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THE EFFECT OF OXYGEN ON THE RATE OF DISSOLUTION OF
GOLD IN CYANIDE SOLUTIONS

The accepted chemical reactions in the dissolution of gold by
ocyanide solutions require the presence of gold, cyanide, water, and
oxygens The importance of dissolved oxygen in cyanide solutions as
a factor is recognized by all the competent metallurglsts w{an;uiar
with cyanidation, However, this fact 1s often overlooked, That the
manufacturers of cyanidation equipment realize the necessity of
oxygen, is shown by the appliances they have developed which are
attached to the agitators in order to saturate the cyanide solutions
with air.

The Merrill-Crowe process is the elassic example of taking ad-
vantage of the function of oxygen. When gold is precipitated from
a pregnant solution, free cyanogen must be present or a complex zino
compound will form which precipitates and coats the zinc, thus pre-
venting the displacement of gold from solution. The free cyanide
redissolves some of the gold which has to be reprecipitated, hence
causing an excessive consumption of zine, If the oxygen 1s removed,
the gold is not redissolved and only a slight amount of zinc above
the theoretical amount is necessary.

As there are not much data in the literature concerning the
rate of dissolution of gold in cyanide solutions containing varying
amounts of dissolved oxygen, a knowledge of this property should

have a practical as well as an academic value,



HISTORY

The history of cyanidation of precious metal ores, althouch inter-
esting, will be confined in this article mainly to the effect of oxygen
on the process,

Cyanogen compounds were first discovered, accldently, by Dies‘bach”.
a German dye chemist, in 1704, A little over one hundred years later,
in 1805, Hagen,?) another German anmounced that gold was soluble in
potassium cyanide, In 1843, Bagratlon.z) a Russian nobleman, conducted
a research, the results of which were summarized by Ar@n") as followss

(1) That cyanide of potassium dlssolves metallic gold.

(2) That if the gold is fine it will pass rapldly into solution.

(3) That the electric current does not assist solution.

(4) That heat does assist solution.

(5) That the dissolved gold can be precipitated on metallic sur-
faces without the aid of electricity.

(6) That air has a marked quickening effect on the solution of
gold in cyanide.
In 1846, L. Elsner.s’ in a paper titled "Observations on the Be-

havior of Reguline Metals in an Aqueous Solution of Potassium Cyanide",

1) Macquer, Dictiomnaire de Chimie, I, 265.

2) Hagen, Untersuchungen, I, 665,

3) Bagration, Bull de 1l'Acads Imple de St. Pet. (1843), II, 136.
4) Argall, Mining & Seci, Fress, 95, 655.

5) Elsner, Jnl, f, prak, Chem. (1846), 37, 441,
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showed that the oxygen of the air played an important part in the
solution of gold, silver, and some other metalss Although he did not
put the reaction in equation form, to him is given the credit of the
famous -equation kmown as "Elsner's Equation.”

The researches of the lMacArthur = Forrest®) syndicate in 1886,
were the first to put the extraction of gold and silver by cyanida-
tion on a commercial basiss MacArthur stated that oxygen was not nec-
essary for the dissolution of gold from their ores by cyanide solu-

tions, However, the work of Elsner, 1846, MaoI.aurin,n 1893, Christy,a’

9)

1896, and Podlaender, 189, have definitely proved that oxygen is

necessary unless some other oxidizing agent is presente

Z1EoRY

Elsner's equation for the dissolution of gold iss
4am + SKCN + Op + 2H0 w m:pn)z 4+ 4XOH
The reactions may be more clearly stated as followss
(1) 44u = 4au* + 4o
The presence of oxygen 1s necessary to recelve these electrons.
(2)02+21120+4o.-.-4on’
KCN ionizes in this manner:

(3) &XON = 68k + 80N~

6) Je S. MacArthur, Jnl, Socs Chem. Ind., 24, 311,

7) Maelaurin, Trans. Chem. So¢. London, (1893), 63, 724.
8) Christy, Trans. A.lJM.E. (1896), 26, 735,

9) Bodlaender, Ztsch. angew. Chem, (1896), 583.



Then

(4) 4ad’ + &N = Qu(cn)z’

Adding we obtain Elsner's equation.

