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ABSTRACT

Thé_ leaching of cﬁalcocite concentrates Wi;th sodium cyanidéA
under nonoxidizing conditions is shown to have geveral advaﬁtaées:
the leaching rate is high, the cyanide does not react with the pyrite
contained in most chalcocite concentrates, the copper remains in the
lower oxidation state, and the sulfur‘ reports as bisulfide, These
considerations make a stuay of the process 'promising.

A literature search lwas performed ‘;;o accumulate informati:on
on cyanide‘leaching of copper minerals and the aqueous chemistry of -
the copper-cyanide-~sulfide system. Although a large amount of
research has been reported for copper cyanide extraction, there have
been no investigations reported for leachiilg ;halcocite under
nonoxidizing conditions. Values of the required thermodynamic data
were given in the literature., However, the.pub'lished equilib:rium
constants showed considerable variation from ox;te report to lan.other.

A series of equilibrium and mass balance equations were
written to describe the concentrations of the aqueous species to be
expected in the leaching system. A finite ionic radius form of the
Debye~Hiickel equation was used to calculate the activity coefficients.
A numerical method for solving these equations is presented that is

slow, but stable, These calculations show that the copper occurs as

xiii



xiv
Athe tetra- and tricyanide complexes and the sulfur primarily as the
bisulfide ion. The coupling of the cyanide and sulfur systems through
a common hydrogen ion dependence complica.tels the system
considerably, |

The material used in the study was a massi\;e ché.l:cocite from
the New Cornelia Mine in Ajo, Arizona; After dry gri'nding and
siéiﬁg, a detailed analysis was made which showed that the sample
was approxirnat‘ely 97 percent chélcocite with minor amounts of
quartz and hernatite,

Various empirical rate equations were tested. .Although there
was considerable scatter in the data} which may have concealed some
minor effects; the following were found to be significant .fc'>r a pH over -
10 and a total cy'anide concentration from 0.16 M to 0.6 M. The
activation energy of 2.5 kcal/mole of copper suggests that the reaction
is diffusion controlleéi. It is first o.rder in free cs‘ranide‘ concentration .
and exhibits a low order inverse dependence on sﬁlfide ion concen-
tration. Microscopic examination of the leached particles showed a
definite increase in the shape factor during the experiment. However,
it was found that a shrinking core model based on perfect spheres
gave an adequate approximation up to an extraction of about 80 percent.

o
Thus, at 25 C, the empirical rate equation is:



b avy

7.5 x 10° A [CNl"]

R = M/min
[SZ~]0. 1

Several significant pH effects were 'no1‘:ed. - As a consequence
of the large differences between the hydrogen éya.nide and bisulfide
dissociation constants and the high consumption of cyanide duriﬁg the
extraction, there is a pH above which pH increases during the leach
and below which it decreases. There is also a maximum in the
leaching xrate at about the same point. Under the conditions used in
this study, this pH was about 10.

The actual extraction data is presented so that the major
Va.riable:s to be encoun‘u;e:fed in a commercial process can be evaluated.
Extractions as high as 90 percent in fifteen minutes were obtained on
the -28, 435 mesh fraction when there was a large excess of free
cyanide. In view of the difficulty in reducing cop-per from tile higher
complexes, it is doubtful that such higlr.1 cyanide to copper ratios could
be used in alctual practice, The effects of the major process' val:iables

on extraction rate are discussed in some detail.’



CHAPTER 1
INTRODUCTION

The hydrometallurgical treatment of copper concentrates has
received considerable attention in recent years as a result of the
emission standards that have been imposed upon smelters. Furtherlu
more, an increased awareness of resource conservation has prompted
studies of methods that can produce higher recoveries .or treat lower
grade materials than can be economically treated at thg present
time. Hyd;cometallurgical processes are, in geﬁera.l, better suited
for treating mineralogically complex ores. Finally, the deveiop-
ment of processes that are optimal for particular ore types rather
than treating all copper ores by a single process is becéming in~
creasingly important, Thué, processes that offer' an improved
means of treating a limited group of congéntrates with resultant
lower pollution problems or higher overall copper recovery merit
serious consi&eratiOn. Such consideration should- a.lso‘ be given to
the recovery of by-products which may become economically im-
portan't in the future.

The commercially important copper minerals may be divided
into three distinct categories with regard to their hydrometallurgy:

oxides, sulfides other than chalcopyrite, and chalcopyrite. The

1



leaching of oxides with sulfuric acid is well established and will not
be considered here. The separation of chalcopyrite from chalco-
cite, covellite, and bornite is based on’its much lower leaching rate.
A few mining operations produce other minerals such as ena.rgite or
éoncentratesl containing impurities such as bismuth which seriously
affect smelting, Despite the significant tonngges of cha'.lc:ol:;yrite
concentrates that are produced, the production of concentrates con-
taining most of the copper values as chalcocite is sufficiently large to
justify a process that is unable to directly treat chalcopyrite. It
should be noteqd, héwever, that Hiskeyl and »Wadsworth (1974) have
reported a method of altering chalcopsrrite to c];'lalcocite' th'.c‘h might
enable many processes that will not treat chalcopyrite concentrates
directly to be successfully adapted to such use. In Arizona and New
Mexico alone the Tyrone, Morenci a,lnd Metcalf opera;tions of the
Phelps Dodgé Corporation, the Chino Mines D_J'.s.rision‘of the Kennecott
Cop;per Corporation, and the Inspiration Bra‘nch of the Inspiration
Consolidated Copper Company produce most of their copper from
chalcocite: The daily concentrate tonnages are approximately 1500,
1600, 1000, 800, and 225 respectively. Before its recent closure,
the Copper Qu;een Branch of the Phelps Dodge Corporation also

produced a chalcocite concentrate,



In most ore bodies where chalcocite is the dominant copper
mineral it occurs as a rim on pyrite grains. Figure 1 shows a
typical section of a ‘chalcocite—pyrite vein, 'E‘ven considering that
the final concentrates are typically finer than 50 perceﬁt minus 325
mesh, the difficulty in separating thé chalcocite and pyrite by flo-
tation is readily seen. Partly as a consequence of thif.s intimate
association of chalcocite and pyrite, most concelntrators freating
such ores have c;)'pper extractions as low as 80 percent ‘with the
pyrite in the final concentrate as high as 70 percent. Because pyrite
is 53 percent sulfur, the load imposed on the sulfur removal facilities
at a smelter is considerable. Furthermore, since the iron must be
removed as a iron silicate slag, a high flux uségé‘ and large copper
loss in the slag result. These major effects on smelter economics
often require the adjustment of concentrator operating condit.ions to
produce a concentrate grade that is suitable for smelting at the ex-
pense of copper extracﬁon. Consequ'ently, alternatives to smelting
that do not affect pyrite would probably allow a higher copper ex-
traction in the concentrator..

Since cyanide leaching of chalcoci‘te does not produce atmo-
spheric pollution and cyanide does not attack pyrite, the topic of this
dissertation is relevant to nan important environmental and resource

conservation need. The following sections of this chapter give a

brief outline of the proposed process for producing copper by






cyanidation and a description of the topics covered by this disserta-
tion. A more detailed discussion of previous work with the per-

tinent references is given in Chapter 2.

Leaching with Cyanide

The general response of the copper minerals to cyan_idé leach-
ing has been reported in the literature. For the présent time it is
sufficient to note that the oxides and sulfides, with the exception of
chalcopyrite, are readily soluble. However, timse minerals such
as covellite, cuprite, and azurite having copper in the higher oxi-
dation state <.:ause the oxidation of cyanide to é:yanogen and conse-
quently consume signifiéant quantities of cyanide, There has been
some unrepo-rtéd work by the Treadwell Company using sulfur
dioxide as a reductant to circumvent this problem but no definite r‘e-
sults are available. Because of the loss of cyanide to cyanogen with
manjr ln-ainerals, the relative‘insolubility of chalcopyrite, the ready
solubility of the oxides in acid, and the large tonnages of chalcocite
concentrates available for possible treatment, this dissertation
considers only the leaching of chalcocite. In the presence of oxygen
numerous side reactions occur which considerably complicate the
system and consume cyanide. As will be shown later, chalcocite
_dissolves rapidly in cyanide solutions under nonoxidizing conditions.

These facts indicate that the optimum commercial approach will



probably be leaching under nonoxidizing conditions., As a conse-
quence of these considerations, only the leaching of chalcocite under
nonoxidizing conditions was studiéd.

There are several advantages to leaching chalcocite in a
~ cyanide solution., First is the major advantage associated with all
hydx;ometallurgical methods: the eliminlation of atmospheric pollu-
tion. Considering that a recent report indicates that 82 million
dollaxrs was spent on pollution control equipment at the Hidalgo
smelter of the Phelps Dodge Corporation a.lc;x;e {Cousland, 1975),‘ the
pctential. capital savings could be very significant for this reason by
itself. Furthermore, cyanide does not react with the pyrite that is
commonly associated with chalcocite. Consequently, a cyanide leach
does not liberate the sulfur from the pyrite as smelting does thus
reducing the quantity of sulfur oxides that must be treated. Modifi-
cation of mill practice to maximize extraction of copper almost
without regard to concentrate grade may thus become feasible in
many operations since the economic pénalty for the increased pyrite
in the concentrate would be much less with éyanide leaching than with
smelting. Unlike many other hydrometallurgical processes, cyanide
leaching will recover the precious metal values except those locked
in either the pyrite or the gangue. Because copper enters the solu-
tion as cuprous ion, only half as much reduct;:mt is required for a

cyvanide off-solution compared to acid or ammonia leach solutions.



Since the extraction rate is high, it might be possible to treat the
coarse, rougher concentrate directly thus eli-rnina..ting the regrind
and cleaner :Elota.ltion stages in the concentrator resulting inla
major capital and power savings,
_The pyrite concentrate that could be eé,sily produced from the
leach residue is a potential source of both iron and sﬁlfuf. Habashi
' (1969) describes the Duisburger Kupferhitte plant which has treated
pyrite cinder from sulfuric acid‘prod;:zction since 1876. DPyrite ;:on—
centrates are purchased worldwide from sources as far as Canada
and shipped to sulfuric acid plants throughout Germany. The re-
sulting cinder is then treated at Duisburg to recover the nonferrous
metal values and produce ilfon oxide pellets for blast furnace feed.
Guccione (1965) outlines practices at Montecatini's plant at
Follonica, Italy, which produces sulfuric acid, magnetite pellets,
and electrical power from pyrite con-centra.tes. A s-imilar process
at Kokkola by Outokumpu dy produces. ele:rnénta.l suifur and iron
oxide pellets (Guccione, 1966). Finally, Remirez (1968) describes
a Japanese plant for producing sulfuric acid and iron oxide pellets,
- The Tyrone concentrator alone coulé, produce about one thousand
tons per day of pyrite concentrates as residue from a cyanide leaqh.
Consequently, the values obtained from the production of by-product
iron obtainable with cyanide leaching but not smelting might offset

much of the higher operating costs of the cyanide leach.
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The following are the prima:fy drawbacks to cyanide l;aaching.
First, the recovery of the metal from the cyanide complexes formed
during the leach appears to be difficult, The high free ene:;'gies of
the complexes lead to high voltages and low current efficiencies
duriﬁg electrowinﬁing while direct acidification reprecipitates
cuprous sulfide, The latter approach would allow rejection of the
pyrite in the feed even though it would require smelting of the syn-
thetif: chalcoéite so produced., Upgrading the leach solution b.y
solvent extraction has not been investigated although some reports
indicate that it should be possible. The direct reduction of copper by
hydrogfen or other reductants has likewise not besn reported.
Cyanide losses in the presence of oxidants including Cu(Il) could be
significant with some concentrates, | Air introduction into the system
could result in the formation of a series of polythionates which would
‘react with c.yanide to form cyanate. No studies have be‘en made on
remo;ring the sulfide ion produced during the leach, Fiﬁally, the
toxicity of cyanide solutions requires care in handling and special
precautions to prevent the discharge of cyanide-bearing solutions
from the plant. If these difficulties can be overcome, cyanide

leaching of chalcocite concentrates could be a very attractive process,



Development of the Dissertation,

In the original proposal for the dissertation topic a comprehen-
sive study of leaching copper sulfides in alkaline cyanide solution was
envisioned. As the work pro;gressed, an improved knowledée of the
complexities of the system and the difficulties involve;d in dealing
with them made it apparent that the study needed to be considerably’
more limited. An examination of the literature iﬁdicated that chal-
cocite would dissolve in cyanide solutions without oxidation of the
sulfide ion. However, when air was introd{med into the system
numerous poorly defined but demonstrable éide reactions resulted in
tile loss of cyanide by cyanate formation {Coghill, 1912; Hedley and
Kentro, 41945; Lower a;zd Booth, l9é>5a and 1965b; Hedlefr and
Tabachnick, 1968). Since cyanide loss would be an addi'tiona;l expense
in a commercial operation, and enclosea reactors could easily be used
to prevent air oxidation, a detailed study of cyanide leaching of chal-
COCite under oxidizing conditions appeared to be of little éractical
interest and was therefore not attempted. 11;1 view of the‘oxida_tion of
cyanide by Cu(Il) a study of leaching a cupr-ic mineral under reducing
conditions would probably be a more reasonable next step.

The chemistry of the system was investigated and was found to
be dominated by the equilibri'a among the copper cyanide complexes,
free cyanide if)n, and hydrogen cyanide.' The cyanide io:ri-hydrogen

cyanide equilibria couples with the sulfide-bisulfide-hydrogen sulfide
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system through their common hydrogen ion dependence, Consequent-
ly several interesting pH effects were found. Since significant pH
changes were noted during the leach as a result of the hydrolysis of
the sulfide ion produced by the dissoiution of chalcocite,- a system of -
nine simultaneous nonlinear equations was required to describe the
concentrations of the ionic species. During thé data analysis it'be-
came apparent that the concentrations could not be used directly for
activities of the solution strengths of practical interest. Coné‘equently,
Debye-Hiickel equations of the following form

1
Aziz,u.?‘

- ]_nyi ==

Laa

1+ Ba\.i M 2

were int‘roduced. This: impr0veme1;t led to an additional seven sim-’
ultaneous nonlinear equations for the required activity coefficient
ratios, These equations contained nine ionic size parameters which
were estimated but not optimized. The values of the thermodynamic
constants obtained from the literature showed considerable variatixon.
Since the literature clearly indicated that the:—l‘,e-variations resulted
from the inherent difficulties in determining the gquilibrium con-
stants, and consequently, that a major research effort would be
necessary to improve upon the repo'rted‘ values, no effort was madeA
to experimentally determine these constants during this study. The
author believes that the impr‘ovemenfcs in the calculations of the

concentrations that would result from improved equilibrium
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constants would be of minor importance from a };'Jrac’cical standpoint
since such variables as the particle geometry of actual concentrates
would contribute sig'nificantly' larger errors;

Since the system described above could h,ot be solved and inte-
grated analyti;ally to obtain an éxpression for total copper as a
fu;mtion of time, a derivative method had fo be used to study the
kinetics.. To accomplish this, the t;atal copper versus time curve
was fitted with an exponential equation and the rate at each sAampling
, point calculated by the derivative of fhe fitted curve. The solution of
the sixteen simultaneous equations for the concentrations of the ionic
species at each sample point during the leach together with the rates
obtained as described 'a-bc-;;re allowed vdetermination of an experimental
rate law that adequately describes the data in the rang?: of cyanide
concentration from 0.01M to 0.5M, p'I—I from 9 1:0 13, sulfide ion |
concentration from 0. 00001M to 0.1M, and temperatﬁre from 3°C to
70°C. The uncertainties in the above data made it clear that a
precise mechanism of reaction could not Ee ‘verified. Consequently,
a general explanation of the reaction rate in terms of the solution
chemistry was developed. The author believes tﬁét such treatment
is adequate at this point in the development of the process and that
the immediate need is for work on other process steps.

Finally, for the benefit of those who could utiiize the results

of the leach tests for rough approximations in studies of propose&
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processes, a discussion of copper extraction in terms of the process
variables is presented in Chapter 7. The raw data from the leach
tests are given in Appendix III should anyone wish to attempt a

different analysis of them.



CHAPTER 2

REVIEW OF THE LITERATURE
This chapter will trace the major developments in the under-
standing of copper cyanide chemistry and its application to >c‘opper
metallurgy. Because most of the early experimental work was con-
cerned with obtaining a reasonable leaching rate with precious metal
ores containing copper rather than the leaching of the copper minerals

themselves, the early work will be sketched only briefly.

Copper as a Cyanacide in Precious Metal Cyanidation

" A fairly comprehensive review of previous experience with
copper in cyanide leach solutions is given by Virgoe (1901). Virgloe
states that the high cyanide consumptions in such solutions is a result
of the formation of the double and triple salts, KCu(CN), and
KZCu(CN)3, and the oxidation of cyanide to cya.r.mgen by any cupric
x salts présent.‘ In addition, Virgoce expla.iné the low pfecious metal ex-
tractions commonly reported as resulting from errors jn aetermining
the free cyanide concentration by the classical silver nitrate titration.
Virgoe (1901) elaborates on his previous paper indicating that it is his
opinion that the double and triple salts are the only ones of concern to
the cyanide plant operators and that the double salt exists only in the |

absence of free cyanide. Coghill (1912), after proposing several

13
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possible reactions, concludes that sulfides may lead to the formation
of thiocyanate and that the cyanide consumption may range from 2.0

to 3.6 partsy per part of copper depending on the particular copper.
mineral involved.' Halferdahl (1929) descri'be.s many methods :'anlu.Ading
‘acidification and electrowim;ing that had beer},.plroposecl or used t;o
regenerate cyanide from solutions fouled by copper. Halferdahl's
paper is fairly comprehensive and covers most of the reagents or
methods that have been proposed recently for copper récovery from
cyanide solutions. In this respect it is also i_nte};'est'ing to note that
Richmond (1907) reports commercial e.lectrowinnin’g of copper and
precious metals at the San Sebastian Mine, San Salvador. The copper
and gold were first electrowon togethel; then separated in an electro-
refining operation. In .all, 24, 391 pounds of copper cement were pro-
duced between May, 1905, and April, 1906, Several more recent
papers including McLachlan, Ames, and Mortoﬁ (1 946;), Hedley (1946),
and Hedley and Tabachnick (1968) also discuss the ro‘le of copper in

the cyanidation of precious metal ores.

Leaching Copper Minerals With Cyanide

Leaver and Woolf {1931) reported the results of a series of tests
run on artificial ores made by mixing crushed copper minerals with
sea sand.  The tests were made with varying amounts of cyanide under

oxidizing conditions. The results of a few of their experiments are
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presented in Table 1. The leach time was twenty-four houx:s. quer
and Booth {(1965a, 1965b) report results of another series of tests on
various copper minerals. Their results are presented in Table 2,

" The leach times were six hours except as noted. These tests clearly
indicate that all commercially important copper minerals except chal-

copyrite leach readily in the presence of adequate cyanide.

The Nature of the Copper Complexes
The early investigators of cyanide chemistr;r proposed various
copper cyanide salts on the basis of tﬁe cyani.d.e loss in precious metal
leach solutions with the molar ratio of csranicie to copper usually
being given as two or three to one. ' Based on measurements of vapor
pressure, pH, and conductivity, Britton and Dodd (1935) Ks’cate that
the species formed is Cu(CN)g_ . A kstudy of the silver nitrate

titration of cyanide solutions by Willis and Woodcock (1950) showed

1-

that Cu(C‘,N)2

and Cu(CN)i— exist in equilibrium, It. was their opinion
that typical érecious metal cyaniding solutions contain a negligi‘ble
concentration of Cu(CN)i_. An infrarg:d absorption s‘;udy by
Penneman and Jones (1956) identified peaks which they assigned to
Cu(CN)ih and Cu(CN)j‘h . While the dicyanide complex was observed,
its low extinction coefficient made its measurement difficult. I-n the

following years other authors also identified these complekes. In

studies of the Raman spectra of the copper cyanides both Chantry



TABLE 1

SOLUBILITY OF COPPER MINERALS
FROM LEAVER AND WOOLF (1931)

Name of Mineral Extraction (%)
Azurite 100,

Bornite 94,
Chalcocite 100,
Chalcopyrite 8.4
Chrysocolla . 16.9

Cuprite oL » IEOO.

Enargite 98.9
Malachite 100.
Tetrahedrite 40.3

Metallic Copper 100.
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TABLE 2

SOLUBILITY OF COPPER MINERALS -
FROM LOWER AND BOOTH (1965a)

Mineral Cyanide Ratioa : Extraction (%)
Chalcocite ' 2,76 92.6
Cuprite 4,94 96.6
Malachite 4,48 . 99.7
Azurite : 3.62 91, 8

b
Covellite 5,15 95,6
Chalcopyrite” 2.79 5.8
., b '
Bornite 5.13 96.0

a
Grams NaCN per gram of contained copper.
Four hour leach in these tests only,

<:I\/I'Sums 325 mesh mineral used in this test.
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and Plane (1960) and Cooper and Plane {1966) reported identification of
the three complexes. Rotﬁbaum (1957} used the ultraviolet absorptio.n
s?ectra and static electrode potentials at 20°C and at 80°C to deter-
mine both the nature and equilibrium'con.stants of the systen'n. Simpson
~and Waind (1958) studied the system by ultraviolet 'absorption spectra
as did Baxendale and Westcott (1959). The iat_tér authors also
described the kinetics of the reaction of Cu(Il} and cyanide. Brenner
(1965) studied the equilibria of the complexes calorimetrically and
reported values for the equilibrium‘constants. Finally, Izatt et al.
(1967) reported log K, AI—IO, and AS® values for the Cu(I-) complexes of
cyanide, It has therefo‘n':'e been rathgr clearly established that the
complexes Cu(CN)é", Cu(CN)gu, and Cu(CN)z_, cqexist in cyanide
solutions and that the relative dominance of any paftic;ular species is a
function of the cyanide to copper ratio, pH, and the values of the
equilil?rium constants. Since cuprous cyanide is es.sentially insoluble,
there is a low solubility of copper for thellower cya:nide to c_0ppef
ratios. The values of the equilibrium constants will be discussed in

detail in Chapter 3.

