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IN-PLACE LEACHING OF PRIMARY SULFIDE ORES:
LABORATORY LEACHING DATA AND KINETICS MODEL*

R. L. Braun, A, E, Lewis, and M. E, Wadsworth?

Lawrence Livermore Laboratory, University of California
Livermore, California 84550

ABSTRACT

Experimental results obtained in laboratory leaching studies of
Primary copper sulfide ore in sulfuric acid aystems pressurized
with oxygen are interpreted by a computerized geometric model in-
volving the movement of a reaction zone through the ore fragments.
Fhysical properties of the ore, including size, shape, and mineral
content, are considered. The leaching mechanism involves mixed
kinetics and includes a surface reaction within a moving reaction
zone plus pore diffusion of dissolved oxygen through the reacted
portion of the ore fragment to the reaction zone. The results are
applicable to conditions that would exist in nuclear solution mining
or similar processes in which the ore is converted into rubble and
then inundated by a leach solution adequately supplied with oxidants.
Experimental res.lta at 90°C are correlated with the model, which
includes temperature-dependent parameters,

INTRODUCTION

A concept for the in situ leaching of copper ores coataining
chalcopyrite has been described (1 g,:i). The first step ia rubbliza-
tion in place by some guitable meﬂ'mdf such as the use of nuclear
explosives or undercutting and caving—possibly assisted by conven-
tioral explosivea., The ore frag tg are then leached in the

e‘Worlq: performed under the auspices of the U.5, Atomic Energy
Commiasion.

YUniversity of Utah, Salt Lake City, Utah,



aqueous, sulfuric acid system produced by introducing oxygen into
the flooded are under a hydrostatic pressure. The increase in salu-
bility of the oxygen under these conditions, as well as the increase
in temperature that ie attainable, preatly accelerates the rate of
copper recovery from primary copper ores, in which most of the
copper occurs as chalcopyrite.

Experimental and theoretical work has been conducted at the
Lawrence Livermore Laboratory during the past few years on the
leaching of chalcopyrite ores. The objective of this work is to
obtain experimental data and to develop a theory that will enable
extrapolation of results from laboratory conditions and scale to
field conditions and scale. Ao understanding of the effect of parti~
cle size digtribution, temperature, acid concentration, mineralogy,
etc, on the rate of recovery are essential to successlul operation of
this process.

In this paper we will present some of the experimental data and
a model that we believe successfully describes the'recovery of cop-
per {rom ore fragments of any given particle size distribution under
limited conditions of temperature and pH. An easy application of
the model to higher temperatures and acid concentrations is diffi-
cult because of replacement reactions between copper in seolution
and chalcopyrite within ore fragments, as well as other changes in
the chemistry of the system at low pH, Some of these will be the
subject of later papers,

EXPERIMENTAL
Equipment

Leaching experiments were conducted in autoclaves ranging in
capacity from 0.5 1 to 3800 1. The largest system is shown sche~
matically in figure 1. The vessel is made of type A-36 steel and is
integrally lined with 5/32~in. chemical lead, The liner is treated
with dilute HpSO4 to provide a layer of PbSO4 and thus eliminate
further interaction with HpSO4 produced during the leaching phase,
The sampling probes, thermocouple sheaths, and oxygen inlet pipe
are made of Carpenter-20 stainlesa steel, The temperature of the
solution within the autoclave is maintained to within £2°C of the de~-
sired operating temperature by external electrical heater tapes
beneath the insulation, The gas inlet pressure is regulated, and the
{low of gas through the system is controlled by a needle valve to
give the desired flow rate as indlcated by tbe pressure drop acrogs
a known orifice at the gas exit,

The smaller systems of capacity 0.5 1 to 20 1 are shown sche-
matlcally in figure 2, The vessel is made of stainless steel lined
with chemical lead and is heated externally, The sampling probe,
thermocouple sheath, and oxygen inlet tube are made of titanium,
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These systems have a provision for r 1 of liquid for
chemical analysis during the course of the rcaction without dlurup(-
ing the operating temperature or pressure,

QOre Type

The ore used in these cxperiments 18 a primary porphyry cop~
per ore from the San Manuel Mine (Magma Copper Company, Ari-
zona), The mineral assemblage, dotermined by x-ray diffracticn
and oplical microscopy, is principally quartz nnd lerlcllc. with
minor amcunts of feldspar, chlorite, biotit pyrite,
and pyrite. In addition, there are trace amounts of hemalne. epi-
dote, and nornblendc—und rarc occurrences of hornite, covellite,

and hemical analysis of n composite sample i3

shown fii table 1, A pyrite/chalcopyritc mole ratio of 2,0 {a calcu-

TABLE 1, - Chemical analysis in wi% of
San Manucl orc composite

Cu 0.71 Na 1.11
Fe 3.7 K 2,08
S 2.1 Ca 0,82
COy 0.42 Mg 0.30
L 3i.20 Al 4,19
latod from this assay, [ ted purosity mecas-

uremcnts on 40 pleces of ore snac |Iu.- .nllnw(l‘\’g average values:
oulk dry density = 2,57 g cm™3, bulk saturated denaity » 2,63 g em=3,
bulk grain density = 2,73 g cm™, and porosity = 0,06,