(6) 4Au + BEKON + 0, + 21!20 - Mu(cmz + 4xon

Some authorities think that Bodlaender's equation expresses more
correctly the reaction. The equation is as follows:

2\lu = 4XCN =~ 2H,0 =~ 02 = BKAu(ON)z - 2KOH = Hzoz
2iu - 4KCN = Hg0p = Z2KAR(CN), =~ 2KOH

In fact, Bodlaender states that he found hydrogen peroxide
present and was able to account for 70% of the theoretical amount,
However, the overall results of the two equations are the same and the
oxygen is the receiver of electrons in both cases., Whether the oxygen,
after accepting the electrons, forms the OH radiecal or hydrogen peroxide
is really of no importance in this article,

It is interesting to note that Barsky, Swainson, and Hedleylmfound
the equilibrium constant of Flsner?ts equation, calculated from the free
energies of formation, to be 10“ which shows that, in the presence of
oxygen, the reactions will proceed practically to completions They also
calculated the equilibrium constant of Bodlaender's first equation to

16 o029 8.

be 10 The sum of the

and K for the second equation to be 1
latter equilibrium constants equals the first, therefore the reastions
proposed by Bodlaender are possible.

In the presence of oxidizing agents, such as cyanogen bromide,

oxyzen is not necessary because the reaction can proceed as follows:

10) Barsky, Swalnson, and Nedley, Trans. A.I.M.E. (1934), 112,
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(1) 28 + 408" = uupx)?_" + 20
(2) BroN + 26 = Br” + C¥°

Adding the above two equations, we obtains

r
While oxidizing agents will take the place of the oxygen of the

(3) 2Au + N~ + BriN = zm(cn)z" + B

air, it is not economical to use them since they are expensive, and also
from the fact 'fhat they will liberate eyanogen even in the absence of
gold, thus causing a waste of cyanidg.

Christy explains the function of oxygen very aptly, "One ecannot
avoid noting a certain analogy between the action of oxygen of the air
on the blood and on the cyahide solution. In the former the oxyzen is
held by the red corpuscles in a state of readiness for combination, but
it is not actually used for combustion except under the nervous stimulus
which determines combustion at the point where energy is to be produced.
In the ecyanide solution, the oxygen and the cyanide of potassium may
exist side by side in solution (as experiment shows) without sensible
action on each other, unless the presence of gpld determines the Elsner
reaction at the point where oxygen, water, gold, and cyanide of potassium

meet."

LETIR

The work was conducted with pure gold and with oxidized gold ores.
The solutions had a cyanide concentration approximately the same as that
used in mill practice, and the oxygen content varied from hill to satu-
rated.

To saturate waser with air, a Winchester bottle fitted with a two-
hole stopper was nearly filled with water. Through the stopper were



passed two glass tubes of different lengths. The short tube was con-
nected to the suction pump which caused air to be drawn through the
waters In order to break up the air so that it would not come to the
surface in .large bubbles, a buld was blown on the end of the long .
glass tube and in the bulb small holes were plerced by means of a blow
pipe. This dispersed the alr by the formation of small bubbles, thus
glving the water better acrations The water was allowed to aérate for
an hour and then allowed to stand for an hour at a constant temperature
to insure the complete elimination of the finely disseminated undis-
solved air bubbles which would otherwise interfere,

The saturation of oxygen in solution was taken as that maximm
quantity of oxygen which dissolves from free alr vwhich is very much less
than the quantity of oxygen that dissolves in water from an atmosphere
of pure oxygen. The smount of oxygen that dissolves depends on its
concentration in the atmosphere from which it is derived. Daltonu)
showed that the solubility of the individual gases in a mixture of
gases is directly proportional to their partial pressures, the solu-
bility of each gas being nearly independent of the presence of the
others. The oxygen content of the air saturated water is a function of
the tmperamre and pressure,

The solubility of gases in water is appreciably diminished in the
presence of dissolved solids and liquids, especially eleotrolytesu).
However, the experimental work of Barsky, Swainson, & ﬁedley showed
that the solubility of oxygen in cyanide solutions was practically

unaffected by concentrations up to 2%.

11) Getman and Daniels, Outlines of Theoretical Chemistry, 142.
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The chart of Welnig and Bowenl2! showing the altitude-pressure and
standard saturation curves of oxygen is very convenient, TFor any pare
ticular plant a solubiliiw curve for that elevation may be plotted.

