


© Minister of Supply and Services Canada 1977
Available by mail from:

Printing and Publishing
Supply and Services Canada,
Ottawa, Canada K1A 0S9

CANMET

Energy, Mines and Resources Canada,
555 Booth St.,

Ottawa, Canada K1A 0G1

or through your bookseller.

Catalogue No. M38-13/77-11 Price: Canada: $1.50
ISBN 0-660-01171-9 Other countries: $1.80

Price subject to change without notice.

© Ministre des Approvisionnements et Services Canada 1977
En vente par la poste:

Imprimerie et Edition
Approvisionnements et Services Canada,
Ottawa, Canada K1A 0S9

CANMET

Energie, Mines et Ressources Canada,
555, rue Booth

Ottawa, Canada K1A 0G1

ou chez votre libraire.

NO de catalogue M38—13/77-11 Prix: Canada: $1.50
ISBN 0-660-01171-9 Autres pays: $1.80

Prix sujet 4 changement sans avis préalable.




OZONATION FOR DESTRUCTION OF CYANIDE IN CANADIAN

GOLD MILL EFFLUENTS - A PRELIMINARY EVALUATION *

by

G.I. Mathieu *¥

ABSTRACT

A literature search was made to determine whether ozonation
would be technically and economically attractive for the treat-
ment of cyanide-bearing gold mill effluents. The publications
covered in this survey were those concerned with (1) recent
advances in ozone generation and gas-liquid contacting devices
of interest to cyanide oxidation, (2) conditions for a rapid
and complete decomposition by ozone of both simple and complex
cyanides commonly found in gold mine effluents and (3) cost of
ozonation under these conditions. This state-of-the-art review
shows that ozonation might be a valid alternative to conventional
methods of cyanide detoxification of gold mill effluents. The
ozonation process at the time of writing is relatively hich in
capital cost but low in operating cost compared with conventional

processes.
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'UNE PREMIERE ETUDE DE L'OZONISATION
COMME MOYEN POUR DETRUIRE LE. CYANURE DANS LES EFFLUENTS
DE MINES AURIFERES CANADIENNES

- par
G.I. Mathieu#*

SOMMAIRE

L'auteur a parcouru différentes publications dans le
‘but de savoir si l'dZoniSation pouvait &tre un moyen technique et
8conomique souhaitable pour’le'traitement d'éffluents auriféres
miniers porteurs de cyanure. La littérature examinée, pour cette
étude,:traitait 1) dés récents progrds faits dans les domaines de
la production d'ozone et des dispositifs gaz-liquide agissant par
contact, dont 1'intérd&ti'se porte sur l'oxydation du cyanure, 2)
des conditions nédeésairés a l‘dzone’pour'décomposer rapidement
et'Complétemen£‘les-éyanures'simplés et complexes qu'on retrouve
'-hqbituellement dans les effluents de mines d'or, et 3) du cofit
" de '1'ozonisation dans ceé'conditions; " Cet examen démontra que’
1l'ozonisation pourrait &tre une alternative valable aux méthodes
classiques de détoxification des effluents de mine d'or du cyanure,
surtout que ses frais d'opération sont moins dispendieux, bien

que les frais d'établissement premier le soient.

*Chercheur scientifique, Section des minéraux métalliques, Labora -
toire du traitement du minerai, Centre canadien de la techno-
logie des minfraux et de 1'énergie, Ministére de l'Energie, des
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INTRODUCTION

In 1955, Thorp (1) compiled the first bibliography on

ozone technology. He listed 980 patents and 266 papers dealing
with generation of ozone and its applications to industry.

(2)

Klein of the Illinois Institute of Technology Research
Institute has estimated that another 3000 papers were published
on this subject in the following 20 years, or some 150 per year.
The International Ozone Institute, founded in 1973, in its monthly
newsletter (0ZO News) 1is now listing all the recent publications
related to ozone, which cumulate at the rate of 50 per month or
600 per year.

The recent interest in ozone technology was partly

attributed by Adams(3)

to governmental requirement for removal

of refractory constituents from industrial waste waters. He
noted that ozonation possesses the potential of treating organics
and inorganics which are resistant to other methods. Among
these, he listed phenols, oils, ammonia and cyanides, both simple

(4) added detergents, sulphides and sulphites

and complex. McLean
to this list.
Government regulatory action in various countries has served
as an incentive to manufacturers to build larger and better
ozonators. In U.S.A., seven companies are now fabricating large
ozonation units, namely, Crane Co., Chromalloy American Corp.,
Emery Industries Inc., W.R. Grace Co., Welsbach Corp., Ozone

Research and Equipment Corp., and Pollution Control Industries

Company. In Europe, at least twelve companies produce




large ozonators. Japan has one large-scale manufacturer,
while Canada has two subsidiaries of French companies dealing in
ozone equipment, namely Dé&grémont Canada Ltée and Companie
Canadienne des Eaux et dé‘l'Ozone Ltée. Several of these
companies now adver£ise high=~frequency ozonators developed along
a new concept disgcovered by the Great Britain Electricity
Council Researcﬂ Centre and licensed in the U.K. to Mather
and Platt, London. The British high frequency ozonator was
called the "Caperihurst". Its features and advantages are
given in the company literature and in an article by McLean %) .
The use of high frequenéy has resulted in more than doubling
the normal ozone output and concentration, while both the capital
and operating costs have been Substantially redﬁced (Figure
in Appendix 1)*%*.

Although these features and othet advances in ozone
‘technology have induced several industries, particularly those

in the fields of metal plating(5’6) (6’7),

and film processing
to reconsider ozonation for cyanide destruction in their waste
water, the technique up to now has been practically disregarded

by gold mines using the cyanidation process.