Dissolution of Chalcocite and Covellite in Cyanide Solution

Potashnikov and Kakovskii (1962) made a preliminary study of
the dissolution of chalcocite in a cyanide solution in the presence of

oxygen. They observed both sulfur and covellite films on their
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rotating disk and reported confirmation of the following reactions,

2Cu,S + 6cnl” +H,0 + %oz = 2CuS + 2Cu(CN)2' + .?{OHI— (2. 1)

2CuS + 6CN"T 4 H,O + %oz =v.-zsc> + zc:u(CN)i" r20HT (2.2)
They indicate that thiocyan-ate formed but did not determine the reac-
tion by which it formed. In addition, their experiments demonstrated
that in the absence of oxygen the sulfide entered the scolution as sulfide
ion.

In a later paper, Kakovskii and Potashnikov {1964) determined

the kinetics of the dissolution of covellite in cyanide solution with a
rotating disk, The existence of the following two competing reactions
was reported and the predominance of one or the other related to the"
oxygen partial pressure.

- ‘ 2. -
2Cus + 8CN' + O, + 2H,0 = 2Cu(CN);” + 25% 4 (CN), + soul” (2. 3)

2Cus + 7oNY =2Ca(CN).” + 577 4 ons'T (2.4)
These authors also state that covellite, chaléocite, and argentite a.ll

" exhibit first order kinetics with regard toicya‘nide ion, that thé ki~
netics are reaction controlled for covellite and argentite but diffusion
controlled for chalcocite, and that the rate of dissolution decreases
with increasing time for the copper sulfides in the presence of oxygen.
No report was made of studies under nonoxidizing conﬁitions. A

special note was made that the increase in reaction rate with temper-

ature was markedly less for chalcocite than for the other minerals.
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These reports clearly indicate ‘that oxygen will lead to thiocy-.
anate formation during the leaching of chalcocite. In view of the high
extraction rates reported later in this di_ssc;rtai:ion for chalcocite
under nonoxildizing conditions, the economic 'advantag-e of excluding

air or other oxidants is clear.

Electrowinning from Cyanide Solutions

Since it was anticipated that a study of electrowinning copper
from the chalpocite leach solutions wéuld be made later, a short lit-
erature search was rmade on the subject to determine whether or not -
any constraints would be imposed on the leach system by subsequent
electrowinning. Richmond (1907) r'e‘ported commercial-scale electro-
winﬁing but did not discuss either current efficiencies or energy con-~
éumption. Because the primary vaiues involx‘red were gold rather than
copper, it is quite likely that low current efficiencies would have been
foleratéd. Glasstone (1929) reports kcurr_e’;,nt efficiencies ranging from
0 to 100 per cent, some of which are presented in Table 3.

Glasstone further réports that current efficiencies increased with
temperature. From Figure 2 and the reported cathode potential for
hydrogen reduction in cyanide solution of -0.65 volt, one can readily
see that molar ratios of cyanide to copper over about 3.2:1 result in
formation of hydrogen and consequent low c:uljre.nt efficiencies.

Clevenger (1916) also reports low current efficiencies in experiments’



CATHODE POTENTIAL AND CURRENT EFFICIENCIES

TABLE 3

FROM GLASSTONE (1929) FOR SOLUTIONS 0.1 N IN KCN

Current Density

Solution 12

Solution Zb

(amps/cmz) (amp/ftz‘)c Cathode  Current Cathode  Current
x10% Potential Efficiency Potential Efficiency
{v) (%) (v)

1.0 0.09 -0.29 - -0, 77 -
4.0 0,37 -0.34 . 100 -0,93 62
6.0 0.56 -0. 39 81 -1.05 36
15. 1.4 ~1.13 47 ~1.27 21
100. 9.3 -1.41 22 -1.43 9

Cyanide to copper ratio 2:1
Cyanide to copper ratio 4:1

Calculated from the original data

Current efficiencies not reported in original article
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Figure 2, FElectrode Potentials for the Cuprous Cyanides from Glasstone (1929)
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on copper-bearing precious metal leach solutions. Thus, it appears
that while high current efficiencies can be obtained under some condi-
tions, the conditions most favorable for leaching will result in

exceptionally low current efficiencies.

Proposed Processes for Cyanidation of Copper-Bearing Materials

With the exception of the previously noted work at San Sebastian
{Richmond, 1907), no reference was f;und that reported commercial
extraction of copper' from cyanide solutions. 'Many.processes involv-
ing cyanide leaching have been proposed, but none tested on any
reasonable scale.

Lower and Booth (19652 and 1965b) describe a method that
would use cyanide to leach a copper ore. Copper would then be
precipitated as cuprous sulfide concurrently with recovery of the
r_;Sra.nide ag hydrocyanic acid by fhe addition of sulfuric acid to the preg-
nant éolution. The high-grade cuprous sulfide would then be treated |
by conventional methods, The major problems appeér t;} be economic:
the loss of cyanide by oxidation, comple}.ca’ci‘on, and entrai‘nment' in the

tailings, together with the high capital costs of leaching the entire low-

grade feed, The Engineering and Mining Journal staff (1967) reviewed
five inventions for the recovery of copper with cyanide. The first was
the Treadwell process which essentially upgraded an acid solution of

cupric sulfate by precipitating cuprous cyanide. A second Treadwell
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patent leaches the ore with cyanide, then precipitates cuprous sulfide
by acidification. The other thx;ee are basically similar to thosé pa-
tents already des;ribed. Chamberlain, Newton, and Clifton (1969)
have described a process for treating a copper-bearing silver leach
residue. As in many of the preceeding processes, the copper is.

precipitated as cuprous sulfide which is then treated conventionally.

Summary of the Literature

" The copper-cyanide complexes have been clearly shown to be
Cu(CN);u, Cu(CN)iH, a.nd Cu(CN)zﬁ. Reasonable values of the thermo-
dynamic quantities for the equilibria have been reportéd. The kinetics
of the dis solutioniof covellite have been reported a;s has some informa-
tion for chalcocite under oxidizing conditions. There is general
agreement that in the absence of oxygen chalcocite leaches with the
formation of the cuprous complexes and sulfide jon. A short review
of electrowinning indicates that the molar ratio of cyani@e to copper
in the leach off-solution will be critical in obtaining acceptable.; current
efficiencies, The reported processes have been primarily aimed E-l,t)
upgrading other products rather than recoyéering copper metal directly

from the cyanide leach solution.



CHAPTER 3
THE CHEMISTf{Y OF THE SYSTEM

'I'hg system that results from the dissolution of chalcocite in
alkaline cyanide solution is fairly complex when cc;nditions are such
that few of the-ionic species present can be neglected; Several
attempts were made during the earlier stages of this study to avoid
some of the complexities by carefully choosing initial conditions, but
it soon became apparent from the experimental results that a simpli-
fied approach would be unacceptable. The 'following sections will
describe the chemic.al‘species pres;ent in the leach solution and their
interrelationships. The discussion é)f reaction rates will be presented

in Chapter 5.

The Defining Equations for Ionic Concentration%
The reaction for the dissélution of chalcocite in cyanide solu-
tions under nonoxid"lzing conditions is ﬁsually given as fc-ﬂlows.'

Cu,S + 6N = 2cu(CN)§' + g% (3. 1)
However, the sitp:;a.tion is in reality considerably more complicated.
The many ionic species present are related to one another. The
results of the literature survey reported in Chapter 2 clearly indicate
that there are three cuprocyanide complexes present in solut:mn that

are in equilibrium. First, the dicyanide complex dissociates to

25
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cuprous ion and cyanide ion,

Cu(CN);h E caty2en'” (3..2)
The eqguilibrium constant for this dissociation can be written as
follows by substituting concentrations for activities.

[Cu“] [GNI"]Z
K = - (3. 3)
[Cu(CN);“] |

Izatt et al, (1967) report that the value of K is approximately 10—24.

Substituting this value of X into equation 3.3 and rearranging gives
the next equation.

'[Cu1+} 10"34. - ‘. " | : | (3. 4)

[Cu(CN);-] [CNl“]Z

-10
Thus, at concentrations of free cyanide over 10 1 M cuprous ion is
negligible, and hence will not be considered. It should also be noted
that cuprous cyanide is insoluble and will precipitate at low cyanide to

copper ratios.

The stepwise dissociation of the higher cuprocyanide complexes

is given by the following reactions.

1~

K
3- 4,3 2.
Cu(CN)4 ok Cu(CN)3 + CN (3.5)
K
- 2 - -
Cu(CN)i 2 Cu(CN); + ont (3. 6)
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The respective equilibrium constants in terms of the ionic activities

are then defined as follows,

OZCu(GN)g— GLCNl"
Ky 5 = - (3. 7)
Cu(CN)4
@Cu(CN);— CZCNI'
K =
3,2 T (3. 8)
@Cu(CN)?;— -

Since significant amounts of copper can occur only as the three
complexes, the copper mass balance may be written as follows where

[Cu ] is the concentration of cuprous ion that would result if all the

T

copper present in solution were in that form.

2"] + [Cu(CN);—] (3.9)

[CuT] = [Cu(CN)z_} 4 [Cu(CN)3

The concentra.f:ion of a particular copper complex may be very small
at a:ny given time during the test as a result of the test conditions.
All, however, need to be considered as a result 0;1" the range of
conditions used.:

The stepwise dissociation of hydrogen sulfide can be treated in
a similar manner. This treatment is required as a result of the
hydrolysis of the sulfide ion formed during the l_eaching of the chalco-

cite, The stepwise hydrolysis can be represented by the following.
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- - i- : .
S2 + HZC):HS1 + OH (3. 10)

HS' W + H,0 = HS + oul” : . {3.11)

The first dissociation of hydrogen sulfide may be written as follows.

H,8 R . ol | (3. 12)

The equilibrium constant is then given by equation 3. 13.

@HSI_ ‘ZI—IH

K, = = : - (3.13)
H,S

Similarly, the second dissociation follows.

K .
- 2. .
Hs1 T o ‘ - (3. 14)
CZSZ- @HH
K, = — ‘ ‘ (3. 15)
. _1- '

A sulfur-mass balance can then be written as shown below where
[ST] is the total concentration of all sulfur species.
[s ] = [I—I s] + [Hsl"] [sz‘] (3.16)
T (P2 * :
The relation between the total sulfur concentration and the copper
extraction may be derived from the net reaction 'stoichiometr.y.

2. .
Cu§ = 2ca’t 4 s _ (3. 17)
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Consequently, the total sulfur concentration is given by the sum of the
initial concentration, [SI]’ and one-half the molar copper concentra-
taion resulting from the leaching of the chalcocite.

[ST]I[SIJ + % Ez:—:g—‘i {o:} | | .(3.18)

In solutions below a pH of about 11 a significant amount of
cyanide ion hydrolizes to hydrogen cyanide as illustrated by equation

3.109.

cnt” + H,0 = HCN + oH'" » (3.19)

The dissociation of the hydrogeh cyanide may be expressed as follows.

K
A 1- +
HCN = CN + g ' (3. 20}
1-
CZCN CZH1+ |
KA = P _ (3.21)

The cyanide mass balance can then be written as indicated below
where [CNT] is the concentration of free cy*a.nidé that would result if
all the cyanide were present in this form.

[CN.T]=[CN1“] i [I—ICN] ; Z[Cu(CN);_] 4 3[@(01\1)‘2‘}

3. (3. 22)
+ afou(en); ]
Because it is computationally simpler to deal with the hydroxyl ion

concentration than the hydrogen ion concentration in the higher pH

range, the dissociation of water mmst be considered.
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K
1-
H,O = gt 4 om (3. 23)
@HH CZOH1-
K = ¢ o (3. 24)
w G
H,O

The mass balance for the hydroxyl ion is ‘somewhat more difficult to
write since the dissociation of water is involved. In solutions whose
pH is 8 or greater, the hydrogen ion concentration is less than lO—SM.
This concentration is much less than that required to hydrolize the
sulfide ion formed during the leaching of the chalcocite under the test
conditions that were used. Consequently, one may assume that the
concentration of hydrogen ion is negligible and the following mass:
balance can be written where the subscript jrefers to éome time at
which the concentrations of all species are known and j + 1 to the

time at which the concentrations are to be calculated.

for,, - o'y = [re], - frend,, , +offs),

) [HZS]j-}'l} + [HSL]_-; ) [Hsln]j}l

Early attempts to determine a rate expression indicated that

(3. 25)

the ugse of concentrations for activities would be insufficient,
Therefore, a finite ionic radius form of the Debye-~Hiickel equation

was used to calculate activity coefficients. For species i, the natural



logarithm of the activity coefficient,- )/, is given by equation 3.26

where A and B are Debye-Hiickel constants, z, is the charge on the

ion, ai is the ionic radius, and p is the ionic strength.
L ) X
AZ. 'LLZ . . .
- _ , .2
ln>/i — i - . (3.26)

1+ Ba.i,l.!.E

The mean ionic strength, &, is given by the following equation when
the solution density is essentially the same as the density of water.

The ¢, are the concentrations of the ionic species.
1 .

2 ' .
po= %Z ¢z, | . _ (3.27)
. .1 .
Substituting the product of concentration and activity coefficient

for the activities in equation 3.7 and rearranging leads to the

following equation for the tetracyanide dissociation constant, K4 3"
¥

[Cu(CN)g_] [CNl“] yCu{CN)i_ Yent-
K = . » (3. 28)
o [Cu(CN)Z"] : )/Cu(CN)z- :

Defining an activity coefficient ratio, F leads to the following

4,3’

equation,

Y 2- Y. 1-

Ca(CN);™ 7 C

F4,3 = .)/ ; : (3.29)
: Cu(CN)4"
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Equation 3. 30 then follows by substitution into equation 3. 28,

[Cu(cN)i"] [CNI_]

[Cu(CN)z_] 4,3 : (3. 30)

Similarly, the dissociation constant for the %ri.cyanide, K3 5 can be
H

written as follows,

[cl;(cm;"] o]

K, , = —  Fy, ‘ (3.31)

[Cu(CN)g ]

Solving equation 3. 24 which gives the dissociation of water for
the hydrogen ion activity, assuming that the activity of water is 1, and
defining an activity coefficient ratio similar to the preceeding equations

gives the following equation for the hydrogen ion concentration.

K
W

[H1+]= — . (3.32)
F [OHI"] '
W
Substituting this result into those equations involving the hydrogen ion
concentration, 3.13, 3.15, and 3,21, and defining activity coefficient
ratios analogously to the preceeding gives the following equations for

the sulfide and cyanide equilibrium constants,
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st
K = F, | L (3.33)
8] [os']
K [SZ']
K, = [Hsl-] [OHl ]Fz _ - (3. 34)
K [CNI"] _
KA' = FA (3. 35)

Substituting equation 3. 26 for the pertinent species into the
definitions of the activity coefficient ratios gives the equations
presented in Table 4. .;Equation 3.27 for the mean ionic strength can’
be written as shown in equation 3. 36 by negle;ting those species such
as hydrogen ion whose concentrations are‘alxx;ays negligible under the

conditions used.
o o= %{9[011((31\7)2-] + 4[CU(CN)§“]+ [Cu(CN)é"]+ [HSL]

+ 4[52"] + [OHI"] + [Na+] + [chl"] }

In order to run tests at higher hydrogen ion concentrations than

(3. 36)

those resulting from the hydrolysis of the cyanide and sulfide ions,

several tests were made using acetic acid to adjust the pH. Acetic


http://cyani.de

TABLE 4

|

THE ACTIVITY COEFFICIENT RATIOS

[
[
[

9 4 1 ] }
) ' F _ 2 _
- B S Gaeny)T LB *ca(ony;”  PHBE *Ca(c; ™4

B 4 1 _ 1
1 L . L
Lt BﬁzaCu(CN)ih bt B’uaaCu(CN)é_ Tt B#aaCNlﬂJ }
e ol
i i
1 .+ B,u.zaOHl- 1+ BgzaHsl-
: I "1‘1 _ : ] }
L1+ B/.LaaHSl- 1+ B,u?-aOHl- 1+ B,u.zaSZ-
¥ 1 1 ] }
ES L
L1+ Buta o 1- 1+ Bpfa 1-
. .
s+ =)
1+ Bpfa 14 1+ Bpfa .1~

e
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acid was used since it is nonoxidizing and does not form strong
complexes with copper. In a manner similar to the previous sections

the following equations result.

K [Acl"] _
K - R | (3. 37)
S [HAC] [OI—I } o '
[ACT] = [Acl"] + [HAC] | | - (3.38)’
'FAC:EXP{ ,u%_( : 1 - : : )}  (3.39)
1+ B/.LEaOHl'— 1+ Bp?aAcl-

In addition,. [ACI—] must be added to equation 3. 36 for the ionic
strength and [I—IAC :J - [HAC - 1] to equation 3. 25 for the hydroxyl
. j _

ion mass balance.

Th;a Thermodynamic Quantities
Many authors reported widely varying value.s,for the dissocia—'
tion constants of the cuprocyanide complexes. The values for K4; 37
KS, 27 and some reports for the related enthalgies are givén in Table
5. The values given by Izatt et al. (1967) were used for this disser-
tation since they appeared to be the most consis’tent. In particular,
the difficulty in measuring the absorption of Cu(CN);' caused signifi-

cant problems for the spectrophotometric studies such as Penneman

and Jones (1956) and Baxendale and Westcott {1959). Izatt et al. (1967}
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TABLE 5

THERMODYNAMIC QUANTITIES FOR THE
CUPROCYANIDE COMPLEXES

AT 25°C
Source K AH, % K x 105AH 2
, 4,3 4,3 3,2 3,2
Willis and Woodcock (1950) 0,01 ' I to 10
Penneman and Jones (1956)b 0.0:20 12 2.6 20
Rothbaum ({1957) 0.0005 2.5
Simpson and Waind (1958) | 7.9
Baxendale and Westcott (1959)0.018 . 0.45
Brenner (1965) 0.0023 1.0
Izatt et al., (1967)° 0.032 1.2 0.50 11.1

Kilocalories per mole,

Values corrected to 0 = 0. All others were not reported.
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determined their constants calorimetrically and, in addition, had the
advantage of the previous study of hydrocyanic acid described Below.

The values reported for the dissociation of hydrogen cyanide
also ‘show considerable variation. Cc;tton and Wilkinson (1966, p. ‘3 12)
- report 2.1 x 10—9, Pennamé.n and Jones (1956} obtained two averages

from the literature: 4 x 10—1O and 7 % 10“10

10

, Hodgman, Weast, and

Selby (1961, p. 1757) list 4.93 x 10~

6.2 x 10_10. Since the experimental values reported by Izatt et al,

, and Izatt et al, (1962) report

were obtained by numerous experiments over a range of temperatures
and were corrected to an ionic strength of zero, the‘y‘were used in
this st_udy. Table 6 givpes_ the valueslof KA at various temperaturés.
The equilibrium data for the other species were obtained from a
;"ariety of sources. Data compiled by 'Siilén and Martell (1964) on the
sulfide system are given in Table 7, the dissociation of water from
Ackerman (1958) in Table 8, and the dis_sociail‘.ion of acetic acid from
Harned and Ehlers (1933) in Table 9, As can be re'adillsr seen'by
elxamining the tabulated data, a2 considerable amount of additional work
needs t.o be done just defining the required equilibrium constants.
Such work, however, is beyond the scope o:E this dissertation. Conse-
quently, the best estimates o;‘. the constants ﬁere taken from the
available data with the realization that considerable scat’;er would be

introduced into the rate constant calculations. It is unlikely", however,




TABLE 6

K, AND AH FOR HCN FROM IZATT ET AL. (1962)

38

Temperature, °C KA x 1010 AH, kcal/mol

8 11.3

10 2,34

15 3,25

20 4,37

25 6;17 10. 4

30 7.76

35 10.2

40 13.2

45 16.6
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TABLE 7

. EQUILIBRIUM CONS'I"’ANTS FOR.THE
SULFIDE SYSTEM FROM SILLEN AND MARTELL {1964)

a

Temperature, °c  -log K, AHI -log K AE_?

2 2 2

0 7.57

10 7.26 ~5.10 12, 60 -14.40
20 6.87 12, 94 _

25 6.99 4. 42 12.89 ~7.60
25 7.07 12. 20
25 7. 06
30 6,66 ‘ 12. 76

35 6.99 -3.65 12. 05 -5, 15
40 6.81 12. 24
45 6.59 12,43

50 6.82 -1, 80 12,43

50 6.91 11.91

60 12.28 .

80 6.54 10. 68
90 6.52 10. 32
120 6.59 9,27

Units are Kcal/mole.




