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C o -  Abstract

i

An experimental study was undertaken to invésﬂigaté the chemical

effects of high ihtensity ultrasonic radiation onléyanide solutions. :

The effects of aeration, concentration of cyanide arnd temperatures oh:‘

the reaction rate are investigated. The expefimegt‘was preformed in a

30 mm pyrex tube 1mﬁersed at a fixed height in a constant volume water

bath. Ultrasonlc energy was -applied through the use of a transducer
| .
epoxied at the bottom of the water bath. The power inputs to the

transducer were 40W (27KHz) and 100W (21KHz).

At a power of 40W, ultrasound had no chemical effect on cyénide
solutions. At lOON hydrogen peroxide formed during the process and
reacted with the cyanlda. The mechanism of reaction is assumed to
inelude both oxidation and hydrolysis of the cyanide in solution.
However, the cakaly%icvéffect of hydrogen peroxide under these
Fond;tions»increéqéd’léading to substantial hydrdlysis of cyanide;-
: l

As a result ‘the overall reaction yield increased by 200 - 300%
over the yield normally obtained from equal amounts of hydrogen per-

oxide in conventional cyanide - peroxide reactions.

L
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‘CYanide solutions react with oxidizing .agents Such as chlorine, .

ozone, hydrogen peroxide to yleld reaction products ranging from

cyanate to carbon dioxide and nltrogen.

Ultrasonic radiation under certain conditions was found to produce

unusual chemical phenomena.

The oxidation effect of Ultrasound on aqueous solutions and the

formation of hydrogen peroxide has been verified and studied for éb

number of years. e ’

When a cyanide solution was exposed to a high intensity ultrasonic

radiation an'oxidqtion(proéess started and the C&Qnide concentration in
V’solution graaually ,ddcréaéed. Since the formation of'hydrogen perbxide

is a function of the available dissolved oxygen in solution, continuous

‘geration replenished the oxygen consﬁﬁéd in the reaction ahd maintained the'_‘

oxidation process.



TITRORY
I. SONOCHEMISTRY

b Practically all of the observed‘chémibal’éffects'df Ultfasonics
in liquid systems occur only in the presence of uitrasonic intensities -

sufficient in magnitude to produce cavitation and’'in conditions that

will support cavitation within the liqui gé)

The cavitation process includes the generati&ﬁmbfwﬁﬁBBIGSLih an
acoustic field, the motion of these bubbles and the ph&sical effects !
brought about by this motion. Impurities such as microdust particles
or gas bubblesvact a# nFclei in initiating cavitation.

In the case of water saturated with air, wheﬁ‘the acoustic pressure
is above the cavitation threshold preQSure, some of the air at the
nuéleation sites come out of the solution in the form of minute bubbles;
_ These bubbles grow during the rarefaction or neggtive phase of the
souna wave. ﬁuring the other half of the sound wave cycle the acoustid
'V,pressure increasesland the bubble beginslto collapse. 'During this phase
of the wave, the contents of the bubble are compressed adiabiatically |
to very high local pressures of several thousand atéospheres and local )
températures may be as'high as.10,000°§%3)Elecﬁrical charges also occur
‘Js{thé reault of tﬁe-electriéal potential built between opposite walls
of the cavity. It is .not precisely known which of these aspects of
cavitation-is 0% fundamental importance in‘producing chemical reactions.

Someainvestigators suggest that water is mechanically seperated
to H and OH ions, while many beleive that electrical discharge, through
the intérmediation'of luminescence resﬁlts in the'photochemicalVdecomposi—

tion of water int6 reqctive H and OH'radicaisglo>



AL

' Effect of Experimental Variables on Sonochemical Phenomena: o
| : ot

|
L

.1 Dissolved Las - Tﬁe dissolved gas in a 1iquid-inf1uencee the

- cal conduction of

l ! '
cavitation gction; if water is carefully degassed‘and freed from

suspended partlcles its apparent cohesive strength is much greater

1

than usual Chemlcal reactions are not observed in thoroughly degassed

- liquids with the usual ultasonic 1nput powers. When the dlssolved gas -

is air, argon, neon, xenon, OXygen, nitrogen or helium it is possible
to liberate chlorine readily by ultrasonic means from mixtures of

T -
carbon tetrachloride and water. If the gas is carbon dioxide, nitrous

oxide, or dichlorodifluoromethane, disruption of the CCl4 moleeule'does -

not'take placer;'It is difficult to explain this on the basis of the

ratio of the specific heats of the gas, because carbon dioxide will

< (15)

pernit ultrasonic depolymerization in toluene solutions. ‘It has.been

. suggested that if the electrical discharge accompanying cavitation is

the cause of thevreactidn, this aﬁomaly can be explained by the electri- .

|

& carbon dioxide in an aqueous solution. A high

potential could.n&t eXist, while the opposite would apply fer a toluene’

(16)"

solution.

-2 Frequency - The resonant absorption.of energy by molecules does not

occur as in the opﬁical'case. The normal ultraeonic frequencies are

far too low; thedhighest frequencies so far;generated are in the region -



o of 1000 Mc/s but these are still 16 times sﬁaller than infraéred

| frequencies. ﬁt follows that frequency of the sound wave has
,llittlé or no effebt on the chemicél reaction rate.- Considerabié
evidence exists to support thiévgeneralization'and it appears to
be true over a wide band. of frequencie? from as low as 1 kc/s

up t0 several megacycles per secbnd. Various reactions have been
'fstudied'in which the applied ultrasonic fréquency has been a
variable. The rate of’rearrangemeht of bengazide in aniline
solution does not vary with frequency from 16-478 kc/é}) G. Schmid
'énd W. Poppe %ave.shown that” the rate of depolymerization of poly-
methyl methgcrylate in benzene is nearly independent of fre@uéhéy:yuvm
'.inﬂﬁhe}range'iO—ZSA kc/sﬁl;gor the emulsion polyﬁerizaﬁion of
styrene, essLntially the same results were,obtained gt 15 ke/s andl
at 500 ke/s, while the hydrolysis of dimethyl sulphate is not in-

fluenced by frequenqé?)