The solubility curve for the elevation of Butte is plotted on page 8,
figure 1. The fshart. however, was not used in this work; the barometer
was read direotiy. the temperature of the water taken, and its oxygen
content calculateds The solubility of oxygen in water was attained
from the tables of Hodgman and Lange'®),

For example, the solubility of oxygen in 100 grams of water at
20° . when the total pressure (i.e. the sum of the partial pressure
of the gas plus the aqueous tension) is 760 mm, is 0,004339 grams.
Take the percent of oxygen in the air at 20,9, The barometric pressure
at Butte, 5755 f£t. clevation, is 618 mm. of meroury. At 20° C. the
aqueous tension of the water is 17,363 mm. of mercury,.

An oxygen saturated solution of water contains

06209 x (618 = 17,363) x 0,004339 x 10,000
(760 = 17.363)

= 74335 mzge of oxygen per liter,

Oxygen free water was obtained by connecting five Florence flasks
in a traix;. To the glass tube at each end of the train a rubber tube
and pinchcock were attacheds The flasks were filled with water, placed
on a hot plate, the exhaust end pinchcock opened, and sllowed to boil
which removes all the dissolved gases. After boiling an hour, the pinch-

cock was closed and the train removed immediately from the hot plate

12) wWeinig and Bowen, Transactions A.I.l«E., (1925), 71, 1018,

13) Hodgman and Lange, Handbook of Chemistry and Physies, 570,
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é.nd connected to a hydrogen gemerator, or to a2 natural gas comnection,
and the pinchcock openeds (The composition of Montana natural gas isg
CH,, 84.187%; Cpllg, 946475 COpy 344075 Ny 2.78%)s 1If the flasks are
placed in a cold water bath, considerable time may be saved as the
flasks cool very slowly in air, As the flasks cool, a vacuum forms and
the water is drawn back from each preceding flask, When cold all the
flasks with the exception of the one on the exhaust end is full of
oxygen free water. Any contamination of the water by the gas is re-
stricted to the second flask from the exhaust ends This flask of waﬁtér
was only used as a buffer,

The reagents were added to. 500 ce, bottles, the proportion of
saturated water added, and then the bottle filled with oxygen free
water by opening the second pincheock and allowing the pressure of the
gas to force the water out. |

The proportion of oxygen saturated water and oxygen free water to
be added is calculated as followss If the saturated contains 7,5 mg,
of oxygen per liter and it is desired to obtain water containing 3 mg.
of oxygen per liter and the bottles contain 500 cc., then the oxygen
saturated water required is _ 3 x 500 = 200 ces The amount of
oxygen free water required 1:°goo ¢cs Adding a drop of kerosene to the
water before adding the oxygen free water helps to prevent absorption
of oxygen while filling the bottles Kerosene has no effect on the rate
of dissolution of gold in cyanide solutions, although, added in small
amounts it counteracts the harmful effects of graphite if present., The
£11ling tube should be kept below the surface of the water,

The bottles were filled to within one-quarter of an inch from the

top and the stopper inserted at a slight angle, thus removing all small
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air bubbles. Nelted paraffin was poured over the cork, filling all cracks
and making an alr tight seals The bottles were then placed on rolls for
a definite length of time, After agitation the solution was removed,
filtered if necessary, and the gold content of the solution determined on

an adequate portion.

”

DEIZRMINATIONS OF IHE SOLUBILITY OF GOLD METAL.

The first test was made on pure gold in the form of "cornets"
prepared according to the method explained by Roseu). These cormets,
70 grams each, were then placed in the 500 c¢c. bottles and the correct
proportions of saturated and oxygen free water along with one-half grem of
potassium cyanide, The bottles were corked and sealed and allowed to

stand for sixty hours.

Data:

Barometor « « « o« 608 mms of Ig,

Temps of water » « 17° C. »
Cyanide concs o « 041% or 2 1be per ton of solution.

pH of solution « &« 10,4

Vapor pressure of water at 17%. eee 14,4 mm. of Hge

Welght of oxygen dissolved in 100 g« of water os 0;004606 g at
20°C, when the total pressure is 760 mm, of Hg,

Time of contact of gold with the cyanide solutions ... 48 hours.

Water saturated with ailr contains 7,66 mg. of 0y per liter,

14) Rose, Metallurgy of Gold, 479
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Table I.

Oxygen Content of Water. Wte of Au Dissolved in mg,
0 mZePele trace
1 mZepele 0455
2 mg.p.l. 1,09
3 mg.p.l. l.64
4 mg.p.l. 2405
5 mg.p.l. 212
6 mBePele 2440
7 mBePele 274
7466 mZepele 3456

The above data are shown on a graph, Figure 2, page 13.