TABLE 8

DISSOCIATION CONSTANT OF WATER

FROM ACKERMAN (1958)

40

Temperature, °c -log Kw
0 14. 955
10 14.534
20 14.161
25 © 13.999
30 13.833
40 13.533
50 13.263
60 13.015

70 12. 800 .
80 12.598
90 12. 422
100 12. 259




TABLE 9

DISSOCIATION CONSTANT OF ACETIC ACID
FROM HARNED AND EHLERS (1933)
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Temperature, OC -log KA;:
0 4. 7_5307
5 4.7696
10 4. 76;22,
15 4.7582

20 4,.7562
25 4, 7560
30 4.7570
35 4.7625
40 - 4,7688
45 4.7773
50 4,7870
55 4.7989
60 ]4. 8119
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that erroneous conclusions as to the reaction order would result from

the variation in the_se data,

Temperature Dependencevof the Constants

The general temperature dependence of the equilibrium

constants is given by the following expression.

din K AH
= ——— (3. 40)
aT RT

When AH is constant this equation can be integrated to give equation
3.41 where C is the constant of integration.

AH 3 | S
WK = -—= + C . (3.4
RT

When both AH and K are known at a given tefnperature, C can be
found by solving equation 3.41. The equilibrium constant as a

function of temperature can then be written as follows.,

AH ‘
K :—_EXP{ G -....__} L (3.42)
" RT
Using the values given by lzatt et al. {(1967) of 0.0316 for -

K, ,and 5.02 x 10“.6 for K

s at 25°C together with 11.2 and 11.1

3,2

kcal/mole for A}I4 3 and AH3 5 respectively, the following expres- .

sions were calculated for the cuprocyanide equilibrium constants.
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‘ _ L | ' -

Ky 3= EXP{ 15.5 - 5636(T)} . (3.43)
_ aa . ‘ '

K3,2 = EXP { 6.54 - 5586(‘1‘) } A _ (3.44) -

Since the equilibrium constants for the other equilibria were
available at several temperatures and the reported AH values often
showed considerable variation with temperature, regression analysis

was used to fit a straight line to an equation of the following form.

-log K = a + b("l:[") (3. 45)

Least squares analysis of the data in Table 7 gave the expressions for
‘the sulfide equilibria. The data from Table 6 ;nrere used to generate
an expression for the dissociation of hydrogen cyanide while that for
the dissociation of water was obtained from data reported in Table 8.
Finally, the data in Table 9 indicated that the acetic acid constant
could be reasonably represented by a mean v.alue. Furthe?rmcgre, all
the tests made with acetic acid as a buffer were run at 25°C. Conse-
Ac

quently, K, was taken as 1.75 x 10_5. The equations obtained by

these procedures are given below,

K = EXP {-10.1 - 1790(%) } ' (3. 46)

K, = EXP {—19.8 - 2717(-%) } - {3.47)

™
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K, = BxP { -4.36 - 563'1(%) } | : (3. 48)
K = EXP {-11.2 - 62é8(lT) } | | - (3.49)

The Debye-Hiickel Constants

The constants for the finite ionic size form of the Debye-
Hiickel equation were obtained as follows. Bockris and Reddy (1970,
pgs. 211-212) list the values of A and B presented in Table 10. Least
.squares analysis of these data gave the follov'ving equations for A and

B as functions of temperature.

A = 0.3519 + 1.808x10'6- T’ : . (3.50)

B =(0.2578 + 2.40 x10°%. T) x 108 “ © (3.51)

The ionic radius a is difficult to define theoretically since it
represents a distance of closest approach. Bockris and Reddy (1970,
p. 226) state: "To circumvent the uncertainty in the quantitatiﬁreK
definition of g, it is best t'o regard it as a parameter in Eq. (3.106),
i.e., a qu.antity, the numerical value of which is left to be calibrated
or adjusted on the basis of experiment." Izatt et al. (1962) use& 4 R
for the cyanide ion, Izatt et al. (1967) used 4 & for all species since
they repﬁrted that it gave the Ieasf variation with the ionic strength,

and Pennerman and Jones (1956) used 3.7 A for cyanide ion and 6.6 R



TABLE 10

DEBYE-HUCKEL CONSTANTS FROM

BOCKRIS AND REDDY (1970)
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Témperature, OC A )10—8B ‘
0 1 0.4918 0.3248
10 0.4989 0.3264
20 0.5070 0.3282
25 0.5115 0.3291
30 0.5161 0.3301
55 0.3312
40 0.5262 0.3323
50 0.5373 0.3346
60 0.5494 0. 3371
80 0.5767 0.3426
100 0.6086 0.3488
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for the cuprocyanide complexes. The computations requiredto adjust
the ionic radii‘ were beyond the range of the present research an;fi only |
- a cursory attempt at gdjusting them was madg. 'Those value's that
seemed to agree best with the experimental resultg, especi_.ally the pH,
are given %n Table 11. This subject would obviously be worth

‘considerably more attention in future work.

Discussion

On the basis of the equations presented in the preceding
sections, the following general trends can be expected., As 'cha.icocite.
leaches to produce cuprous ion and sulfide ion, cyanide will be rapidly
consumed to produce the tetracyanide complex. vAs the reaction pro-
ceeds, the free cyanide ion concentration will eventually dro.p result-
ing in the stepwise formation of the tri- and dicyanide com;;lexes. If
sufficient chalcocite is leached, the formation of a cuprous cy:anide
precipitate could be expected. The free cyanide ion conce':ntratiém
will decrease rapidly as the molar ratio of cyanidé to copper d:t:ops
below 4:1 with a resultant decrease in the reaction rate. However,
some free cyanide will be present and a high specific reaction rate
could offset the very low cly'anide ion concentrations. The sulfide ion
formed during the leach will hydrolize to bisulfide ion with a resultant
increase in pH as ‘che; reaction proceeds. The concentration of sulfide

ion will be significant only in solutions of high pH while that of



TABLE 11

TONIC RADII USED IN THIS STUDY
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O

2372

Species Ionic Radii, A
oN*" 4
Cu(CN)3" 4
4
2.
Cu(CN), 5
cu(cN);" 6,
-HS]'— 4
54" 20
oH" 20
mit 20
1-
C.H,O 20
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hydrogen sulfide only in the nearly neutfal solutions. At lower pH, a
signiﬁ;:ant quantity of hydrogen cyanide will be present. As the
chalcocite leaches, the formation of the cuprocyénide complexes will
result in the dissociation of the flydrogen cyanidéhat ;1 rate falster than
that at which the sulfide ions formed will consume hydrogen ions.
Consequently, there exists some pH above which the pH will increase
during the leach and below which the pH will decrease during the
leach. Since the cﬁprocyanide equilibrium éonstants decrease with
increasing temperature and the free cyanide ion cbncentrat_ioﬁ 1s
approximately proportional to the constants, the reaction rate will not
increase as rapidly Wit.hvtemperature as one rpight otherwise expect.
The preceding sections have cleé.r].y' demonstrated the need
for better thermodynamic values if the system is to be clearly defined.
TFor example, a spread of over 200 pefceni: is observed in the values
reported for K4, 3 in Table 5 even neglecting the two ex'trerFe results. .
When the concentration of Cu(CN};- can be n‘eglected, the free cyanide '
ion concentration is approximately pzl'oportional to K4’ 3 and the rate
expressions that depend on this concentration will be subject to
considerable error. Many of the other constants are, if anything,
subject to even greater error. While the expressions used for the

. activity coefficients were sufficient for this study, the use of other

expressions might give better results, For the more concentrated

solutions, further work in this area would be fruitful,



CHAPTER 4
EXPERIMENTAL EQUIPMENT AND PROCEDURES
The rapid leach rates encountered J.;equi_red the developmént' of
test equipment and procedures that differed significantly from those
commonly used to study hydrometallurgical systems. Several
approaches wére tried before the approach described below was

adopted,

Equipment

The leach study was carried out in a specially built three-liter
reactor ;:hath was made .from a sevez;l— inch length of six-inch diameter
acrylic plastic tubing. The top was secured to the rea(':tor bodAy with
nylon bolts and wing nuts and sealed with a2 neoprene O-ring. A 1/70
horsepower motor was mounted on the reactor giving a direct drive to’
the stainless steel impeller through a doubly-sealed ball bearing. A
Variac was used to control motor speed. Numerous poi't.s through the
top of the reactor allowed the mounting of a sarhpling probe and return
line, thermometer, nitrogen inlet ana exhaust lines, and a sample
introduction funnel.

A sample stream was drawn continuoﬁsly fJ.;om the reactor
through two filters by a variable-speed positive displacement pump.
The first filter, which was located inside the.reactor,. was simpiy a

49
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200 mesh nylon screen secured to the end of a 3/8 incﬁ diameter giass
tube with rubber bands. The second filtér, in-line between the reactor
and pumé, consisted of a fine stainless steel screen supporting a
glass-wool rlnat. ’.‘[‘hese filters insured that a clean sample was
delivered to the sample vials. The in-line filter was changed often
during a test as it tended to plug with fine, unreacted material com-
posed principally of hematite. Since the filters were made from
quick-~disconnect couplings, a new filter could be installed with about
ten seconds downtime. The pump discharge passed through a three- '
way stopcock and then ,refurned to the reactor. The samples were .
taken at the desired time by turning the stopcock to direct the st?eam
into a vial. Normally, about one second \'Was reguired to take a
fifteen milliliter sample. During sampling the mean residence time
of solution in the sampling system waslabout two seconds. A sche-
matic diagram of the system is given in Figure 3.

Several items of additional equipment were utilized. A
Corning Model 12 pH meter was used to measure th'e initial and final
pH of the solutions and, during a few tests, to continuously monitor
the pH of the solut?on. Various atomic absorption spectrophotometers
(AAS) were used to measure the copper concéﬁtrations of the solutions
a.Lfter‘ suitable dilution. These included Perkin;Elmer models 403 and

360 and a Varian Model 1250, The temperature was controlled by
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Figure 3, Schematic Diagram of the Cyanide Leaching System .
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parti.ally submerging the reactor in a large bath. The bath temper- '
ature was controlled to a tenth of a degree Celcius by a combination- .
heat—stirrér—controller. The reaction was s_ufficien,tly exothermic
to cause a reactor temperature rise of one to two degress Celé:ius

during a test,

. Chemicals
All chemicals used in the test were Mgtheson, Coleman- and
Bell reagent grade. The sodium cyanide.analyzed 98.5 percent NaCN .
by silver nitrate titration and the cuprous cyanideanalyzed 100
percent CuCN by copper determination on an AAS. Sodium hydroxide;
a'nd glacial acetic acid were used for pH adjustfnenf. Addifzional gul-

‘fide was proﬁuc'ed by adding sodium sulfide as required.'

The Chalcocite Samnple

The chalcocite used in this study was obtained from the_; New
Cornelia Mine of the Phelps Dodge Corporation at Ajo, Arizc-.na.-. .'I'he -
chalcocite occurred as a vein of high gracie chalcocite between four
and six inches thick. Aﬁproximately thirty pounds was obtained for
this study. The chalcocite was broken into one—ha:lf inch pieces on a
screw-type cleaving press, ground dry in a ceramic pebble mill, and
screened to obtain various size fractions. Tize larger fractions whose

use in the study was anticipated were upgraded on a high-tension

separator to remove some of the nonconductor quartz impurities.
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Since i’é was expected that the -35, +48 mesh fraction or one close to

it would be used for- most tests, a detailed chemical analysis was

rﬁade on this fraction. All other fractions used in the study were

" analyzed for copper only. The detailed a;'l’alysis of the -35, +48 mesh
fraction is given in Table 12. The copper analyses of the other -
fractions are given in Table 13, The copper and iron analyses were
run by AAS and the sulfur analyses by the staﬁdard bai‘iur;:l sulfate
precipitation. A microscopic examination of polished sections of the
s‘ample indicated that it was predominately chalcocite with some small
quartz inclusions. A minor amount of very fine .he;matite Wa.s

observed which accounted for the“ fine, reddish-brown residue formed
during the leach tests, X-ray diffract‘u‘)n analysis was used to cgnﬂrm
the r%sults of the microscopic examinatic;n of both the feed and residue,
Table 14 gives a listing of the principal diffraction peaks of the sample

along with their assignments.

Test Procedure

The required amount of sodium c_yanide,‘ cuprous cyanide, and
sodium sulfide were dissolved i‘n distilled water and diluted to 2.5
liters. The pH was adjusted to the desired initial level .with either
sodium hydroxide or acetic acid as required. The solluti_on was
transferred to the reactor which was then sealed and placed in the

temperature bath., A stream of nitrogen was used to purge oxygen



TABLE 12

COMPOSITION OF THE -35,

54

+48 FRACTION

Material Percent Number of Determinations
Cu 7. 34 6
Fe 0.46 6
S 19.9 2
Ingoluble 2.19 6
Cu, S 96. 85 ®
Hematite 0. 66 ?
Insoll:fble 2.19 6
99.70

Total ‘

aCalcuIated from the Cu and Fe assays.




TABLE 13

COPPER CONTENT OF
THE SIZE FRACTIONS
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Tyler Mesh Percent Coppér Number of
Determinations

-28, +35 73.87 6'

-35, +48 77, 24 6

-48, +65 76;. 29 5

-65, +80 75. 87 3

-80, +1.00 75.él 3

-100, +150 74,33 5
-150, +200 73'. 40
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TABLE 14

MAJOR X-RAY DIFFRACTION LINES
ARRANGED IN ORDER OF DECREASING INTENSITY

zeCu Angle : Assignment -
46,05 ~ Chalcocite

| 48.58 ‘ Chalcocite
31.43 | ﬁ Chalcocite
37.59 o _ . Chalcocite
38.78 . Quartz
36.40 ’A *  Chalcocite

26.75 : Quartz
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from the system for approximately an hour while the éolution reached
temperature equilibrium with the bath.

The 1each test was initiated by pouring twenty-five grams of
chalcocite into the reactor through one of the ports. Sample :mtro—
duction required about two secoﬁds. The port was then resealed.
About fiﬂ:een milliliters of sample wa;.s collected at several times
during the test for copper analysis. Normally, ten samples were .
taken a;t intervals estimated to give reasonable differences in copper
concentration. The leach times varied from ten ﬁliﬁutes to several
hours depending on initial cyanide concentration. The impeller speed
was a.djﬁsted to keep all particles inmsuspension without introducing
excess gas which would cause problems in sampling.-

The temperature was noted at the beginning and end of the test
on a thermometer immersed in the leac'h solution. Observation of the
temperature during some tests indicated that in ge;neral it could be
approximated by a linear function of time without introducing si“gnif—-
icant error, Consequently, its variation with time was not routinely
‘noted. The final pH was noted in all tests, .as was t.he pH variatibn
during the test for one series.

The copper analyses were run by pipetting ten milliliters of
each sample into a one hundred milliliter flask and diluting to ;rolume.

This solution was then diluted 5:500 to give an overall dilution of
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1:1000. The final solution whose concentration ranged from 0.5 to
15 parts per million copper was analyzed by AAS.

in general the reproducibility Eetween tests was good. A
comparison of three replicates at an initial concentration of thirty -
.grams per liter sodium cyanide is given in Table 15. Because of the
short sampling intervals, these results slhcw%.r what should be the
extreme Variati;n. Consequently, later tests were not replicated ‘

more than twice and many were not replicated.



TABLE 15

REPRODUCHﬂMﬂTTN?COPPERCONCENTRATKﬁm
AMONG REPLICATE TESTS

Measured Copper Concentration, gpl

Time, min 1 2 3
.0.5 0.73 1.03 0.93
1.0 1. 39 .71 1.57
1.5 .96 2.33 . - 2.10
2.0 2.49 2.90 2. 66
3.0 3.33 - 3.45 . 3.46
4.0 4.14 C 444 T 4n
5.0 4,74 4.98 | 4,63
6.0 5.15 5.39 5.02

8.0 5,74 6.08 L 5,47

10.0 6.22 6. 66 ) 5.95




CHAPTER 5
COMFUTATIONAL TECHNIQUES
The solution of the equations required f(;vr this study posed
many serious problems. Nurnerous approaches were tried before a
method that gave acceptable results was finally developed. Should
the studies éf later steps in the process ixlxdicate that the- overalLl}. |
process has economic potential, additional work on't}ie mathematical
solution of the system would be justified. However, it is believed
that the current system is adequate for -the study at this preliminary
level. The required calculations are described in the following
sections. A more detailed derivation of the major equations is given

in Appendii; 1

The Calculation of the Ionic Concentrations

The system of simultaneous, nonlinear equations required to
describe the ionic concentrations cannot be solved analytically. The
wide range in values of the individual concentrations and constants
together with changes of many orders of magnitude in concentration
for some ions during a test led to ser?ous difficulties in the numerical
solution of the system, Direct solution by the Newton—Raﬁhson or
similar methods was prevented by the spread in values of the result-

ant matrices. The range in concentration during a test prevented the
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arrangement of the equations to give a systefn that was stable for
iterative ‘methods. ~After much trial and error a system was arrived
at that. converged in an acceptableA length of time. The following. .
approach makes no pretense of being the optimum method of solution.
For ease of reference, the pertinent equa;cions from Chapter 3 are
listed in Table 16. A glossary of the symbols used is.given in

Table 17.

‘The general approach used was to solvé first foi' those species
whose concentrations changed most rapidly during the leach while
assuming that all other concentrations could be adequately represented
by their previous value_s. An il“xiti'al set of conceﬁtrations was supplied .
to begin the iteration for the initial concentrations. The £irst. step,
then, Was.to solve for the concentrations of the copper complexes,
free cyanide, and hydrogen cyanide. Néxt, these values were used to
solve for the sulfur containing i;ns, hydroxide ‘i_r.)n, free cyanide, and
hydrogen cyanide. XFinally, the activity coefficient ratios were recal--
cuiated. The entire process was then repeated until the change
relative to the previous value for every species was less than the
convergence criteria of 0.01 percent.A The following sections 'describe

these calculations in more detail.



TABLE 16

THE EQUATIONS THAT DESCRIBE THE CONCENTRATIONS .-

[Cu(CN)g"] [CNl‘“]
K = ¢ F
%3 [Cu(CN)z—] 2

[cutem;] [CNI-]

K32 % . *Fia
' [C‘.u(CN)3 ]

[Cu]T = [Cu(CN)i“} + [Cu(CN)g-]-I- [Cu(CN);“J

K [Hsl”]
w .
= F
K, i %
1,8] [on]
K sz"]
W
2 T 1 1 *2
(s [orr]

{5.1)

(5.2)
(5. 3)

(5.4)

(5.5)

(5.6)

<9



Table 16, Continued. The Equations That Describe the Concentrations

K [CNl_]
K, = FA _ | | (5.7)

o] [os

I:CN] [ ]+[H ]+2[Cu(CN) ]+3[Cu(CN) ]+4[Cu(CN) } | ‘ (5.8)

oy sy - [on = [men], - ]y o [ - [

(5.9)
valig) - [ndl, , ) o lad - fad], |
' 9 4 . 1
: 1 _ o
Foz3 = EXP{A#E N - T — ;. il } © (5. 10)
: + B;_:.?‘a.c (CN)?,- 1+ Bpf‘aCu(éN) ~ 1+ Bu? 2 ln -
- ; 4 1 : . 1 .
1
= mead —} .
. 1+ B,u.?'ac (CN)2~ 14 B,u.‘aac (ci\l);" 1+ B,uaa.CNl..

1 1
_ ) .
P = EXP{A;.L [ —_ - } } ' (5.12)
1 3 L | :

€9



Table 16, Continued. The Equations That Describe the Concentrations

1 ' 1 4
1 ;
F.o= EXPLAL? _
2 {’u'[ 1 + 1 1 }}

2 K B
- - 2
l+B,u.a.HSl ?.+BpaOH1 1+Bp.a.s
1 .1
&3
F = EXP4A _— .
A {”[ L L ]}
I+ B,u, aOHl__ 1+ Bu ach—

1 1 1 :
F_ = EXP{AFE[ . + . ] }

L+ Bplayly 1+ Bufagy 1-
1 3~ 2- > -
p =1 9[Cu(CN)4 ]+ 4[Cu(CN)3 ]+ [CU.(CN)Z :"[' [HS ]

+ 4[52"] +Jon' ] + [ﬁa”] g ot + _[Ac.l'—]

(5.13)

(5. 14)

(5. 15)

{5.16)

(5.17)

¥9



Table 16, Continued. The Equations That Describe the Concentrations

[ac]y =[]+ [mac]

1
— 2 —_
Fro ™= EXP{AF, [ . :l }
2

1- B -
1+ Bpfag 1+ Bufa, 1

frs

{5.18)

(5.19)




TABLE 17

GILOSSARY OF SYMBOLS

66

Molar concentration of the ith species.

Total concentration of all copper species.

Total concentration of all sulfur species.

Total concentration of all cyanide species referenced
to free cyanide. ‘

Total concentration of all acetate species.

Dissociation
Dis Sociatiop
Dissociation
Dissociation
Dissociation
Dissociation

Dissociation

constant of the cuprotetrabyainide ion..
constant off the cuprotricyanide ion. -
constant of hydrogen sulfide,

constant of the bisulfide ion.

counstant of hydroc*fanic acid.

constant of water,

constant of acetic acid, .

Mean ionic strength of the sclution.



Table 17 continued.

Activity coefficient ratio for the dissociation of
the cuprotetracyanide ion.

Activity coefficient ratio for the dissociation of '

the cuprotricyanide ion.

Activity coefficient ratio for the dissociation of
hydrogen sulfide.

Activity coefficient ratio for the dissociation of
the bisulfide ion.

Activity coefficient ratio for the dissociation of
hydrocyanic acid,

Activity coefficient ratio for the dissociation of
water. '

Activity coefficient ratio for the dissociation of
acetic acid,

A constant for the Debye-Hiickel equation.

A constant for the Debye-Hiickel equation;

The ion size parameter for the _1_th species in the

Debye-Hiickel equation.

Molar concentration at the time for which the
concentrations are being calculated.