3 _Intensity - At vefy low intensities which are below the threshold

1

for cavitation, no chemical change is observed. Above this threshold -
the reaction raﬂewincreases mo;e or iess linearly with ultrasonic in—_
tensity, as found for the formation‘of water-kerosene emuiéibns; the o
rearrangement of benzazide, with powér inputé ranging from iOO to

250 watts;  and the reduction of curd tension in milk up to a power

input of 2000 watts.

v



However, several inVestigators;hxve noted that there:is an.
optimum intensity which coincides with the meximum formation of
cavitation Mubbles, and above whlch further increases cause‘ A
decrease in yield. For the production of hydrogen peroxide from :
water, the'value found for this optlmum ultrasonic power is
0.10 watt per éram of soluﬁion;(zkor'the closely related 1iber§
ation of iodine from KI solution, tﬂe optimuﬁ energy density is

10) '

215 ergs/cm, which corresponds to a pressure amplitude of 3.0 atmos-

pheres. |

T g - :
4 Treatment, Time -  When all reactants are present in excess,.the

yield showshan~a£proximately linear increase with time of irradia-
 tion. For example, this has been observed in the liberation of
iodine from KI solutions both in the preseﬂce and absence of carbon

fetrachloride.
. [

The amount of hydrogen peroxnde generated by ultrasonlc 1rrad1a— o
tion of water contalnlng dissolved air increases linearly with time
up to 5 hours?l However, the quantltyvof nitrous acid first 1ncreases"‘5
and then decreases while the nltrlc acid formed concurrently increases

somewhat more than linearly with time. The relative amounts of nitrate

and_nitrite_syhthesized depend on the pH of the solution.

"5 Pregsure - Changes of static pressure have a profound effect on
the cavitation process, and therefore on the yield of the sonochemical

v : (10) '
reaction. For example, Polotskii found that the amount of hydrogen



peroxide, nitrite, and nitrate produced by ultrasonic irradiation
of water is zero at air pressures (above the liquid) less than
100 mm, above which it increases to .a maximum at 1520 mm, finally

decreasing to zero at 4180 mm.
: !

6 _Temperature - It is difficult to achieve precise temperature

control in a»liéuid'undergoing irradiation, because the absorptioﬁ
. of ultrasonic energy may be very high if high intensities are

being used, and represents a heat sburce of considerable magnitude.
In addition to the overall heating, dispersed particles if present
in the liquid are faised to a temperature several degrees above |

' _the average tempefétufé of the suspeﬁsion. If direct irradiation.
into the 1iqhid is employed the electfical losses in thevtransducer

- will also raise its temperature and this heat will be transferred to

b .
the liquid surrounding the body of the transducer.

Below'50°‘C.kthe ambient temperature does not appear tq be a
cfitical factor in m@ny‘sonoéheﬁicél effects. Ultrasonic disinte-
~gration of starch paste is hardly affected by temperatures over the
range 15—605 C, and the liberation of iodine from potassium iodide-
carbon tetrachiOfide aqueous solution shows only a siight decreage
" sdth temperature from 2-60° C. “Above 60° C, however, there is a ‘bl

- sharp decrease in the rate of ultrasonic depolymerization of
, . . . .

!



solutions of ﬁoiystyrene and nitrocellulose.

In view of %hé frequent attributing of sonochémical're~' -
actions tb‘the locai heating effect, it is surprising that higher
temperatures result in smallér yields. Alternatively, as the
vapourypressure”iskhigher in a hot solufion the collapse of the -

cavitation bubb%es will be less violent.

!

The rate of formation of hydrogen peroxide and nitric acid .

" by irradiation of air-containing water decreases with increasing

'temperaturevErom 10-50° é.,gnd‘the oxidation of dilute ferrous ‘

 sulphate solution is suppreésed at temperatures above 50° C.

i
.

e



B. Mechanism of Sonochemical Reactions
' ]

V. Griffiné?garfied out a number of experiments under controlled
conditions, to study %he role of ultrasonics on chemical reactions.
He was able to classify the reactions observed in three stages.
(1) Reactions due to cavitation. .
(a) Gas must be present in the form of minute bubbles, either suspended
in the liquid or formed during irraditioén, if the réaction is to
- take place.' : |

| ‘ . '
(b) All primary actions due to ultrasonic waves take place inside the

bubbles. Thus, no reactant is affedted direétly unless it has én_ e

|
appreciable vapour pressure.

(c) The reactions taking place in the gas phase are primarily'thermal,
due:to thevheét developed during adiabatic &ompressidn. This is
considered to be'démoﬂstrated‘by the obsefﬁed dependence of fhe rate -
of hydrolysis of carbon tetréchloride on ihe thermai properties of

| the dissolved gas and by the inhibition of these,;eactiqns when |
:t-smail quantiyieslof ether or other liquids of'higﬁ &apour'préssure
"are added. |

. ,'- ) j ' » . N ) . '. » P ‘ ‘
(2) Many reactions in the liquid p?ase’thought o be due to ultra-

gonids now appear to be sécbndéry reéctioné.';Oxidizing agents such aé :
hydrogen peroxide‘whicﬂ have formed in thé bﬁbbles when oxygen 1s . |
pr?sent,vmay dissolve ﬁn the'liQuid and cause a'fgrther reaction. As”
examples, the deéomposition of potassium'iodide and the oxidation of"
sodium sulphite'té sodium sulphate can be quofed. The change innéoiu-'
‘tion pH brought about by reactions in the gas .bubbles is responsible :

for other reactions attributed directly to cavitation. In this categoiy
. . i , ; .



: l : :
the increase in the rgte‘of inversion of sucrose is an example.
(3) Some reoction§ are due to 1ocalfincreases,in temperature caused
by absorption of ultrasonic energy, if the intensity is high and the -
beam path length"sho;£; ‘The denaturation of proteiné is conSi&ered to

be caused mainly by the temperature effect.

An analogy has been proposed between radiochemical and cavxtatlon
effects in a number of stimulated reactions. 0. Llodstrom and 0. Lamé )
have assumed that the”primafy reaotfon'in wator is

HoO . ultrasound ., H + OH (1)

It is then possible to explain the effeots of oxidation and reduction .
in water solutions subjected to ultrasonic cavitation. It is also
believed that the increasé in oxidation in the presence of dissolvedww
oxygen does not depend so much on a direct: activation of oxygen &s on

the effect exertei by molecular oxygen on the secondary reactxons, in
which the radicals H and OH take part. vaen 1f oxygen is absent thefe is

still a noticable oxidation,.although to a lesser degree. o ,

The above reaction is regarded as the fundamental andvtypioal
' vreactionﬂproduoed by electrical discharges in water vapour and by ioh-b
izing radiations ii water. The subseooent reoction involving these
/ primarily produced radicalsiis of a.complicated and not fully understood
nature. Ixperimental resolts hove shown ; production of‘oxygen,'hydrogen -

and hydrogen peroxide.

