradiation under nitrogen, but because

the pertitinic acid formed was decomposed by the nitrite,

the reagent was unsuitable for quantitative estimation.

An approximate measure of the peroxide present at the

end of some of the runs producing nitrite was obtained

by adding excess nitrite, acidifying and estimating the

nitrite left after the peroxide had been reduced,

(see analytical section p. 34). The estimations of

the peroxide after three runs are given below, together

with the quantity of nitrite produced. .vhere two

figures for the peroxide concentration are given, they

are the results of successive estimations on the same

solution, and the difference between them is due to the

inaccuracy of the analytical method. (Sun numbers

refer to table and Graph 27).

Table C

3un wo. MOo'xlQ5 ■■!. xl05M.
4 5.41 7.8

10.3
5 3.74 5.35
6 5.24 1.98

3.81
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Ammonium ion.

The addition of Messier's reagent to water that

had been irradiated under nitrogen produced a pale

yellow colouration indicating the presence of ammonium

ion. Comparison with standard solutions of ammonium

ion showed that water that had been irradiated for 50

mins. under the conditions used in the nitrite run3,

(Luminescence 150, power 4 to 4.4 Kv. ) would contain

approximately 5x10gm mol/l.

Hydrazine.

water that had been irradiated under nitrogen at

the maximum power for one hour was tested for the

presence on hydrazine as follows. (61) One drop of the

test solution was mixed with one drop of a saturated

solution of salicy1 aldehyde and one drop of dilute

sodium hydroxide. After warming for 5 mins. on a water

bath, the solution was acidified with acetic acid,

tipped on to a fi lterpaper and examined under U.V.

light. ho fluorescence was observed, showing that

hydrazine wa3 absent. A comparison test carried out

with a solution containing lOy^gra/ml of hydrazine

produced a bright yellow fluorescence.
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Irradiations unuer Argon.

Having established that oxygen was not necessajy

for ultrasonic chemical activity by irradiating under

nitrogen, the question arose whether the presence of a

chemically active gas was necessary. Numerous authors

have stated that in the total absence of all gas there

is no activity because cavitation i3 suppressed.

Irradiations were therefore carried out in the presence

of argon. Prudhomme and Grabar (26) claim to have

liberated iodine from potassium iodide by ultrasonic

irradiation under argon, but the gas they used might

have contained up to 0.2$ nitrogen. Therefore in the

following work, great care was taken to ensure that only

the inert gas was present, it being purified by passing

over titanium at 900°C.(62)

Apparatus.

The argon was obtained from a cylinder supplied

by the British Oxygen Co. It was passed via a reducing

valve over a mercury lute, through two traps cooled in

liquid air and then through a 26 in. "Mulite" tube of

1 in. internal diameter. The "Mulite" tube passed

through a 21 in. electric iurnace and was packed with
pure titanium metal sponge. After passing through a
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further liquid-air trap the gas was led to and T&
on the apparatus used for the saturation of water with

nitrogen. (Figure 8, p. 83)

Procedure.

The tap between the gas cylinder and the first

traps was closed, and the whole apparatus pumped out

to better than O.OOlmra.Hg. The furnace was then heated

to 900®C., the pressure rising a little, probably due

to the evolution of some hydrogen from the titanium

sponge. The pumping wa3 continued until the pressure

again fell to better than 0.001mm and did not rise when

the pump was cut off. Argon was then admitted to the

furnace and as far as Ti and T5 till the pressure rose

to 1 at. With water that had been distilled from

alkaline permanganate in the flask (f) the saturation

procedure described for nitrogen (p. 84 ) was used, care

being taken that the rate of flow of argon through the

furnace was never greater than 5 litres per hour. After each

two or three run3, the furnace was cooled and opened

and the titanium examined. At no time did more than a

few of the lumps at the beginning of the furnace show

any sign of change, and these were replaced.

Experiment showed that the titanium at 900°C would

take up nitrogen very rapidly. With the furnace hot,
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and the pressure less than 0.001mm.Hg., sufficient

nitrogen was admitted from a bulb to raise the pressure

to lmrn. but no change in the actual pressure was

observed. That is to say the nitrogen was removed

as fast as it could be admitted to the system. Mallett

(62) states that argon purified in this manner will not

tarnish bright uranium foil when passed over it at 600°C

for l£ hours.

Production of Hydrogen Peroxide.

Irradiations of argcn saturated water were carried

out at £ mc/s. for 2-£ min. periods up to a total of

12-£ mins. After each period, a 2ml. sample was taken

without admitting air, and analysed for peroxide. The

intensity of the irradiation was controlled by keeping

the luminescence constant. As stated in the section on

Sonoluminescence, (p. 41) the intensity of the

luminescence under argon is very much greater than that

under air. The H.T. supply to the photoraultiplier was

therefore lowered from the usual 700v. to 515v. so that

the associate amplifier would not be overloaded.

The luminescence was mai ntained at 175-180 (shunt

at 1, H.T. 515v.), the power required being approximately

4.4Kv. The quantity of water in the irradiation vessel

was 70 ml. Hun 4 differs from runs 1-3 in that during
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the saturation process, the furnace was cold, i.e.

apart from passing through two liquid air traps, the

argon was unpurified.