Meolar concentration at a previous, and hence known,

time,.
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Solution of the Copper and Cyanide Systems

Equations 5.1, 5. 2, 5.3, 5.7, and 5.8 may be solved analyt-
| ically as described in Appendix I by assuming that all other variables

are essentially constant. The following equations then result.

[c ]T -4 [cu(CN)z"] - 3_[@(01\1)?]

| . (5.20)
Ky ,F, o [Cu(CN)i_] K, 3[Cu(c:N)z"] |
-2 , ’ — ’ : {[ + ﬁ__—}z 0
K, 3%3 2 [Cu(CN)Z_] Fy [Cu(c;N)i"] KA[OHI”] '
[cﬁ(CN)g'] =
-[Cu(CN)i"]+ [Cu(CN)Zf]Z - 42‘7:.23{[@(61\1)3;']2- {:Cu:[T {cu(CN)i']}
K4,3%3,2
2 K3’2Fé"3 (5.21)
Fs,2%4,3

Substituti;ng equation 5. 21 for the tricyanide concentration and
assuming that .the activity coefficient ra_A:ios and hydroxide ion concen-
trations are known and constant allows one to t.reat equation 5. 20 és a
nonlinear equation in. one unknown., The solut-ion can then be
approached in steps since the value of the function is positive for

concentrations of the cupi‘otetracyanide ion less than the solution to
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the equation and negative for greater values. After using this tech-
nique to approach the solution, the final result to the desired rela-

tive degree of accuracy can be obtained by a regula-falsi method as

outlined in Carnahan, Luther, and Wilkes (1969, p. 179). .In
general, the usolution was considered satisfactory when successive
values converged to 0. 005 percent relative to the preceding wvalue.
Using the value of the cuprotetracyanide ion concentration
calculated from equation 5.20, the concentration of the cuprotri-
cyanide ion can be calculated directly from equation 5.21. Note that
the sign of the radical must be posgitive since the concentration of the
cuprotetracyanidé ion, the 1e_:ad term in equation 5.21, is always
positive, Using these two values and reé.rranging equation 5.1 gives

the following equation for the concentration of the free cyanide ion.

Ky, 3 [C“(CN)?]

(5.22)

o] -

F, Slcucn)]

4, 3[
Similarly, a rearrangement of equation 5.7 gives equ.atioxj_ 5,23 for
‘the hydrogen cyanide concentration.
F,K [CNI"]
ATw
[HCN] = ' (5. 23)

KA[Oﬂl"]
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Finally, from equations 5.1 and 5.2 and the preceding - values the

cuprodicyanide concentration can be calculated.

| K3, 2543 [C“(CN)?] :
[Cu(CN);d] = . ' » ' . (5.24)

K .F [c CN 3']
4,3°3,2 w(CN) 4

Since the copper concentrations experienced the greatest changes
throughout the leach and proved most difficult to handle in preliminary
attempts to solve the system, this subsystem was solved first.

The Sulfur, Hydroxide, Cyanide,
and Hydrogen Cvanide Concentrations

Once an approximation for the copper complex concerlltrationxs
has been made, the next most unétable subset of equations rquiring
solution is the sulfide equilibrlia and hydroxide ion concentration. As
shown in Appendix I, equations 5.4, 5.5, 5.6, '5. T, 5; 8, 5.9, 5. i?,
.and 5.19 can be solved analytically by assuming that the activity -
coefficient ratios and the copper complex concentrations are known.
Since the hydroxide ion concentration is stfongly dependent upon all
the acid speéies present, the hydroge;l cyanide jion coxmen‘craﬁon' was
also recalculated, The following equation for the hydroxide ion
concentration then results where the subscript j refers to the previous

sample point and j + 1 to the point being calculated.
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[OHl"]j L= [OHI“]J. ¥ [I—ICN]J. + [HSl_]j + Z[I—IZS]j +[HA<:]J.

j+l
K F K [OHl']
w1 2 i+ 1 :
1 + —— 4 ' (5.25)
1 : '
K1[OH ]j 1 KGF
i{. F [CN] - 4[Cu(c:1\n3"] 3[Cu(c:N)2"] -2 [cu(cml“]
WA T 41 3 2
K [OHI"] ' K F
A i+l w A

1 +-

.1_]
KA[OH j+l

1+

]
Kac [OH P4l

With the hydroxide ion concentration known, equations 5.17 and 5,19

can be solved to give the acetate ion concentration.
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[act] = ,’ | ‘ (5.26)

1+

7]
KAC [OH

Then from equation 5,17 one can obtainthe acetic acid concentration
by rearrangement,

1- -
[HAC] = KWFAC[AC ] _ o (5.27)

or™]

KAc

These calculations for the acetate containing species were made only
for those tests where acetic acid was used for pH adjustment. Solviﬂg

equations 5.7 and 5.8 then gives the following -equation for the free

cyanide ion concentration.

[CN]T - 4[@((;1\1)2'] - 3[Cu(CN)§-"] - Z[Cu(CN);"]‘
[CNI'] = " (5.28)

KWFA

1+

K, [OHI"]

Substituting this result for the free cyanide concentration and rear-

ranging equation 5.7 gives the hydrogen cyanide concentration.
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1 [
[men] = | (5. 29)
[os"] |

Fa

Solving equations 5.4, 5.5, and 5,6 gives the bisulfide ion concentra-

- tion.

14— 4 ' (5.30)

The substitution of this result into equations 5.4 and 5.5 and .

rearranging gives the sulfide ion and hydrogen sulfide ion concentra-

tions.
, |on’] [ms'] | -
[sz'] = i _ _ ©(5.31)
KWFZ | A
KWFl [HSI”]
[st] - o (5.32)
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The Activity Coefficient Ratios
and Mean Jonic Strength

Equations 5'.1(.) through 5. 16 and 5. 19 can be ordered to give a
system of nonlinear equations whose coefficient matrng of partial |
derivatives for Newton-Raphson solution is diagonally do-minant.
Consequently, the augménted matrix can be solved by the Gauss~-Seidel
method and thex Newton-Raphson iterat.ion converges'; rapidly. Choosing
identical ionic radii for several speciesA woulci allow considerable
simplification of this subsection. However, the major computer time
requirementé were in the other subsections and the generality allows
this subsection to be used for future optimization of the ionic radii
parametéré.

After modification of the test equipment to continuously monitor
pH, a series of tests was made in which the pH at each point was
kno;vn. The hydroxide ion concentration could then be calculated by

equation 5.33,

[OH" ] S — A (5.33)
107 PH F

This result was then used in place of the solution to equation 5,25 for

. all other calculations.
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Thus, the solution of the equations that describe the concen-

trations is complete. The normal execution time for runs on the IBM -

360 Model 44 computer was about twenty seconds.

Curve Fitting for Copper Concentration Versus Time
In order to obtain estimates of the reac’cié_m rate at various
times during the leach it was necessary to find a model to express the
~ concentration of copper as a function of time. This equation could ‘
then be differentiated to give estimates of the reaction rate. The
general relationship can be represented by equation 5, 34,.

[c s =F® - BEECED

In a batch system the following rate equation applies.

R = — = F (t) ' (5.35)
‘ dt dt ' ' ‘

A typical curve from experimentai data is shown in Figure 4.
The shape suggests an exponential curve with the boundary conditions
that ¥'(0) equal the initial copper concentration and ¥(t) approach a
constant equal to the sum of the initial concentration and extractable
copper with increasing time. An equation of the following form was

proposed.

[Cu]T = aeF(-) . N l ’ {5.306)
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Total Copper Concentration, gpl

e
e

5 10 18 20 75 30

Time, min

Figure 4, A Typical Graph of Total Copper
Concentration Versus Time
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If F(-1£) is negative, then the copper concentration approaches a with
increasing time and 0 at time zero. Several forms of F(—%} were

tried before the following equation was adopted.
b b b
{_1 M
1
t? t ¢
-—= ae

Taking the natural logarithm of both sides gives equation 5.38

(5.37)

[Cu] T

which is linear in the coefficients.

b b b
+ 24 32

2
t t

|

in [Cu]T =Ina + (5.38)

o=

- A multiple regression program was used to evaluate the constants
and their t-values. The coefficients were determined by calculating
the corrected sums of squares and cross products to form a matri.x
which was then inverted by Gauss-‘Jordan reduction. ‘ The methods-
are outlined by Carnahan, Luther, and Wilkes.(1969). The intérmé—
diate result; allowed the calculation of the t—;ralues as outlined by
Wine (1964, pp. 516-526). Any variable not meeting the 90 percent
confidence level, which was approximately 1.44, was rejected. The
other coefficients were then recalculated. Table 18 shows typical

comparisons of the calculated and measured. concentrations.



TABLE 18

TYPICAL EXPERIMENTAL AND CALCULATED
COPPER CONCENTRATIONS IN GPL

Test No. 6 Test No, 23 Test No, 13

Time, Measured Calculated Time, Measured Calculated Time, Measured Calculated

min gpl gpl min gpl gpl min gpl gpl
L 0.73 0.73 1 1,22 1.22 1 .43 .43
1 1.39 1. 36 2 2.10 2.07 6. 1.50 1.49
1 1.96 1.99 3 2.71 2.76 10 2.07 2.10
2 2.49 2.53 4 3.22 3,27 15 2.47 2.45
3 3.33 3.40 6 4,01 3.94 20 2.6; - 2,65
4 4,14  4.08 8 4,36 4,37 . 30 2.91 2,86
5 4, 74 4,62 - 10 4. 69 4, 67 46 3. 04 3,01
6 5,15 5.07 15 - 5.16 5,12 . 60 3.06 3,06
8 5.74 5.78 20 - 5;38 5,39 90 3,12 3.12
10 6. 22 6. 33 30 565 5. 69 120 512 3,15

8L
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Calculating the Reaction Rates

Differentiating equation 5,37 leads to the equation for the

reaction rate,

b b. b
_1+,;2_+_3}
1
X 2 :
N - t
d[Cu]T a P . b, R 2bg
R= b 3T St le  (5.39)
dt 63.5¢4 | 3, -
2t% ¢

The atomic weight of copper, 63.54, corrects the rate to moles per
liter per minute. As can be noted in Table- 19, a 1i_sting‘ of typical
regression coefﬁc‘ients, many of the calculated coefficients wez;e
positive, Consequently, the calculated curve approaches infinity as
the time goes to zero and some initial rates ha.d to be rejected. The
approach used was to reject all negative reaction rates and any rate
that was not at least 10 percent greater than the following rate.
Examples of typical rate caléulations and lthe‘ points that were re-

‘ jected are given in Table 20.

A major p&‘oblem introduced into the later calculations of the
rate constant by using derivatives of a fitted curve to calculate the
reaction rate was the serial correlation of the differen;ces between the
measured curve and the fitted curve. 'i‘hat is, the fitted curve gener-
ally fell above the measured curve atlthe ends ;Lnd below it at the

middle. Consequently, there was a distinct tendency for the initial
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TABLE 19 .

TYPICAL REGRESSION CONSTANTS USED FOR
‘ RATE CALCULATIONS

" Test Number a b b ‘ b

1 2. 3
1 2.16 -0.55 -2.95 1.57
6 2.61 2.43 . 0 . 0.3
9 1.80 -2.217 0 o
16 | 1.65 0,60 -1.04, 0.28
18 2.53 L1900 - -0.49 0
19 . 1.63 0 -1.43 0.28
24 1. 90 -0. 62 -1.77 ’ohfz'
26 2. 06 ~1. 65 o 0.42
34 | 1. 90 0 -2.59 0.92

The constants were rounded for this table only.




TABLE 20

TYPICAL CALCULATED REACTION RATES IN MOLES
PER LITER PER MINUTE

81

Test No. 6 Test No. 23 Test No. 13
Time, 5 b Time, 2 b Time, “ . 5 b
min. Rx10 min. Rx10 min. Rx10
1 1.61% 1 1. 10%. 1 -111?
1 2.06 2 1. 26 5.75 .31
13 1.82 3 .93 10 .16
2 1.58 4 .69 15 .081
3 1.20 6 .41 20 . 048
4 .95 8 .28 50 .022
5 L7 10 .20 46 .009 -
6 . 65 15 J11 60 . 005
8 .48 £ 20 .07 _90: . 002

10 .38 30 .03 120 . 001

The results were rounded for this table only.

These points were deleted frorT the rate constant analysis.

Units are moles copper per liter per minute,
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calculated rates to be too low while later ones were too high. Thus
the calculated rate constants tended to increase with time. It is
probable that the problems in calculating the individual rates ig a

major source of error in the calculation of the rate constants.

Surface Area

The surface area of the particles was calculated by assuming
tﬁat the particles were pérfect spheres that reacted at a uniform rate, .
The geometric mean of the upper and lower screen’opening was used
as the average starting diameter for each mesh size. These;: values
are ligted in Table 21.

The weight of the chalcocite can be calculated by the following
equation.

% Cu Mol. Wt. Cuzs

Wt . . | (5. 40)

l!

Cu,S Wtsample

100 2 A.t. .Wt. Cu

Assuming that the chalcocite is completely liberated from gangue

material, the number of initial particles is given by equation 5.41.

3
WtCuZS do 6.")\‘."":CL:LZ'S & '
N = — 2 = L (5.41)
P 3P
Cu.S 6 d Cu.S

2 0 2



TABLE 21

GEOMETRIC MEAN DIAMETERS FOR

THE SIZE FRACTIONS

83 -

Size Fraction, Tyler Mesh

Mean Diameter, cm

-28,
35,
-48,
_65,
-80,
-100,

~150,

+35
148
+65
+80
+100
+150

+200

0.0500
0;0353
0;0250
0.0193
0,0163
0.0125

0.00881
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3 .
Using 5.6 g/cm™ as the density of chalcocite and combining all other
constants gives the number of particles in the sample.

0. 341 WtCuZS | _
N = (5.42)

d 3
o

With the total number of particles known, the diameter at any later
time is given by equation 5.43 where (1-d) is the fraction of unreacted

chalcocite.

2
N

d =

0.341 Wt o (1,
- (5.43)

=
[EA O]

The surface area then,’ after simpli.fication, is given by the following

equation., The roughness factor is assumed to be one.

1 : 2 ‘ :
- 3 3 : - '
A = 1.53N {Wtcuzs (1-a}3 .  (5.44)

Copper Extrac:tion

The copper extraction can be calculated by multiplying the
difference _between the initial and measured weight concentrations by
the volume of solution to obtain the weight of copper extracted.
Because a significant volume is taken for samples., the. total weight of
copper so lost must be accounted for. The extraction of the ith

sample is thus given by equation 5.45.
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i-1

5 {(Cu)j - (Cu)l} (Vol'sample)j

(voL.), {(cu)-(cu} 4 4
j=1 . {Vol. )j |

Q = (5.45)

W

tCuZS (% Cu) /100

Summary

The general methods used to calc-ulate the rates, concentra-
tions, and areas have been outlined. Serious problems arise from
differentiating a fitted curve, using poorly established equ-ili‘brium
constants, and using a model for activity coeffi;:ients that is i{nown
to exhibit error at the concentrations involved. As will be shown in
Chapter 6, however, these computational-techniciues do give a
reasonable approximation to the system which‘allows the determina-
tion of the practical ;-elationships. In view of the difﬁculty-of
applying this method to the much more complex and poorly defined
flotation concéntrates that would be ‘er;cquntered in actual practice,

it is believed that this treatment is adequate for its purposes.



CHAPTER 6
THE EMPIRICAL RATE E_QUA'IION‘

The methods gi\;en in Chapter 5 for solving the equat{ons that
describe the system were.used to calculate the‘rates, areas, and
ionic concentrations for all the experiments, Typical results of the
area calculations are given in "I'able 22, The range of values for the
surface areas used to evaluate the rate constant was 76 to 2460 square
centimeters. Likewise, typical results for the concentrations are
given in Appendix II. One can especially note from these tables that
pH rathér than the added sodium sulfide is the dominant factor in

determining the sulfide ion concentration.

Cvanide Dependence -

By assuming that only the surfac'e area and free cyanide ion
concentration have a significant effect on the reaction ra%e, and that
the area dependence is first order, a rate equation of the following
form may be postulated.

R = KA[CNI"]H | (6.’1)

Dividing by the area and taking the natural logarithm of both sides of

this equation gives the following linear equation.
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TABLE 22

TYPICAL CALCULATED AREAS IN SQUARE CENTIMETERS
FOR AN INITIAL SAMPLE WEIGHT OF 25 GRAMS

Test No. Za

Test No. 42

b

Test No. 20°

Percent Copper

Percent Copper

Percent Copper

Extraction Area, cm Extraction Area, cm Extraction Area, cmz

0 496 0 1025 0 1993
10 461 - 18 894 13 1823
19 430 32 793 26 1626
26 405 4] 720 39 1430
32 383 48 663 47 1301
42 347 50 624 52 1227
48 322 56 589 58 1126
52 303 61 547 61 1061
60 276 64 514 62 1054
65 248 71 450 63 1021
70 223 71 450 69 955

aS:'Lzrs: Fraction, Tyler Mesh: -28, +3b

bSize Fraction, Tyler Mesh: -48, +65

®Size Fraction, Tyler Mesh: -100, +150

L3
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R | .
1n(_> = InK+nln [CNI"] (6.2)
A ,

Thus, one would expect that a plot of In(“%)vefsus ln[CNl_] Woulc’t. give
a straight line of slope n and intercept In K. .F-igure 5 shows such a
plot made from a few data points repre'senting the experimental range
of free‘ cyanide ion concentrations. The points used in this figure are
listed in Table 23. A least sqﬁares fit was made from the calculated
concentrations, rates, and areas from all tests maéle at ZSOQ except
those points eliminated as explained under the rate calculation section
" in Chapter 5. The result was a slope of 0, 92. Since this slope agreed
well with a sloPé of one that could be expecteci, the free cyanide ion

dependence was taken to be first order..

Sulfide Ion Dependence

After developing an estimate of the free cyanide ion dependence
as outlined above, the sulfide ion dependence can be ascertained as
follows. The empirical rate equation is postulated as equation 6.3

where it is assumed that the effect of the other variables is negligible.

SO S I Y o
R = KA[CN ] [s ] S ‘ (6.3)
Dividing by the area and free cyanide concentration and taking the

natural logarithm of both sides gives the next equation.
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Figure 5, Reaction Oxder for Free Cyanide ion Dependence




TABLE 23

PQOINTS USED TO PREPARE FIGURE 5

Rat

Test Point [CNL] Areﬂ x 10 —In(—l—} 1
Number Number mol/l m mol/min -1n [CN “]
2 5 0.1708 383 6,47 10. 99
2 9 0.0420 270 1.01 12.50
4 9 10,0207 318 L 401 13.59
6 3 0.4131 431 20.6 9.95
6 8 0. 3036 257 6.50 10.59
6 10 0.2134 162 3. 80 10. 67
8 5 0.3673 370 14,7 10. 14
9 10 0.0098 299 .436 13.44
11 3 0.3983 437 17.9 10. 11
11 10 0. 1500 221 3.02 11.21
13 b 0,0111 372 » L44 13.56
13 8 0.0028 351 -, 089 15,19
16 3 0, 1516 1159 16,5 11.16
16 10 0.0079 794 .636 14. 04

06
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R 5 <

1n—-—-—-i—_- = an—l-nln[S ] {6.4)
alen'] -

A least squares regression analysis of all the experimental p'oints at
ZSOC gave a slope of -0, 088 that was significant‘ly different from =erxo
at the 99. 95 percent confidence level on the t-test. The 80 percent
confidencé interval was +0.012 and the 90 percent interval +0.018.
Regression analyses of the calculated concentrations from tests 10,
11, 56, 57, 58 and 59, which represent a range of pH -a.nd hence a
llargét variation in sulfide ion conc'entration, and on data from tests "
23, 24, 41, 56, 57, 58 and 59, which include those tests Witil sq’dium :
sulfide added, were made to determi-ne the effect of sulfide io‘n con-
centration on the reaction rate without the regression being dominated
by the large number of tests that were made at a high pH. The
resulting slopes were -0.073 and -0.039 respe'ctively. These sléptlas
were likewise significantly different from =zero at the 99. 95 percent
confidence level., A multiplehlinear regression analysis using the
following gquation was then made on all experimenta.'l values, except

as previously noted.

In —i* =ln KX+ n ln [CNI_] + m In [Sz_] ' (6.5)

The resulting values for n and m were 0. 90 and -0. 10 respectively.
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The 80 percent confidence interval for the sulfide ion concentration
coefficient was +0.011., In view of these results and the general
scatter in the data, the order for the sulfide ion-concentration depen-

dence was taken as ~-0. 10.

The Rate Constant

Equation 6. 6 was used to calculate the rate constant at each
experimental point not eliminated as previously described, Typical
results are shown in Table 24. The conditions used for each test are

listed in Appendix III. .