' The action of the' free radicals after primary‘dissociétion'of water

depends on many factors influencing chain reactions when the chain carriers



10

are free radicals. However,‘the predominant reactions are the back

(3)

reactions

rd
jae
4

on-——-——-—a-‘Hgo PR ¢2))

p: ,'+ T—I —-————-—P H2 - ‘n;tdoiO" (3)
H2 + IOH———-—-——P H20 + H

OH 4+  OH ——p Ho0p . eeeiiveenn ()
H + H’QO2 —F———ib"HZO‘ ﬂ- OH
When chemically pure water is treated the net results will tﬁerefore
be zero, since the eoﬁilibrium concentration of hydrogen peroxide and
hydrogen may be too small to be detected.e The presence of dissolved
sﬁbstances in thel water wiil increase the possibility of other reaction
series, particularly compoﬁnds with a high vapour pressure, which may

occur in a higher cbneentration in the cavitation voids. 'Iemthemcése of

dissolved oxygen the reaction is probably

0, + H — HO, N €
HOp + H ——& 0y )

Hydrogen atoms are withdrawm to some extent from the back reactions (2),
" (3) and (4). Simultaneously, the corresponding emount of hydroxyl
radicals will react with other oxidizable substances. ' This is in agreement -

thh the- experlmehtal concluslon that dissolved oxygen greatly increases

the ox1datlon effects produced by 1rrad1at10r and that the amount of- hydrogen".v‘

peroxlde produced by frradlatlon.ls too small to explain the oxidation.

I [
These oircumstaLces are generally considered-to'be_caused by a direct

. i I . ‘ ) ! :
activation of oxygen as.

N 0, ulimsomds 0 4 0 T..ieeeas (6)



!

Such ; reaction is-obviouéifqpossiblé aﬁdiwillaoccur'simultaneously
with £eactioh (1). The concentration of 6xygen is small compared
with that of water;peven within the cavities, énd for that reason the
_ influence of dissolvéd oxygen is best represented'by equation (5),
whereas equation (6) is of secondary .importance. |

In this way it is possible to expléin most of the chemical reactions
proéuced'by ultrasLnic treatment of water-based solutions, for example,
the oxidation of potassium iodide, Hydrogen sulphide, organic dyestuffs
and hydrocarbon halides such‘és chloroform. Similarly, the reduction

1

of potassium perﬁanganate and mercuric chloride, and the production

t

of ammonia, ammonium hydroxide, NOy and NO3 in the‘presence bf*dissolfed'“”“w“'

‘nitrogen can be elﬂéidated.
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C. Mechanism ;f Sonochemical OXidétion and'Fofmatioﬁ of Peroxide
Oxidations prbmoted by'ultrasonic radiations were observed and

several reactions injplving~the‘liberation of iodine from iodide héve
been studied. . The formation of;hydrogen peroxide from water and
oxygenkunder radiatiog naturally suggests itself, and Schmitt, Johnson
~and Olsoélggtained pdsitive tests for hydrogen peroxide with titanium
sulfate in the majority of trials. However, the depth of color pro-
duced by a three-minute périod of radiation of potaséium iodide solu~
tion was éf thelsame order of magnitude as that produced by one‘part in-
a million of hydroge?'péroxide. A mixture of equal volumes of a 3% o
solution of hydrogen peroxide ahd og the aqueguslsolution of hydrogen .-
sulfide produCedTobalescence at a much slower rate than that observed
under the,influgncé Jf ultrasonic radiation. Ip a study of the éffeét:
Qf radiation on indickfors it was observed that,additioﬁlof.l cc. ‘of 2%
hydrogen péroxide to 15 cc. of a dilute indicator solution did not pro—’
duce any observablé effect while ultrésonic gadiation'destroyed‘the"i
color of the indicator permanently. It vas»ciear.from these observations
that the production of'hydrogen peroxide féquired confirmation and that

‘ i - _ .
it plays, if at all, only an insignificant part in ultrasonic oxidation.

Another poésibility is the formation of ozone. -Schmitt;'Johnson and

Olson failed to detect this substance with manganous sulfate, although

they did not consider their result conclusive. A third possibilityvisAthe“

direct activation of oxygen by radia?ién.

e,



S. C. Liu‘aﬁd-A. éz)(iQBA) ekposed‘different solutions to an
ﬁltrasonic rad;aﬁion under controlled conditions in attempt to GXplain'
the mechanism of oxidation and made the folloﬁing observations: . 1
1. Necessity of bxygen and Cavitation. | |

. A carbon tetrachloridé—water—potassium-iodide-starch mixture was
£0iled in a long tube to free it from air. The ?ube was then sealed and
radiated. Neither cavitation nor liberation of iodine occurred. The
tube was then opened, shaken with air and again radiated. Cavitation
and - blue color appeéred imﬁediately.

To show the necessity of cavitation, silicic acid sol and gel
(saturated with air before setting) containing potassium iodide and starch
were radiated. The sql showedlcavifation and sliéht'coloration, while‘in'Jﬂ
the gel neither ca;ikation.nor coloration occurred. To show that cavita-
tion élone cannot cause ultrasonic oxidation, a,carbon tetrachloride-
watef-potassium iodide—starch mixture, made gas free by’foiling, was‘
saturéted'with hydrogen or carbon dioxide after cooling. With carbon
dioxide neither cavitation nor liberation of iodine occurred; while with
hydrogen, ?otassiﬁm'iodide was not oxidized even though vigorous cavita-
tion took place; | )