Table for Graph 29

Time
i rins. Run 1 o OH*°2Run 2

produced.
Run 3

xlO5 M.
Run 4

2.5 2.35 2.56 2.91 2.82

5.0 3.63 4.71 5.09 5.76

7.5 5.44 7.65 8.03 9.02

10.0 10.29 10.45 10.61 11.90

12.5 14.40 13.67 14.40 15.15

It will be noticed that the results of Run 4 are not

significantly different from the rest. Run 4 was

continued for a further 17.5 min. (25 rains, total,)

and the final solution tested for nitrite and nitrate

but none was found, indicating that there was no

significant quantity of nitrogen in the argon even

before purification. Three further runs were made with

the luminescence reduced to half the previous value,

(85-90.). The po,Juer required was approximately 3.6Kv.

Finally, a comparison run was done using water saturated

with oxygen. It was of course impossible to obtain the

same luminescence under oxygen as under argon, so the

luminescence was maintained at 165 (shunt 1, H.T. 700v.),

the power required being the same as that for Runs 1-4

approx. 4.4 Kv.



Graph 29,

The production of Peroxide under Argon
(and Oxygen).

Peroxide concentration xlG5 M.
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Table for Graph 29

Time
Jflna. Hun 5

llo0o produced.
Run 6

xlO5 M.
Hun 7 Unuer 0

2.5 1.53 1.24 1.50 3.32

5.0 2.97 3.53 3.09 6.30

7.5 '4.53 5.50 4.70 10.30

10.0 5.74 7.31 6.70 13.80

12.5 7.30 9.35 9.05 18.10

The slope of the be3t lines drawn through the

sets of runs 1-4 and 5-7 are 1.09 and 0.64 (xlO5 M/min.)
In parallel with the results obtained under oxygen, it

would be expected that the halving of the luminescence

would approximately halve tne rate of production of

peroxide. If the slopes of the runs 4 (11.9) and 5

(=5.8) are taken, this is so. It is also remarkable

that at approximately the same power the yield of

hydrogen peroxide under argon is so close to that under

oxygen, while the luminescence under argon is some eight

times that under oxygen (see p. 41).
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The oxidation of ferrous to ferric iron.

A great deal of work has he en clone on the

oxidation of ferrous to ferric iron by ionising

radiations (52, 63) and in view of the analogy

between ionising radiations and ultrasonics, the

ferrous-ferric system seemed suitable for study.

Miller (34) irradiated with ultrasonics

solutions of ferrous iron in 0.8M sulphuric acid,

saturated with air. He found that for times of

irradiation of up to 10 rains, the yield of ferric iron

was linear with time, and proportional to the ultrasonic

intensity. Also, he found that above about 5xlO"4M
ferrous iron, the yield was independent of ferrous

concentration. His frequency was 500 Kc/s. Attempts

were made to repeat some of this work at a frequency of

2 Mc/s.

The solutions irradiated were made up by dissolving

A.H. ferrous ammonium sulphate in water and A.R.

sulphuric acid to make them 10in ferrous iron, and

0.8 M in sulphuric acid. A fresh solution was made up

for each day's work, and the ferric concentration checked
Q

by measurement of the absorption at 3040A (see

analytical section, p. 35). If it was more than

2x10 M, the solution was rejected.

The irradiations were done in a baseless vessel.
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i.e. with the solution in direct contact with the

crystal. A capillary tube was arranged down one side

of the vessel to bubble air into the solution. A

blank was done with each experiment or series of experiments,

the solution being placed in the irradiation vessel

for the same time as the experimental solutions, air

being buboled through where appropriate. The blank

was kept under the same conditions, and its absorption

was measured at the same time as that of the irradiated

solutions.

3eries I.

273ml. samples of ferrous solution were placed in

the irradiation vessel, and irradiated with 2.8Kv.

applied to the crystal, for periods of 1, 2, 4 and 10

rains. After irradiation, the solutions were kept in

corked flasks, samples being withdrawn at intervals for
O

the measurement of adsorption in 1 cm cells at 3040A.

The absorption of the blank was measured at the same time,

the result giving the concentration of ferric iron due

to the irradiation. The concentrations were plotted

against hours after the irradiation.
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Table for Graph 50

Expmt. 1. 60 sec. irradiation

Hours t.d. blank t.d. Fe^^conc.xlO^M
£ 0.106 0.030 3.85

18 0.205 0.037 7.83

42 0.312 0.043 12.70

66 0.410 0.055 16.75

Expmt. 2* 60 sec. irradiation

£ 0.077 0.026 2.41

23 0.216 0.037 8.45

47 0.247 0.042 9.68

143 0.307 0.061 11.62

.Expmt. 3. 2 mins. irradiation

£ 0.121 0.039 3.87

20 0.420 0.046 17.65

44 0*550 0.057 23.30

140 0.645 0.101 23.80

hlxpmt. 4. 4 mins. irradiation

£ 0.231 0.030 9.49

18 0.680 0.037 30.3

42 0.860 0.043 38.6

138 0.925 0.067 40.5

Exprat. 5. 10 mins. irradiation

£ 0.558 0.034 24.8
24 1.70 0.044 77.8

120 2.30 0.063 106.0

(t.d. = transmission density)
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It is seen from this table and graph that the