THE PROBLEM OF OZONATION OF CYANIDE EFFLUENTS

This indifference could be attributed to the fact that

ozonation of waste water is a complex process and that its econonical

*NOTE: Further ecomomies are predicted by Accelerators Inc. with

the development of their new "electron accelerator/dynactor

ozonator" announced in 0Z0O News of November, 1976




application depends on several factors not previously fully

determined or understood i.e.,

1) reaction mechanism and its rate

2) ozone concentration and rate of application necessary to
achieve the desired chemical oxidation

3) technique for an effective contact between ozone gas and
impurities in solution

4) optimum pH and temperature of waste water

5) effect of nature and concentration of secondary
constituents present in waste water and reacting with
ozone.
Recent literature has clarified a few of these points

(8)

but others remain open to question. Evans has suggested

two principal mechanisms of ozone oxidation. The first considers
an electrophilic attack by ozone, while the other involves ozone-—
initiated oxidation whereby ozone serves as the reaction initiator

and oxygen is also a reactant. In the case of cyanide decomposition,

(9)

it was found that oxygen can participate in the reaction . The

ozone-oxidation of cyanide according to Green and Smith(lo)

proceeds in two stages as follows:

5 > CNO T+ o, (1)

- 2
3+ HZO > 2Hco3 + N2 + 302 (2)

The first reaction is extremely rapid while the second

CN + O

2 CNO  + 30

is slower but could be catalyzed by traces of copper, manganese,
nickel and other transition metal ions. The presence of some of

these in gold mill effluents would thus influence the speed of the




cyanide decomposition reaction.
It has been demonstrated in France and reported by

Diaper(ll)

that higher concentration of ozone could result in.
important saving of this chemical in cyanide oxidation.: Less:

than half of the ozone was effectively used at a concentration

of 7 g 03/cu m while 80% of the ozone reacted with cyanide when

the ozone concentration reached 26 g/cu m, with the remainder
being lost in the atmosphere. Much higher ozone concentrations are
now possible; but have ndt been.investigated with regard to

cyanide decomposition. According to Stahl(lz)

, the loss of ozone
in exhaust gases is heavily depéndent on the effectiveness of gas-
liquid contacting devices. - He identified four main types of
these, namely, the spray tower, the packed beds, the bubble

plate or sieve .plate columns (an intermediate case to 1 and 2),
and the gas dispersion within a liquid. A description of each
type is given in Stahl's paper along with its advantages and

disadvantages(lz).

Some specific applications are discussed in
detail, e.g., municipal water purification, odour and colour removal,

etc. Although his study does not make any recommendation as

to the best contacting device for cyanide decomposition, it is
inferred from his general observation that the spray system
would be a logical choice if the reaction time could be rediuced
to a few minutes.. This was achieved in limited test work by the

author when using the film layer purifying chamber (FLPC) spray
(9)

contacting device and pure cyanide solutions

(13)

- Garrison observed that the cyanide decomposition by




ozone is speeded up by higher temperature while Bollyky(s)

reported that the reaction is more rapid in highly akaline
solution, but guantitative data on these aspects are scarce.

Briefly, the reaction rates and parameters of ozone-
oxidation cannot easily be predicted guantitatively and these
should be determined experimentally on different industrial waste
waters. This is particularly true in the case of gold mill
effluents, since these have various compositions and contain
several species of cyanide complexes. These effluents also
contain metal ions which are readily oxidizable by ozone. This would
result, not only in greater purification of water, but also in
a higher ozone consumption. On the other hand, some of the cations
present in mill effluents may have a beneficial catalytic effect
on the oxidation reaction.

An assessment of the value of ozonation for treating some
Canadian gold mill effluents would thus have necessitated actual
test work on the complex cyanide solutions to answer some of the
above questions. Since this was not done, results from treating
cyanide wastes in other industrial fields will have to be reviewed
to evaluate its potential application for mining effluents. This
review also emphasizes recent discoveries in ozone technology
and chemistry which show promise for this process as an alternative

to treating cyanide - bearing gold mill effluents.




RECENT FEATURES IN'OZONE TECHNOLOGY AND CﬁEMISTRY

Early ozone generators operated at 19, 000 to 20 000

volts and 60 Hz. In some of the newer des1gns, the power supply
generates hlgh frequency of 2000 Hz at lO 000 to 14 000 volts for
much greater ozone productlon at hlgher concentratlons. The use of
hlgh frequency in ozone generators was rendered pOSSlble by the’
recent advances in SOlld state frequency 1nverter constructlon,

- by prec1s1on manufacturlng of dielectric and electrodes, and

by ut111z1ng coollng systems w1th h1gher eff1c1ency.

Mather and Platt(l4)

,‘the manufacturer of the hlgh '”
frequency Capenhurst ozonator developed by the Great Brltaln'
Electrlclty Coun01l Research Centre, forecasts for 1ts 1000 -Hz

unit con51derable economy in installation cost and plant size with -
reductions in ozonator>voiume:by a factor of 6:1 and in floor
'area requirement by a factor of 25:1. PCI Ozone Corporatlon( 5)

now has‘units operating'at 20b01cycles per second; which are said

to increase the ozone production per square.foot of'electrode-area
by lO tlmes over that of 60 Hz unlts of the same size. Ozone concen-
tratlons,of 36, 5% and 6-8% by welght are obtalned from the new
PéIﬂgenerators when'the carrylng gas is air, oxygen enriched

air (40% Objtandioxygen, respectively.A |

The poss1b111ty of produc1ng ozone at much hlgher

concentratlons should be very advantageous in cyanlde treatment

L (16)

as indicated by the work of Sondak and Dodge who reported

reductionsvof-more than 50% in ozonation time when the inlet




ozone concentration increased from 6.7 - 8.3 mg/l to 24.6 - 26.8
mg/l (Appendix 2). For instance, for a three-fold increase
in ozone concentration they show a reduction of ozonation time
from 21 minutes to 8 minutes for a quasi-complete elimination
of potassium cyanide in aqueous solution. Since the authors
also observed that the increase in the rate of the cyanide
decomposition was much more pronounced at the higher inlet
ozone concentrations, the use of high-frequency ozonators to
boost the ozone concentration to a further degree appears
even more attractive.

