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bissolution.of sphalerite'ih ferricldhloride solution
. By Huai Su .
v ABSTRACT. -
The diséolﬁtion of 'sphalerite in acidic ferric chloride solution of pol-

ished flat surfaces and of spherical ‘particle surface was inVestigateda' Tests.

'were“conductéduon'séhaleriteAto study rate of dissolution by the effects of

stirring épeed,Atemperature;vferric and ferrous'conéentrations, purity, and
particle size. '

Kinetic investigations were conducted in a nitrogen atmosphere with tem-
perature ranges of 44°C to 90°C. The activation‘energy.for the dissolution
process is =11.2 + 2.7 Kcal per mole. _

‘ Thé kinetics show. chemical reaction' as being impbrtant at the .initial
stages of leaching, and ioh diffusibn thrdugh a product layer as being impor-
tant during the later stages of reaction. The mixed-control eéuation is an
excellent description of the rate of dissolution of a sphalerite particle.

| Ke=1- (-3 48 (1 -2/3Rr- (1-0)23)

where K, = dissolution rate, min.-1, t = leaching time, minutes, R = fraction

of-sphalerite cdnverted, %, B = constant.for mixed=-control model.

" The basic kinetic data of'thiS‘investigation'could bé,applicablevto-engi-

‘neering design of the leaching process.

INTRODUCTION
Direct leaching of sphalerite and other sulfidés with ferric ions. has been .
extensively studied (Dutrizac and MacDonald, 1974). Ferric sulfate and ferric
chloride are two of the most important leaching reagents for supplying ferric
ions. Ferric sulfate reagent is naturally‘occurring and cheaply produced; fer-
ric phloride has been tésted fréquently and was recognized to be stronger than
ferric sulfate (Jones and Peters, 1976); |
Brown and Sullivan (1934) reported ‘that ferrlc chloride is a better leach=-

ing agent than ferric sulfate in the dlssolutlon of chalcopyrlte concentrate.

. At lQOOC, 18 percent of the copper was extracted in 3 hours by a 5 percent fer-

ric chloride solution, whereas only'4'percent copper extraction was achieved by
an equivalent ferric sulfate solution under the same conditions. Haver and

Wong (1971) studied the dissolution of.chalcopyrite concentrate by conc¢entrated
acidified ferric chloride solutions. At 106°C, copper extractlons in excess of
99 percent were achieved within' 2 hours. Parabolic’ klnetlcs were reported and:
was attributed to mass transfer durlng the leachlng of ferric ions through the
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coﬁstantlyﬁthickening sulfur layer.' Ferric chloride leacﬁing stedies haQe'also
been successfully conducted on-etibﬂite.(Sb283) by Tugov and Tsyganov (1965),
on tetrahedriﬁe.ﬁy Carey (1971), and on galena by Murray -(1972). '

' The dissolution of sphalerite or zinc sulfide by ferric ions in the tem-
perature interval 80°C to- 100°c was studied by Kuzminkh and Yakhontova (1951).
The overall reactlon ise _ ' ‘ '

ZnS + 2Fe(III) Zn(II) + 2Fe(II) + s° ' (1)

The initlal dlssolutlon rate was directly proportional to the concentra-
tion of ferrlc ion. The rate increased with increasing ferric ion concentra-
tion ro a maximum ef two.to three times the stoichiometric requirement. There-
fore, edditional increase in ferric ion concentration did not affect the rate.
The overall kineties and rate-~controlling process appeared to be diffusion of
ferric ions. | ' .

‘ Ablanov and others (1961) and Ermilov (1961) reported that with production-
of'elemental sulfur sphalerite was readily soluble in acidic ferric chloride
solﬁtions..‘ErmilQQ's results showed thatea 150-percent theoretical excess of

an acidic ferric,chloride solution containing 100 g/l,ferricvionsfand 50 g/1
ferrous ions gogid.extract more‘rhan-ss percent of the zinc from a sphalerite-

: bearihg“pyrite‘ore. ' . .

Zapevalov and Vygoda. (1964) found that zinc sulfide could be readily
leached from matte in 1-2 hours at. 100°C using solutions containing 50 to
100 g/l FeC13f The addition of xylene to. the ferric chloride leaching solution .
permitted. the simultaneous extractions of the elemental sulfur formed during
leaching. A 20 to 30 percent excess of ferric ions was desirable.