Procodure

Thu autoclave is hand loaded wllh a \mlullcd amount or arc of
known size distr A cd ized water is
addud to cover the are. Thoe system is prauurlnd with oxygen to
395 psig and heated ta 90°C (giving Pfla0 « 10 paia and Pos
» 400 paia). Flow of oxygen ia then begun, Cireulation of the solu-
Vion within the vessol ix only the convertive stirring which {8 in«
duccd by lhu rise of [ oxygen bubbles. After a period of one day, an
af watar is ndded to the system to
yvach the final Hquld levels ahawn in figures 1 nnd 2. These liguid
Jevels are maintained for the doration nr the upcrimm! by perindi-
cally adding water to rcplenmh hioth the water iost by cvaporation
and the sol d by 1 In figure ! thix is done by
maintatring the Irwl ¥0 m'n the liqnm can st be withdrawn
theaugh the sompling probe at 1he top of the vessel, In figure 2 ¥he
level is Inud to that 2 nominally 30 ml) of
Hauid 1+ w0 be withdrawn through the sempliing sysior,

Perladicalty, samples of the pregnant Higuor nre taken for
chembenl snalvsin, fn figure 1, 300 o) of zolution arc first allowed



1o flush the sampling line hefore sampling ix Gegun, This amount ix
later retnened to the system by moans af » Sprague injection pump.
in figaure 2 the sampling i donc by rotaining 2 mi of the 50 ml of
solution withdrawn into the sampling cvlindor, The ammint ant re~
iained is returned to the autoclave, The small amouat of copper con-
tained in salutions Ao relrned to the avtoclave i# taken infn accmint
in the Jdnta reduction. Fur plcicl expart Wiv coppier
fraction cxtracted is basced on the »8ssy of 0,7 wi™. Cu for the com-
posite sample of San Manuwl ore, For completed experimonts, the
capper Traction cutractad 43 based on a correcied sssay of the ore ax
determined from the total amount of copper present in the leached
ore, the pregnamt liquor, amd the retainud somplos,

EXPERIMENTAL RESUVLTS

The Mive teaching cxperiments that will be discossod bave bean
designated Exp-1, -L2, -13, -14, and -L%5. Esch waa conductied
at 80'C and at an ox¥pen partial pressure of 400 psio. Tadle 2 lisis
the axygra flow rates, the quantitics of solution and ore, and the
grade of ore.  iHigh oxygen flow rates were usod 30 that the mieas-
urcd leaching rates wouid not be limited by the avallability of oxygen
in the bulk solution, Mince the purpose of the experiments is to pro-
vide leaching daia for near i oxygen n tho bulk
solution at the solecled temperature and pressure,

Figure 3 shows the partial size distrilmtion of ench ore charge,
determined by screcning. The are charge for Exp-L) wos o spe-
cinlly melected coarse size fraction of run-ol-mine Sun Manuul Ore,
The size distribution for Exp-L1 I based on recent measurements
of Potter (1), superseding the earlier roported (2) estimates, The
or¢ chargcs for Exp-L3 and Exp-L5 were screcnvd samples from
run-of~-miH San Manuel ore. The ore charges for Exp-L2 and
Exp-l4 were screcned samples [rom large pleces of run-nfl-mine
Sap Manuel ore that had undergone wlditionn] crushing in the lahora-
tory. Although the ore particles for all live cxperfmaents dovisted

TABLE 2. - Physical dma for cxperimznts
Tper- — Uiygen “Soltion

Ure Ore grade
fment Duratien Now rate volume woight {1 fracilon
Na, {days) {emISTPImin} temd} g} CobeSad
Exp=11 1 by,2 % 10! 192 10¥  sgwge® 0,020
Expel2 “5en 480 pbIX10° 2,45 % 107 0,020
Fap-la 1. 150 1% e (X1
Exprla 180 160 m FL) 0.0%¢
Exp-LS 06 160 230 ETH) nos?

3expuriment sull in progress

Briow rat for Exp-L) wan 2.4 % 10Y cmPSTPYmin during Gent 20 days of
expariment
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from isometry, the particles in Exp-L) werv approsimatoly iso-
metric, The ore particles lor Exp-14, which wepe generated ina
small laboralory jaw crusher, deviatet most from an isometric
shape. Pacticle shope, of course, aignificantly affecis the loaching
rate and, as will be shown later, a ahopr parameler (0 <95 s 1)
may be determined from the leaching data, This parametor cor-
rcts for both the garticle surface roughness and the deviation of the
parlicle shape from spheyicity,

Coppor leaching data (copper fraction ¢xtracied from the ore as
a function of 1ime) are shown tn figure 4 for Exp-L1 and tn figure 5
for the remaining experiments, The extraction curves follow the
basic patiorn discuased by iarris 15) for leaching low-parosity pare
ticles of are In which the sulfide is disseminated throughout. This
is particularly pronounced for the long-term leaching of large parti-
cles of ore {n Exp-L1 (figure 4}, whore tw initially high rate of cop-
per extraction from the chatcopyeite exposed at the surface of the
ore fragments {x followed by & lower, diffusion-limited rate of ex-
traction of copper fram Vhe interior of the fragments.