In his study on ozone solubility in water and on

(5) suggested

ferricyanide decomposition by ozonation, Garrison
that the increase in oxidation rate obtained at a higher ozone
concentration in the carrying gas could be attributed to:
(1) larger absorption of ozone by water when in contact

with gas at higher ozone concentration (see graphs in

Appendix 3);
(2) greater oxidation power resulting from higher ozone

concentration (see curves in Appendix 4).

When the ozone concentration in the carrying gas in-
creases from 1.3 to 2.6% by weight, its solubility in the con-
tacted water increases from 3.5to 7 mg/l within a short time to
enhance the oxidation (Appendix 3). Also, an increase of ozone
content in the carrying gas from 1% to 5% was found necessary to
increase destruction of ferricyanide, a very refractory complex,
from 25 to 70%. Further decomposition of ferricyanide required
the use of ultra-violet lighting, as shown also by the set of curves

in Appendix 4. The effect of higher ozone concentration on a mixture




of simple and complex cfanidés of the type found'in‘gold’mill‘ |
effluents is still to be determined, but is likely to be beneficial.
| Newly désighed alr-cooled oZoneléenerators have been putA

on the market by W.R. Grace and Company.' After using some of

(6)

these, Garrison et al. had this to say: ."the new generation .
of air—codled'oioﬁators'substantially reduces cost, decreases
maintenance and improves reliability compared:to'water—cooled

(2)-

generators Cémmonly in use". Klein in his study on ozone
generators’foresées economy in plant size ‘and operating cost for
ﬁhe new air-cooled ozénators,'the extent of Whiéh will be
determined by long-term expérienée.

Another development which could influence future ‘treat-
ment of cyaﬁidé Wasﬁe water by ozonation is the recent’
int?oductidnvonkthe,market'of contactors in which the contaminated
' water is sprayed into a gas chamber containing ozone instead of
by bubbling gas into. the water. Two types of such devices, namely,
the “cyclonic spray scrubber (CSC)" and the "film layer purifying
chamber (FLPC)™ are illustrated in Appendices 5 ahd 6. Cyanide
Qxidation’wifh‘these contactiné systems, is said to be‘consider—
ably fastef and more cOmélete due to continuous formation 6f fresh
surfaces of waste water directlyvexpOSed to ambient oxygen-ozoné.
Limited test work with the FLPC device has indicated a hearly '
Atotal cyanide destruction of 105 ppm CN within three minutes,
which is'faSter"thén‘any literature data in the case of con-
Ventional contacting methods for a corfeéponding'lével of cYanide

(17)

concentration. According to Bowers , the main advantage of the




spray contacting system is a better gas distribution system
through the waste water stream resulting in a more complete
oxidation. 1In his study on ozone contacting systems, Stahl
recommended spray devices for efficiency and economy in
capital cost when the reaction is fast enough to limit the

(ll). However, in the

contact stages to a reasonable number
absence of reliable data on ozone solubility, diffusiveness and
mass transfer coefficients, he stressed the importance in almost
every case of piloting for a sufficient length of time to obtain
the basic data for cost and scale-up computation with confidence.
This advice is particularly valid in the case of ozonation of
gold mill cyanide effluents because of their variable composition
of cyanides and other impurities.

After discussing another aspect of ozonation, i.e.,
the consumption of ozone for cyanide destruction, Diaper(ll)
came to a similar conclusion and summarized his views as follows:
"In the treatment of industrial wastes, it is generally assumed
that 1.5 parts of ozone will be required for the destruction of
each part of cyanide. However, because other chemical compounds
in the effluent could materially alter this requirement, it is
necessary to carry out laboratory tests in all cases". J. Roley
has reported in a private communication that he succeeded in
destroying one part of cyanide with one part of ozone in treating

a sample of bled solution from Giant Yellowknife Mines Ltd.

containing 450 ppm cyanide of which about 220 ppm were metal-
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cyano complexes. Only 2 ppm, probably in the.form of ferricyanide,
were left in. the éolution‘after 20 minutes of conventional
bubbliﬁg ozonation for a decomposition rate of more than 22 .
ppm/minute. This value indicated that the reaction was probably
autocatalytic, as will be seen later.

In his work on the kinetics of ozonation of cyanides,
Kanderwall showed that the reaction rate constant is.more
than doubled when Cu++‘ions,in small quantities (less_than:,\
20 ppm) are added as catalyst to the oxidation‘reactiqn(l8)
Eiring found that cqpper:also reduced the ozone consumption
to only 70-75% of the .stoichiometric amount for complete
oxidation,reaction(lg). _The presence of nickel and manganese
ions also proved to be beneficial, but}tq a lesser degree..
Appendix 7}compares the effect of various-catalysts, Serota
attributed the economy of ozone in the catalytic oxidation .to

the participation of the whole three atom-molecules of ozone

in the reaction (equation 3) -rather than only one atom as

indicated in equation 4(20):
3 CN~ + 0, + 3 CNO _ (3)
B 0 o ' o (4
CN. + 0, > CNO + 0, _ . (4)

The fheoretical;weight ratio for the first stage of decomposition
of one part of cyvanide in equation (3) is 0.62 part of ozone while
according to equation (4) 1.85 parts of ozone would be needed.
This view has been confirmed recently by Chen of the -

University of Southern Illinois who wrote in 0Z0 News of November
1976: "The catalyst not only épeeds up the ozonolysis reaction

but also increases the efficiency of ozone: It appears that all
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three atoms from each ozone molecule takes part in the oxidation
process when the catalyst is present, whereas only one atom

participates when the catalyst is absent". He also added

that "the use of catalyst (and ultrasound) in ozonation doubles
the efficiency of ozone, thereby cutting in half the amount of
ozone required as well as the costs of ozone, and will prove
especially valuable in the treatment of industrial wastes which
are heavily polluted".