The foregoing discussion shows. that sphalerite can be readily dissolved
under certain conditions (Beckstead and others, 1976, and Jan and others, 1976).
However, few kinetic studles of sphalerite dissolution are reported. The
objectives of these investigations were:

l. ' To study the important factors involved in the leaching of sphalerite by
ferric chloride, such as temperature, ferric ion concentration, particle .
size, impurities, and stirring'rate. |

2. To ascertain whether the rate-determining step is'the diffusion of ferric
1on or products through the porous- sulfur layer, the chemical reaction

at the liquid-solid 1nterface,»or a combination of these rate-determining

steps. | . v /

Acknowledgements.--The author ‘thanks Professors Gene E. Bobeck and C. M. wai of

University of Idaho for their critical reviews for this report.
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STRUCTURE AND PROPERTIES’OF'SPHALERITE

In sphalerlte crystals the bonding. lS predomlnantly covalent where two
elements, Zn. and S, form tetrahedrally distributed orbltals of -the hybrid sp3
type. The structure can be compared to two 1nterpenetrat1ng face-centered
lcublc lattlces w1th sulfur. atoms ‘centering on.the points of one and zinc atoms
~ on the other. Each 'zinc atom is bonded by electron palrs to each of four sul-
fur atoms, and each sulfur atom is in turn bonded to four mneighboring zinc
atoms (fig. 1). The ratio of valence electrons to atoms is 4:1. This ratio
favors the stability of the tetrahedrally coordinated sphalerite structure
(Bloss, 1971). | -

Sphalerite, as it. occurs. in.nature, varies widely.in‘celor and appearance,
depending on "the identity and amount of'impurities present. .Color ranges from
white,in the pure state to yellowish brown to deep b;ack as the amount of iron
increases»v Marmatite, (2n,Fe)S, contains up to 20 percent of iron and is dark
brown to black. The specific gravity of sphalerite is about 4.0 to 4.1. The .’
composition of purefsphalerite.is 67 weight percent zinc and 33 weight percent
sulfur; In nature, sphalerite always contains iron which.occupies the sites.of
zinc ions in the iattice; Manganese and cadmium are usually present in. small
amounts in solid solution.. W e | o |

Sphalerite, the most‘cemmon mineral of zinc, is found in centact metamor-
phic deposits wherefthe.sulfide:ores have been derived from an igneous intru-
sion and deposited.by replacement in adjacent rock. It is.also found in veins
in eruptive and sedimentary rocks. Of the two types of zinc sulfide, sphalerite
is the one which is formed below 1,020°C, and wurtzite is the stable one formed
at higherltemperatures. The difference between the wurtzite and sphalerite
structures lies in the arrangement of the sulfur atoms, which in wurtzite cor-
responds to a hexagonal close-packing of spheres and-in Sphalerite corresponds
to a cubic close-packing of spheres.

| PHYSICAL CHEMISTRY CONSIDERATION o
‘Thermodynamics

The standard free energy (8, 19), ZQ;G°, change ‘for the reaction (1)
between sphaleritefand.ferfic‘chloride solution at 25°C'can.be calculated ae
follows: . | L |
- 'Zns (s) + 2Fe (III) (aq) = Zn(II)‘ + 2Fe(II) (ag).  + S° (s)

A\ G° ='-97.88 +2(~81.59) + 0 - (~48.11) - 2 (=95.2) = ~22.6 Kcal/mole



FIGURE 1,--DIAGRAM SHOWING TWO U'\JIT*CELL IN THE STRUCTION OF SPHALERITE, .
IN EACH UNIT,” EACH ZINC ATOM 1S BONDED. BY ELECTRON PAIRS TO
EACH OF FOWR SULFUR ATOMS,



' The reaction.will be thermodynamlcally 90531ble from left to rlght,

‘~because the value of the free energy ¢hange is negative. The equilibrium

constant, K, can be calculated accordlng to the follow1ng relatlonshlp
zﬁ;c° RT 1nK = ’ (@)

where' ' K: =.(aFef+)2(eZn+f) (eSo) / (aggt+t). 2 (agng) ‘

and-"a" is activity. ' . .