The experiment was repeated using the same method' as the last
one with the exception that gold dises 6 mme in diameter and approx-
imately 0.01 mm. in thickness, were useds The reason gold discs were
used in place of cornets was that while the cornets weighed exactly the
same, there was a chance that the exposed surface might vary somevhat,

thereby causing a source of error.

Data:

Barometer « « « o 612 mms of Hge

Temp. of water « « 20%.

Cyanide conse ¢ & 0.1% or 2 1b, per ton solution

pH of solution « o 1044 |

Vapor pressure of water at 20%C. see 17.36 rm. of Hg,

Weight of oxygen dissolved in 100 g. of water is 0,004339 g. at
20%., when the total pressure is 760 mm, of Hge

Time of contact of gold with the cyanide solutions seee 96 hourss

Water saturated with air contains 7,26 mg. of 0, per liter,



Table II.
Oxygen Content of Water lMge of Au Dissolves in mg,
0 mgepels Trace
1 mgepels 0.38
2 mg.p.l. 1,85
3 mZePele 3415
4 mg.p.l. 4,37
5 mg.p.l. ; 5,75
6 mg.p.l. : 6.78
7 mZePele 876

Data shown on graph, Figure 3, page 14.

DETERMINATIONS OF IHE SOLUBILITY OF GOLD IN GRES.

After the above results were obtained some attempts were made to
detemmine the effect of the oxygen content of cyanide solution on the
extraction of gold from their ores,

The first ore on vhich tests were made was from the Argenta
district, Montana, It was an oxidlized ore contalning chiefly silica,
limonite, and a small amount of carbonatess The ore usa‘yed 0e32 0z, .
in gold and 1.4 oz, in silver per ton, The acidity of the ore was
equivalent to 2.5 1bs. of available lime per ton of ore,

Four assay tons of ore were weighed and put in the 500 ec. bot~-
tles along with one-half gram of potassium cyanide and one-half gram
of lime which contained 71.8% available lime. The oxygen content of the
water was obtained in the same way as before only instead of having
800 cc. of solution there were 457 ¢ce The density of the ore was found
to be 2.7, therefore, four assay tons occupled a space of 43 cc, After
sealing, the bottles were placed on rolls for 24 hours, removed, the
pulp allowed to settle, and the supernatant liguid poured through a
filters The amount of gold dissolved when filtering in this manner in

contact with the air was not considered, as 1t would be negligible,
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The gold content of the solutions were determined in the usual manner,

Datas

Barometer « « « ¢ 615 mmes of Hge

Temp. 0f water « ¢ 20°C.

Cyanide conce « o 041194 or 2,38 1bs. per ton of solution

pH of solution « « 1léé

Vapor pressure at zo°c. ese 17436 mme of HZe

Weight of oxygen dissolved in 100 gs of water is 0,004339 g. at
20%., when the total pressure is 760 mm. of Hge '

Pime of contact of ore with the cyanide solutions eees 24 hours,

Water saturated with air contains 7.3 mg. of 02 per liter,

Table III.

Oxygen content of Water Mge of Au Dissolved
0 mZeDele 0.62
| MZePele 0.75
2 mZePele 044
3 mZePele 0.50
4 ngepele 0+56
b mg.polo 0.69
6 mg.p.l. 1,19
7 mg.p.lo 1.69
73 mg.p.l. e 1.9

Data shown on graph, Figure 4, page 17.

The seoohd ore on which tests were made came from Bannack, lontana,
The ore was similar to the ore from Argenta, with the exception that it
nad & higher gold contents This ore assayed 0.74 0z. of gold and 2.1 0ze
of silver per ton, The procedure was exactly the same as in the last

detemination,

Datas
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Barometer ¢« « « « 605 mm, of Hg,

Temps 0f water « o 18%.

Cyanide concs o o 0s119 or 2,38 1lbs, per ton of solution,

pH of solution « ¢ 1le5

Vapor pressure of water at 18%. ses 15,3 mm. of Hg,

Weight of oxygen dissolved in 100 g of water is 0,004515 g. at
18%, when the total pressure is 760 mm. of Hg.

Time of contact of ore with the cyanide solutions e.ee 24 hours.