Another factor favourable to ozonation of cyanide solutions

(21)

from gold mills is their high pH. Selm makes this an

essential condition of decomposition of cyanates and of

(18)

cyanide complexes. Eiring observed about a 50% increase
in the rate of oxidation by ozone when the pH increased from
a 9-11 range to 12-13 by adding lime.
Most observations regarding enhancement of cyanide oxidation

by ozone reported in literature prior to 1973 have been checked

and confirmed by the Ore Dressing Group of Sumitomo Metal

(22)

and Mining Company In their search for parameters
favourable to cyanide decomposition, they have retained a
combination of high pH and the use of 1 ppm of Cu++ as catalyst

for a three-~fold increase in the oxidation rate, as shown by the

following selected results.
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TABLE 1

Effect of pH and Cu Ions'on‘CYanide
Decomposition by Ozone

Cu++ ] CN level (mg/l) CN destruction Time
mg/1 pH Iinitial Residual mg/min min
None | 8 103 8.9 6.3 15
None 10 103 0.5 6.8 - 15
None 12 ] 103 0.1 6.9 o 15
1 10 103 | <0.1 ©20.6 5
1 12 103 0 <0.1 20.6 5.

All the'above findings should be examined in detail and-
used in a4profi£ablé manner in the poténtiaibozonation treatment
of the Canadian gold mill effluents. |

The reéponse‘df sevefal cyanideé to oxidation by the action
of‘ozone is fecordedAin the iibéiaturé. Sélm(2l) repofted that oxidation
of élkali simple cyénides b&ldéone is.rapid'and complete. ‘Thié waé
coﬁfirmed by several others. Eiring(23) récorded‘OZOﬁe—oxidation
oflcoppér; ziné and nickel éyanide complexes. To this list,

(6)

Garrison -added bhose.ofcadmimﬁand iron. ‘Thé rate of cyanidé
decompositidn, albeit dependent on'temperature;VOZOne and‘éyanide
concentration, and othef conditions, was generally cbnsidered to
be;fast for simple>cyanides and copper cyanide, intermediate in
the case of zinc and nickel cyanidés; slow‘forcadmiunland very
slow for iron compléxes. Ah’order of magnitude for the depletion
Vof‘SO—lOO ppm of these cyanides under favourable éonditiOns in an
,ozbne bubbling system would be as follows:

>15 minutes fbr alkali and copper cyanides, 15-30 minutes for‘
nickel and zinc cyanides, 30-66 minutes for cadmium cyanide, and

<60 minutes for iron cyanides. Slower reactions are often .
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accompanied by higher ozone consumption, as illustrated in
Appendix 8. It is worthwhile to stress again that the ozone
oxidation reaction rate can be increased considerably and its
consumption significantly diminished by the use of appropriate
catalysts, suitable pH, higher concentration of ozone and better
contacting devices.

Recent advances in ozone technology and understanding
of the cyanide-ozone oxidation chemistry have illustrated
conditions for rapid and complete destruction of both simple and
complex cyanides. These facts have not received the
attention of the gold mining industry. Also, with the exception
of a Japanese study (22) and a few recent Russian papers (24,25,26)
very little has been published on applications in this field.

Although a Research Group of Sumitomo Metal Engineering
Co. published a report "Cyanide Refining Waste Water Treatment
with Ozone at the Konomai Mine" their investigation devoted only
six out of seventy tests to the treatment of the Merrill Press
filtrate after diluting it to about 110 ppm CN-. Other analyses
of this cyanide waste water were:

Cu Zn Fe Mn
7.7 ppm 41.4 ppm 0.14 ppm <0.1 ppmnm

Despite the limited number of tests on the diluted cyanide
effluent and the lack of any attempt to optimize, the results

were significant with good cyanide destruction as shown in

Table 2:
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TABLE 2

Resulté of Ozone Treatment of Kondmai
Mine Merrill Press Liquid (Diluted) (22)

pH " “CN (mg/1l) | Time| CN ‘destruction Osmg/1
, min . rate mg/min
‘Initial | Final | Initial| Final Average |Increment |Blown|Absorbed
: in
11.9 11.5 109 |65.3 | 3 14.5. 14.5 130 | 130
11.9 /11}1 | 109 | 34;9 5| 14.8 15.2 215 | 215
1.9 | 9.9 | 109 | 96| 7 |14.2 | 12.1 300 | 300
11.9 9'0‘“ "109: 0.5 ‘10“' 10.8 3.6  4301 349
‘11.9 3,712 109 | 0.3 12 "}9.1' . 1 0;1 515 | 365
11.9 é;s 109 0.3 15 7.2 0.0 645 -| 400

- The 99;5%'cyahide decomposition obtained in 10 minutes is

particularly encouraging in view of the shortcomings and adverse

conditions of the»teSts, namely:

(1)

(2)

utilization of a low frequency ozonator -

(W. R. Grace Model LOA-2 delivering ozonized

air at only 1% 03 concentration by weight),

the use of a conventional air bubbling contact

' gystem, .