K = ' ' (6. 6)

The tests were grouped to make comparisons of the mean rate con-
stants at different levels of the operating variables. No significant
trends were found, although tﬁe large standard deviations associated
with some groups might conceal a minor trend. The rate constants

2-0.1
)

1 ' 1~
are expressed in units of {mol. Cu +/ min.) (mol. § / mol. CN" /

2
em /1.
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TABLE 24

TYPICAL RATE CONSTANTS® X 10°
SHOWING THE VARIATION THROUGHOUT A TEST

Point Number Test No. 2 Test No. 7 " Test No., 12
1 _ b 6.4 b
2 5.7 7.6' S 5.4
3 . . 6.0 : Y ‘ 6.1
4 6.1 7.4 5.4
5 | 6.4 6.4 ! 5,6
6 6.6 6.9 5.6
7 7.1 7.8 : 4., 7
8 | 8.7 | 7.8 4.2
9 | 11.8 7 9.3 1.9
10 | 7.7 12'.3 - 1.5

Mean: 8.5 T. 9‘ , 4.4

0

®Units are (mol. Cu.1+/min.)(mol. Sz_) '1/mol. CNIH/cmZ/I. |

These rates dropped for reasons explained in the text.
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Initial Cyanide Addition

Table 25 lists the mean rate constants from those tests where
thé only change in initial conditions was the amount of sodium cyanide
added., On the tests using an initial concentration of 0.16 M, the last
two points were dropped because the slight change in ﬁeasured copper
concentrations made the concentration calculations doubtful. The
points used in calculating this table represent a range in cyanide
concentration of 0. 0004 to 0.5 M, Given the standard deviations of
these rgsu}.ts there is no significant trend with initial cyanide addition.
Since a model using first order free cyanide ion dependence was used
to calculate these congfﬁants, the Ia.'ck of any trends v;rith initial sodium

cyanide concentration supports the first order model.

Sodium Sulfide Addition

Four tests were made with the 35, +48 mesh fraction with
only the amount of initial sodium sulfide added as a variable. The
mean rate constants for these tests are given in Table 26. Tl"lese
rate constants are somewhat higher ‘than those without the initial
sulfide addition. However, - considering the large deviations involved
and the negligible differences in the reported extractions, fzhe increase

is not seen as significant,
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TABLE 25

RATE CONSTANTS IN RELATION TO INITIAL
SODIUM CYANIDE CONCENTRATION

Initial NaCN Rate Constant™ x 105

co?rii?;fatmn 1b Zb 3b Average
0.61 6.8 7.9 | 6.0 6.9
0.41 6.7 6.1 K B 6.4
0.33 8.4 6.6 8.3 1.8
0.24 | 6.1 6.2 6.1
0. 16 ' 5.1 6.6 5.9

Overall Mean: 6.7
Standard Deviation: 1.0

2~.0.1. -
®Units are (mol, Cu1+/min.)(mol. S )0 l/mol. CI\"1 /cmzll.

The column headings indicate the replicate number at each
concentration, not the test number,
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TABLE 26

RATE CONSTANTS IN RELA‘I‘IONl TO INITIAL
SODIUM SULFIDE ADDITION

] /
Initial Sodium Sulfide

Concentration Rate Constant” Percent Copper
mol/1 x 10° Extraction
0 : 8.0 - 70
0.05 o 11.0 | 71
0.10 | ll.—6 '?‘1
0.50 3 10.3 . ' 68

®Units are (mol. Cu1+/min.){rnol. sz")o' 1/moz. CNl"'/cmz/l.
Initial Conditions: Sodium Cyanide Concentration, 0.33M
Size Fraction, Tyler Mesh, -35, +48

Temperature, 25°¢C
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Initial Size Effects

Several different initial particle sizes were leached in this

-study. To keep the rates within a range that could b.e measured in

the system, most tests were run with the -28, +35 mesh fraction.
Table 27 lists mean reaction rate comstants by initia.i size, Only
those tests with initial soéium cyanide conce-ntrat'ions similar to the )
concentrations used for the other size fractions were chosen from the
mass of the data on the -28, +35 mesh fraction. The extractions
during these tests ranged from 50 to 70 percent. The rate constants
for the larger fractions through -65, +80 mesh are fairly constant.
Those for the last three are significantly higher. This incrfzase in the
rate constant may be dﬁe to sampli;lg problems arising from the small
particle size. Since the size range from -28, +35 mesh £0 -65, +80
mesh represents a change of a factor of about three in ‘the ~in£?:ia1 area,
the calculations used are 'consistent over a reasonable rangle.. This
consistency in the calculated rate constants gives ‘a‘dditional s-upportl ‘
to the first order dependence on area that was u.sed’in the model. A
better approxinilation, perhaps even an empirical fit, fnight be useful

for modeling an actual process.

Initial Copper Additions

The results of several tests with cuprous cyanide added to the

initial solution are presented in Table 28. The results of these tests



TABLE 27

RELATION OF THE RATE CONSTANT TO:
THE INITIAL PARTICLE SIZE

98

Size Fraction, ‘Rate Constan’ca Nufnber of [CN}""
Tyler Mesh x 10° Determinations mol/1
-28, +35 7.8 21 b
-28, 435 7.8 | 3 0.33
-35, +48 ' 6.7 3 0.24
48, +65 é.l 2 0.33
-65, 480 6.3 | 1 10.24'
-80, +100 . - 14.3 1 . 0.24
-100, +150 21.1 R 0.24
-150, +200 8.3 1 0.20

dUnits are (mol. Ci11+/min.)(mol. SZ—)O

b .. .
This rate constant is the average of tests made at-several
different concentrations.

. -, 2
1/m01. C.N1 fem /1.
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TABLE 28

. ~RELATION OF THE RATE CONSTANT TO INITIAL
CUPROUS CYANIDE ADDITION

Initial Copper - Sodium Cyanide o
Concentration Initially Added . Rate Constant
mol/l mol/1 x 107
0.022 0.31 : 7.3

: : o b
0.045 , 0.41 _ 6.5
0.067 0,45 9.9
0.112 0.57 ' , 8.7 -

Owverall Mean: 8.1

Standard Deviation: 1.5

0

*Units are (mol. Cu1+/min.}(mol. SZ—) ’ 1/mol. CNl'-/cmz/I.

b
Size Fraction, Tyler Mesh: -35, +48. All others were
-28, +35 rmesh. :
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are quite scattered, perhaps as a result of the increasing significance
of the dissociation of the cuprotricyanide ion for which the dissocia-
tion constant, K3 57 showed considerable variation in the literatufé.

2 .

There is no indication that there is a change in the rate constant as a

result of increased initial copper concentration,

Agitation

A series of tests was run to insure that the agitation was
sufficiently high to remove it as a variable dufing the tests. Tabl}e 29
lists the extractions at various impeller speeds and Figure 6 ‘shows a
graph of extraction versus impeller spéed. As can be seen from
Figure 6, ‘the extraction curve begihs to' level at abo.ut 200 rpm.
Consequently, most tests were run at about 1000 rpm to eliminate
bulk diffusion as a variable without having the impeller induce an
excessi.ve amount of gas into the system. All these tests were made.

with the coarsest size fraction used: -28; +35 mesh. -

pH Effects

The changes resulting from variation in pH were the most
difficult to measure since the concentration calculations did not fit
tests well that had large'changes in pH.x However, the marked changes
in sulfide ion concentrations which result from pH changes were in

general agreement for these tests compared to the overall sulfide



TABLE 29

EFFECT OF IMPELLER SPEED ON
PERCENT COPPER EXTRACTION

Copper Extraction, Percent

Impeller Speed, rpm

a

Time, min 600 700 900 1100 1600
1 3.7 4,2 3.3 10.1 10,7
2 7.3 11.3 15.9 18.9 19.4
3 10. 4 - 16,5 21. 8 25.5 27.5
4 13.5 21.0 28.8 31.2 33.8
6 19. 6 28.4 37.2 39.7 42.9
8 24,6 33.6 43.4 45,9 - 49,0

10 28.5 39,1 48,0 50.0 53.6
15 36.8 48, 4 56. 4 57.2 60.4
20 ‘ 43,6 54,8 61,6 - 62,0 64. 4
30 ' 52.7 61.7 66,0 66.6 69.0

aAvei‘age of two tests. All other columns are the result of 2 single test,

Test Conditions: Initial Sodium Cyanide Concentration, 16 gpl

Size Ffaction, Tyler Mesh; -28, +35

Temperature, ZSOC

101



Percent Copper Extraction
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(O 2min
10 + :
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Figure 6. Effect of Agitation on Percent Copper Extraction
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dependence. The most significant result was the demonstration that
a critical pH exists above which the solution becomes more basic as

a result of the leach reaction and below which it becomes more acidic.
Table 30 lists the measured pH changes and the calculated pH changes
for th;aée tests. On one test the measured pH did not change, conse-
quently, the program used to calculate the concentrations was modi-~
fied to use this pH. When the equipment becarﬁe avaiiable, a series
of tests was run with a pH probe immeréed in the reactor to continu-
ously monitor pH. A comparison of the pI—f values measured during
the test with those calculated by the previously described method is
given in Table 31. As can be seen; the model pre&ic_ts the trends in
pH, but not ti‘le magnitude of the changes, Table 32 presents the rate
constant values for the series of acid addition testg where the pH was
continously monitored, The computer algorithm was modified to use
the measured pH to calculé.te the hydroxide ion éoﬁce{ltration. There

are no important trends with pH in the range studied.

Temperature

Table 33 presents the results of severai tests at diff.érent
temperatures. The rate constant increases with temperature, with
the increase more marked than might be expected. This results from
the shifts in equilibrium constants with temperature which increase the

free cyanide ion concentration. The Arrhenius equation, 6.7, indicates
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TABLE 30
pH CHANGES DURING LEACH TESTS
Final pH
Test Number Initial pH® © Measured . Calculated
45 8.9 ‘ 6.8 7.8
46 9.5 8.5 _ 8.4
b
44 9.9 9.9 .. © 9.9
47 10, 4 11.4 1241
10 12,0 ‘ 12.5 12.4

?’The model that was used to calculate the ionic concehtrations
requires the calculated initial pH to agree with the measured value.

A modification was made to the model to hold the pH constant
during the calculations for this test.




TABLE 31

RESULTS OF MONITORING pH

Test No, 57 Test No. 58 Test No. 59
Measured Calculated Measured Calculated ‘ Measured Calculated
Time, min pH pH pH pH pH pH
1 9. 34 9. 35 10. 36 10, 34 9. 54 9,54
1 9,28 9.31 10.46 10. 42 9.52 9.50
2 9,17 9,24 10. 50 10. 66 9. 46 9,45
3 9.05 9.18 10. 80 11. 08 9, 40 9. 39
4 8.92 9.11 11,11 11.41 9.32 9. 34
"5 . 8.79 9,06 11.54 11.61 9. 24 9,28
6 8.67 9.02 11.71 11.73 9,15 9,24
8 8, 40 8.92 i2, 00 11.84 8.98 9.12
10 8.18 8.81 12,15 11,91 8, 80 9.06
15" 7,86 8. 58 12,21 12. 00 8. 46 8,75

Test Conditions: Initial Sodium. Cyanide Concentration, 24 gpl

Size Fraction, Tyler Mesh, -28, +35

Temperature, ZSOC

501
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TABLE 32

pH EFFECTS ON THE RATE CONSTANT

pH Range Rate Con-st-anta x 105
12.0 - 12,5 : 6.4

10.3 - 12.2 , ez
10.1-9.8 - | 6.5

9.6 - 8.5 : 6.6

9.4 - 7.9 | 8.1

0

+ - L] -
® Units are (mol. Cul /min) (mol. SZ ) 1/mol. CN1 /cmzll.
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TABLE 33

RATE CONSTANTS IN RELATION TO TEMPERATURE

Tempg_rature, Rate Constant” x 105
C ol 2 3 Mean
3 4.9 4.9 5.0 4o
25 8.4 . 7.0 | 8.4 - 7.9
50 9.7 8.9 8.9 9.2
69 14.7 14, 2 12. 6 | 13.6

14, " 2-.0, - 2
& Units are {mol. Cu +/mir_1.)(mol. S2 ) 1/m01. CN1 fem /1.
Test Conditions: Initial Sodium Cyanide Concentratioﬁ, 0.41M

Size Fraction, Tyler Mesh, -28, +35

Initial pH, 12.0
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that a plot of In K versus }‘f should yield a straight line of slope - £*
. . R
where E™ is the activation energy.
£

d In K — B . , : : (6.7)

4T RT?
Figure 7 shows a plot of the temperature daf:a. given in Table 33.
The points used for this graph are given in 'fable 34. A least squares
fit of the data gives a slope of -1.24 corresponding to an yac-:tivation
energy of 2.5 ;Lcilocalories per mole. A'I'he low activation energy
probably indicates that the reaction is controlléd by di‘ffusic;n through

the limiting boundary layer,

Alternate Models for Surface Area

A microscopic examination of the feed and leached pa;n'ticles
showed that the particles developed a frosted appearance in contrast
to the original conchoidal fractures as a result of surface etching
duriné the test. This etching is attribufecl‘ to p?:éferential leaching
along the cleavage planes. Microscopic examination of a polished
section of chalcocite that was leached for a short time with sodium
cyanide further supported this éxplanation. Cbnsequently, there is an
initial increase in area as the reaction proceeds followed by a steady
decrease in area as the size of the particle is drastically reduced.

Several atteropts were made to change the model for the surface

area as a function of extraction. These included a zero order model
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TABLE 34

POINTS USED TO PREPARE THE ARRHENIUS PIOT

Tern%erature, (—,%)Ox _1103, MeanSK
C C ~-InK x 10 ~-In{Mean K}
3 | 3.623 9.87
9.80
9.77°  5.46 982
25 3.356 9.38
9.‘62,
9.39 | 7.80 9.46
50 3.096 9.23
9.43 .
9.34 . 8.8 9;33
69 C 2,924 8.79 |
8.80

9.02 4.1 8.87
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and a regression analysis to fit the area exponent'in a manner
analogous to that used to develop the free cyanide ion concentration
dependence. A vers; small improvement in the consistency of‘ the
calculated rate constants resulted from the use of an order diepen-
dence of 0,7 for area, but the improvement W';\.S not sufficient to
justify the use of a new model, The improvement aﬁpeared to be more
a result of having an additional constant with w.hich.to fit the data
rather than a result of an improved understanding of the leaching

mechanism,

Eifects of Other Ions

Because many point-by-point calculations Aof the rate consfant
showed a definite tendency to increase during the leach, various
changes to the model were attempted. 'No significant correlations were
found for the higher copper complexes or hydrogen ic;n. Considering
the scatter in the data and the range of conditions chosen, it cannot be
definitely stated that there is no éependence on other ions, but 6;11y
that whatever dependence exists is slight compared to the free cyanidvev
ion and sulfide ion concenti-ations under the conditions used in this

study.
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Summary

The dissolution of chalcocite in alkaline cyanide solutions under l
nonoxidizing conditjions has been shown to be a diffuéion controlled
reaction that is first order VV.ith respect to free cyanide concentration.
The rate was also shown to be inversely proportional to the sulfide. ion
concentration to a small power, the besgt present estimate of which is
0. 1. The area effect is adequa{ely' represented by a shrinking core
model based on perfect spheres. At 25°C the o;rerall average.rate

2")0' 1/ (mol CNI")/

-5 '
constant was 7.5 x 10 (mol, Cu1+) {mol, S
2 .
em /1., The calculated activation energy was 2,5 kilocalories per

5 :
mole. Consequently, at 25 C the empirical rate equation is as follows.

7.5 x 10"5 A[CNl']

R = : rhol /1/ min (6..8)

[SZ-]O.l



CHAPTER 7
EFFECTS OF THE PROCESS VARIABLES ON EXTRAC'I“ION
’Ihe'preceeding chapter dealt primarily with the kinetics of the

dissolution of chalcocite, This chapter containsg a discussion of the -
actual extraction data generated during the study with the goal of
giving some estimate of the leaching rates and total extractions that
could-be expected in practice. The conditions used in the investi~
gation were chosen to aid the kinetic> stﬁdy rathe; than to simulaté
plant operating conditions. However, sodium cyaniée addiéions as
high as thirty grams per liter and copper concentrations as high as
fifteen gJ.:ams per liter were used in some tests. Consequently, the
following data probafnly represent the low end of the operating range.
It is anticipated that future work will develop data from leaching
actual plant concentrates to produce higher copper concentrations.
The fol-lowing, then, demonstrates percent extra.c‘tion as a function
of the process variables one at a tirme with th;e others held relatively
constant. It .should be noted that many initial conditions were not
replicated since early tests, as shown in Table 35, gave fairly

consistent results.
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TABLE 35

EXPERIMENTAL REPRODUCIBILITY CF REPLICATE TESTS
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Percent Copper Extraction

Time, min Test No. 2 Test No, 3 Test No. b Mean
1 10.3 10.3 8.9 9.8
2 19.1 18.6 17.8 ‘ | .18.5

-3 - 26,2 25,5 25.0° 25.6
4 32.2 31.5 31.0 31. 6
6 41. 6‘ 40,1 40.1 40.6
8 47.6 46,4 47.4 4'-2. 1

10 52.3 51.0 51.9 51.7

15 59.7 58.6 -59.6 59.3

20 64.6 62.9 64.i 63.8

30 69.8 67.6 69.8 69.1

Initial Sodium Cyanide Concentration: 16 gpl

Size Fraction, Tyler Mesh: -28, +35

Temperature: 25°¢C

Initial pH:

12. 0
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Initial Cvanide Concentration

Table 36 gives the percent extractions as a function of time :.€0r
several tests run under similai' conditions except for fhe initial
amount of sodium cyanide added. These data are also presented in
Figure 8. As can be seen, the dissolution of the coarse -28, +35
mesh fraction is extremely rapid in the presence of excess free
cyanide. Whether or not such high molar ratios of cyanide to coppexr
could be used in plant practice would depend on the later require-

ments of the copper recovery step.

Initial Size

I_:eaching tests \;s!ere perforrr‘led on sizé fractions from -28,
+35 mesh to ~150, +200 mesh. The averaged datc;. for sinizilar tests
is given in Tables 37 and 38. The results for the -35, +48 mes‘h
fraction leached with sixteen grams per l:ther sodium cyé.nide include
those tests with initial sulfide addition. Figures 9 and 16 show the
relations for those tests with identical initial cyanide addit;lon. While
the variation in test conditions limits the comparison of extractions by
initial size, the data presented do give a rough idea of the increase in

reaction rate with decreasing size.



TABLE 36
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EFFECT OF INITIAL SODIUM CYANIDE CONCENTRATION
ON PERCENT COPPER EXTRACTION

Percent Copper Extraction

Initial Sodium Cyanide Concentration, gpl

Time, min 30 24 16 12 8

z 12..1 8.9

1 21.0 16.7 9.8 8.4 5.3

13 28. 6

2 36.0 29.4 18.5

2% 17.2

3 45,5 38. 6 25,6 _

4 56. 1 46.8 31.6 23.2

5 63.3 53.5

6 68,4 55,9 40.6 30.7 19.8

8 75. 7 65.7 47.1 35.4 .
10 82.1 72.2 51.7 39.1 26.9
15 81.3 59.3 45.4 . 32.0
20 89.0 63.8 48.8 34.2
30 94, 3 69.1 52.7 37.7
45 99. 1 o 39.6 -
50 55,7 '
60 40.5
90 40.9
120 41,4

Size Fraction, Tyler Mesh: -28, +35

Temperature: 25°¢C

Initial pH:

12,0
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EFFECT OF INITIAL PARTICLE SIiZE ON PERCENT COPPER

EXTRACTION FOR TESTS WITH AN INITIAL

SODIUM CYANIDE CONCENTRATION OF 16 GPL

Percent Copper Extraction

Size Fraction, Tyler Mesh

Time, min -28, +35 -35, +48 -48, 165
1 9.8 15.4 18.5
2 18.5 26.7 31.7
3 25. 0 35. 0 42.3
4 31.6 40. 6 47.4
5 52.5
6 40,6 49.6 55,8
8 47.1 55.1 60. 8

10 51.7 58. 7 64. 1
15 59. 3 64. 4 70.3
20 63.8 67. 3 7.3
30 69. 1 70. 1 '

 Initial Sodium Cyanide Concentration: 16 gpl

Temperature: 25°¢C

Initial pH:

12.0




TABLE 38
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EFFECT OF INITIAL PARTICLE SIZE ON PERCENT COPPER

EXTRACTION FOR TESTS WITH AN INITIAL

SODIUM CYANIDE CONCENTRATION OF 12 GPL

Percent Copper Extraction

Size Fraction, Tylef Mesh

Time, :

" min | -28, +35  -35, +48 -65, 480 -80, +100 -100, +150
i 11,1 11. 6 12.5
1 8.4 11.1 17. 1 21.5 26.3
2. 18.5 . 27.9 35,0 39.3
2% 17, 2 .
3 24, 2 34.8 42.1 47.3
4 23.2 29.1 39.1 .  46.4 51.7
5 45.8 -
6 30, 7 35.5 49.0 - 52.5 57. 6
8 35, 4 40. 2 51.0 56,1 61.1
10 39,1 43,7 53, 3 58.1.  61.5
15 45, 4 48. 3 55.0 60. 0 63.3
20 48.8 50. 0 60. 3 66.8
30 52.7 52. 4
50 55. 7

Initial Sodium Cyanide Concentration: 12 gpl

Temperature: 25°¢c

Initial pH:

12.0
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Initial Sulfide Addition

As shown in lTable 39, there is no significant differenge in the
percent extraction as a -result pf adding sodium sulfide to the initial
leach sollution. This results from the relatively small change in
initial sulfide concentration in relation to the low order sulfide
dependence of the reaction rate that was demonstrated in Chapter 6.
The large gsulfide concentration changes that regult from pH changes

will be discussed in a later section.

Temperature

Three replicates were run under identical conditions at each of
o o © o '
four temperatures: 37, 25, 50, and 69 C. As expected, the rate
of extraction increased with temperature. The temperature depend-
ence results, at least in part, from the changes in equilibrium
constants which raise the free cyanide ion concentration as the

temperature increases. The results of these tests are listed in

Table 40 and plotted in Figure 11.

Initial Copper Concentration

Several tests were run by adding cuprous cyanide to the initial
solution. The results are presented in Table 41 only as a matter of

interest since the leach conditions were not the same in any two tests.