“The activities of sulfur and sphalerlte are taken as unlty.- The equilib=
rium constant, K, calculated w1th the use of Equation (2), is about 1016, an
equilibrium constant of. this magnltude indicates that reactlon (1) should be
‘nearly complete at 25°C.for.any.51gn1f1cant concentration of Fe (III). The
‘rapldlty ‘'of the reactlon is a kinetic problem discussed later in this report.

Electrochemlcal Reactions .

The leaching of sPhalerlte in acidified ferric ion solution can also be

exptessed_ihAterms of.oxication-reduction half-cell reactions. Reactions occur’

at the anodic side (Latimer, 1952):

Zn + 8§77 = ZnS + 27 E° = 1l.44 volts
Zn++_+'2ef’= Zn N  E° = =0.763 volts
+ S8° + 27 =8 E° = =0.48 volts
s°  + Zn**t + 2™ = ZnS E° = .0.197 volts
or zns = 2zn™ + 27 + Se E°

red. = -0.197 volts

Reactlons occur at the cathodic side:

4 2e” = 2re™t E°o¥‘= 0.771 volts

For the reaction between ZnS and Fe*** the overall electrode potential is

2Fe

obtained as follows:
- E°;311 = E°ox. * E°predqe = 0.574 volts/mole

A change in electrode potehtial, E°, results in a change in the free
energy,Z§§°, of reaction by nFE° per mole, where F is the Faraday constant and
n is the number of electrons transferred. If tﬁe concentration of ions involved-
in the.electrodelreacticn_is assumed to be atzunitiactiﬁity, then the  equation
is: ) . . t

/\G® = -nfEe = -23060 x 2-x 0.574 = =26.5 kcal/mole |

This value is. close" to the value, =22:6 kcal/mole, which was calculated

from the free energy change for reaction (1). '
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Pourbaix Diagram

The leachlng of sulfldes ls similar to the corrosion process in whlch the
reactlon of a sulflde with ltS env1ronment results in the contlnulng destruction
v'of the sulflde. Pourbalx (1966) developed a graph1cal~means for displaying the’
'domaln of phase stablllty in terms of voltage and pH for each spec1es in a :_
leachlng.system-at flxed composition. Changes in the concentration of the con-
~stitdent5»causedshifts in the positions‘of the lines in the diagrams.

'The.dérlvation of Eh-pH diagrams is based -on the general reduction equa-
tioh in'aqueous solution (Wadsworth and'Malouf, 1972a): A

aA + bB + mi ¥ + ne~= ¢C + dD. (3)

where A oxidized species

jreduced species

B &D = aux:.lJ.ary species or water _
The electrode potentlal for Equation (3) can be written:
2. 3RT - 243RT

(m/n) pH -
nf nf

Eh = E° - log(aSad/adsD) (4)

where £ is'the>Faraday_constant. _ _ _

: ‘ Onﬁthe'diagram)‘the‘slope is proportional to-(. - %). Thus, .when "m" is -
zero, the line‘isehori;ontal; when "n" is zero, the line is vertical.

Figure 2 shows. the Zn-H50-Fe-S system. This diagram is based or the con-
eentrations‘uSed in the'presentvleaching‘experlments.. The concentration of
iron is 0.25 molar1and.of zinc ion, 0.05 molar.. This diaétam is incomplete but
indicates the most important domains in which the. species at 25° at a given Eh .
and. pH are. thermodynamlcally stable. , ' :

The dlagram graphlcally describes which pH values could result in the pre-
cipitation of certain species. The pH can thus be controlled_durlng subsequent
leaching experiments. The numbers in parentheses on . lines in figure 2 corre-
spond to the chemical reaction equation number shown in "Calcolation of Eh-ph
diagram of sphalerite.” For example: lines (1) and (2) in figure 2'iadicate
that water is stable only within certain llmlts of oxidation or reductlon
’ potentlal, oxygen or hydrogen belng evolved when these are exceeded. The-

‘upper limit of ‘water stability can be- calculated- on the_ba51s of the reaction
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2H,0 = 0, + 4Hf + 4e” . at 25°C

and- gy = 1,23 + 0.059 log ()4 (Po, ) with E° =1.23 volts
. _ -

Assume- P02 1 atm, then

"Eh. = 1.23 = 0.059 pH.