3

lack of pH adjustment to prevent its decrease

"to a’level”at which the reaction rate is rather

" low" (see incremental CN destructionh rate at pH

(4)

between 8.6 and 9.0),
lack of devices to enhance. the destruction
of the residual 0.3 ppm CN present as iron

cyano-complexes, e.g., ultraviolet lighting
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13
or ultrasonic vibrations as recommended by Garrison (13)
. (27) :
and Fridman , respectively.

It is unfortunate that the Japanese study was not pursued
along those lines and followed by an economic evaluation.

The same can be said about the published Russian studies.
They claim good success in ozone oxidation of cyanide complexes
of zinc, copper, nickel and iron in the waste water from
Lemnogorskii, Zodskii and Zyryanovskii dressing plants, but
give practically no information on the cost projections and
economics of a full-scale application under optimum conditions.
For instance, Chernobrov (24) in his paper on "Ozone Purification
of Waste Water from Dressing Plant", has only this to say about
test work on cyanide removal by ozone on the pilot plant at Zodskii:

"Waste water from the processing of mixed ore from Zodskii

deposit gave the following analysis (mg/l): copper - 20, zinc

- 40, nickel -15, iron - 4-8.5, arsenic less than 0.4, antimony
less than 1.5, lead - 16-20, thiocyanates - 9-10, and cyanides

- 70-100 (free and bound in complexes). An ozone-oxygen

mixture with a pH of 11 to 12 was used for the ozonization (37 -
56 mg/l of ozone). After 10 to 20 minutes there was a complete
removal of simple and complex cyanides from the waste water. By
the time a 100% dissociation of cyanides was achieved 90 - 98%
of heavy metals (copper, zinc, nickel, lead) was removed; Pilot
plant experiments at the Zodskii plant have shown that cyanide -

containing waste water treated with ozone can be used for recycl-
. n(24)
ing .
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The main features of the tests in the USSR appears to be the
use of oxygen as’carrying gas, the high’concentration’of'oione,
the presence of transition metal ions (catalet), and‘a favourable
pH. These:conditions’are:probably responsible for the rapid;and A
oomplete destruction of all the cyanides. It is hoped that the
Very‘recent papervby'Kvyastkovskii(25) on the use of catalysts
for‘purification of oyanide containing waste waters with ozone
and by;BespamYatoV (26) on'deoomposition of cyanides from waste
Waters*of‘condentration.plant hy ozonation (with separate use of
non—ferrous metals)vwiii go further on optimization and praotic—
;ablllty of the ozonatlon method for purlfylng mill cyanide- barren

'effluents.

In the United States, the renewed interest‘on ozonation of
’cyanlde wastes has prompted the Env1ronment Protectlon Agency
V(EPA) to sponsor research and development programs on applications
of the technlquelln the flelds of metal f1n1sh1ng and photo- process—
‘ing. Two typlcal pro]ects are entitled "Ozone Treatment of Plating
‘fWaste WatersiContaining Cyanide" andv"Treatment of Complex Cyanide
'for Reuse and Disposal".« Their:respeotive objectives‘are‘described
‘as folloﬁs: | | |
:(l)’"The prinoipal objective is to'demonstratecin a full-scale
. system the effeotiveness of the ozonation'process forzthe

' treatment of‘piating wastes containing‘oYanides.' Further
obﬁectives are to optimize thelkey:process parameters, |
establish operating and capital costs, and explore the
possibility of producing treated effluent that would meet

Federal standards”.
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(2) "The basic objective in this project is to research and
develop methods for the treatment of cyanide waters from
film processing for recovery and disposal. Recovery
methods to be explored are ozonation and electrolytic
oxidation. Treatment for disposal includes ozonation for
destruction, precipitation of complex cyanide and chlo-
rination".

Although these studies are not directly concerned with
gold mill effluents, their results should generate

further valuable up-to-date information on the behaviour of

various cyanides in the presence of ozone and on the current

cost of treating cyanide-containing waste water by ozonation.
It is probably the cost of ozonation, historically

assumed to be high, that has prevented its consideration as a

practical alternative to conventional oxidation of cyanides. Is

this assumption still valid? An attempt will be made to answer
this question by reviewing some past cost studies on cyanide
decomposition by ozone. The lack of economic data in the specific
field of gold mill effluents will make it necessary to extrapolate
the trend in ozonation costs from other industrial sectors, the
plating industry in particular.
COST OF CYANIDE OXIDATION BY OZONE

In 1961, Sondak and Dodge (14)estimated that the cost
for treating by ozonation 100,000 gpd of copper plating

waste waters with a total cyanide concentration of 200 ppm

(along with 58 ppm Cu, 63 ppm Zn and 8 ppm Cd) would be nearly

twice that of chlorine treatment (i.e.r$1.27 to $1.38/1b of CN
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destroyed for{ozone versus 0f72/1b CN for chlorine), It should .
bé noted that_Sondék's stuay attributed some 50% of the ozonation
cost to the_amortizationvaf a_$172,000;ozqnatqr,(5ee Appendix 9-1
for detaiis). D ’ - ‘ .