A rapld initial rel of copp k to is particu~
larly evident for Exp-L.2 (Agure 51, Fracturing along natural weak=,
noss plancs exposos surfaces of high sulfide mineralization, which
are rapidly & 'acked during the Initial stages of leaching. This effect
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is lass noticeable for small ore particles of average radius less
than 1 em (Exp-L3, ~L4, and ~LS in figure 3) because of the rapid
icaching of all contained copper, and also becausc fracturing across
\hr:graln structure —: ather than along boundaries--becomes
predominant.

‘The cifect of particle shape on lcaching rate i@ clearly {llus-
trated for Exp~L3Y and Exp~LA. Although both cxperiments utilized
are particies of the same screened size range, the flatter aspecl of
the particles In Exp-L4 caused o pronounced increase in the meas-
ured leaching rate,

Bualore interpreting the leaching data, the chiemical roactions
occurring during luaching will be idered, In cach of the experi-
ments just discussed, the pli of the leach solution (measured at
23°C) decreased from an initial value of 3,5 to a steady-state value
near 2, This is illustrated for Exp-L1 in ligure G. Acid-gencrating
reactions caused the plf to decrease rapidly to 1.7 during the frst
60 days, Thercafter, the pH incrcascd slightly o 1.9, where it has
remained for the duration of the experiment, This buffering effect
is an imporiant feature of the Jeacaing system and represents a
lundy-lul:‘ 1 of H*~dependent reactions involving both the
Ifides an

The important buffering rcactions sssociated with the dissolu-
tion of chalcopyrite and pyritc are:
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FIG, 6, - pil of Pregnamt Liquor During Leach of Coarse~Sized Pri-
mary Sulfide Ore (Exp-LI)



Acid-consuming reactinmns:

CuFes, + 30,0 51’ x cu'? o peds 257+ S01,0 o

Fes, + 30,0 31" ke o 250 0 G0 {2
PR S

€aco, + i’ + 50,7 = Cas0, + €O, + M0 a)

{Acid-consuming reactions tovolving other gangue constituents will
be discusaed later),

Acid-genvraling reactions:

5*+30, v 00 =21 ¢ 50,2 1)
+3 3 + .1
Fe va-HzO «JR + !rezo: [43]

Fe'?+ 31,0 + 35072 % 31" fFe 501 40M - 20 (@)

The hydrolysis of Fe‘3 to form hematite or hydrogen jarosite in
Eqs. {5} snd {6} is an important part of the buffering capacity of the
system. X-ray dilfraction analysis has shown that the major iron-

g precipi produced during the leaching of San Manucl
ore at 90°C and 400 psi is hydrogen jarosite. Hematite, anithough
roadily detectable optically, is produced in much smaller quantities
than the vary abundant hyd;ogcn jnrgsile. These observations are
in agreement with the Fet3 and S04% chemical analyses during
Exp-L1, That is, the 8032 concentration {moles/I} increaned from
0.163 M at 75 doys of reaction lo 0,431 M at 8§07 days of rcaction,
while the Fe?¥ ation d 3 from 0,0025_ M to 0,0000 M
during same time period. This decreasc in Fe'td with increas~
ing SO5* indicates solution equilibrium with hydrogen jarosite
according 1o Eq, (6).

The net reaclion for Exp-L1 at 607 days of reaetion time can
then be written as:

45 3?7 42, n
CuFe5, + 2Fe5, + CaCO, + 30, + Tllzo =Cu "+ I"es(SO‘)z(O")s

1 Bon-2_ 10,4
- 2“20 tClSD‘fsS"&ISO‘ +TH fCOz m



in this reaclion we have used the facts that the ore contains a pyrite/
chalcopyrite mole ratio of 2,0 and that for an oxygen dilfusion~
limited reaction, the pyrite and chalcopyrite oxidation rates are
approximately cqual, We have also used the fact that at 607 days
approximately 1| mole of CaCOj3 has reacted for each mole of Cut2
generated, based on CO2 evolution measurements. Further, we
have neglected the quantity of iron in solution, which is small com-
pared with the amount of iron relcased from the sulfide minerals
and reprecipitated as hydrogen jarosite, Finally, we have written
the equation so that it ia Istent with the roluti hemistry of
the system at 607 days as shown in table 3, The equation indicates

TABLE 3, « Compsition of pregnant lquor in
Exp=L1 afiter 607 days of leaching

— Molarily Normality
{moles/l) {equivalents /1)
cu'? 0.1097 0.3304
" 0.01 0.01
Nat 0.0022 0.0022
kt 0.0001 0.0001
ca'? 0.0097 0,0104
mgt? 0.2217 04434
artd 0,021 0.0633
Fe*? 0.0009 0.0027
sa;? 0.4406 0.8812

that 2,67 moles ol SO,'{2 arc in solution per mole of Cu+z, in agree-
ment with the measured ratio of 2,6, Furthermore, it indicates
that 3.3 moles of HY arc formed per mole of Cu*2, again in agree-
ment with the measurem Bt of 3.2 equivalents of (HY, Fet3, Nat,
Kt Co*2, Mg*2, and A1*) in solution per mole of Cu*2, The H*
generated according to Eq. {7} has thus largely reacted with the
gangue mincrals to yield an equivalent quantity of other cations,
leaving the pH constant at 1.9,