The lower llmlt of water stablllty if- obtalned 51m11arly by u51ng the half-

cell reactlon

2wt 4 2e7 = m, E = 0 -
Thus Eh = 0 + 0059 log(H+)2 = 0 - 0.059 pi

‘ When ZnS leaches in the presence of Fe(III) ion solution under acidic and
.; OdelZlng condltlons, elemental sulfur will be formed.‘ Further, sulfur will be
oxidized to sulfate according to the reaction, S° + 4H,0 = SOA" + 6e” + sHT
(line36).‘-But:dnder non-oxidiziﬁg conditions fhe.eiemental_Eulfur-will become
H,S according.tofthe reaction, H,S = S° (c) + 28T + 2~ (line»8). Sulfur is
also unstable in the presence of alkaline solutions in which it tends to form
HS™ and SO_4 T (fige 2). Hence the stability domain of sulfur enclosed by
lines (5), (6), (9), and (8), is roughly,trlangular-and very narrowe.

The stability doﬁain of ferric ion is also in the acidic region. The
boundery line (15) between Fett* and;?eOH++ in fiéure 2’ is according. to the
reaction, rettt + H20'= Feor™ + uY. The Feor'™ will deposit as Fe,05 as the
pH of "solution is raised to 2.4 (2FeOH++V+ Hy0 = Fe,04 +~4H+).. The precipita-
tion of‘Fe203 is undesirable in the 1eaching system. The pH.of the solution
must be kept below 2.4 if- precxpltatlon of Fey03 is to be av01ded.

Zinc ion is stablerbetween pH range 0 to 6.6 as shown on boundary line
(13). Above pH 6.6 it precipitates as 2Zn(OH)3. The system will naturally
assume interparticle potentials in the range of stability of all ions zn**,
Fet*t, ret*, ana se. :

| | _REVIEW OF KINETIC MODEL

The dissolutioneof zino sulfide particles in acidified‘ferric chloride
solution is assumed to be.a,heterogeneous prodese‘involvingsmass transport
of ferric ions, ferrous ions and zinc ions,-ahd one or more interface reac-

" tions. Thejreactionoie irreversible’thermodynemically ahd it proceeds in a
topochemical manner. - That 1s, as the reactlon contlnues, a progre551vely
thicker outer shell of elemental sulfur is formed, while the inner -core of
unreacted-sulfide~decreases,4 lefusion of ferric” ion-and'ferrous ion’ through

8



“the porous- sulfur -layer .is. requlred for continued reactlon. The solid product
sulfur layer is assumed to be of uniform thickness from point to point over the
surface of the partlcle.' The thlckness of -sulfur is dlrectly proportlonal to
the quantity of 21nc ions whlch have been produced._ o

_ The overall reactlon process may be ‘broken down into steps, some of which

are as’ follows (flgure 3):

1. Transport of reactant, ferric ion, Fe(III), through the llquld fllm sur=
rounding the partlcle to the surface of the solid.

2. Diffusion of ferric ions. through the liquid contained in the pores of the
product sulfur layer to the 2ZnS/S interface.

3. Chemical reaction at the liquid~zinc sulfide or S/Zns,interfacevwhich _
results in consumption .of Fe(III) ion. and generation_of sulfur and Fe(II)
ion; at the same. time the 2nS core is consumed. ChemiCal reaction at the
sulfur-21nc sulflde interface may include steps of- adsorptlon, electron—
transfer reaction, and desorptlon. ‘ '

4. lequlon of soluble products of the reactlon, Fe(II).and 2Zn(II), through
the porous sulfur layer.(Bartlett, 1972).

S.. Transport of soluble products away”from the solid—liquid‘interface.

The five main steps shown above occur in series and each offers some resis-
tance to the overall rate of the process. ‘Thus, their effects are additive, in
analogy with the additive nature of electrical resistances in series. If the

‘-resistance offered by one step-happens to be much greater than the sum of the

‘,other steps, then thatvcorresponding step is said. to be the rate-controlling

step. . The relative importance of these various steps may change continuously .

durlng the reaction for any given conditions. At_tlmes,.some of these,steps

do not -exist.  For example, when the stirring rate was~rapid'enough tO'reduceA

the thlckness of the stagnant lquld film surrounding the partlcle to a mlnlmum,

the contrlbutlon of steps (1) and (5) are minimized.