The necessity of oxygen is shown further by the following eﬁperiment.
Seven cc. of wa@er,ll ce. of 1% starch and 1 ce. of 1% potassium iodide
- vere mixed in'thél§mali tést-fube and radiated for different lenghts of
time. After expodure the amount of iodine liberated was determined by

titration. The conteﬁtbbf the tube was transferred to éISO—cc. flask and

rinsed with 10 ce. of water; 1 cc. of 1 N thiosulfate. The amount of



iodine was found to’ 1ncrease with the tlme of radiatlon very rapldly

durlng the first six mlnutes and became practlcally con stant after
l

eight minutes. ThlS is probably due to the fact that most of the dis-

solved oxygen was eipher consumed or expelled during the flrst seven
I

or eight minutes of’radlation. . To prove the correctress of this explan-:

- gation, potassium iodﬁde-starch mixture was radiasted for seven minutes,

when cavitationialmost ceased. A fine stream of oxygén was bubbled
slowly through the mlkture, while the radiation 'was continued. The

amourt of iodine liberated under these conditions was found to 1ncrease

steadily.
2. Tormation of feroxide

They expose? a dilute solutlon of potassium permanganate (about
0.002 N) to radiation. The permarganate was decolorlzed Addition of
potassium permarganate to water which has been radiated showed the same
result. Since hydrogen peroxide is thé‘only substance which.can be
formed from oxygeﬁ and watef and is capable of decolorizing potassium . e
permarganate; they regarded the observation as a conclusive proof of the’

l
; productlon.afhyﬁrogen’perox1de under the influence of radiation.

i

The amount of hydrogen peroxide formed in & cc. of water after
’seven minutes radlatlgn was found by tltraulo w1th 0.002 K potassium
permanganate tonbe‘éﬁgut 0.006 mg. Taking the amount of oxygen dissolved
in Vater~frdm air to be 6 cc. per liter, 0.15 mg. of hydrogen peroxide
Wsﬁould be'produced if a1l ﬁhe'oxygenkdissolved in 8'cc; of water is
converfed into hydrogeh'peroside by radiation. Hence only about L5

of the oxygen is converted ‘into hydrogen peroxide under the conditions of

the experiment.
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1

'3. 'éeaction with Chloroforﬁ and Carbon Tefrachloride;’ .

Schmift, Johnson and 0138%2%ound that when garbon‘tetrachloride‘
was added to potassium iodide and starch soiution;“an intense blue
color developed immediately upon radiation. ‘Chloroform is just as effec-
-tive. To test whether the formation of hydrogeh peroxide can account for
such a reaction, a solution of 3% hydrogen peroxiderwaS‘addedvto chloro-
form—potaésiﬁm‘iodidé—starchvmixture without exposing to radiatioﬂ. No

|

immediate development of color was observed, even when a large amount of
hydrogen peroxide was added..-This proves that peroxide formation cannot
account for this reaction.

" Addition of potassium iodide-starch to a mixture of chloroform or
carbon tetrachlofide and water after radiation also gives the iodinéb
reaction immediatély.~ Addition of siiver nitrate gives a positive test

-

for chioride, while a mixture of-3% hydrogen peroxide and carbon
I : :
tetrachloride Lr chloroform without radiation gives a negative test.

|

t is CIéa;cffdmrthese observations that chloroform or carbon tetra-

" chloride does nok act catalytically in the oxidation of potassium iodiaé,
but is itself,decqmposed, giving rise to some free chlérine,

‘ YA Abéénce of Ozone.

Potassium ibdide reacts with ozone and hydrogen peroxide while
potéséium permanganate reacts with hydrogen peroxide but not with ozoné;
If there is any' ozone present, iodine titration should indicate more
oxidizing power than boﬁassium permanganate titration. They compared -

iodine titration with potassium permanganate titration. Several por-

tions of radiated water were mixed and divided into two portions. One

-

t
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was titrated immediatiely with potassium permangagate and to the other
potassium lodide jwas added. - After sLtanding 'for one hour, the iodine
~ liberated was titrated with 0.002 N thiosulfdte. The amounts of oxif
‘dizing power calculated from the two titration valies were identical
within the limit bf ekperimental error (about 5%5. If there is aﬂy ozone
produced by radiation; the amount cannot be more than one part in 20 .
nillion. Such a small amount of ozone certainly cannot account for ahy -
of the oxidation observed.

As a conclu§ion'to these obgervafiohs the mechanism of oxidizing
can be expléined as follows: |

[

Oxygen is necessary for ultrasonic oxidation. The amount éf o
hydrogen peroxidg,ithe only oxidizing agent formed during radiation,
cannot account for all the reaction observed. It is therefore con-
cluded, that oxygen is directly actiTated under the inflﬁence of ultra~
sonic radiation. Cavitation being essential, it'ié c¢lear that only |
the oxygen mole?ules 3n the surface of the bubbles are active during
. radi&tion.JAAs soén as radiation ceases, the activity of the oxygen
diSappears. Thé*acégéé‘oxyéen can liberate ibdiﬁé ffom jodide or react
with water ﬁo form hydrogen peroxidé.; When éarbon tetrachloride or
Ichlor@form is present, it reacts with theiactive oxygeﬁ to givé free

-~ chlorine. = S : ,



II- 'Reactiob of Sodium Cyanide with Iiydrogen Peroxide

- (8) . ‘ _
! According to Massgnz the main products of the action between
sodium cyanide and hydrogen peroxide are sodium cyarate and sodium
énd ammonium carbonates. Of these, the former seems to be the

primary product while hydrogen peroxide acts as a catalyst.

NaCN + Hg0p ————> NalNO + H0 ....... (7)
Ho0
. 292

NaCNO + oH,0 ————> Na(NH;)C03 ......... (8)

-

Téken,togetherr the cyanafe and carbonate were found to account
for_approximafely 80%lof the original eyanide aid an equimolecular
quantitj of peroxide. The balance éf the cyanide (20%) is never
dxidized, even though a large ‘excess of peroxide be employed; butv

is converted by hydrolysis into sodium formate and emmonia. in

this action also the peroxide plays the part of a catalytic agent.
! , ' '

NaCN  + pHp0 ———> H. COyNa + NEz..... (9)

17



- . Fxperimental

I Scope of investigation
This study invgstigated the chemical effect of ultrasound
on sodium cyanidé solutions. The operating baramgters‘considered‘

were power‘ihput to the system, concentration of cyanide, aeration

and temperature.

.
IT Description of ApparaFus

i+

The appara?us_uséd‘in'this study can be described as follows:

(see Figure 11)

§o

1- Air regulating valve .