The net reaction as expressed in Eq. {(7) is uselul in that it
gives an judirect measurement of the oxygen requirements: namely,
11.25 molea of oxygen per mole of copper for lcaching an ore in
which the pyrite/chalcopyrite mole ratlo is 2.0 This stoichiometry
number (o= 11.25) will be used latcr in the copper extrsction
calculation,



3 ‘realized um «'may.be’ diﬂerent for other orea, For '
‘enmple, Al the pyrite/cwcopyﬁte mole ratio were only 1, it can
‘be ahown, from.a ition of Eq, (7), that o = 7.5, “Further-
amore, if the ore contninnd appreciable amounts of Fe+2, as in the
form of blotite, the oxygen requirements wovid be sllghtly greater
when leaching {a done under conditions for which biotite is attacked,
The latter oxygen requirement is low2 however, since only
0,25 mole of oxygen per mole of Fe*Z is consumed.

Finally, experimental results relating to other physical and
chemicol changes cccurring in the leaching procesa are presented.
Figure 7 shows a croass-gection of a slightly leached particle of ore,
ﬂlnstrnung that the leaching procesa essentially involves an unre-
acted core surrounded by the reacted portion, The outer, reacted
partion contains hematite and hydrogen jarosite produced by the re-
action. There s no evidence from copper extraction data that the
sulfide diasolution reactions are quenched by the precipitation of
‘these iron salta, This is in agreement with measurements of the
parasity of leached ore particlea from Exp-I4, which revenled that
‘the porosity remained at nearly the initial value of 0,060 during the
courge of lenching 60% of the copper. The deposition of iron salts,
while not acting to quench the reaction, does somewhat limit zecess

Deposited irom salts

Reacted portion
Unreacted core

Reaction zone

FIG, 7. - Polished Section of Partially Reacted Ore [Fragment
Showing Tepochemical Character of the Leaching Proc-
css (photo}



of disaolved oxygen ‘to the intenor of the ore, as cvidenced by. in=*
‘creased capper dissolution rates under canditions for whichiron is
not a3 completely deposited, The latter conditions wzll not be con- i -
sidered in this report, .

The copper extraction data for Exp-L1 and -L2 mdlcate more
rapid leaching than expected after extended periods of time.. This.
is particularly evident in figure § for Exp~L2, where the leaching
rate actually accelerated after 150 days. Exp-L2 was interrupted
after 450 days of continuous reaction, This was done to determine
the physical factors accounting for the increased rate of reaction
after 150 days. It was found that nonuniform penetration of the re~
action zone along grain boundaries and fractures had occurred. In
some cages the penetration resulted in fragmentation of tie parti-
cles, The net result was an effective increase in the reaction sur-
face, which accounts for the enhanced rates. Physical changes that
occur in the ore are therefore important, though difficult, features
required of a leaching model, Corrections of this type are particu-
larly required for the larger are fragments, which must be exposed
to the solution for mmnch longer periods of time for equivalent copper
extraction,

THEORY AND DISCUSSION

The prescnce of a moving boundary with an essentiaily unre-
acted core suggests a reaction zone separating a core or unreacted
portion from an essentially completely reacted outer region. A
model similar to that proposed by Valensi (§) and Ross et al, (7) for
high-temperature gas-solld rcactions correlates the data well and
lends itscif to broad variations in geometry. Essentially, the model
involves steady-state diffusion of the reactant through the previ-
ously reacted portion of the ore fragment, followed by chemical
reaction within the reaction zone, The use of such a model for an
ore iragment roquires some detail berause the leaching reaction
occurs at the site of speecial included minerals present in veinlets
or as discreet disseminated particles, Reactants and products of
the leaching process must therefcre be transported in solution-
filled channels within the ore fragment, The model further assumes
that cicculation of leach salution around the particie is sufficient to
maintain oxidant concentration so that bulk solution transport is not
rate controlling. The kinetics are limited, then, only by processes
occurring within the ore fragments,

Reaction Zone Model

The moadel used here is based upon spherical geometry, and
devintions from a sphere will be corrected by a geometry factor,
®jos» Which includes both boundary roughness nnd sphericity factors,
Figure B represents an idealized ore particle showing the rveaction
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zone of thickness (8), The original average radius s T and the
radius sl time t in Fie

The reaction zone may be viewed aa a region in which disserni~-
nated sulfide particles are in all stages of reaction. As the zonc
moves to smaller values of ry, mineral particles are included in the
zone, At the trailing e of the zone the Jast vestige of uareacted
material disappears. Thia is an oversimplification, since some
larger unreacted sullide particles will remain behind, Examination
of partisily leached ore fragments does indicate that the mujority of
the sullide particles originally present in the outar shell {(r >r,)
have in fact reacted to completion, Within the moving reactionl xone
the tion of r ing particles and the effective chemlcal
!eachim area of sulfide part!cles may be conaidered easentially
constant

‘The rate of reaction within the leaching zone may be expressed
for a given particle by the equstion .