The five steps may be described mathematically with the -following assump- -

tions (Levenspiel, 1972): | ’

(1) The partlcle is assumed- to be spherlcal and it retains lts

- orlglnal dlmen51ons durlng the entire dissolution process.

(2) The reactlonlproceeds spherlcalfsymmetrlcally and 1rreversxbly..

,(3) The fluidfsolid reactions are.noncatalytic reactions. |

(4) EThe reaction.occurs in a'pseudo—steadyfstate condition over. any

small period of time, i.e., the three rates—-diffusiontof ferric

9
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~ INTO THE SOLID PARTICLE.
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- ion:through the liguid film, diffusion through the sulfur layer,
- and ‘reaction.at interface--are identical. '

As previouély mentioned, the overall reection involves. mass trahsfer
across the llquld boundary layer, transport across the sulfur layer, and chemi-
' cal reactlon at the lnterface.< Three models for mathematlcal rate expressions
are now summarlzed under the rapid stlrrlng condition: '

1. Model Based on Control of Reactlon Rate by Rate of lefu51on Through

Sulfur Laver (Levensplel, 1972).

The'dissolution of sphalerite in acidic ferric chloride'solution, produces
vsulfur'which'forms on the surface of a particle. The sulfur leyer is porous,
permlttlng the dlffu51on of ions to the particle surface. The kinetics are
controlled by. the transport of ferrlc ion and products of 21nc or ferrous ions

through the porous sulfur layer. The rate expression is. derived as (5):

Kt =1-3R- 1R
where . ' .
T ZbMD‘eCfs ‘
Xp =
rsz

‘volume of unreacted core

“l.-

R = fraction reacted i
: original volume of particle

I
}—l
[
—
ot
R

ot Radius, of original particles, cm

re:  2nS core radius, cm .

' Cegt Concentration of re™" ion in sulfur layer or mineral surface

b:  Stoichiometric Coefficient

D : Effective diffusion coefficient of ions in porous medium, cm? /min-
L Parabolic rate, m.'m"'l | - | |
M: Molecular weight of the partlcular sulfide mineral
Py: -DenSLty of sphalerite ‘
t

HE Time, min'

11



2. ‘Model Based on Control of Reaction Rate by Rate of Chemical Reaction
.(Levensplel 1972). - ‘
In this model, - the rate of consumptlon of reactants,. Fe(III), and forma-
tioq of product sulfur layer are proportional to the area of the unreacted
core: of the particle.AsThe progress-of feaction is-unaffectedxby the presence.

of any product layer. - The rate expression may be written as:.

Kt=1-(-)¥ (e
where - N L ‘
MbKCCCfC ’ -1
Kc = «————— with the dimension t
Pzlo

‘Kget Chemical rate constant
; Cfé:‘ Conceﬁtration of Fe+++ ion at unreacted particle core

Kci' Chemical linear . rate, min~ 1

3. Model Based on Control of Reaction Rate by Both Rate of Diffusion and Rate

'

of Chemical Reaction.

Equations (5) and (6). were developed on the'assumption that a single
- resistance controls the'rate of dissolution of a particle throughout the course
of the3process. However, the relative importance of the liquid film, the sul=
fur layer and the lnterface steps may vary as the reaction progresses. In gen—
eral, then, it may not be reasonable to consider that just one step controls
' throughout. the reaction.

A mixed-control equation (Cordell, 1968; Habashi,'1970; Levenspiel, 1972;
Lu, 1963; Wadsworth and Malouf, 1972b; Wen, 1968) was derived assuming at the
pseudo-steady state that the rate of chemical reaétion at the interface is of
equal magnltude to the rate of dlffu51on through the sulfur layer. The reac=-

' tion rate w111 be expressed as:

MchcDecfS' . Kec ' . D
. .