2- Low pressure air pﬁmp_- | ;; .' . o
3- Air regulating vélve IR : ‘ | |
L~  U-tube with calcium chloride -

5~ Reaétion tube - ‘ »
6~  Aeration tube, with sealed fine porosity fritted disc
7-  Constant volume water bath

8- Constant temperature water jacket - ‘ "; 

9~ ' Air pump l | |

ilO— ‘Regulating valve

li- Air cooling nozzle.

12- TFibre-Sonics 21KHz, IOOU lead-21r001ate-t1ta”ate
sandwich type transducer

13- Fibra=-Sonics G~100 MK I Ultrasonic 0801llator
14~ Fibra-Sonics ¢-100 MK .I Ultrasonic Amplifier

15-« Glass Plate

18
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!
IIT TExperimental Procedure

A known volume, 30 orVLO mls of the solution to be inves-
_tigated was introducedvin the inner reaction tube and the experi—
" mental variables weré applied as reduired to the’system. These

included: | '
. | v o

~Aeration by bubbling air at the bottom of the solutioh at a’
constant rate which was maintaired in all experiments.
: |

~-Tenperature conthl of solutions using the water jacket. -

- =Ultrasonic radia ion'supplied by a transducer fixed at the bottom

i

of the water bath.

1

A1l solutions were analyzed for initial cyaﬁide concentration :
beféré each run. At given time intervals, 5 mls samples of the '
~ reacting solution were teken from the reaction'fube with.a 5 nls
" pipette. The sample was cooled fapidly and arnalyzed for free
fesidual cyanidelwith’d.l I silver nitrate and potassiﬁm iodi@e
indicator. (see Appendix A‘for analytical procedure)' ‘ ' *
hé reacted cyanide was then caleulated and plotted as a
function of tbne.l A 250 mls constant volume Qater bath surroundinrg
’ the reaction fube eliminated the effect of changing Volume of .
reacting solution on the cavitation intensity in the reaction tube.

[

Temperaturé of the solution was constantly monitored and recorded as
a function of tiﬁe} Runs which required ultrasonic radiation were

| invegtigated at 4QNV£“£7KHZ and 100% - ZIKHZ.. The powver was deter-
mined by a power ther located on the ultrasonic amplifier. Changes in

Ly
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power during radiation due to heating of transducer and gsolution
| . . ' .
were recorded as a function of time. The transducers were air.

. cooled during the test to minimize the heat effect.

“

Reagent?grgde sodium cyanide and 3% hydrogen peroxide solution
were used‘forl?he Study of reaction rates without ultrasound. De~
iénized water fhich has been aerated for one hour was used in the
make up of the cyénide gsolutions for all runs. The solutions
investigated rangéd in initial cyanide concentration from 1.0 to

20.0 g/1.
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DATA AND RESULTS

]
Reaction data. of NaCN with Hydrogen Peroxide* olution

Table T° -

Effect of concentrqtion ahd ratio of reactants:

NaCN initial Molar Ratio Tﬂme | NaCN destroyed Temp. -  Power
concentration "Ho®»: NaClN {min) {pom) {°0) (watt)
1-1.0g/1 ' E;oo | |

(&) Wlthout air |
(b) With air (same results)

+ 0 ' 0 18 0
* o 10 69 18 0.
R 20 - 118 19 0
R o 25 167 , 20 0
C L0 216 21 o
85 - 314 . 24 0
195 . 363 29 0
100 LY 363 28 0
2- 6.13 g/1 . 1,016
0 ' 0 20 0
7.5 490 ’ 20 0.
15 S1029 20 0
30 1715 : .20 0
L5 2205 20 0
T B 60 2695 .20 0
} : 9% 3430 .20 0
| ' o :
3- 11,76 g/1 1.00 ' ‘ :
o 0 0 20 0
c 7 1862 20 0
15 - 3318 .20 0
! ' ‘ 30 ' 4,900 . 20 0
60 7840 20 0
0

90 9163 . =0 '

¥ A 3% Hydrogen Poroxide solution was used in all experiments.

oot
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Table I

i~4

[ '

mffect of ultrasonic rediation with free temperatufe rise, at 40W - 27K¥z.

l .
Time

Nal¥ initial Molar Ratio
concentration - HpOg: Malh (min)
. - ! 1
1.0 g/1 ., 1.00
(4) Without Alr . —| 0
10
15
iX 20
- 30
35
(B) With Air 0
' 10 -
15
20
- 25 -
: S35
60 -
- 80

NaCN destroyed Tenp.
(ppm) - (ec)
. 0 .18
50 19

98 - 20

98 23

245 25

245 ' 26

t .

0 18

50 19

98 20

147 23

196 24,

245 26

392 30

Lh1 - 36

Power

38
33
37
37
36
35

38
8

37
37
36

. 3 5 t
34
32



Table TIT

offect of controlled temperature on reaction rate.

()= With Ultrasonic Radiation; at 40W — 27KHz

|

Molar Ratio
Hr0n: NaCN

MNaCN initial
concentration

Time
(min)

|

NaCN’destroyed

1.0 g/1 - 1.00

el

With Adr & o

(B)=~ Uithout Ultrasonic!Radiation:

With Air

- 50

- 101

10
20
30
40
50
60
70
- 80
g9
96

10

"10
20
30
40

60
70
- 80
- 89
96

" Temp.
(ppm) (°C)

0 20
147 22
147 23
L5 23
245 23

- 294 22

. 343 22.5
343 23
392 T R2.5
421 23
421 23
yA) 23

0] 20
147 22
147 23
245 23
245 23
297, 22
343 23
362 23
392 22
’421 23
421 23

23

. . s |
Power

(watt)

OO0 O0OOOO



' Reaction by Ultrasonic Radiation

Tahle IV

Effect of NaCN concentration and aeration on reaction rate.

r

(4)  Transducer data:

Power = _IZI-O; WatL‘ : -
Frequency = 271KHZ- ’

NaC¥ initial Time NaCl destroyed Temp.

concentration I {min) (opm) ~ (oC)

1- 1.0'g/1 (1000 ppm) .Starting Volume = 30 mls

(a) Without Air
Litoout ALl ,

10 0 "23
_-15 0 - 25
.20 0 26
25 0 27
35 0 ( 30
(b) With Air
0 0 21
10 0 23
|1 0 25
20 I o 26
25 0 27
35 0 30
© 2- 5.0 g/1 (5000 ppm) Starting Volume = 30 mls
(2) Without Air' | |
0 : 0 ‘21
| 10 "0 23
15 0 25
_ 20 0 26
P 25 0 27
: 30 0 29

o1

Power

(watt}

38

38 .