K
("“) . -(:-"—‘) snyALClk, @)

where np is the number of aulfide particles per unit volume of rock

& the averasge area per nulnde particle, x> concentration
(] re&ru 1o the r alion in the reaction zone {in this
case uxygen), k is the rate constant, and n is the number of moles
of uareacted chalcopyrite in one ore fragment. Under steady-state

conditions, the rate of tr port to the r sone will equal the




rate within the reaction zone. Diffusion through pores to the reac-
tion zone may be expressed by the equation

@) (5 396«

where D is the coefficient of diffusion for the reactant snd ¢ is the
stolchiometry number. The factor f is rclated o porosily znd con-
taing the fraction of suriace made up of pore area, The tortusaily
algo 18 included in 7,

For a glven vaiue of rj, Eq. {9) may be integrated for steady-
state condition= (J; = con=tant) for all r values between r
widch upon combination with Eq, (8) gives an expreauionil or the ::on-
of reactant Ci In the reaction zone in terms of the bulk
solution concentration Cy, or

€=Cy (an AGE 110}
)(ri ) (rp” rl)J

Substituting in Eq, (8) gives the generalized rate expression

. an

)l "I ("—A"I‘c‘) (BT)( )"‘m"‘i’

‘The grade G (weight fraction capp.u: ~ulfide mineral) is glven by

8 Arp

s EpEP, 12)

r

where rp 18 the average spherical copper sulflde particle radius,
: density of the cos)per sulfide, and py is the bulk rock den-

lu
SP! . Co:thining Eqs. (11) and (12) gives
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where

3p_sk
B= Fr (14)

"pfp

Anatytical Integration of Leaching Rate

Equation (13) applies fur a given particle eize (v, ) ond is use~
ful in integrated form for the analysis of laboru!ory A&dlea on sized
particlea to identify ki dels and par 8.

i also uaeful to narmalite the rate in terms of fraenon reacted (a),
since a for a single particle or an assemblage of particles of size
Tjo 10 the same., For a given particle,

3

i
EREE {15)

Tio

For a sample of broad particle size distribution of i sizes,
a=y aw, ue
i

where ¢j ia the fraction reacted for size Y and w‘ ig the wuight
fraction of that size. e

The number of moles of unrercted mineral in the core of the
particle ia glven by

az7)

where M is the molecular weight of the copper sulfide mineral, The
rate of mo of the r tion interfece may be determined from
Egs. {13) and {17):




dr, MC
( ‘) = b . us

LA () (m)( )"‘10"‘1)

The fractional reaction rate {da/dt} may be determined from
Egqs, (15) and {1B) auch that

da MGy [ (- a3
a@® "3 P <D™ {19)
1o 1( ) “ig (l--a)‘/3 [l-(l :2)‘,3]

In integrated form, Eq, {19) becomaz

1-%a- “‘"’2/“3%0' [-a- ') —2t o

q’loGrio
where
aDfr p
- 2Df
= Hﬁnupr =SE (21)
and
2MDIC,
v b (22)
x4

Copper extraction curves can now be calculated by Fq, (20)
when the ore particle size range is narrow enough to be described
adequately by one average size, This is shown in figure 9 for
Exp-L3, ~L3, -L4, and -L&, for which Tj, = 3.0, 0.8, 0.8, and 0.15,
respectivuly. In each calculation, Tmpimcnlly ue!ermiued values
of 8= 0,0121 cm and ¥ = 7.59 X 10~ 11 ¢em2gec™! were used. Be-
cause of the differences in ore particle geometry among the several
experiments, as described earlier, no single value of the shape
factor ($;g) can be used. Therefore, ®j, = 0.52 was uaed for
Exp-L3, based on computer evaluation of the rate parameters (to
be described later), The ¢iu values for the other experiments were
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FIG. 9. - Copper Extractit;n Curveg Calculated from Analytically
Integrated Rate Equation

then determined empirically ueing the above values of 8 and ¥ ($;o
= 0,68, 0,52, 0.24, and 0,86 for Exp-L2, ~L3, ~L4, and -L5, respec~
tively), These shape factors are consistent with direct measure-
ments of s8ize and projected ares. of the are particles,

The agr t bet calculated and ed copper reco
eriea shown in figure 9 was good~~except for Exp-L2, which
leached faster than predicted, The general agreement, however,
serves to identify the kinetic model and provide support for a mixed
kineilc system involving surface reaction end pore diffusion controt.
Extension of the model to handle the actual particle size distribution
and to take inta account changes occurring during the leaching is
most readily accomplighed by a numeric integration of the rate
Eq. (13) using a finite~difference computer code,

Numeric Integration of Leaching Rate

A finite-time~interval computer code based on & modified form
of Eq. {13) was developed, We will first extend the model to hapdle
the actual ore particle size distribution,

The size distribution of the ore particles was described by a
tabulated set, [d;, Y{d;}], where ¥(d) is the cumulative weight
fraction of ore having a diameter legs than dj. This cumulative



aize jistribution was then partitioned into a set {rig, W;), wherz W;
is the weight fraction of ore having an average radius r o

The amount of CuFeSy dissolved from one ore particle of radius
rio during time increment Atj is given by

any = (3F), 24- (23)