] o ,
. - N-2r-1-0%%+ —a-a-n0¥ ™
p,rS o2 _ To

The equatlon shows that both the chemical reaction at the surface of a
partlcle and mass transport of ferrlc lon through the sulfur layer contribute

to. the overall rate during the reactlon.
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EXPERIMENTAL APPARATUS AND PROCEDURE

The leachlng experlments were conducted in the reaction flask at tempera-
tures:ranging from 44°C to’ 90°C. The equipment was maintained at a ‘constant
‘temperature whlch permltted the w1thdrawal of solutlon samples at defined ‘

- intervals... _ . ‘ | :

| The samples tested were- sphalerlte flotatlon concentrates- obtained from-
ka£.'Joe ‘Minerals (Balmat, New York), from-U.V‘vIndustples, Inc. (Utah), and
froﬁ;ASARCO.(Colcrado)a' Some experiments we:e'conducted by asing the polished
surface'of pure sphalerite crystals and ore samples which were cut to about the
'size of 1/2 inch x 1/2 inch x l/2 inch. '

The sphalerlte concentrates. were gray in- color. They were screened and
washed in acetone to remove slimes and then drled overnight for experimental
&ork.'ShOWh-initabletl‘iS'the assay of the sized fraction of the three zinc
concentrates by Perkin-Flmer Model 303 atomic absorption.

Deionized, distilled water was used in alibexperiments. Concentrated
(38%)phydrochioric acid was used to acidify the ferric chloride solutions.

' Reagentgrade<ferric.chlorideihexahydrate (FeCl3.6H2b) was used to compare the.
leaching solution. - |

The leaching apparatus con31sted of a l-liter Pyrex reaction flask'

(fig. 4). The flask was heated 1n an oil bath, the temperature of which. was
controlled within about '+ 1.0°C. The reaction flask was fitted with a Pyrex
glass 1id that contained three circumferential, uniformly spaced, standard.
taper ports, and one centrally-located, larger standard-taper-port. One of phe
three ports was fitted with a reflux condenser which was used to keep to a min=-
imum evaporation losses within the reaction flask. Another of the small ports'
- accommodated a 0° to 1l0°C thermcmeﬁer that measured the temperature within

4 1l.0°Ci This opening'also served as the charging port for inserting:the leach
sample or as the sampiing port fc; remoVing samples of the leach solution.  The
third small opening served as phe inlet port for the flowing nitrogen gas atmo-
sphere maintained over.the‘system. The center pcrt‘accommodates a glass impel-
ler with Teflon paddles which extended down into the leach solution. The
'impeller'was-driven*by a variable speed motor. The rate-of revoluﬁioh'was‘
estimated by means of a stroboscobe‘and was held to + 15 rpm by the control on

the varlable speed motor.

13
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Table l.--Chemical analysis of zinc concentrate

(=100 + 150 mesh), wt%

Zn ‘Fe - cu Pb. °~ Ca '¢d ° Ag Sb’ _ Mg
(1) 61.500" 5.170 .0.130 d,450{"0.3so ~0.150 0.002- 0.045 0.180 67.98
'(2) 54.160 6.250-Al.130"3.030-,0.200 0.320j‘o.014 0.044 0.040 65.19

(3) >44.330 '8.060 0.460 0.460 0.260  0.200 0.014 0.560  0.170 54.51

{1l) St. Joe Minerals (Balmat, New York)
(2). U.V. Industries, Inc. (Utah)
(3) "~ ASARCO (Colorado)}.

A standard leach procedure was followed: v

(1) Thegconcehtrate:Was:sized, acetone washed, and dried overnight. . For sphal-
eérite crystals itvwas mounted in a l-inch. Bakelite ring with epoxy, and
polished-for'leaching tests.

(2) 500 ml of a known concentration of ferric chloride solution was placed in
the l-liter reaction flask; the pH of ferric chloride solution was kept
belcw’2.by_edding,20 ml of concentrated HCl pef liter. of solution before
it wés-plaéed:inﬂiheAflask.