37
37
36

35



(b) With Adr

-

15

|0

(3) Transducer data:

Power = 100 watt

Freguency = 21 KHz |

1

NalN initial - Time
N T‘;‘ch I .T
conce ation ( §m112

|

1- 2.5 g/1 (2500 ppm) Starting Volume = 30 mls

(a) Without Air

10
25
41
- 60

1 .
(b) With Adr
0
10

25

l41

60

2- 5 g/1 (5000 ppm) Starting Volume = 30 mls’

: |
(a) Without Air

10
- 25
1

eNeoNoRoRoRe]

NaCN destroued

I(pnm)

20
60
60

. B
50
147
294,

-0
.trace
- 55

=
J
‘98

21
23
25
.26
27
29

Temp.

- 1°C) |

23
36
2
- 58
64,

38
38
37
37

35

Power

(watt) ‘

85
80
75
70

68

85
80
75
70

e

- 90
72
6L



(b) With Air o
0

25

«M"'Ll . .‘
60"

.. R . .‘,’
3-10 ¢/1 (10,000 ppm)

(a) Without -Air

o

10

41
' €0

(b) With Air
-0
10
25
60

4= 20 g/1 (2o,ooL opm)

With Adr

41
60

100

0
€0
160
260
392

Stafting Volume = 30 mls

"“trace
100
150
150 -~

0
100
. 250
380

. 390

Starting Vollme = 30 mls

160
350
350
- 350

23

37

51
57
64

22
35
51

60

‘64

23

51
k‘ €0

23

0

50
61
66

20

87

72

65

90

28

87

7

67
61

90

67
61

95

&0

70
65



‘Table V

1f¢ecu of temperature and aeration® on rate of reaction.
' ' |

NaCN initial i . Time NaCN destroyed = Temp. Power

concentration - . {min ‘ {(ppm) (°C) - (watt)

5 g/1 (5000 ppm) Starting Volume = 40 mls

5 g/1 (5000 ppn) Starting Volume = 40 mls
: I -

Cvele T -30 0o 21 : 0
0 0 ~ 21 , 95

.10 (60)** 36 85

F 66 (392) #« 61 59

83 392 63.5 59

" wmm Pover off, solution cooled to room temperature,
| with continuous air bubbling for 1 hr.

Cvele IT -~ - 143+ 0 392 , 25 95
v S 143+ - 392+ 88 38 80 .
1 143+60 | 3924265 63 7T U600

~ 143466 : 392+330 65.5 60

143+93 ' 392+330 66 . 59

) 0

Cycle I . -30 L 0
. ' 0 : o . 22 95
10 (60) %% 3% 85
- €0 - (392)s o 6L ' 59
83 - 392 . 64 59

I_.

-~ Power off and cooling to room temoerature with-
‘out aeration for 1 hr. Aeration resumed simul-
- taneously with ultrasonic radiation after 1 hr.

Cyele IT - 143+ 0 392 v 25 . . 95

¢ Taken from Table IV - B2

143+10 ‘ 392 ! 38 80

143460 - - 1392 . 64 RCe

* Adr bubbled in solutions at constant rate 30 min before abpllca ion of

~ultrasound and'throughout the test.

1



3- 20 /1 (20,000 ppm)
A _30
0
4

. Cyele T -

25
WAl

13,

.
0

(160
o 350
. (350)%

350

. 66

21
21

24,

31

43
55

0
95
90

- 80

70

65

60

30

~—=Power off and cooling to room temverature with-

out aeration for 1’ hr.

Aeration resuned simul-

taneously with ultrasonic radiation after 1 hr.

Cyele IT | 120+ 0
120+11

- 120425

©120+60

* Values from Table IV -4

350
350

350

95.

g0
70
60
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Figure 1 - Rsaction of fodium Cyanide with
Hydrogen Perokide at 20°C
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o A Figure /4 - Reaction of Sodium—Cyanide with ..
' : ' Hydrogen Peroxide

Nalll H,0n: NaClM = 1.0
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Figure 8 - Reaction of Sodiun Cyanide with lydrogen
Poroxide - Without Ultrasound
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Figure 9 - Combined effect of aeration and 4
temperature on reaction rate with ultrasound
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Discussion of Results ‘ : ’ '

41

The net‘effect of ﬁltrasonic radiation was found to be a funcition

of several ewporirentql parame*ero ~ In order to understand the over-
|

all effect of tbe process, each par ameter was studied separately.

|
nffect of Power:

Transducers.with>power inputs of 40 and 100 watt ana frequencies
of 27 and 21 Klz re§§ectively were investigated. No reaction took
plaée at LOW in the cyanide solutions of initial concentrations of
1.0 and 5.0 g/l. Continuous aeration during radiatioﬁ had no effect'.

at that power, even though cavitation was visible during the process.

(see Figure 3) /}*"
, x

t

The amount of ujdrogen pero 1delpeneraued in the solutlons at

LOW was nil or too small to staru a chemical reaction.

To sﬁbstantiate this conclusion, éodium cyénide and hydrogen
pero%ide solufions in a molar ratio..of 1:1 were allowed to react
at constant tempeﬂature end with constant aeration while exposed
to the ultrasonic field at 40 W. The reaction rate was identical

-

to that obtalved fr?W the same reacting solutions under the sane

i+
j-o
(%)
ot
[N
3
P
n
[
[0]
I
L.J
[0]
I~
—

conditions with luf ultrasonic radiation

o |
At a power of 100 W, a gradual decrease in residual cyanide

concentration in solution was observed without any additions of

hydrogen peroxide. The rate of cyanide disappearance was a



function of the initial cyanidetconcehtration; tomperature and .
' | : ' >

seration. The hydrogen peroxide required for the reaction was

" generated by the ultrasonic radiation of the. solutions at that

power. This is in agreement with the findings of S. C. Liu and
(7) o o
H, VWu and V. Griffiné on the formation of hydrogen peroxide and’

|

the oxidation effects by ultrasound in agueous solutions.