EFFECT OF INITIAL SODIUM SULFIDE ADDITION

TABLE 39

ON PERCENT COPPER EXTRACTION
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Percent Copper Extraction

Initial Concentration of Sodium Sulfide, gpl

Time, min 0 3.9 7.8 39.90
1 13.6 15. 8 . 16.4 16.0
2 24.5 27,1 27.8 27.3
3 32.7 34.8 36.2 36.4
4- 38.6 41.3 42,0 40.5
6 47,3 51.2 ) 50. 4 49.6
8 53.4 55.6 55,9 - 55. 3
10 57.0 59.7 59.6 58.7
15 63. 3 65.4 65.0 64. 0
20 66.8 68.1 67.9 66,4
30 70.4 71.4 70,8 68.0

Initial Sodium Cyanide Concentration: 16 gpl

Size Fraction, Tyler Mesgh: -35, +48

Temperature: 25°¢

Initial pH:

12.0




EFFECT OF TEMPERATURE ON
PERCENT COPPER EXTRACTION

TABLE 40
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Percent Copper Extraction

Temperature, °c

Time, min 3 25 50 69
1 7.4 9.8 12.5 18. 1
2 12,8 18.5 25.1 32,9
3 18,2 25.6 33.8 43.1
4 22,7 31,6 40.5 50, 0
6 30,6 40. 6 50,0 60. 3
8 36.7 47.1 55,7 65. 9
10 41.6 51,7 60. 6 69.5

15 50. 3 59. 3 66.8 75. 2
20 55. 6 63.8 - 70. 2 77.0
30 62. 1 69. 1 73.0 78. 6

Initial Sodium Cyanide Concentration:

Size Fraction, Tyler Mesghs:

Initial pH: 12.0

-28, +35

16 gpl
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TABLE 41

EFFECT OF INITIAL COPFPER CONCENTRATION
ON PERCENT COPPER EXTRACTION
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Percent Copper Extraction

Initial Copper Concentration, gpl

14.3

1.4 2.9 4.3 7.1
Initial Sodium Cyanide Concentrat‘ion, gpl
Time, min 16 . 20 22 28 32

1 11.7 8.7  11.7 9.3 1.8

2 7.7 19.7 20,1 17.1 1.8
3 23,2 26,8 26.1 22.5 2.8
4 27.1 34. 0 30.9 26.4 5.5

6 34. 6 41.9 37. 4 34.0 7.4

8 40,2 47.8 43.3 38.6 10.9
10 43.8 51.3 46.9 41.7 10.7
15 49.0 56. 4 54,3  48.5 13.2
30 57. 8 65. 0 60.0 56.0 . 15. 8
45 60.2 70.3 ’ 59. 9 18,3

Size Fraction, Tyler Mesh: -28, +35

Temperature: 25%¢C

Initial pH:

12.0
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pH Effects
The variation in extraction as a function of pH is one of the
more interesting facets of this study. As was shown in Chapter 6,
the reaction rate is proportional to the free cyanide concentration
and inversely prcoportional to the sulfide ion concentration to the
0.1 power.
1-
KA ICN , ‘
R = —— M/min ' (7. 1)
2-10.1
[s*]
The changes in free cyanide concentration with pH is dominated by

the cyanide ion-hydrogen cyanide equilibria,

] ] ) L

Thus, at a pH over eleven the concentration of hydrogen cyanide is

negligible while at a pH of nine the concentrations of the two species
- are roughly equal. The second dissociation constant for hydrogen
sulfide dominates the sulfide ion concentration.

2- -13
] x, 1

o] (] [

Thus, the sulfide ion does not account for a significant portion of the
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total sulfur until a pH over eleven is reached. Consequently, at a
pH below twelve essentially all the sulfide produced by the dis,solu-
tion of the chalcocite hydrolizes with céncurrent dissociation of
water since there is ins;ufficie'nt hydrogen cyanide present to provide
the required ilydrogen ion, ‘I‘herefore‘, the reaction is eégentially as

follows and the pH of the solution increases during the leach.

- 3- - - :
GuZS~|—8CN1 +H2.O = ZCU.(CN)‘?r JrHS1 +01—I1 {(7.4)

At a pH of nine, however, the cyanide jon and hydrogen cyanide have
roughly the same concentration and the following reaction approx-
imates the events in solution. Consequently, there is an increase

in pH during the leach.
' 1- : 3- - 1+
GuZS + 4CN" + 4HCN = 2(311((3‘1\1)4 + HS +3H {7.5)

Thus, there is some initial pH for a given setAo’f conditions above
- which the pH will increase during the leach ‘and below which it will
decrease, Table 42 shows this situation where the pH was é,djusted
with acetic acid. | |

Another facet in this pH dependence is its effect on the reaction
rate, - Because of a difference of four orders of magnitude between
the hydrogen sulfide and hydrogen cyanide dissociation constants,

the initial result of decreasing the pH {rom the neighborhood of



EFFECT OF INITIAL pH ON THE pH CHANGE

TABLE 42

AS A FUNCTION OF TIME
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Measured pH

Time, min Test No, 57 Test No. 59 Test'No. 56 Test No. 58

0 9.39 9.56 9.96 10. 27
% 9. 34 9. 54 9.96 10. 36
] 9. 28 9.52 ©9.95 10. 46
2 9.17 9. 46 9.93 10.50
3 9.05 9. 40 9.92 10. 80
4 8.92 9. 32 9.91" 11.11
5 8.79 9,24 9. 90 11.54
6 8., 67 9.15 9.89 11.71
8 8. 40 - 8.98 9.87 12.00
10 8. 18 8. 80 9. 85 12. 15
15 7.86 8. 46 9.80" 12,21
Initial Sodium Cyanide Concentration:

Size Fraction, Tyler Mesh:

Temperature: 25°¢

-28, +35

24 gpl -
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twelve is to rapidly decrease the sulfide concentration without signi-
ficantly affecting the free cyanide concentration. Consequently, by
equation 7.1, the reaction rate and hence the copper extraction
increase with decreasing pH. As the pH enters the nine to ten range,
the free cyanide concentration begins to decrease( rapidly. Since ’ch‘e‘
order of the free cyanide dependence is much greater than that of

the sulfide ion, the effect of the decrease in free cyanide concentra-
tion rapidly dominates the effect of the decrease in sullfid_e- ion
concentration and the reaction rate and copper extraction decreése
with decreas;ng pH. Table 43 lists the gopl:;er extractioné for sev-~
eral initial pH values. The calculated free cyanidé and sulfidg ion
concentrations are presented in Tables 44 and 45 respectivelgr. The

copper extractions for the various tests are plotted in Figure 12.

Summary

The dissolution of chalcocite in alkaline cyanide solution is a
rapid reaction compared to most hydrometallurgical processes. As
would be expected, the reaction rate increases with incrgasing
cyé.nide concentration and temperature and with decreasing particle
gize. Under the conditions used in these tests, the reaction rate

undergoes a maximum with respect to initial pH at about a2 pH of ten.
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TABLE 43
EFFECT OF INITIAL pH ON PERCENT
COPPER EXTRACTION
Initial pH
Time, ;
min 12,0 10. 4 9.9 9.5 9.4 8.9
3 8.9 8.3 10. 6 10.0 . 10. 0 11.9
1 16,6 18.0 20.8 19.4 18.4 20.4
2 29, 4 28.6 36.7 33.5 31.8 26.5
3 39. 1 39,4 47.7 . 45,2 41.4 - 31.3
4 - 46.8 46.9 . 56.2 53,4 49,1 35,4
5 53,2 53,6 63.8 . 60.5 53,7 38.5
6 55, 9 59. 2 68.9  65.9 57, 6 43.6
8 65. 6 67. 1 © 76,6 73,4 63.6 " 47.5
10 71.5 73.4 82.3  77.8 69.0 53.2
15

80.4 83.0 90.8 87.7 76.9 . 56,2

Initial Sodium Cyanide Concentration: 24 gpl
Size Fraction, Tyler Mesh: -28, 435

Temperature: 25°C
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TABLE 44

EFFECT OF INITIAL pH ON CYANIDE ION
CONCENTRATION AS A FUNCTION OF TIME

Cyanide Ton Concentration, mol/l

Initial pH

“Time, min 12. 0 10. 4 9.9 9.5 9.4
L 0.435 0.424  0.406 = 0.358 °  0.315
1 0. 400 0. 404 0.362 ~  0.318 0.272
2 0. 344 0. 335 0.297 0.262  0.212
3 0.297  0.292 0.252 0.212 0. 165
4 0.261 0. 260 0.218 0. 174 0.126
5 0.230 0,238 0.181 °  0.142 0.098
6 0.220 0.201  0.162 0.117 ° 0.076
8 0.170 0.163  0.121 0.078 0.043
10 0. 144 0. 135 0.100 0.057 0.025
15 0.097 0.087 . 0.060  0.022 0.0l

Initial Sodium Cyanide Concentration: 24 gpl
Size Fraction, Tyler Mesh: -28, +35

Temperature: 25°G
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TABLE 45 .

EFFECT OF INITIAL pH ON SULFIDE ION CONCENTRATION
AS A FUNCTION OF TIME

Sulfide Ion Concentration x 105, mol/l

Initial pH
Time, min 12.0 10. 4 9.9 9.5 9.4
1 164 4.45  1.83 - 0.60 0.47
1 342 9.85 3.54 1.21 0.76
2 682 19.3. 6. 17 1.82 . "1.02
3- 974 52.1 7.94 2,20 1,01
4 1220 124. 9.17 2.21 0.88
5 1430 358, 10.4 2.11 0.72
6 1520 554, 11.0 1.86 0.58
8 1860 1060, 11.9 ©1.42 0. 34
10 2065 1489, 12.2 . 0.98 0.22
15 2380  1842. 12,2 0.52 0.11

Initial Sodium Cyanide Concentration: 24 gpl
Size Fraction, Tyler Mesh: -28, 435

Temperature: 25°C
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If an economic means of recovering the copper from the leach
solution can be demonstrated, the extraction curves presented in

this chapter clearly demonstrate that the process would be attractive.



CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS

Chalcocite can be extracted very rapidly in an alkaline cyanide
solution when the free cyanide concentration is above approximately
0.1 molar, For example, extractions as high as 90 percent were
obtained in fifteen minutes on -28, +35 mesh material, A This rate is
considerably higher than most hydrometallurgical procésse.s and thus
might makve cyanide leaching an attractive process if other‘proc;ess
problems can be solved, The major products of the leaching reaction
are the di-, tri-, ar;d fef.racyanide 'copper com’plexes, bisulﬁae and
sulfide ion, and either hydroxide or hydrogen ion depending upon the
initial pH.

- The concentrations of these species are related by a series of -
equilibrium and mass balance equations. The finite ionic size form of
the Debye-Hiickel equation for activity coef.ficient_s provides an: .
acceptable means of relating the activities and concentratioﬁs. This
system of simulfaneous equations can thenKbe solved by numerical
techniques to give the ionic concentrations at each sampling time
dui-ing the leach test. Continuous monitoring of pH during the test
considerably simplifies the required calculations and is recommended

faor future work. Two additional improvements could be made in the

136
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.concentration calculations: optimizing the ion size parameters in the
Debye-Hickel equation and improving the e'stimates of the equilibrium
constants.

A perfect sphere approximation was used for the particle
surface area and was found to be satisfactory Z;\.t this stage of the
im‘restigation. The area correlation worked reasonably well in the
size range from 28 to 80 mesh with extractions as high as 80 percent,
However, microscopic examination of the leached particlés showed
that there is a roughening of the surface as a result of preferential
leaching on the cleavage planes leading to an increase in area during

" the early part of the experiment. An empirical area correlation
should be developed for future studieé, especially for the leaching of
the smaller size fractions.

The reaction rate during an experiment was approximated by’
the derivative of an exponential curve fitted to the measured copper
concentration data by a least squares regres sion.. The agreement
between the measured and calculated concentrations was quite good,
However, taking the derivative led to several problems and some
initial data points in each test could not be used in the calculation of
the rate constant. Additional work on obtaining ;. better estimate of

the rates would be desirable, especially for the initial rates.
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By using the calculated values of the reaction rates, areas,
and concentrations several models of the rate law were tested. The
free cyanide ion dependence and the area dependence were shown to be
first or&ef. A low order inverse dependence on sulfide jon concen-
tration was also demonstrated. The best -current'es’cimate of this
order is 0,1, but the scatter in the data make the exact value uncertain
The avera-ge rate constant calculated during this study, at Z5OC, was

2

-5 - 0.1 1- 2
7.5 x 107 (mol. Cul+)(m01. S ) " /{mol. CN  )/ecm /L

Consequently, the empirical rate equation is as follows.

. [ 1~]
7.5 % 10°A |CN M mnin

[ | |

A study of the variation of the rate constant with temperature indicated

R =

that the reaction is probably diffusion controlled with an activation
energy of about 2.5 kilocalories per mole of copper.

" The effects of pH were eépecially inter.esting. As a result of
the opposite effects of the hydrogen cyanide and bisulfide dissociations,
there is a pH above which pH increases during the reaction and below
which it decreases, The resulting changes in c¢yanide and sulfide ion
concentrations with pH cause a maximuﬁ leaching rate to occur with
respect to pH. Under the conditions used in this study, the rna;ximum
fate was obtained at a pH of about ten.

It should be emphasized that solutionsl hfaving an .initia.l pH

below about ten may become acid as a result of the leach reaction.
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Particular caution should be exercised in such tests to prevent the
evolution of hydrogen cyanide gas during the latt;r part of the test.

The present Work ilas clearly demonstrated the high leaching
rates and def.ined thelimportant process variableé for leaching chal—
" cocite with cyanide. Beﬁer models would imprevé the cor‘relations,
however, it is the author's opinion that such work should not be
undertaken untilhthe economic recovery of cé}ppex_- from cyanide
solution is demonstrated. The approach to this probl;em 1-:haf: seems
mt.ast promising at present is electrowinning, although low current
efficiencies pose a serious problem. It seems doubtful to the author
. that é.ln i_}'nproved model in one field alone, such as area, would make
a sufficiently large improvement in the final results to justify the
effort: that is, future work should either consider improvements in
all areas or none at all,

The possibilities of improving extraction in th_e concentrator,
recovering importént by-products, ;nd eliminating atmospheric

pollution make this process worthy of further study.



APPENDIX I
DERIVATION OF SELECTED EQUATIONS
The equations that describe the syste;m are give-n as Table 16
in Chapter 5. Solving equation 5.1 fof the free cyanide ion concen- |
tration and defining X and Y as the concentrations of th‘é tetra~ and

tricyanide complexes respectively gives the folloAWing equation,

[cNI"J = e | ‘ T (1-1)

Substituting this value of the free cyanide ion concentration into
equation 5.2 and solving for the concentration of the c:'u;;rodic:yanide

jion gives the next result,

By,3%3,2 %
The copper mass balance, equation 5.3, can be written as follows by
substituting the value of the cuprodicyanide ion concentration from

equation 1-2 and rearranging.

Ky 243

.Y2+XY+ X% . X{Cu],r=0‘ “{1-3)

K4, 3 I?3, 2

140
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By using the quadratic formula to solve for the cupr'otricyanide ion
concentration Y and noting that the sign of the radical must be
positive since X is a concentration and cannot be negative, the

concentration of the cuprotricyanide ion is given as follows,

, K, 2%4 3 ,
-X + /X% 4 {X -X[Cu]T}
K4,3 F3,2 |
Y = ' : » (I-4)
Ks 2 %43
2
Ky 3F3 5

Equation 5.7 for the cyanide equilibria can be solved for the hydrogen

cyanide- concentration.

K F, [CNI"] .
[HCN] = ' ' : (1-5)

K [OHl"]

A
Substitutihg the free cyanide ion concentration from 7equation I-1 into
equation I-5 gives the following.

K F X
W

2%, 3 -
[HCN] = . , (1-6)
Ka¥Fyg, 3 Y[OHI—]

The cyanide mass balance, equation 5.8; can then be rewritten
using the free cyanide ion concentration from equation I-1, the

cuprodicyanide ion concentration from I-2, and the hydrogen cyanide

concentration from 1-6.
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2 R
X K
, . K3,2F4,3 ¥ K4,3 WFA
[CN]T—4X—-3Y—2 —_ 1+ - =Q
1.-]
K F X F Y K [OH a-7)

4,373,2 4,3 . A
If one substitutes the va;lue of the cuprotricyanide ion concentration
from equation I-4 into equation I-7, the latter can be treated as a
nonlinear equation in one unknown. Succ.essive back éubstitﬁtion of
the calculated values gives the equations presented in Chapter 5.
Solving equation 5.4 and 5.5 for the hydrogen sulfide and

bisulfide ion concentrations respectively gives the following equations,

K, [OH1~ "] [Hs_l "]

%] = ' | a8
K,F, |
KwFl [HSI-] :
8] = | o @-9)
o]

Substituting these values into the sulfur mass balance, 'equation 5.6,

and solving for the bisulfide ion concentration gives the next equation.

[Hsln] = - (I-10)
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Back substituting this result into equation 1-9 and multiplying by

‘two leads to the next equation.

w ‘ '
z[st] = - . - (I-11)
1 - :
KI[OI-I ] K_¥,

Adding equations I-10 and I-11 and factoring gives the following,

2K ¥
[s] {1+ iy
KI[OI—I ]
[Hsl"] + z[st] = (I-12)
A ‘ Ny
K F, KZ[OH ]
14+ +
o]

w2
Solving equation 5.7 for the hydrogen cyanide concentration gives

equation I-13,

<o
[H CN ] = - (I-13)
o' |

Substituting this value into the cyanide mass balance, equation 5.8,
and solving for the free cyanide ion concentration by factoring gives

the following for the free cyanide concentration.
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[CN]T -g[m(cmi’] - 3[<:u(c1\n§"] - z[cﬁ(cm)i“] j
[CNl"] =" - : (I-14).

KWFA

1+
K [OHI"]
A ;
Back substituting this result into equation I-13 gives the value of the

hydrogen cyanide concentration.

K _F, '[CN]T - 4[Cu(CN)Z“] - 3[(:11(01\1)2‘] -_2[Cu(CN);"]
[HCN]:: ) | : : -
KA[OHl'] e 5Fa o (I-15)
KA[OHI"] '

Eiquation 5. 17 can be solved for the concentration of acetic acid.

KWFAC [A cl‘—]
[Hac] = ~ o (-16)

"]
’ K.AC [OH

Substituting this concentration into the acetate mass balance, equation

5.18, gives the acetate ion concentration.

[ae"]= — ‘ o | 017
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This result can then be back substituted into equation I-16 to gi've-

the concentration of acetic acid.

K_F AC[AC]T- . K F

[I—IAC] = 14
K [OHl"] K [OHl"]
Ac Ac

Substituting the results of equation I-12, I-15, and I-18 into the

(I-18)

hydroxide ion mass balance, equation 5.9, and rearranging yields
equation I-19 which is a nonlinear equation in one unknown. Back
substitution of this concentration into the previous equations gives

those equations listed in Chapter 5.

[oal"]j "+ = [OHI_]j + [HCN]j + [ﬁsl"]j +'2[H25]j + [HAC]J_

2K F

wo1.
¢, 't
Kl[OH ]3’ 4+ 1
— , I- 19)
Yl
KwFl KZ[OH dj +1
1+ - +
1..
OH Ey
Kl[ ]j + 1 Kw 2



[CN]T -4

[
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Cu(CN)z-] - 3[Cu(CN)§_] - Z[CH(CN);"]

1 K _F,
j+1 :
_ Q+ '
K [OHI_}
A [

(KWF TM[Ac],l_ ) '
KAC[OHI"]-j .

~ (I-19, cont}

K‘WFAC ’
1+ : ‘
K {OHlH]
Acl. j+1



APPENDIX II

TABULATION OF CONCENTRATIONS AND ACTIVITY COEFFICIENT
RATIOS FOR THE IMPORTANT AQUEQUS IONS

The primary purpose of the detailed calculations of concen~
trations and activity coefficient ratios was to define the aqueous
chemistry of the copper-cyanide-sulfide system so that a more com- .
plete analysis of the kinetic data could be_ ma:tie. A complete Iistiné
of all thP; calculated concentrations and activit"y' coefficient ratios
used in thé kinetic analysis would require about 180 pages. The
following thirteen tablgs are presepted to show the typical results
and also to demonstrate some of the effects of the process variables.
The concentration of all aqueous species is given in molarity. The
extraction represents the fraction extracted witl;l 1. 0 corresponding .
to compléte dissolution. A glossary of the symbois used is given in
ATabIel17, Chapter 5.

A comparis;an of the' sulfide ion concentrations in Tables 1I-2,
1I-5, and II-11 shows that pH rather than sulfide addition is prlima—- |
rily responsible for large changes in sulfide icgn concentration.