In ;Q73,|L,‘J._Boylyky}5))revised thevfigures of
§dndak and Dodge and arrived at substantial reductions in both
capital and operating costs for ozone treatment of cyanide
wastes,_as_shgwn bglqw;

Nature of Cost  Sondak and Dodge(1961) Bollyky(1973)

- Capital = . . $194,500 o $ 65,500
., Operating,k - $ 211/day . .. . $ 78/day

Howeyerﬁ,the(ozonatipﬁ cost pgralpzqﬁ:qupide decomposgd was
stili high;at,$Q.94pin%Bo}lykyfs;estimgtes, bécause these were
based on a 100,000 gpd,~plant_treating effluent_with only .
100 ppm cyanide for Whichya 150 1b 03/day ozonator (Pollution
Cpntrols Industries Company Mpdel B-150) was prppgsed. With
-200 ppm CN, as_inuthe'case oflgondgk Qnd Doaée,_ecoanies of
scale would havglbeephpossible fpr the dzonatorigapital cos;
.per pound of 03 produced, and thereforevits‘amoftization_per
'pqupd of cyanide_dest;gyed (which is a major operating cost)
wouid have been reduced accOrdingly.,»Bollyky priced his PCI
ozone generator at $60,000, which was competitive with similar
capacity ozonators from other manufacturers, e.g., Chromalloy
listed in 1973 their Model P—l28,ﬁl35'1b Oé/day’generator at
$51,350 , but gave an abnormally low listing of $5,500 for the

‘auxiliafy:equipment Kseé"Appendix'9—ll).
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The most up-to-date study made in Canada on ozone cost was that
of the Department of Chemical Engineering, McMaster University,
by Bowers, Netzer and Norman(l7). The great merit of their

study was to consider the cost of ozone generation from either
air or oxygen with part of the latter being retrieved from the
exhaust gases. The possible use of oxygen is of interest not only
because of its probable contribution to the oxidation but also
due to its significant effect on power requirement, ozone yield

8)

(2 . .
and cost. Rosen has established that the ozone yield from
a 90% oxygen concentration is maximum and nearly triple that from
alr (see data and curve in Appendixvlo).
Because of their great economic relevance to the Canadian

situation, a summary of the findings of Bowers et al. has been

computed along a pattern similar to those previously reported,

but in greater detail, and is shown in Table 3.




TABLE 3

SUMMARY OF CAPITAL INVESTMENT AND OPERATION COST FOR OZONE GENERATING PLANTS

. Ozone Capacity 100 ib/day . 200 1b/day 400 1b/day . 800 1b/day
Cost Carrying Gas Air Recycied Air :Recycled Air | Recycled Air Recycled
: Oxygen - .Oxygen Oxygen - o Oxygen
0zoniser ) 14,000 | 7,000 25,100 | 13,100 46,600 | 25,300 | 86,700 | 47,000
Capital Auxiliary Equipment ' « , ‘ ' . : < s .
& Construction 13,3004 9,500 . 21,500 | 15,100 -34,100 | 25,000 53,100 39,700
Total . ' 27,300 16,500 46,600 | 28,200 80,700 | 50,300 | 139,800 86,700
Operating |Power(at 0.75¢/kwH)(3).| 0.087| 0.052 | 0.087. 0.052 - 0.087 0.052 ©0.087 | 0.052
$/1b0g Labour(#4) - .} 0,018 o0.012 - 0.022 0.015 10,027 0.019 - 0.034 | 0,024
: Maintenance, depreci- ) e / , 4 . '
ation & Interest(d) 0.159| 0.096 0.136 0.082 0.118 | 0.073 .0.102 0.063
Total 0.264 | 0.160%* 0.245 0.149% | 0.232 0.144% - 0.223 0.139%
With Total at 1% | - | 0.2091 - | o0.226 - 0.186 - 0.171
Oxygen Total at 2% - 0.376 - | 0.261 - 0.198 - o= 0.183
Lost & Total at 3% - 0.438 = 0.293 = 0.215 o= - 0.197
Replaced ©) Total at 5% - 0.486 R 0.319 | - 0.248 - | o0.207
% Assuming no}bxygen loss and replacement.
(1) Basic cost from Welsback Corporatlon Bulletin No. 201 with aﬁ increase cost factor of 0.9 for ‘
higher capacities. ’ : :
; ' ' (29,30)
(2) Basic cost from Manufacturers literature with an 1ncrease cost factor of 0.67 for hlgher capac1t1es g
(3) Industrial power cost in Ontario in 1973 (from R.Thomson, Ontario Hydro, Toronto)
(4)  Set at 1. 8¢/1b0 frfm air and 1. 2¢/1b03 from oxygen for 100 lbO3/day(3 )capa01ty plus 257, when
doubling capa01ty ) \ . ‘ -
(5) 6%, 7.3% and 87 of capital investment, respectively. '
(6) Replacement of oxygen cost is based on Union Carbide data . for oxygen produced by its "Pressure SW1ng

Adsorption" system (from R.M. Gilmour, Union Carbide Corp., Toronto).

- 0¢
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Albeit very informative on the cost of ozone gen-
eration in the Canadian context, the data of Bowers et al. are
difficult to extrapolate with reference to the treatment of gold
mill effluents for the following reasons:

(1) the contribution of oxygen to oxidation has to be determined
for this particular case,

(2) the losses of oxygen through leakage and gas bleeding to
maintain good reactivity are unknown and

(3) the ratio of the 03 to CN for destroying entirely the

latter in complex forms and in the presence of several species

of metal cations can vary considerably depending on the com-

ponents in solution. Nevertheless, if we consider (i) that

oxidation by oxygen is, at least, cheaper than by ozonation,

(1ii) that the maximum oxygen losses would be 5%, and (iii)

that a conservative 2.5:1 ratio for 03 to CN would be necessary to

destroy cyanides, the total operating cost of ozonation derived

from Bower's estimates would be lower than $0.80 per 1lb of

cyanide decomposed for a 200 1b 03/day plant evaluated at $28,200.

By using air instead of oxygen, the operating cost would be reduced
to $0.60 but the capital cost would increase to $46,600. These
are about 1/3 lower than Bollyky's estimates. Bowers used Welsback
Corp. ozonators for his cast projections.