The values of At; used in this numeric integration are sufficiently
small to obtain 4 stable solution that is independent of the choice of
At4. The new radius of the unreacted core of this particle is then
calculated from the relation

3A
("f )j e (“?)J " a?,,nﬁ; (24)

where ng = moles CuFe3y/g ore, The total amount cf CuFeSy dig~
solved per gram of ore particles of radius ry, during time incre-
ment Atj is given by

3wiﬁni
Anj = . (25)
T 40P

The incremental fraction of Cu.F‘eS2 dissolved during Atj is

An,
Be, = n_l‘ (26)
4 Yo

Finally, after each time increment, the total fraction of Cul"‘eS2
dissolved (o) and the time {t) are evaluated,

Before applying Eqs, {23)~(26), we will modify the basic rate
expression as given in Eqg. {13) to take into account two important
phenomena. Firat, to adequately describe the initial leaching char~
acteristins, consideration muat te given to the higher grade of
CuFeS, near the gurface of an ore fragment compared to the grade
within %he fragmeot., This is a consequence of the nature of prefer-
ential ore breakage along planes that are somewhat richer in
CuFeSg, The following model was found to adequately describe this
phenomencon. TFor an ore particle of radius rjg, let the region of
higher grade be equal to ihat volume cf ore contuined in an exterior
shell of thickness Ario such that the grade of Cnl‘esz in that region



be an arbitrary factor of 2 times the grade in the remainder of the
particle, Thia can be stated mathematically by the eguations

ZGO

G = v forr, > (rlo - arg) (27)
2- (1 - —LE)
T,
io
and

G,

G = for r; = (ry - &r ), (28)

=
2~ {1~ 9
io

where rj is the radius of the unleached core and G, ia the average
CuFeS2 grade of the whole particle,

If the shell thickness Ario is expressed as
Ar =pry, {28y

then the initial leaching rates for all experiments will be shown to
be carrelated by 4 = 0,004. This formulation ascribes a greater
enhancement of initial leaching rates for greater particle sizes,
which is consistent with the experimental leaching data.

Next, Eq. {13) must be modified to describe the enhanced leach~
ing rates that are observed in later stage leaching, which is partic-
ularly evident for Exp~L2 {figure 9). As explained earlier, the
enhanced reaction results from the generation of cracks and fig~
sures, which increase the effective reacting interfacial area. The
effect is illustrated diagramatically in figure 10, based upon visual
examination of ore particles removed from Exp-L.2, Pores and
fissures develop beyond the reaction interface into the core, The
general effect is very complicated, and detailed phenomenological
evaluation would be extremely difficult to build into any model.
Undoubtedly, variations in porosity and tortuosity occur concurrent
with an increase in interfacial area. Also, analysls of the data
indicates the effect is greater for larger ore fragments than
smaller ones. This is not surprising, since larger particles have
mare imperfections due to their larger volume, Also, larger par-
ticles must be exposed to solution longer than smaller particles for
the same extraction.
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FIG. 10, - Partially Leached Ore Showing Roughening of Reaction
Interface Caused by Preferential Leaching Through Min~
eralized Zones and Imperfections

The model would be more useful if one operating parameter
could be described to account for the observed variation in kinetics,
To do this we have assumed that regions of deep penetration may be
treated as an increase in area for diffusion equal to the increase in
area of the reaction zone for the chemically controlled part of the
process, This permits a single parameter to operate upon both the
chemically and diffusion-controlled processes. This was done by
allowing the shape factor (¢;) to vary systematically with ry
approaching some limiting degree of surface roughness.

It is assumed the change of ¢; with rj is proportional to the
interfacial area according to the equation

b, Arlz
F: roulilr el (30}
i 1

which gives, for the boundary conditions LA VIS when 4':‘ = ¢ic‘

o= [ - P



The differential rale expression then becomes

(S%)= frri Gy 1 . a2
VBT | ) () e

io 3 Tio i

A lower limit of 0,17 $jq was placed on ¢{, Smaller values would be
difficult to juslify, since gross decrepitation of the particle would
be expected. This lower limit of ¢; is equivalent to a sixfold in-~
crease in effective area before a steady-state area configuration is
attained.

Copper extraction curves based on Eq, (32) can now be calcu~
lated by numerical integration in the procedure described, The
value used for the oxygen concentration in tbe bulk solution (Cp) at
90°C and 400 pst is 2,05 X 10™° moles cm™d {8), There are four
parametlers independent of ore particle geometry, namely: 8 (the
chemical rate constant), Di/g (the diffusion rate constant), u [the
initial rate enhancement parameter in Eq, {20)], and A {the later
rate enhancement parameter), One set of these four parameters
was determined to be applicable to all five experiments: B =4
¥ 1076 cm sec™], Df/g = 2,42 X 1078 cm? sec*1, u = 0,004, and
A =0.15, The remaining parameter {bj5) is different for each
experiment because of difference in ore particle geometry, The
shape factor was normalized to ¢jq = 1 for Exp-L1, in which the ore
particles were closest to isometry, The ¢jo values for the remain-
ing four experiments were then empirically determined by trial
integration of Eq, {32} (40 = 0,75, 0.52, 0,26, and 0,70 for Exp=-L2,
-L3, -Ld4, and -L5, respectively). The final calculated leaching
curves are shown in figure 11 (Curve A) for Exp~L1, figure 12
(Curve A) for Exp~L2, and figure 13 for the other experiments,
Calculated leaching curves are also shown in figures 11 and 12 when
enhanced leaching rates due to change in ¢ are neglected (Curve B)
and when both that eifect and also the enhanced initial reaction rates
due to excesds surface chaleopyrite ave neglected (Curve C), Neg-
lecting the latter two effects for the smaller ore gizes in figure 13
gave little or no departure from the curves shown for the complete
calculation, This is impliclt in the model, and it accounts for the
lower probabllity in amall ore particles of elther having an enrich-
ment of chalcopyrite on their surfaces or developing an increase in
interfacial reaction area due to imperfections.