Table 1I-7 demonstrates the ability of the higher complexes to tie up

the available cyanide with a resultant marked decrease in the leach-
ing rate. One can also note that the concentration of the dicyanide

complex remains quite low even at fairly high copper concentrations.
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TABLE II-1

FREE CYANIDE ION AND COPPER COMPLEX
CONCENTRATIONS FFOR TEST NUMBER 11

Molar Concentrations

oo, fostom?] fosiem?] [onom?] -
1- 2 2 2 = Percent Copper
Time, min [CN ] x 10 x 10 ‘ x 10 x 10 Extraction
0 0.48 0 0 0. 0, 0.
2 0.43 1.1 1.1 0,011 0. 0056 9.5
1 0. 40 2.0 2.0 0. 021 0.012 17. 1
2 0. 34 - 3.5 3.5 0. 042 0,027 29.9
3 0.30 4.7 4.6 0. 062 0. 047 39.5
4 0.26 5.6 5,5 0.084 0.072 47,3
5 0.23 - 6.3 6.2 0.11 0.10 53,3 -
6 0.22 6.8 6.6 0.12 T 0,12 56.9
8 0. 17 7.7 7.6 0. 17 0.22 64.8
10 - | 0.15 8.4 8.2 0.21 0.32 70. 3
9.2 0.36 0.83 795

15 0.10 9.6

8% 1



TABLE II-2 °

SULFIDE ION CONCENTRATION AND OTHER .
VARIABLES FOR TEST NUMBER 11

Molar Concentrations

[mon]  [ms] ("] [$7]

Mean Ionic 4

Time, min pH Strength x 10 X 107 x lO2 X 102
0 12. 0 0.49 4.8 0. 0. 0.
L 12.1 0.52 3.3 0.16 0.38 0.17
1 12. 2 . 0.55 2.6 0.24 0. 65 0. 35
2 12,3 0. 60 1.8 0. 32 1.1 0.69
3 12.3 0. 64 1,4 0. 36 1.4 0.98
4 12.3 10,67 1.1 0.39 1.6 1.2
5 12,4 0.69 0.93 0.41 1.7 1.4
6 12,4 0.70 0.84 0.42 1.8 1.5
8 12,4 0.74 0.63 0.44 2.1 1.8
10 12. 4 0.76 0.52 0.46 2.2 2.0
15 12. 4 0.79 0.33  0.49 2.5 2.3

6%l



TABLE Ii-3

ACTIVITY COEFFICIENT RATIOS FOR
TEST NUMBER 11 '

Time, min F4',3 Fy o . F, F, F , F
0 6.7 2.1 0.75 0.99 0.75 0.75
1 6.9 2.2 ‘ 0.75 ° 0.99 0.75 0. 74
1 7.1 2.2 0.75 1.0 0. 75 0. 74
2 7.5 2.2 0. 74 1.0 0.74 0.74
3 7.7 2.2 0.73 1.0 0.73 0. 74
4 7.9 2.2 0.73 1.0 0.73 0.74
5 8.1 2.3 0.73 1.0 0.73 0,74
6 8.2 © 2.3 © 0,73 1.0 0.73 0, 74
8 8.4 2.3 . 0.72 1.0 0.72 ' 0.74
10 - 8.5 2.3 0.72 1,0 0.72 0. 74
15 8.8 2.3 0.72 1.0 0.72 0,74

0sI



TABLE II-4

FREE CYANIDE ION AND COPPER COMPLEX
CONCENTRATIONS FOR TEST NUMBER 24

Molar Concentrations

[ca] . [cate, ] [euem?™] [eutem;™]
1- 5 2 > 6 Percent Copper

Time, min [CN J X 10 X 10 x 10 x 10 Extraction

0 0.32 0. 0. 0. 0. 0.

1 0.24 2.0 2.0 0.03 0.003 16,4

2 0.19 3.4 3.3 0. 07 0.008 27.8

3 0.15 4.4 4.3 011 . 0.02 36.2

4 0.12 5.2 5.0 0. 16 0.03 42.1

6 0,08 6.2 5.9 0,28 0.08 50. 4

8 0. 05 6.9 6.4 0,47 0,20 - 55,9

10 0.03 7.4 6.7 0.71 0. 45 59.6

15 0.01 8,1 6.5 1.6 2.4 . 65.0

20 0.009 8.5 5.9 2.5 - 6.4 67.9

30 0.005 8. 8 5.1 3.7 16, . 70.8

14ql



TABLE II-5

SULFIDE ION CONCENTRATIONS AND CTHER
VARIABLES FOR TEST NUMBER 24

Molar Concentralions

e S N A O

Mean Ionic

Time, Min pH Strength X 105 x 10’7 x 102, X 102
0 13.0 0.54 3.3 0.13 2.2 8

1 13.0 0.61 | 2.4 0.14 2.4 8
2 13,0 0. 65 1.8 0. 15 2.6 9
3 13.0 - 0.69 1.4 0. 15 2.7 9
4 13.0 0.71 L1 0. 15 2.8 10
6 13,0 0.75 0.72 - 0,16 2.9 10
8 13,0 0.77 0.47 . 0.16 3.0 10
10 13,0 0.78 0, 32 0. 17 3.0 10
15 13,0 0.78 . 0.14 0,17 3.1 11
20 13.0 0.78 0.08 - 0.18 3,2 11
30 13,0 0.77 0.05- 0. 19 3,3 . 11

251



TABLE II-6

ACTIVITY COEFFICIENT RATIOS FOR
TEST NUMBER 24

Time, min F4,3 ]:"‘3,2 FA F2 F1 Fw
0 7.0 2.2 . 0. 75 1.0 . 0.75 0.74

1 7.5 2.2 0.74 1.0 0.74 0.74

2 7.8 2.2 0.73 1.0 0.73 ' 0, 74

3 8.0 2.3 0.73 1.0 0,73 0. 74

4 8.2 2.3 0.73 1.0 0,73 0.74

6 8.4 2.3 0.72 . 1.0 0,72 0. 74

8 8.5 - 2.3 0.72 1.0 0.72 0,74
10 8.6 2.3 - 0.72 1.0 . 0.72 0. 74
15 8.6 2.3 0.72 1.0 0.72 o 0.74
20 8.6 . 2.3 0.72 1.0 0,72 0.74 .
30 8.6 2.3 0.72 1.0 0.72 0. 74

eal



TABILE II-7

FREE CYANIDE ION AND COPPER COMPLEX
CONCENTRATIONS FOR TEST NUMBER 30

Molar Concentrations

[Cu(CN) 21‘]

Percent Copper

Time, min [CNI—} [Cu],I. [Cu(CN)z—] [Cu(CN)i_:[ x 104 Extraction
0 0.013 0.22 0.18 0.04 0.06 0.

1 0.011 0.23 0.18 0.05 0.08 1.8

2 0.011 0.23 0.18 0.05 0.08 1.8

3 0.010 0.23 0.18 0. 05 0.10 2.8

4 ©0.008 0.23 0.17 0. 06 0.15 5.5

6 0.007. 0.23 0.16 0.07 10,20 7.4

8 0.005 0.24° 0.15 0.08 0.33 10.9
10 0.005 0.24 0.15 0.08 0.31 10.7
.15 0. 005 0.24 0. 14 0. 09 0.43 13.2
30 0,004  0.24 0. 14 0.11 0.58 15. 8
45 0.003 0.25 0.13 0.12 0.77 18.3

61



TABLE 1I-8

SULFIDE ION CONCENTRATIONS AND OTHER
VARIABLES FOR TEST NUMBER 30

Molar Concentrations

men]  [ms] [ms”] [s*]

Mean Ionic 5 8 3 3
Time, min pH Strength x 10 - x 10 x 10 x 10
0 12.0 1.2 1.1 0. 0. . 0.
] 12. 0 1.2 0.89 0.35 0.75 0.28
2 12, 0 1.2 0.89 0. 35 0.75 0.28
3 12.0 1.2 0.79 0.54 - L2 0. 46
4 12. 1 1.2 0.58 0.97 2.3 0.94
6 12. 1 1.2 . 0.48 1.2 3.1 L3
g 12,1 ‘2 0,34 1.7 4.5 2.1
10 i2. 1 1.2 0,35 1.6 4.4 2.0
15 12. 1 1.2 0. 28 1.9 5.3 2.6
30 - o121 1.2 0.23 : 2.2 -. 6.3 . 3.2
45 12.2 1.2 0.19 2.4 7.3 3.8

6ol



ACTIVITY COEFFICIENT RATIOS FOR

TABLE II-9

TEST NUMEBER 30

Time, min 4,3 . FB, 5 FA FZ Fl FW
0 1 2.5 0. 69 1.1 0.69 0.73
1 11 2.5 0.69 L1 0. 69 0.73
2 11 2.5 0.69 - 1.1 0. 69 0.73
3 11 2.5 0. 69 1.1 0.69 0.73
4 11 2.5 0. 69 1.1 0. 69 0.73
6 11 2.5 0.69 - 1.1 0. 69 0.73
8 11 2.5 0.69 1.1 0. 69 0.73
10 11 2.5 0. 69 1.1 0.69 0.73
15 11 2.5 0. 69 1.1 0. 69 0.73
30 11 2.5 0.69 1.1 0. 69 0,73
45 11 2.5 0. 69 1.1 0. 69 0.73 "

94a1



" TABLE II-10

FREE CYANIDE ION AND COPPER COMPLEX
CONCENTRATIONS FOR TEST NUMBER 57

Molar Concentrations

[Cu] _ [Cu (CN)z "] [Cu(CN)g ’] [Cu (CN) ; ']
. . [ 1_} > > > 6 Percent Copper
Time, min CN x 10 x 10 - x 10 x-10 Extraction

0 0.36 0 0 0, 0. 0.

3 0.31 1.2 1.1 0.01 0.001 , 10.0
1 0.27 2.1 2.1 0.03 0.003 18.4
2 0.21 3.7 3.7 0.07 0.007 31.8
3 0.17 4,9 4,8 0.11 0.02 41.4
4 0.13 5.8 5.6 0.17 0.03 49,1
5 0.10 6.3 6.1 0.23 0. 05 53,7
6 0.08 6.8 6.5 0.31 0,09 57.6
8 0.04 7.6 7.0 0.59 0.31 63.6
10 0,03 8.2 7.2 1.0 0.93 ©69.0
15 0.01 9.2 6.9 2.3 4 ' 9

Lgl



TABLE II-11

SULFIDE ION CONCENTRATION AND OTHER
VARIABLES FOR TEST NUMBER 57

Moelar Concentrations

L B R

Mean Ionic 3 2

Time, min pH Strength [HCN]. x 10 % 10 % 10
0 9.4 0. 68 0.13 0. 0. 0.
3 9.3 0.72 0.12 0.01 0.6 0.05
1 9.3 0.74 0.12 0.03 1.1 0.08
2 9.2 0.79 0.12 . 0. 06 1.9 0. 10
3 9.1 0.81 0.12 0.11 2.4 0.10
4 8.9 0.84 0.13 . 0.18 2.9 0. 09
5 8.8 0.85 0,13  0.26 3. 1 0.07
6 8.7 0.86 0.14 0.36 3.4 0.06 .
8 8.4. 0.87 - . 0.14 0,74 3.7 0.03
10 8.2 0.88 0. 14 1.3 4.0 0.02
15 7.9 0. 89 0,13 3.0 4,3 0.01

841



TABLE 1I-12

ACTIVITY COEFFICIENT RATIOS FOR
TEST NUMBER 57

tz
!

Time, min - F F F F

4,3 3,2 A - 2 1 w
0 8.0 2.3 0.73 1.0 0.73 0. 74
z 8.3 2.3 0.73 1.0 0.73 . 0. 74
1 8.4 2,3 0,72 1.0 0.72 0. 74
2 8.7 2.3 _ 0.72 1.0 0.72 0. 74
3 8.9 2.3 0,72 1.0 0.72 0. 74
4 9.0 2.3 0.71 . 1.0 0.71 . 0. 74
5 9.1 2.3 0.71 1.0 0.71 0,73
6 9.1 2.3 0.71. 1.0 0.71 - .0.73
8 9.2 2.4 0,71 1.0 0.71 0.73
10 9.2 2.4 0.71 . 1.0 0.71 . 0.73
15 9,3 2.4 S 0.7 1.0 0.71 ' 0.73

641
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 TABLE II-13

ACETATE ION CONCENTRATION FOR
TEST NUMBER 57

Time, min FAC [HAC] = 10‘:L [Acln]
0 ©0.73 © 0,07 | 0.52
2 0.73 0. 08 . 0.52
1 0.72 0. 09 0.52
2 0.72 0.11 . 0.52
3 C0.72 | 0.15 0.52
4 0.7 0. 20 | 0.52°
5 0.71 o 0.26 0.52
6 0.71 0.35 0.52
8 0.71 0.65 0.52

10 0.71 .1 0.52

15 ' 0.71 2.2 0.52




 APPENDIX III
THE EXPER;MENT.AL DATA
The following listing of the raw test data for the experiments
in this study is given should anyone wish to attempt an evaluation of
them based on a different model. Only those values which were lost
during chemical analysis have been omitted: several values of
doubtful validity are embedded in the following tables. All tests
were run using a éwenty-five gram sample. kThe as sa;ys of the
different size fractions are given in Table 13, Chapter 4. The
analyses of the other materials are also given in Chapter 4. The
impeller speed was 1000 rpm, the initial volume 2.5 liters, and the

feed size -28, +35 mesh (Tyler) unless otherwise noted.
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TABLE I1I-1

TEST NUMBER 1

Time, min Copper Concentration, gpl Sample Volume, ml
1 1.25 ' C 22
3 2.85 | 23
5 4,02 22
7% 4,92 - 17
10 5.50 20
15 6.24 : , S22
20 6.62 . 23
30 7.11 20
45 7.49 A 19

60 .72 20 -
Initial Conditions: 60 g NaCN, 25°C, pH 12.0 '
Final Conditions: 26°C

TABLE III-2

TEST NUMBER 2

Time, min Copper Concentration, gpl Sample Volume, ml

1 0.76 - 23
2 1.42 23
3 1.95 ‘ 35
4 : 2.41 . 23
6 3,13 28
8 3,60 23
10 3.97 ' 23
15 _ 4,56 : 23
20 4,95 23
30 5.38 ' 23

Initial Conditions: 40 g NaGCN, 25°C, pH 12.0

Final Conditions: 26°C
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TABLE III- 3

TEST NUMBER 3

Time, min Copper Concentration, gpl Sample Volume, ml

i 0.76 20
2 1.38 20
3 1.90 20
4 2,35 : 20
6 3.01 - 20
8 3.49 ' 20
10 - 3.85 K ' 20
15 ' : 4,44 20
20 4,78 - 20
30 5.16 20

Initial Conditions: 40 g NaCN, 25°C, pH 12.0
Final Conditions: 26°C

TABLE IIl-4

TEST NUMBER 4

Time, min Copper Concentration, gpl Sample Volume, ml
1 0.54 23
2% 1. 22 ’ 23
4 1. 74 ' 23
6 2.26 23
8 2. 64 ' 23

10 2,92 _ 23
15 3.41 ' 23
20 3.69 23
30 3.99 ’ 23
50 4,26 : 23

Initial Conditions: 30 g NaCN, 25°C, pH 12.0
Final Conditions: 260C
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TABLE III-5

TEST NUMBER 5

Time, min Copper Concentration, gpl Sample Volume, ml
1 0. 66 : 23
2 1.32 28
3 : 1.86 . 20
4 2.32 ' 20 -
6 3.02 28
8 3.58 ' - 30 .

10 3.94 23
15 4,55 . 23
20 4.91 . .20
30 5.37 A 20

Initial Conditions: 40 g NaCN, 25°C, pH 12.0
Final Conditions: 26°C, pH 12.54

- TABLE IIl-6

TEST NUMBER 6

Time, min Copper Concentration, gpl Sample Volurme, mi
i 0.73 20
1 1.39 ‘ 20
1% 1.96 - 20
2 2.49 20
3 3.33 20
4 4,14 : 20
5 4,774 20
6 5.15° S 30
8 5.74 . 20

10 ) 6.22 20

Initial Conditions: 75 g NaCN, 25°C, pH 12.02
Final Conditions: 26°C
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TABLE I{I-7

TEST NUMBER 7

Time, min Copper Concentration, gpl Sample Volume, ml
+ 1.03 18
1 1.71 18
1% 2.33 _ .18
2 2.90 18
3 3.45 , 22
4 4,44 . 22
5 4.98 18
6 5.39 28
8 6.08 . 18

10 - b6.66 18

Initial Conditions: 75g NaCN, 2400, pH 11.98

Final Conditions: 26%00

TABLE I1]-8

TEST NUMBER 8

Time, min Copper Concentration, gpl Sample Volume, ml
: 0.93 .22
1 1.57 22
ix 2.10 C22
2 2.66 . ’ 22
3 3.46 19
4 4.11 - 19
5 4.63 ‘ S22
6 5.02 22
8 5.47 _ 25
10 5.95 19

Initial Conditions: 75 g NaCN, 24°C, pH 11.99

Final Conditions: 263°C, pH 12.56
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TABLE I11-9

TEST NUMBER 9

Time, min Copper Concentration, gpl Sample Volume, ml
1 0.70 21
21 1.34 21
4 1.71 22
6 2.34 ' .19
8 2,68 22

10 2.97 o 21
15 3.46 19
20 : 3.72 21
30 4.03 o 21
50 4,88 ' 21

Initial Conditions: 30 g NaCN, 24°C, pH 11.98

Final Conditions: 26°C, pH 12,45

TABLE TII-10

TEST NUMBER 10

Time, min Copper Concentration, gpl Sample Volume, ml
3 0.61 - 23
1 1.20 22
2 2.15 . 23
3 2.90 23
4 3.48 - 23
5 4,01 . ) 23
6 4,15 26
8 5,06 24

10 5.56 21
15 6.26 23

Initial Conditions: 60 g NaCN, 233°C, pH 12.03
Final Conditions: 263°C, g 12.5
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TABLE III-11

TEST NUMBER 11

Time, min Copper Concentration, gpl Sample Volume, ml

% 0.70 21

1 1.27 23

2 2.23 . 23

3 2,96 23

4 3.56 . 22
5 4,02 22

6 4, 30 T 22

8 4.92 ' 23
10 - 5.36 24
15 6.10 . 23

Initial Conditions: 60 g NaCN, 24°C, pH 12.00
Final Conditions: 261°C, pH 12.57

TABLE III-12 .

TEST NUMBER 12

Tirne, min Copper Concentration, gpl Sample Volume, ml
1 0. 36 . 21
5.75 1,45 24

10 1,94 o 22
15 2.31 21
20 2.51 ' 22
30 2.75 21
45 2.92 22
60 3.04 22
90 ' 3.04 . 14
120 3.13 19

Initial Conditions: 20 g NaCN, 233°C, pH 12.00
Final Conditions: 261° C, pH 12.26
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TABLE IIT-13

TEST NUMBER 13

Time, min Copper Concentration, gpl Sample Volume, ml
1 . 0.43 : 21
5.75 o 1.50 22

10 2.07 23
15 2,47 ' 24
20 ‘ 2.61 .19
30 2.91 20
46 3.04 18
60 3.06 19
90 3.12 19
120 3.12 - ' 16

Initial Conditions: 20 g NaCN, 23%°C, pH 11.97

Final Conditions: 261°C, pH 12.58

TABLE III-14

TEST NUMBER 14

Time, min Copper Concentration, gpl Sample Volume, ml
1 0.86 . 24
2 1.43 21
3 , 1.89 _— 24
4 2.29 21
6 2.80 : 22
8 3.19 | 20

i0 3.46 21
15 3.85 22
20 4,01 24
30 4,24 21

Initial Conditions: 30 g NaCN, 24°C, pH 12,02, -35, +48 mesh
Final Conditions: 263°C, pH 12.68
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TABLE III-15

TEST NUMBER 15

Time, min Copper Concentration, gpl Sample Volume, ml
1 0. 85 . 24
2 1.44 21
3 1.88 23
4 2,26 .22
6 ' 2,78 23
8 , 3.15 : 23

10 3,45 28
15 . 3,82 22
20 3,94 _ 22
30 4,12 21

Initial Conditions: 30 g NaCn, 24°C, pH 12.29, -35, +48 mesh
Final Conditions: 27°C, pH 12.75

TABLE III-16

TEST NUMBER 156

Time, min Copper Concentration, gpl Sample Volume, ml
3 0.84 _ .20
1 1.35 . : 20
2 2.13 o ‘ 21
3 2.67 18
4 3.01 AR
6. 3. 54 ' _ 21
8 3.79 o 17

10 3.95 22
15 4,14 20
20 4,28 20

Initial Conditions: 30 g NaCN, 25°C, pH 12.10, ~65, +80 mesh
Final Gonditions: 27°C
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TABLE III-17

TEST NUMBER 17

Time, min Copper Concentration, gpl Sample Volume, ml
1 1.53 21
5 3.54 ' 16
10 4,18 - 17

30 4,59 - 21

60 4,66 ' 18
120 4.73 ' 18
180 ' 4,64 - 18
24.0 4,67 . 18
300 . 4,71 15
360 5,48 ) 13

Initial Conditions: 30 g NaCN, 24°C, pH 11,98, -35, +48 mesh
Final Conditions: 25°C, pH 12.68 '

TABLE Ifi-18

TEST NUMBER 18

Time, min Copper Concentration, gpl Sample Volume, ml
0 9.18 - 10
5. i _ 9.25 20
30 9.83 _ ' 21
60 10,28 19
90 10,94 ) 18
120 10.51 ' . 19
180 10.73 ‘ 21
270 11.60_ 18
390 11.59 o 17
935 10.75 20
1260 10.41 13

Initial Conditions: 50 g NaCN, 30 g CuCN, 25°C, pH 11. 94,
-35, 448 mesh '
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TABLE Ili-19
TEST NUMBER 19
Time, min Copper Concentration, gpl Sample Volume, ml
1 0.88 20
1 1. 64 22
2.1 2.68 20
3 3.23 ' 20
4 3.57 .19
6 4, 05 y 21
8 4,34 22
10 4.50 21
15 4.66 o 20
20 4,68 20
Initial Conditions: 30 g NaCN, 24°C, pH 11.98, -80, +100 mesh .
Final Conditions: 26°C, pH 12. 68
TABLE ITI-20
TEST NUMBER 20
Time, min Copper Concentration, gpl Sample Vo lume, mi
3 0.93 .17
1 1.96 20
2 2,94 : 19
3 3.55 ' 21 .
4 3.88 15 -
6 4,34 ' 20
8 : 4,62 18
10 : 4. 65 19
15 4.79 20
20 5.07 21