The most recent study on the economics of treating

(33) in Pollution

cyanide wastes was reported by Goldstein
Engineering of March 1976. Analysis of his data and extra-
polation of his charts give the following comparative costs of

ozonation versus chlorination for the destruction of 140 1b of
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cyanide per day:

Nature of CGost: . ': Ozonation . Chlorination .
- Capital - . / : $100,000 (2) $.30,000
Operating (1) o ,0;74(3). ' 1.90(4)‘

(l) Including amortization plus interest at 20%, but not labour.
(2) Crane Cé. Ozonator-

(3) Electricity at 1¢/kWh -

(4) Chlorine at 10.25¢/1lb and . caustic at 6¢/lb.

Since the thofination process is more labQup>intensive
than ozonation, we can conclude that the operétiﬁgAcosﬁ of the
iatterﬁis aboutpne,third of;phe fqrmgr. :The fact(that,

QS years agQ,thé_cqstwof,qzénation per pound of cyanide de-
compoéed was neariy twice:that of éhlorination,helps us appreciate
the great prégress oﬁ ozone{technglogy,' Unfortunately, ozonation
still needé Very large capital investment comparéd with the
chlorination process, as shown in the abdvé préject;ons.

Although there arévthree,full size plants using onpation
tO;desﬁroy cyanides  in the western world, namely, Boeing
Corporation (Wichita, U.S.A.), Midhelin,(ClgrmonfeFerrandL
France) and.Coﬁ;tauldé (Coventry, U.K), this is not a great help
in detéfminingfthé_costsiand ecbnomics_of the ozone treatmeﬁt
because these plants are not eqpipped with quern ozonators
and, as far as,is{known,'no~details of opergtional,costs have

been published for any of these installations. .
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SUMMARY AND CONCLUSIONS

This literature survey shows that considerable progress
has been made during the past twenty five years in ozone technology
and chemistry. Increase in the productivity of generators and
an improvement in ozone-liquid contacting devices have been
recorded by several authors. Methods to accelerate oxidation
of cyanides by ozone have been discovered, e.g. use of catalyst,
higher ozone concentration, control of pH and temperature, and
utilization of ultrasonic vibration or ultraviolet lighting
in conjunctioﬁ with ozonation. Conditions have been established
for the destruction of simple cyanides and most of the common
complex metallo-cyanides (including ferricyanide) at concentration
levels comparable to those existing in gold mill barren solutions.
The projected costs of cyanide decomposition by ozone have also
been surveyed and found to have a significant downward trend, e.g.,
from $1.27/1b CN destroyed in 1961 to less than $0.80/1b CN in
1976. The latter compares favourably with any other known
process of cyanide destruction. This tendency and the great
potential of cyanide waste treatment by ozonation was recognised
by both researchers and scholars. For instance, Fridman(26) con-
cluded his study on removal of cyanides from waste water as
follows: "This (ozonation) appears to be the most promising of
all methods for cyanide detoxification from an economic point
of view", while Besselievre (34) in his book on the treatment

of industrial wastes has this to say: "Ozonation offers perhaps

the cheapest method of destroying cyanide, all things considered,
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because bf the cost ofhprodﬁcing ozone iéiiow and the amount of

ozone required per pound of cyanide is small".

‘More ébecificélly; the advantages of oédﬁatibnyoVer con-

Qentiohél cyanideQOXidation were found to be:

1l) a more;rapid desﬁrﬁctibn bfvﬁhe cYanides,'cyanatés:and thio-
cYahaﬁés&and down to a level cémparablé'with other oxidation
techniques, i.e.}‘iesé thaﬁ'O;l'pﬁm.iﬁ most of the cases,

2) a lower operating coét,‘fécently established at some $0.80 per
lb'of{CN'destroyéd,‘for the‘néceSsary ozone géheratioh,

3) 'absénceiOf'trénsportation,ZStorage and handling of chemicals,
minimum méiﬁfenéncé’énd man—poWer réqﬁiremeﬂﬁ, no residual
chémicél'(e.g.;cﬁlofine) in treated water, etC.......

4) simplicity of the process (see typical flowsheets in Appendix
11). | o |

The main disadvanﬁages appear to be'a'high Cépital cdét

of dZonatioh'équipment (likely to be over $100,000 for an iﬁter-

:mediatelgiée plant with'a/capaéity'of‘400 1b 0, per day), a

great'econOmic'séhéitivity to amortization (depreciation and

'intérest) and éledtricalHené?gyxCOSts,'and a lack of actual

iexperienée in the use of ozonation of gold mill cyanide

effluents. It must be'noﬁed'that the above observations were

)thus'mainly drawn from studies on treatméht of cyanide waste

,waters'originating from industries other than gold mines.
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Lack of data on ozone treatment of gold mill effluent
containing cyanide, therefore, does not allow a definitive
conclusion on the value and economics of this particular
application. As there are a number of gold producers in Canada
using the cyanidation process, the technique should be in-
vestigated on their mill effluents. This should be aimed
at adapting and even improving the recent findings on the cyanide
destruction by ozone in related fields. It should be kept in
mind in such a study that ozonation still has a very good future,
with plenty of room for improvement. 1In spite of recent advances,
the method of producing ozone by an electrical discharge is still
inherently inefficient,with only about 15% of the energy supplied
to the generation system being used to make ozone. The remainder

is lost as light, sound and primarily as heat.
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Appendix 1 - Comparison of Capital Cost and Electricity
Consumption with Low Frequency and High
Frequency Ozonators

—45000
LFO Electricity <X
Consumption 00\5\"0 Cos
0
\f | Cost -35,000
-
¢0 ol HFO Electricity
v Consumption
25,000
—15,000
5,000
LFO: Low Frequency Ozonator
HFO : High Frequency Ozonator
| [ |
500 1000 1500 2000

OZONE PRODUCTION (Grams/ hr)