Discussion of Model

The model, as presented, is applicable to calculation of leach~
ing rates at 90°C for a wide range of ore particle sizes, The model
adequately describes both the initial leaching rates and the long~
term leaching characteristics, even after partial decrepitation of
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gration of Rate Equation for Exp-L3, ~L4, and ~L5

the ore particles, The only parameter that differs in comparing
data for the various experiments is ¢jo, The variations in ¢{o
determired by the preceding numerical aralysis are physically real
in that the variation in shape factors are clearly evident by physical
examination of the ore particles,

It would he desirable to extend the model to apply to tempera-
tures other than 80°C, Insufficient data have been obtained for ore
at various temperatures to determine temperature coefficients un-
ambiguously, The difficulty encountered results fram changes in
both physical end chemical characteristice of the syastem with tem~
perature, the major problem being the variation in the chemistry
and distribution of products of reaction, Much more must be
learned about the solution chemistry of the system at various tem~
peratures so that necessary pH adjustment may be made to normat-~
ize the physical properties of the system, However, the signifi~
cance of the constants determined at 90°C may be partially analyzed
and the expected effect of temperature on these constants
approximated.

Essentially, three guantities are temperature dependent: Cp,
B, and Df/o. The temperature depend of the solubility of oxy~
gen in water {Cyp) has been measured (8), The dependence of Cp on
temperature and pressure can be summarized from that data by the
following Henry constant (moles cm=3 psi~1) for T in °C:




7 8

=1,068 X107 - 1,168 X 107 T + 6,100 x 1022 172 (33)

ky

Next, it is possible to approximate the temperature dependence
of the value of B determined experimentally, aince 8 contalns the
chemical reaction rate constant and physical constants required by
the model. The reaction rate fonstant k(cm sec™1) is related to the
specific rate constant k' (sec™') by the equation

kp, )
W = Sk k', (34)

where S is the fraction of the suriace of CuFeSy that is chemically
active, M is the molecular weight of CuFeSy, and kg is the total
number of moles of surface sites per cmZ2 on the surface of CuFeSg,
The value of ko (moles cm~2) may he approximated hy

2/3 :
k= (%;-) (511)1/3 = 9.55x 106710, (35)

where N = Avogadro's number, From absolute reaction rate theory
(9), tbe specific rate constant k' is given by

ay® ast
T -
K= k—%— e BT JH, (36)

where kp = the Boltzmann constant, h is the Planck constant, AH* is
the enthalpy of activation and 4S¥ is the entropy of activation, For
condensed systems, Eg, (36) may be written in terms of the experi-
mental activation energy AE as

_ag ast

ekyT
kl:‘!ii' e BT E'R—_ @an

Also, for the model proposed, the entropy of activation would
be expected to be small, containing only vibrational degrees of free-
"m. Consldering AS¥ = 0, Eq, (14) becomes

3p,5M _ ekpT -p

g= Sko ~H—e . {38}

2
T Pp



According to Eq. (38) the ratio ésldp may now be evaluated as

AE
$-resx10!2 RT, (39)
P

where dp = copper sulfide particle diameter, _gp = 4,2 for chalcopy-
rite, pn = 2.6 for the bulk ore, and 8= 4 X 1070, It is necessary to
estimate reasonable limits on the value of §S/d,. Examination of
partially leached specimens indicates a sharp reaction interface
such that 6/dp cannot be much greater than 10. The quantity S is
the fraction of the cathodic surface of the CuFeSy, which results in
the reduction of oxygen. If the anodic and cathodic surfaces are
equal in area, S would be 0.5. It seems unlikely that it would be
less than 0.1, Using the limits 1< #/dp< 10 and 0.1<S < 1, the
range of values for &S/dy would be 0.l<65/dp< 10, This gives a
range of 18,0 to 21.4 kcal/mole for the value of AE, This is in
agreement with values previously reported (2,10,11) and lends
strong support to the validity of the proposed model,

Finally, we consider the quantity Df/oc, The molecular dlffusiv-
ity of oxygen in water (D) 1a 2,5 X 10~ cm? sec*1 at 25°C (12),
Although D is proportional to the ratio of absolute temperature to
viscosity in dilute solution at 1 atm (13), the actual value of D has
not been measured —nor can it be rellably calculated—for the con-
ditions of interest here (00°C, 27 atm, and solutions of relatively
high ionic strength), However, the overall temperature dependence
of D is indeed small compared with that of the chemical reaction
rate constant 8, and it can therefore be reasonably neglected. Thus,
the principal temp d dent parametera have now been
included in the model,