Initial Conditions: 30 g NaCN, 24°C, pH 11.97, -100, +150 mesh
Final Conditions: 26°C, pH 12.66
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TABLE 111-21

TEST NUMBER 21

Time, min Copper Concentration, gpl Sample Volume, ml
3 1,27 19 -
1 2.03 , 17
2 2,94 : 19
3 3. 34 E 17
4 3.49 e 13
6 - 3,75 ' 15
8 . 3.86 18

10 3.91 ' 21
15 3.93 - ‘ 18
20 3.97 17

Initial Conditions: 25 g NaCN, 24°C, pH 12.04, -150, +200 mesh
Final Conditions: 26°C, pH 12.65 '

TABLE II1-22

TEST NUMBER 22

Time, min Copper Concentration, gpl Sample Volume, ml
1 3,45 _ 21
2 3.90 19
4 4,64 , ' 21
6 5.21 ' .18
8 5.65 20

10 ‘ . 6.18 21
15 7.16 : 19
20 7.43 18
30 7.78 - 20
45 8.01 : 21

Initial Conditions: 50 g NaCN, 10 g CuCN, 25°C, pH 11.97,
-35, +48 mesh

Final Conditions: 25°C, pH 12,68
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TABLE 111-23

TEST NUMBER 23

Time, min Copper Concentration, gpl Sample Volume, ml
1 1.22 18
2 2.10 ' - 18
3 2.71 19
4 3,22 17
6 4,01 15
8 4,36 - 19

10 . 4,69 19
15 5.16 18.
20 5.38 ) 19
30 5. 65 21

Initial Conditions: 40 g NaCN, 30 g Na

S+ 9H,0, 25°C, pH 12. 68,
-35, +48 mesh

2

Final Conditions: 26°C, pH 12.89

TABLE I11-24

TEST NUMBER 24

Time, min Copper Concentration, gpl Sample Volume, mi
1 1.27 19
2 2.16 : 20
3 2.82 19
4 . 3.28 e 20
6 3,95 19
8 4,39 . 20

10 4.69 - 20
15 5.13 20
20 _ 5.37 19
30 5,61 21

Initial Conditions: 40 g NaCN, 30 g Na 8-91-120, pH 12, 68,
259C, -35, +48 mes% :

Final Conditions: 26°C, pH 13.11
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TABLE III-25

TEST NUMBER 25

Time, min Copper Concentration, gpl Sample Volume, ml
1 1.59 } 20
2 2.75 ‘ ’ - 20
3 3.49 21
4 4,00 21
6 4,65 20
8 5,07 : 22

10 5.33 20
15 5.72 - 19
20 5.95 21
30 6.16 20

Initial Conditions: 40 g NaCN, 20 ml conc. perchloric acid, 240(3,
pH 9.58, -35, +48 mesh

Final Conditions: 26°C, pH 7.7

TABLE III-26

TEST NUMBER 26

Time, min Copper Concentration, gpl Sample Volume, ml
] 2.28 18
2 2.72 20
3 3.15 26
4 3.44 20
6 4.01 16
8 4, 44 ig8

10 4,72 21
15 5.13 : 22
30 ' 5.82 ' 17
45 6.01 18

Initial Conditions: 40 g NaCN, 5 g CuCN, 26°C, pH 12.0
Final Conditions: 261°C, pH 12.5
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TABLE I1I-27.

TEST NUMBER 27

Time, min Copper Concentration, gpl Sample Volume, ml
1 3.98 19
-2 4,30 . 21
3 4,83 18
4 5.38 A 20
6 5.98 17
8 6.43 16
10.2 6.70 ‘ 18
15 7. 10 22
30 ' 7.78 ' 22
45 8.20 18

Initial Conditions: 50 g NaCN, 10 ¢ CuCN, 25°C, pH 12.0
Final Conditions: 27°C, pH 12. 65

TABLE II11-28

TEST NUMBER 28

e

Time, min Copper Concentration, gpl Sample Volume, ml
1 5.12 ' 20
2 5.75 22
3 oo 6,20 - 19
4 - 6.56 _ 18
6 7.06 17
8 7.51 20

10 i 7.79 35
15 ‘ 8.37 "18
30 8. 82 16
45 - 22

Initial Conditions: 55 g NaCN, 15 g CuCN, 24°C, pH 12.0

Final Conditions: 26°C, pH 12.6
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TABLE II1-29

TEST NUMBER 29

Time, min Copper Concentration, gpl! Sample Volume, ml
1 7.78 : 19
2 8. 36 ' ¥
3 8.77 21
4 9.06 - o 18
6 9, 64 C 17
8 10. 00 » - 21

10 10. 24 21
15 10,77 - 17
30 11. 36 18
45 11.67 - 22

Initial Conditions: 70 g NaCN, 25 g CuCN, 25°C, pH 12.2
Final Conditions: 27°C, pH 12.7

TABILE I11-30

TEST NUMBER 30

Time, min Copper Concentration, gpl Sample Volume, ml
1 14, 32 - 23
2 14, 32 23
3 14,40 ' 16
4 14. 60 17
- 6 14.75 ' 20

8 15.02 ‘ 22
10 - 15,00 22
15 . 15, 20 24
30 15.40 21
45 , 15. 60 23

Initial Conditions: 80 g NaCN, 50 g CuCN, 25°G, pH 12.0
Final Conditions: 26OC, pH 12.4
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TABLE J11-31

TEST NUMBER 31

Time, min Comer Concentration, gpl Sample Volume, ml
1 1.42 : 21
2 1. 96 : - 23
3 : 2.61 . 21
4 : 3.10 21
6 3.83 : S 21
8 4,27 17
10 4,66 . ' - 16
15 5.12 20
20 5.43 ' 16

30 5.62 . 16

Initial Conditions: 40 g NaCN, 50°C, pH 12.0

Final Conditions: 510C

TABLE I11-32

TEST NUMBER 32

Time, min Copper Concentration, gpl Sample Volume, ml

1 0.93 - 18

2 1.85 19
3 2.48 ' 16
4 3.00 ' 16

6 3. 74 16

8 4.16° ' 20
10 4.50 18
15 5.01 17
20 5.25 : 19 -
30 5.47 16

Initial Conditions: 40 g NaCN, 48°C, pH 12.0

Fina! Conditions: 480 C
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TABLE III-33

TEST NUMBER 33

Time, min Copper Concentration, gpl Sample Volume, ml
1 0,921 20
2 1.77 18
3 2, 44 17
4 2.95 17
6 3.64 17
8 4,09 18

10 4,50 20
15 4,97 18
20 5,24 20
30 5.47 ‘ 16

Initial Conditions: 40 g NaCN, 50°C, pH 12.0
Final Conditions: 490C' -

TABLE I11-34

TEST NUMBER 34

Time, min Copper Concentration, gpl Sample Volume, ml
1 1.26 17
2 2. 30 _ 3 16
3 3.13 ' 17
4 3. 66 17
6 4,48 20
8 4.93 20

10 5.20 21"
15 5.69 : 20
20 5,80 20
30 5.65 21

Initial Conditions: 40 g NaCN, 69°C, pH 12.0
Final Conditions: 67°C, pH 12.6
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TABLE 1II-35

TEST NUMBER 35

Time, min Copper Concentration, gpl Sample Volume, ml
1 1.36 19
2 2.48 : 16
3 3.21 16
4 3.74 15
6 4,53 : 15
8 . 4.98 18

10 5.25 16
15 5.73 ' 20
20 5.94 ' 18 |
30 6. 00 22

Initial Conditions: 40 g NaCN, 67°C, pH 12.0

Final Conditions: 66°C, pH 12.65

TABLE III-36

TEST NUMBER 36

Time, min Copper Concentration, gpl Sample Volume, ml
1 1.40 ) -0 .20
2 2.53 20
3. 3.27 ' 21
4 . 3.76 : 17
6 4,51 - < 16 -
8 4,90 - - 18
10 5,19 . 21
15 5.56 16
20 - 5,65 18

30 ' 5.84 20

Initial Conditions: 40 g NaCN, 700(3, pH 12.0
Final Conditions: 680C, pH 12,6
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TABLE T11-37

TEST NUMBER 37

Time, min Copper Concentration, gpl Sample Volurne, mi

1 0.61 17

2 0.97 21

3 1.38 20

4 1.74 19

6 2.35 . 17

8 2.81 - 22

- 10 - 3.22 ' .
15 ~ 3.85 17
20 4,29 ' 19
30 ‘ 4.76 17

Initial Conditions: 40 g NaCN, 5°C, pH 12,0
Final Conditions: 5.C, pH 12.4

TABLE III-38

TEST NUMBER 38

Time, min Copper Concentration, gpl Sample Volume, ml

1 0.50 o , 16

2 0.90 - 17

3 1.29 20

4 1.64 ' 17

6 2.24 " - 19

8 2,72 : 18
10 3.08 20
15 3.78 20
20 4,22 21
.30 4.71 18

Initial Conditions: 40 g NaCN, 3°C, pH 12.3
Final Conditions: 3°C, pH 12.4
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TABLE II1-39
TEST NUMBER 39
Time, min Copper Concentration, gpl  Sample Volume, ml
1 0.53 , 22
2 0.98 - 20
3 1.38 19-
4 1.71 - 18
6 2.30 . . 18 -
8 2,76 16
10 ‘ 3.13 ' 17
15 3,82 . 18 .
20 4,21 - 18
30 4,178 18
Initial Conditions: 40 g NaGN, 3°C, pH 12,2
Final Conditions: ZOC, pH 12.5 ‘
TABLE II1-40
TEST NUMBER 40
Time, min Copper Concentration, gpl Sample Volume, ml
1 1.05 . .20
2 1.90 22
3 2.55 ' 17
4 3.01 ) 19
6 3.71 _ 16
8 4,20 - 17
10 4,49 ' 17
15 5,00 16
20 5.29 17
30 5.59 19

Initial Conditions: 40 g NaCN, 26°C, pH 12.0, -35, +48 mesh
Final Conditions: 28°C, pH 12.4
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TABLE II1-41

TEST NUMBER-41

Time, min Copper Concentration, gpl Sample Volume, ml
1 1.24 20
2 2.12 ' ' 17
3 2.83 17
4 3.16 C 16
6 3.88 . ’ 15
8 . 4,34 . 18

10 4,61 21
15 5.04 21
20 _ 5.24 23
30 5.37 20

Initial Conditions: 40 g NaCN, 300 g Na,$- 9H,0, 26°C, pH 12.8
-35, +48 mesh

Final Conditions: 28°C, pH 13,2

TABLE Ili-42

TEST NUMBER 42

Time, min Copper Concentration, gp! Sample Volume, mi
1 1.41 , S ¢
2 2,44 : : 20
3 3,15 28
4 3.69 32
5 4, 04 _ .23
6 4,37 ‘ 20
8 4, 14 18

10 5.02 ’ 23
15 5.55 18
20 5.55 18

Initial Conditions: 40 g NaCN, 251°C, pH 12.0, -48, +65 mesh
Final Conditions: 26-]50(3, pH 12.4 , -
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TABLE Ii1-43

TEST NUMBER 43

Time, min Copper Concentration, gpl Sample Volume, ml
1 1.41 18
2 2.41 , 16
3 3.34 ' 17

4 3.60 ’ 15
5 5,22 : 14
6 4.25 ' ' 16
8 4.67 17

10 : 4.93 17

15 5.40 : 16

20 5,57 20

Initial Conditions: 40 g NaCN, 25°C, pH 12.0, -48, +65 mesh
Final Conditions: 26°C, pH 12.4 ' '

TABLE III-44

TEST NUMBER 44

Time, min Copper Concentration, gpl Sample Volume, ml
< 0.88 16
1 1.73 o - 18
2 2.99 . 17
3 3.85 : 18
4 4,55 16
5 5.06 - 18
6 5.47 B
8 6.00 16

10 6. 49 17
15 - 7.10 16

Initial Conditions: 60 g NaCN, 10 ml glacial acetic acid, 2500,
pH 9.92, 2.51 liter

Final Conditions: 27°C, pH 9.9
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TABLE III-45

TEST NUMBER 45

%

Time, min Copper Concentration, gpl Sample Volume, mi
1 0.86 23
2 1.48 ‘ 18
3 1.93 18
4 2,29 L7
5 2.59 17
6 2.83 . 16
8 3,21 _ , 21

10 3.51 21
15 " 3.95 21
20 4,18 18

Initial Conditions: 60 g NaCN, 50 ml glacial acetic acid, 26°C,
pH 8.9, 2.55 liters

Final Conditions: 27°C, pH 6.8

TABLE TI1-46

TEST NUMBER 46

Time, min Copper Concentration, gpl Sample Volume, ml
1 0.86 & 22
1 1.58 22
2 2.75 : 22
3 3,63 . .18
4 4,24 16
5 4.76 - 16
6 5,24 ' 22
8 5.76 20
10 ° 6.19 : 22
15 6. 87 20
Initial Conditions: 60 g NaCN, 20 ml glacial acetic acid, 26°C,
' pH 9.5

Final Conditions: 28°C, pH 8.5
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TABLE 111-47

TEST NUMBER 47

Time, min Copper Councentration, gpl Sample Volume, ml
% 0. 54 20
1 1.46 ' 23
2 2.12 21
3 2.94 17
4 3.52 20
5 4.01 ' 23
6 4,46 17
8 5,12 20
10 : 5. 60 20
15 6, 35 21
Initial Conditions: 60 g NaCN, 5 ml glacial acetic acid, 25°C,
pH 10 &

Final Conditions: 27°C, pH 11.9

TABLE T1-48
TEST NUMBER 48

Cbpper Sample

Time, Concentration, Temperature Volume,
min . gpl pH °C ml
1 0.27 12,25 25.0 . -16
2 0.54 12,32 25.5 ‘ 18
3 0.77 12.39 25,5 18
4 1.01 12,44 26.0 17
6 1.47 12.54 26.0 17
8 1.85 12.57 . 26.0 22
10 ‘ 2.15 12,63 26,0 20
15 2.80 12,72 . 26.5 . 17
20 3.33 12.76 27.0 18
-30 4.05 12,82 27.0 18

Initial Conditions: 40 g NaCN, 25°C, pH 12.10, 600 rpm
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TABLE II1-49

TEST NUMBER 49

Copper Sample

Time, Concentration, Temperature, Volume,
min gpl pH °cC m]
1 0.79 12,28 28.0 16
2 1.44 12.53 28.0 - - 18
3 2.04 12,55 26.5 . 18
4 2.52 12,65 28.5 19
6 3,21 12, 69 29.0 18
8 3.68 12.67 29.0 20
10 4,03 12, 69 29.0 18
15 4_.56 12,76 29,0 20
20 4,86 12.75 29.0 23
30 5.24 12.79 29.0 o 20

Initial Conditions: 40 g NaCN, 27°C, pH 12.05, 1600 rpm

TABLE 113-50

TEST NUMBER 50

Copper Sample

Time, Concentration, Temperature, Volume,
min gpl pH °c ml
1 0.72 12.43 26.0 - 20
2 1,37 12.55 26.5 20
3 1.47 12. 62 27.0 19
4 2.29 12.68 27.0 . 22
6 2.93 12,73 27.0 17
8 3.03 12.76 27,5 18
10 3.28 12.78 27.5 18
15 3.62 12.78 . 28.0 - 18

20 3.96 12.80 28.0 18

30 4,34 12.85 28.0 24

Initial Conditions: 40 g NaCN, 26°C, pH 12.20, 1300 rpm
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TABLE I1I-5]

TEST NUMBER 51

Copper Sample
Time, Concentration, Temperatiure, Volume,
min gpl pH °C ml
1 0.57 12,28 - 27.5 22
2 1.10 12. 38 28.0 ' 20
3 1,53 12,44 28.0 .21
4 2,20 12,49 28,0 ‘ 20
6 2.84 12.54 28.0 14
8 3,35 12.64 28,0 . 20
10 3.66 12.67 28.5 .23
15 - 4,33 12.70 28.5 19
20 4,70 12,73 - 28.5 19
30 4,13 12,77 28,0 : 22

Initial Conditions: 40 g NaCN, 27°C, pH 11.97, 900 rpm

TABLE I1I-52

TEST NUMBER 52

Copper Sample

Time, Concentration, Temperature, Volume,
min gpl pH - 9cC ml
1 .38 12.32 24.5 20
2 0.96 12.42 24.5 20
3 1.39 12.48 25.0 23
4 1.78 12.53 25.0 ' 20
6 2.48 - 12.58 25.0 iz
8 2.45 12. 66 25.5 .30
10 3.35 12,69 26.0 24
15 3.92 12. 74 26,0 © 22
20 4,37 - 12.77 26.0 20
30 4,85 12.79 26.0 25

Initial Conditions: 40 g NaCN, 24.5°C, pH 12.05, 1100 rpm
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TABLE 111-53

TEST NUMBER 53

Copper _ Sample

Time, Concentration, Temperature, Volume,
min gpl pH °C ml
1 0.31 12.10 25.0 25
2 0. 84 12,18 S 25.0 S22
3 1.23 12, 24 25.0 21
4 1.57 12,28 25.0 22
6 2. 14 i2. 36 25.5 20
8 2.54 12,40 26.0 22
10 2.97 12,42 26,0 19
15 3.70 12, 48 26.0 20
20 4,21 12.52 26.0 19
30 4.76 12.55 26,0 16

Initial Conditions: 40 g NaCN, 24,5°C, pH 11.98, 700 rpm

TABLE TII-54

TEST NUMBER 54

Copper Sample
Time, Concentration, Temperature, Volume,
min gpl pH °C . ml
1 0.66 $ 12,24 25.5 23
2 1. 26 12, 34 . 26.0 20
3 1.72 12,41 26.0 17
4 2,10 12. 44 26,0 15
6 2,74 12.50 26.5 20
8 3.19 12.54 27.0 .20
10 3.60 12.56 27.0 20
15 4,24 12. 60 27.0 17
22 4,68 12. 64 27.5 . 22
30 5,04 ) 12, 64 27.5 " 20

Initial Conditions: 40 g NaCN, 25°C, pH 12.05, 900 rpm
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TABLE ITiI-55

TEST NUMBER 55

Copper Sample

Time, Concentration, Temperature, Volume,
min gpl ‘ pH °C ml
1 0,74 12.27 25.0 ‘ 22
2 1.40 12, 38 25.0 : 22
3 1.90 12,45 25.0 20
4 2.33 12,50 26.0 " 20
b 2.98 12.57 26,0 15
8 3.46 12.62 26.0 20
10 3.78 ’ 12.65 26.5 © 20
15 4, 34 12,69 . 27.0 22
290 4,72 12,72 27.0 21
30 5.08 oo 12,74 27.0 18

Initial Conditions: 40 g NaCN, 259C, pH 12,09, 1100 rpm

TABLE II-56

TEST NUMBER 56

Copper ., Sample

Time, Concentration, Temperature, Volume,
min - gpl pH °C mti
i 0.68 9.96 26.0 20
1 1.35 - 9.95 26.0 20
2 2.47 9.93 26.0 : i8
3 3.26 ©9.92 - 26.5 ) 20
4 3.86 9.91 26.5 15
5 4,50 9.90 27.0 20
6 4, 88 9.89 - . 27.0 17
8 5,54 g.87 27.0 23
10 5.95 9. 85 26.5 20
15 6.69 9. 80 26.0 20

Initial Conditions: 60 g NaCN, 10 ml glacial acetic acid, 25°C,
pH 9.96, 1600 rpm, 2.51 liter




TABLE IT1-57

TEST NUMBER 57

1990

Copper Sample

Time, Concentration, Temperature, Volume,
min gpl pH °c ml
z 0,74 9., 34 26.5 17
1 1.36 9.28 26,5 17
2 2.37 9. 17 -27.0 19
3 3.09 9.05 27.0 17
4 3.68 8.92 27.0 21
5 4,03 8.79 27.0 16
6 4,33 8. 67 26.8 21
8 4.80 8. 40 ©26.5, 20
10 5.22 8.18 26.0 20
15 5.85 7,86 26.0 23

Initial Conditions: 60 g NaCN, 30 ml! glacial acetic acid, 26°C,

pH 9. 39, 1600 rpm

TABLE II1-58

"TEST NUMBER 58

Copper
Time, min Concentration, gpl pH Sample Velume, ml
5 0.68 10, 36 20
1 1. 20 10,46 20
2 2.15 10.50 19
3 2.95 - 10. 80 17
4 3.52 11.11 S 16
5 4,06 11.54 22
6 4,48 11.71 17
8 5.06 12.00 20
10 5.58 12.15 20
15 6. 34 12.21 18

Initial Conditions: 60 g NaCN, 5 ml glacial acetic acid, 25°C,

pH 10.27, 1600 rpm
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TEST NUMBER 59

191

Copper
Time, min Concentration, gpl pH Sample Volume, ml

3 0.61 9.54 20
1 1.28 9.52 21
2 2.22 9.46 23"
3 3.10° 9. 40 20
4 3,75 9. 32 23
5 4,632 9. 24 17
6 4,67 g.15 18
8 5.32 8.98 22
10 5.58 8.80" 23
15 6.48 8.46 16

Initial Gonditions: 60 g NaCN, 20 ml glacial acetic acid, 25°C,

pH 9.56, 1600 rpm, 2.52 liter
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