(8)

CAPITAL COST
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Appendix 2 - Effect of Ozone Concentration on Ozonation Time
' - (After Sondak and Dodge) : : :

ppm
g £y 3

3

§L

TOTAL CYANIDE CONCENTRATION, ppm

Total Cvanide Concentration,

R} 1 T T
i o s A0 [t 20
TIME OF OZONATION, min . TIME OF OZONATION, min
Fig. 2 Pure aqueous cyanide solution, total éyanide concen- Fig. 3. Total cyanide concentration versus time of ozonation
tration versus time of ozonation at constant flow rate of for copper plating solution st constant Alow rate of ozonized-air,
ozonized-air, 30C but different inlet ozone concentrations. but different inlet ozone concentrations.
Legend _ © Legend. . .
) Flow Rate Inlet Ozone Conc, . Copper Plating Flow Rate Inlet Ozone Conc.

Symbol  Run Number  ft?/min X 10? mg/| Symbo!  Run Number  ft3/min X 10? mg/|

. 12 3.19 8.35 | O 1 4,53 6.70

% 15 430 149 A 9 : 3.99 19.9
o 18 466 - 968 o u 3 491 94.6
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Appendix 3 - Effect of Ozone Concentration in Gas on
Its Adsorption in Water (After Garrison)

2.67% OZONE 1IN GAS A

T

- 1.3% OZONE IN GAS
0
ot £
'
| | | | | {
0 10 20 30 40 50 60

TIME (minutes)

Absorption of Ozone into Pure Water
at 25°C and pH 6.9
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Appendlx 4 - Effect of Ozone Concentratlon in Carrying Gas and
: "Ultraviolet Light on Perrlcyanlde Decomposition
(After Garrison)
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Appendix 5 - Illustration of the SCS Spray Tower
Ozone Contacting System

GAS OUTLET
with ANT|-SPIN
VANES

\

J
\

‘\J
/) )
/// ////)\
rrrrrrrr

\

/

|

) /,/

= // SPRAY
- MANIFOLD
-

) //

—

_J/ -

)

LIQUID OUTLET
LIQUID INLET

| -CYCLONIC SPRAY SCRUBBER




- 34 -

Appendix 6 - Tllustration of the FLEC Spray Tower
Ozone Contacting System :
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Appendix 7 - Effect of Various Catalysts on
Ozonation of KCN (after Bollyky)

OZONATION of KCN
Catalyzed by Various Metal Sulfates

Curve 267ppm

No. Cations
1 Cu™
2 Ni™*

3 Mn**
4 Cd*
4

24 28 32
Reaction Time (minutes)
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Appendix 8 - Effect of the Nature of Cyanide on

Ozone Consumption (after Garrison)

T { T | I |
O Ccopp er{»r‘. ]
o = Nickel Strip
n Cadmiun -
From Simulated
.. .Electroplating Wastes
]
i
o N d
160 . 240 320 - 400 480
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Appendix 9 - Cost Studies on Ozonation of Cyanide Wastewater
Illustrating the Downward Trend in the Cost of
the Process

I. Comparison of Investment Costs and Operating Expenses
for a 100,000 Gallon-per-day Plating Waste Disposal
Plant of 200ppm CN—, using Ozone or Chlorine (after
Sondak & Dodge, 1961).

Reactant ..ceveecann Ozone Chlorine
System .....000000en Batch Continuous Batch
Equipment........ Cost, $ Cost,$ Cost,$
Storage....eeecenans 2,000 - 16,000
Reaction..eeeeeeaens 20,600 9,600 10,000
Hydrolyzer.......... 25,400 6,000 -
Ozonator System..... 172,000 172,000 -
Tanks for Chemicals. 900 200 900
Pumps & Mixers...... 3,000 2,000 6,500
Piping..eeeeeeenaaas 7,000 3,000 5,000
Total...eeeen... 230,900 194,500 38,400
Cost, Cost, Cost,
Operations $ /Day $ /Day $/Day
Power
OZONE.t vt veeonnans 71.20 71 .20 -
PUumping...ceceeea.. 0.60 0.60 5.00
ChemicalS...eeeannns 32.60 32.60 94.50
Amortization*....... 126.00 106.60 21.35
Total 230.40 211.00 120.85

* Theluding depreciation at 12% and interest on capital at 8%

Note: The estimates of Sondak & Dodge contain a hydrolysis
stage evaluated at about 10% of both capital and
operating costs.
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Appendix 9 (Continuation)

IT. Cost of Ozone Treatment of 100,000 Gallon-per-day
of Cyanide Waste at 100ppm CN~ (after Bollyky, 1973)

Capital Cost: 100ppm
Ozone Generating Equipment ' $60,000
Tanks & Controls & Piping & Pumps 5,500

$65,500

Operating Cost: $/day

Power x 1.25¢* KWH 3 22
Chemical Cost 20
Labour 3 hr/wk $5/hr 3
$ 45

‘Amortization** 33
Total $ 78

* Corrected from 2.5 ¢ KWH

*% Including depreciation at 12% and interest on capital at 8%.




- 39 -

Appendix 10 - Effect of Oxygen on Power Requirement and
Ozone Yield (after Rosen)

Ozone Generator Power Requirements*

Type Air Feed Oxygen Feed
kwhr/lb kwhr/lb
Otto 10.2 ' —_—
Tube 7.5-10 3.75-5.0
Lowther 6.3-8.8 2.5-3.5
14
12

10

YIELD, LB./DAY O3
o

0 10 20 30 40 50 60 70 80 90 100

WT.% 02 IN N2

Effect of nitrogen on ozone yield (Lowther generator)

Note: The Lowther generator is the basic type used for construc-
ion of high frequency units.
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