€ L

Further consideration of the quantity Df/as allows certain other
physical featurea of the ore to be addressed, The value of f
= 0,0109 canabe c;ll:ulu ed uslng the experimentul value of Dfjo
= 2,42 X 1078 ¢m< gec~1, together with D = 2.5 X 105 cm2 gec-1
and ¢ = 11,25 [Eq. (7)), The quantity i can also be expressed as

'
t=L, 140)

where {' is the effective pore area perpendicular to the direction of
diffugion and T is the tortuosity, Calculation of {' from the meas-
ured porosity of the ple and the vol fraction of tained
chalcopyrite then will ailow an estimation of T in the following way.
If 4 is the porosity, then /3 is the effective porosity in the direc~
tion of diffusion. The effeclive pore area perpendicular to the
direction of diffusion is then

re= (‘37’-)2/3 T, ta1)




where ¢ is the probability that a chalcopyrite particle is in the dif-
fusion path. This probability is related to the effective cross-
sectional area of total mineral and total porosity within a unit of

volume,
.. Go, 2/3
= ?‘F . (42}
Combining Eqs. {41) and (42) gives
Go, 2/3
e (.5_. @3)
fp

The value of f' according to Eq. (43) is 0,026 and is independent of
¢, which is true only if the mineral is essentially contained within
the pore network of the mineral, The calculated tortuosity accord-
ing to Eq (40) is thus 2. 33 This reasonahle result illustrates the

y of the prop hing model in terms of related
physical features of the ore.

Mixed Kinetics

It is possible to determine the relative importance of diffusion
and chemical reaction in the mixed kinetic model. For Exp-Ll,
diffusion becomes the predominant rate-controlling factor after
approximately 32 percent reaction at 80°C, The implications are
interesting in that for high degrees of extraction, the rate will be
controlled by the physical features of the rock and essentially inde-
pendent of the sulfide mineral types, For a given ore geometry and
physical make-up, the rational reactlon rate will be the same for
all copper sulflde minerals during the final (o> 0.5) stage of leach~
ing. The true rate would be modified by the stoichiometry factor o
and the variable effect of deposited salts. Sulfides requiring less
oxygen for an equivalent copper release would leach faster, since
the kinetics are related to oxygen diffusion. During the early
stages of leaching (o <0,5), the rate of release of copper will be
greatly dependent upon the sulfide mineral type,

Comparison With Other Leaching Models

The earlier model of Lewis and Bmun (2) for calculating leach-

ing rates was based on the ical rate for
oxidallon of chalcopyrite and on dimlsion limitations that were in-
tr d by of an 1 decrease of oxygen concentra-

tion as a function of distance into the ore particle empirically deter-
mined by preliminary ore leaching data, The present model is a
more rigorous treatment of the mixed kinetics, giving a better esti-
mate of the relative importance of chemical reaction and diffusion,



A recent model has been proposed by Bartlett (14) to describe
ore Jeaching, based on the continuity equation for oxygen within an
ore particle. His calculated lenching curve agreed with the data of
Exp~L1 {Bartlett's figures 5 and 6) only if the following changes In
rock porosily are Invoked: the porocsity, starting at 0,05, must
firat decrease to 0,03 at 100 days and then gradually increase there-
after, reaching 0,05 at 2 yeara, Such porosity changes, in leaching
ore at 90°C and pH 1.9, have nol been observed, Rather, the meas-
ured porosity remains at nearly 0,08 during leaching under these
conditions, 1In addition, Bartlett’s model does not ireat two impor~
tant ph h d Initial leaching rates due to relative
enrich of chalcopyrite near the ore surface and enhanced leach-
ing rates due to increasing interfacial reaction zone area in long-
term leaching. Our present model uddressea both of these phenom-
ena in a physically realistic way.

SUMMARY AND CONCLUSIONS

The mixed kinetic model proposed has shown excellent agree~
meat for laboratory leaching results for the ore type investigated.,
The model accounts well for such physical features as density and
porosity and contains kinetic parameters that may be extrapolated
to such ambient conditions as pressure and temperature, As a first
approximation, observed mineralogical make-up, both chemical and
physical, can be related to expected kinetic results, The following
are specific conciusions related to the San Manuel ore used:

{t) The rate of reaction is controlled by the rate oxygen dif-
fuges to, and reacts with, sulfide minerals within the ore
fragment,

(2} The reaction zone of the order of a few sulfide particles in
diameter moves through the ore fragment, accounting for a
systematic decrease in kinetics,

{3} Increased rates resulting from random penetration along
fracture planes or planes of mineraljzation are treated
succegsfully by the model.

~

{4) Measured kinetic parameters may be directly related to
physical factors such as pore volume, ore density, min~

eral density, tortuosity and surface roughness,

{5) Predictions regarding the effect of temperature may be
made, since ical and diffusional r tion rate con~
stants are included.

{6) Results for sized-particle 1ests may be npplicd direcily to
mixed-particle distr ! by of the proposed
model,
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