Figure 5 compares the effects of power at 40 ard 100W on a
S ' !
5 g/1 cyanide solmtion. . N

Tffect of feration:: |
=

| The effect of ae$ation on the reaction rate’ is shown in

. M -
Tigure 6 and 7. It was found that solutions which were not
\ :
aerated during ultrasonic radiation had a slower reaction rate.
The reaction stopped after a maximum amount of cyanide, propor-

H :
tional to the initial solution concentration, had reacted.

(see Figure 6)

I . .
Solutions which were constantly aerated during ultrasonic

radiation showed p faster reaction rate, which was sustaired for
t

a longer period of time. (see Tigure 7)

The oxygen content of the air dissolved in solutions was con-

'

sumed in the formation of hydrogen peroxide, which in turn was

[

PR i ‘ - ) - - bl v L4
used up in the regction with cyenide. In the case of solutions
which were not constaitly aerated during radiation, the reaction

proceeded to the extent of available dissolved air (or oxygen) then
: 1

-
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stopped. In aerated solutions, a constant supply of bubbled air -
provided the required oxygen to replenish the consuned hydrogen

. : . ! . '
peroxide and sustain the reaction. '

3.0, Liu and H. Wu obbtained similar results with the liberation

of iodine from potassium iodide solutions by ultrasonic radiation.
Tt was also observed in Figure 7 that the maximum amount of reacted
cyanide decreased with the increase of initial cyanide concentration.
l 3 ’
This was due to the fact that the solubility of air in aqueous

solutions decreases with the increase of solute concentration. .

Consequently the‘émount.of available dissolved zir decreased in th
' B AP

m?re concentrated cyanide solutions.

' {

|

mrfact of Tnitial Cvanide Concentration:

FPigure 6 and Figure 7 show the effect of initilal cyanide concen=-

>

tration on the rate of reaction. The reaction was higher in both

serated ‘and non aerated solutions, at the higher initial cyanide

concentration values. The same effect was observed in.the oxidation
)

. . Lo . . . . < e
of cyanide with hydrogen peroxide solutions without ultrasonic radiation.

(see Pigure 1)

Tffect of Peroxide to Cvanide Ratio on Reaction Rate:

'

Tigure 2 shows that the reaction rate of hydrogen peroxide and
so&iﬁm cvanide solutions decreased with their molar ratio, overcoming

A |
the effect of higher initial cyanide concentration. Comparison of



L4,

rates obtained with different peroxide to cyanide ratios and rates
|

obtained by ultraponic radiation shofed that the amount of hydrogen

- peroxide generated by ultrasound was very small in relation to the
Pl . .

cyvanide present Hin solution.

| :
ffect of Temperature:

b
| . ‘ .
Pigure 8 shows the effect of temperature on the reaction

g2}

rate of hydrogen peroxide and a 1.0 g/1 cyanide solution. Although
I
the reacting solutions were ultrasonically radiated at 404 , no

chemical effects were observed from the ultrasound other than the heat
effect. . .

[ .

It was found ithat the rate increased only slightly when'the
temperature was allowed to rise freely fronm 18°C to 36°C. After
80 min the amount of reacted cyanide &t 36°C was only 20 ppm higher
than the amount obsér&ed when the temperature was held constant at
23°C. An increase in temperature of batch processed solutions‘by
‘ultrasonic radiaﬁignwp?uld not be évoided, due to the absorption
of sound energy g&mthe solution. Below 50°C the temperature did not
appesr to be a erilfical factor in most chemiéal reactions according

(15)

to Welssler.

Tigure 7 shows the éffect of temperéture rise caused by ultra—v
. sdnic fadiation on the maximum vield 'of reacted cyanide at different

concentrations. The reaction stops almost suddenly when the solution

temperature reaches 62 - 64°C in each case. The formation of hydrogen




i

peroxide in air containing water by ultrasound was found to decrease

. : : - (14
with temperature from 10 - 50°C according to Urasovskil gndy?olotskii.)

The combined effect of increased oxidation rate of cyanide with
temperature and decrease in yield of hydrogen peroxide formed kept the

reaction rate ﬂearl$ linear until the critical temperature was reached.
» 1

1

~ .

Combined effect of aeration and temperature:
N T

Tigure 9 and Figure 10 show the combined effect of both aeration
and temperature on the reaction rate. The ultrasonic radiation was

applied in two cycles to 5 and 20 /1 eyanide solutions. Continuous .

| :
geration by bubbling air through the solutions was maintained during

the first and second cycle. Whaen the solutions reached the critical

LA 1

temperature and thq reaction stopped at the end of the first cycle,

the power was turned off and the solutions allowed to cool to room
. !

Itemperature for ore hour.

The ultrasonic radiation was t

b

hen resumed and the rate of

reaction monitored during the second cycle.

No further reaction was ohserved in either solutions in the second

) . ; e .l ‘
cyele when no air was bubbled through the solutions between the two

1

cycles. (see Figure ),

. By contrast, when aeration was maintained during the cooling

period the reaction rate was restored and maintained during the second

cyecle, then stopped when the solution reached the critical temperature

again,




Qu.. fqtlve Bvaluation of. Besults

Comparison of zi' qures 1, 2, 6 and 7- clearlj ohowed that the -

_reaction rates obtained from the effect of ult rasound on cyanlde

solutions were slower than thosé obtained from the action of .
hydrogen peroxide solutions and cyaride solutlo in general.
The reaction rates, however, decreased noticeably in Figurc 2

T

as the ratio of ?202: NaCN decreased, suvkesting ?hat ﬁhe lower
reaction rate obtained with ultrasound was due to a very low

Hy05: NaCN ratio. This could be expECted in light of the limit

of solubility of air in agueous solutions. In the case of ' ‘

] : . '

irradiating 30 nls of'2.5, 5.0 and 10.0 g/1 cyanide solutions at
O _

100W without continuoﬁs‘aeration, the amount of dissolved oxygen

and the equivalent hydrogen peroxide formed can be estimated as

i

| v ; .
follows, ‘assuming air saturation of these solutions before the
application of ultrasound:

Average air concentration in ) ' . ' L
solutions at 20°C 1. . =20 cc per liter

% oxygen in dissolved air L= 34%
Average amount of dissolved
oxygen . = 6 cc per liter

Fquivalent amount of hydrogen

peroxide formed by ultrasound = 18.75 mg per liter

from reaction 5 ! = 18.75 ppm

from reaction 7, the eguivalent

amount of ox1dF zed cyanide = 27 pom
S Ead

Based on Ma mechanism of reaction of cyanide with peroxide,

the amount of hydrolyzed cyanide by the catalytic effect of Fp0p
would be:  0.25 x 27 = 7 ppm

Total amount' of reacted cyaride = 34 ppm



From‘Figure 6, however, the totEl amount of reacted cyanide
obtained was 2 to 3 times thatvvalue. This could only be explained :
on the basis thét the hydrolysis of cyanide through the catalytic
effect of EQOQ during ultrasonic radiation occuré at a much higher

rate than that fond by Masson's in contentional cyanide-peroxide

-

Based on equal| amounts of hydrogen peroxide, the overall
reaction yield byt ultrasonic radiation improves the yield obtained

S | |
£y conventional c¥anide peroxide reactions by 200 to 300 %.

i



- CONCLUSIONS

(S,

1- TUltrasonic radiation has a chenical effect on sodium cyanide
solutions. This'effect is based on the. generation of hydrogen

peroxide in cyaiide solutions during irradiation. The reaction

 includes a diregt oxidation between the cyan;de and péroxide,and
hydrélysis of the cyanide through the catalytic effect éf hydrogen
peroxide. The lééter,effedt is greatly erhaﬁced by ultrasound

and increases the o&erall reaction yield by 200 - 300% over the’

vield normally obtained from equal chounts of hydrozen peroxide
! .
in conventional cyanide - peroxide reactions withoult ultrasonic :

b ’ '

2-  The parameters affecting the reaction rate are power, concen-.

radiation.”

tration of cyanide, time, temperature and aeration.

3~  The chemical effect was obtained at 100W, while at 40 no
. ' I
reaction was observed in the cyvanide solutions.
‘ o

4~ The sonochemical effect can be sustained by constantly bubbling

-

air into the solution and maintaining the temperature below 60°C.
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TITDOMNALTRITY A MT AN
RECOMMITNDATTONS

ALY A

ot

1- A study of actual rates of reaction during ultrasonic radiation

is important in the evaluation of sonochenical effects. This reguires

controlled temperature operations only possible by a contiruous recir-

-

¢

ulation of thﬂ redcting solutions through an external heat exchanger

v | - . .
and back Lo the uwltrasonic field.

|

2~  Catalysts sukh as coppver and silver known for their promotion

|
B

of oxidation processes, can be invesitigated for their effect on

4-

oxidation reactions produced by ulirasonic radistion on cyanide

solutions.
3-  Methods to measure power inpui to the sysitem should be developed
| ) .

"to establish accuratd power to reaction yileld relationships.

<
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[ | | APPENDIX

. - ANALYTICAL PROCTDURR

4) - Procedure: .
1~ Pipette a 10 ml sample into a 250 ml Irlermeyer flask,
2= Add 100 mliof distilled or deionized water and 5 ml of
. | .

potassiun iodide 10% solution.

standard silver nitrate solutlon

—
=

3~ Titrate with 0.1 I

)

until a faint yellowish turbidity perisits after stirring.

B) < Caleulations:
Free sodium pyanlde g/l ’

ml of silver nitrate y:O.l x 9.8

~

C) - Discussion of |the Method ‘ .
Silver nitr¢te reacts with sodium cyanide 4o form solubl

’ TVG* cywnlde in “solution. After all the cyanide had reacted,
the silver ilons then react with iodide ions to cause the solution

to take on a yellow opalescent appearance due to the formation

-

of finely dispersed silver iodide. The minimum detedtable concen-

travio: by this method aporoaches 0.1 ppn cyanide.

i



APPENDIX B

|
' REACTION APPARATUS ASSEMBLY !
(see Figuwle 12)

| o ‘
Tde reaCulo“,tdbe consisted of a 25 mm ID pyrex tube 2 mn
f : .
thick Qﬂd 33 enm long, [fired vertically in position in the constant

volume water ba‘bm The bottom of the reaction tube was fixed at

30 mm from the bottom of the water bath and at equal distance from -
its walls at all times.

i :
The water . %th was made of a 50'mm D 3/16" p yrey tubing, 30 ¢t
long., A7 x 7 cn, 3/}6’ Tass plate was sealed to the lower end of

the tubing with &n silicone sealant. '

The trarsducér was evoxied to the outer side of the square

1

plate, and lined up with the vertical center line of the. tubing

The glass plate was Held and pressed bzainst the tubing with steel

lass

CQ

1 “
flanges. Sealsare .155 cork sheets were used ©To vrotect the

plate bGuUGG“ the ;lahges.
F o Co

heration ofthe reacting solutions was achieved with a small

by passingz through a U-tube filled

j9i}
{-;c
g
5
|
vy
o
w
}J .
—
3
0]
o2
H
1o
Q
o3
o

oL

with calecium chloride solution. In order to obtain the smallest

L)

possible air bubble size, a 10 mm glass tube with g sealed fine

porosity fritted disc at its end was Iused to bubdle the air through
the reactl“x solution., The air flow was adiusted to a minimum by

. A4 .
L& 3 e m
neans of two air regulating valves, The same rate was kept constan

for all runs.

A
138



Raacltion Tube -

Constant “Temperature

Yater Jacket

Constart Volirzie—
Water Dath -
<
/,;/,,/Hpﬁcr Tance
¢
e

——Lower lanre.

\N\\\\N\\*“*Transducer



. I‘
The external wabter jacket was made of a3 8 em ID plexislass
3/16" thick with an inlet and outlet for water circulation. The
g . o
jacket was usedito cool the constant volume water bath and the

£y

reacting tube as required. L

I T

t second air punp was used to air-cool the transducer through

Zh

, _ .
2 10 mm aluminum lair nozzle during he test. Samnles of the reacting

"

solutiors were taker from the open ernd of the reacting tube by means

of a pipette and titrated with a buretite graduated to 0.05 ml for a
i 1
EN

high precision titration.
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