Water saturated with air contains 7.,47 mg, of 02 per liter.
Table IV
Oxygen content of Water lgs of Au Dissolved
0 mgePele 0.87
1 mgepele 0.94
2 mg.p.l. 1.13
3 mg.p.l. 1,50
4 mZeDele 1.88
5 mZeDels 2607
6 mgepels 2.07
7 mZepele 213
7 47 mg.'pal. ¢ 264

Data shown on graph, Figure 5, page 18,

CYANIDE CONSUMETION

In the case of the ores, tests were made to determine the cyanide
consumption to see if any appreciable differemce betweon the oxygen free
solutions and the oxygen saturated solutions existed. According to
Elsner's equation one mg. of gold requires 0,0827 mge or 8,27 x 10"5 e
of XCN, With the small quantities of gold dissolved no difference in
gyanide consumption could be noted by titrating with standard silver

nitrate solution and using XI as an indicator. The cyanlde consumption

of the Bannack ore was 0,30 1lbs. per ton of solution, or 0,75 1lbs. per
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ton of ore and the Argenta ore consumed 0,25 1bs. per ton of solution

or 0,625 1bss per ton of ore,

DOXYGEN CONSUMPTION

The chief methods of oxygen determination ares

1) Gasanotriow’ determination, in which the oxygen is actu~
ally measureds This is the most accurate method but takes a
long time to complete a determination.

2) Sohntzenberger's“) method which depends on the reducing
action of sodium hyposulphate on a blue solution of indigo
carmen,

3) Winkler's") iodometric method.

4)  wnite's'®) method, a colorimetric method that depends om
the degree of coloration imparted to a solution of pyrogallie
acld in the presence of caustic soda.

5) Method of Weinig & Bowenu’ which depends upon the reducing
action of a standard hydrosulphite solution upon a solution of
indigo blue. This method is accurate to one~tenth of a mg. per
liter of solution.

The above three methods are suitable for a laboratory while the

latter two are readily adaptable to the requirements of a mill man,

An attempt was made to determine the oxygen content of the cyanide

15)
16)
17)
18)

Agustus H, Gili, Gas and Fuel Analysis for Engineers, 39.
Jnl, Socs of Chem, Indae, LOndon, (1889). _gg 729
Jnl. Soc. of Chems Inds, London, (1889), 8, 727.

Jnle of Chems & Met. & Min., Soc. of Seley ‘1918)0
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solutions from the ores for thelr oxygen content by White's method,
While the method is rapid, the results are not depeixlable on account of
grading colors of differnt solutions, which nearly always contain var-
ious kinds of salts, In some cases it is almost impossible to make a
determination due to the formation of a precipitates White's method as
modified by Bamntonlg’ will give better results, Although variations
of one mg. per liter can be distinguished, the method of Weinig & Bowen
is to be preferreds The apparatus, while simple in design, is both
rapid and accurates After becoming accustomed to the operations to be
made, a determination may easily be made in tw minutes by this method.
A determination of the oxygen content of the solutions was made by
Winkler's method, The amount of oxygen consumed by the small amounts 'of
gold dissolved was so minute that the data were not considered dependable
and were discarded. Oxygen detemminations were not made on the pregnant
solutions when using gold only., Caleculating from the equation, 0.04 mg.

of oxygen is all that is required to dissolve one mg. of gold,

CONCLUSIONS.

The cyanidation of precious metal ores is a complex chemical pro-
cess, affected by many variables one of which is the owgen'oontent
of the solution.

Referring to graphs 2 and 3, it will seem that the amount of gold
dissolved in equal units of time varies directly with the oxygen
content of the cyanide solution, and that gold will nét dissolve in the

19) E. M. Hamilton, E. & M. Je 110 , 116,



absence of oxygen or some oxidizing agent. In other words, the rate
of dissolution of gold in cyanide solutions is directly proportional
to the partial pressure of the oxygem.

Although the results, as obtained whem using gold only, were not
obtained in experiments with ores, the importance of oxygen in solu-
tion when extracting gold from their ores is clearly indicated._ Since
gold dissolved when no oxygen was present in solution, there probably
was an oxidizing agent in the ores Due to inadequate data no definite
statement can be made on this point,

The solubility of gold increases slowly with an inorease in tem-
perature but solutions are rarely heated in cyanide plants. Since the
solubility of oxygen in water decreases with an increase in tempera=-
ture and the solubility of gold is dl'rectly proportional to the amount
of dissolved oxygen in solution, it would appear that the increase in
in solubility due to a rise in temperature would be offset by smaller

amounts of dissolved oxygen.
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