ferric concentration continues to increase for many

hours after the irradiation. It was at first thought

that this might be due to a reaction between ferrous

iron and hydrogen peroxide that was slow at the

concentrations involved. Measured quantities of

diluted hydrogen peroxide were therefore added to

samples of the ferrous solution to produce ferric

concentrations of the order of those found after

irradiation. Observation of the absorptions of the
©

solution at 3040A for four hours showed that all the

ferric iron was produced within the first half hour

and that there was no further change thereafter. The

experiment was repeated with hydrogen peroxide that had

been distilled under vacuum to ensure the removal of

any inhibitors present, but the results were the same.

It is known that nitrite is produced by the

irradiation of air with ultrasonics; (64) a solution

was therefore made up from standardised ferrous and

nitrite solutions, being 10M.Pe'"1" and 8x10"® M. with

nitrite, in 0.811.sulphuric acid. The production of

ferric iron was then observed by measurement of the

absorption at intervals* in comparison w ith a blank.
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Table for Graph 31

Hours Fe+ !"+conc.xlO^ M Hours Fer"f>conc.xlO^ M

£ 1.0 45 16.3

2 2.9 67 18.0

21 11.8 75 18.5

27 14.1 171 20.8

The graph shows that the behaviour of the mixture is

very similar to that of the ferrous solutions

irradiated under air, and it is therefore likely that

the nitrite formed is responsible for the continued

oxidation of the ferrous iron. It will be noted that

the ferric iron produced is in excess of the nitrite

added by a factor of 26, so there is probably some

oxidation reduction cycle Involving atmospheric

oxygen. Half an hour after mixing, the number of moIs

of ferric iron produced was roughly equal to the number

of mol3 nitrite added, and the reaction with any

hydrogen peroxide present is finished within that time.

The quantity of ferric iron present half an hour after

an irradiation will therefore be a measure of the

quantity of peroxide and nitrite produced by the

irradiation.

Series II

273ral. samples of ferrous solution were placed
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in the irradiation vessel, and irradiated for periods

of 1, 2, 4, 7 and 10 rains, with 2.8Kv. applied to the

crystal. The absorptions (transmission densities) of
o

the solutions were measured at 3040A, 30 min3. after

the end of the irradiation. After the subtraction of

the blank reading, the ferric concentration was found

and plotted against the time of irradiation.

Table for Graph 32

Expmt.Bo. Time of t.d. Ave.t.d. Oonc,I'e+++
irradfn. - blank xlO° M

1 0.077

2 1 rain. 0.077 0.050 2.38

3 0.075

4 0.121

5 2 rain. 0.120 0.090 4.22

6 0.125

7 0.231

8 4 min. 0.220 0.196 9.26

9 0.228

10 7 rain. 0.388 0.356 16.77

11 10 min. 0.560 0.525 24.80

12 0.555

(t.d. = Transmission density)
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The graph of these results shows that up to

ten minutes at least the yield of ferric iron is

linear with time.

Series III.

To ensure that the silver plating on the crystal

surface was having no effect on the reaction, the

experiment was repeated in a vessel with a glass base

clamped above the crystal. (See apparatus section)

123ml. of ferrous solution was placed in the vessel for

each experiment, and the voltage applied to the crystal

was 2.4Kv. Other conditions were as above.

Table for Graph 53

axpmt. ho. Time of t.d. Ave.t.d. Conc.Fe*-*4,
irradn. - blank xlO5 H

1 0.167

2 1 rain. 0.170 0.145 6.85

3 0.176

4 0.376

5 2 min. 0.378 0.331 15.7

6 0.347

7 0.533

8 3 min. 0.546 0.522 24.7

9 ' 0.530

10 0.970

11 6 min. 1.030 0.970 45.8

12 0.970
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These results again show that the yield of

ferric iron is linear with time.
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Oxidation of KI under air in the
presence of Carbon Tetrachloride

The oxidation of KI in aqueous solution by

ultrasonics takes place rapidly in the presence of

carbon tetrachloride. (65) It is therefore a

convenient means of measuring ultrasonic chemical

activity.

The solutions irradiated were of potassium

iodide in water saturated with carbon tetrachloride

at 20°C. A five litre flask was arranged in the same

thermostat tank as the irradiation vessel. Three to

four litres of water were placed in the flask with an

excess of carbon tetrachloride and the mixture was

stirred overnight to ensure that an equilibrium was

reached. The required quantity of solution was

transferred to the irradiation vessel by blowing air

into the five-litre flask and forcing the liquid up and

along a tube arranged to discharge into the vessel.

A weighed quantity of potassium iodide was added as a

solid. A capillary tube was arranged to blow a slow

stream of air into the solution, and that provided

sufficient stirring to dissolve the solid. Some loss

of carbon tetrachloride in the air stream would be

expected, but as the reproducibility of the experiments

was normal and the results were of a linear nature, this