'(3)- The reaction flask was placed in the oil bath and heated to the desired

‘ temperature. A sample.of concentrate of desired. weight (1, 5, or 0.5 graﬁé)‘
was. placed iﬂ'a-test tube and preheated in the oil bath. Prior toiheating-
the reaction flask,'nitfegen Qas bubbled through the solutién for about
10 mihutes;- The flow of nltrogen was stopped durlng leaching to avoid
temperature changes inside the flask. - '

(4) When the desired reaction temperature was reached, the preheated concen-

-trate>sample was put into the reaction flask and the mixture was stirred:
- at the desired speed. ‘ _
{5) . Approximately 2 milliliters of solution was. withdrawn with a pipet, during
the experlment, 1 mllllllter was used for chemical analy51s, the other was
‘set aside for rechecking- the results., The time 1nteryal~for sampllpg was
about lorto 60 mlnutes, dependlng on need. The calculation of concentra-'
tions of the sample solutlon was based on the. volume of solution in the

reactlon flask at the time of the sample was withdrawn.
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| EXPERIMENTAL RESULTS AND'DIscussiON

‘L,Investlgatlon was conducted to determlne the rate of dlssolutlon of sphal-
erlte in. acidified. ferric chlorlde solution. and the effects of the variables
of temperature, partlcle sxze, ferrlc and ferrous ion concentratlon, agltatlon
rate, ‘and. purlty. | _ '
' "' j St01chlometry of Chemical Reaction
‘ The initial experlments were directed toward checking ‘the’ st01chlometry of>
‘theuleachlng reaction (1). .The results to~be‘dlscussed.are;based on- the exper-'
imental observationsvof the iinc concentrates supplied by St. Joe Minerals,
Balmat, N.Y. The concentrates were leached in acidfied ferricichloride solu=~
tions at 87°C for varlous perlods of time. The leachlng was protected from
oxidation by‘an atmosphere of nitrogen.. Typical dlssolved z1nc and the forma-
tion of‘ferrous-iron-versus time curves are given 1n'f1gure‘5. ‘The ordinate
on the left side of ‘figure 5 gives the concentration of zznc ion in solution
"at time, t, and the-ordinate axis.on tiie' right gives: the ferrous ion concentra~
tion converted at time t. The agreement between the two.rate curves is good.
The ratio of ferrous ion to zinc ion in the solution was approximately 2
(table 2)1; The'products:and their amounts-were consistent with: the following
stolchlometry- . ' )

ZnS + 2Fe(III) — Zn(II) + 2Fe(II) + S° ~ (1)

Thls conflrms the results of other investigators (Dutrizac and MacDonald 1974;
Ermllov,.1960;‘Murray,;l972) who reported that'a metal_sulflde, immersed in an
acidifiedlferric ion solution, often produces elemental sulfur and very little
sulfate. ' |

Murray (1972) studied and reported that both the: galena {PbsS).- and sphaler-‘
ite (ZnS) react with acidified ferric chloride solutlon producing elemental
sulfur and the ratio of ferrous -ion to metal element was.approxlmately_Z, .

- The microprobe analysis was also used to examine;the sulfur layer growth
allowing.for leachlng time for the leached flat surface of sphalerite crystal.
h The spec1mens were examlned by SLmultaneous two—elements. spectral scanning for
S.KC* and-Zn Ka&under the. focused electron beam on the.carbon surface of the:
specimen. -“Figure 6 shows the X-ray intensity across.the.sulfur layerlprofiles
for zn Ko and S ch for three leached samples. The"samples were“leached 2
hours, 5 hours, and 8 hours, respectlvely, in 0. 25 molar of ferrlc chloride
'solutlon at 70°c.¢ Correspondlngly, the thlckness of. sulfur layer is 0.8 microns,
5.6° mlcrons, ‘and' 8.8 -microns. The- thlckness of the sulfur 1ayer (flg. 6) was
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.measured by the gap between two X-ray profiles; S Ky and Zn ch,vw1th the:
scale of 16 microns per inch of chart paper. These two X-ray profile lines
were scannedps1multaneously a;ross the snlfu:.layervby moving the sample 16 -
,micronsfpe: minute which is equivalent to 1 inch on the‘chart_paper. The moving
.stage-is a»calibratedumqtorized gear, operating at 16 microns per minute. The
two peints for measuring'the thickness of the sulfur layeriareﬂchbsen at the.
) place where these two X-ray llnes are roughly parallel, representlng each of
the. two llnes scanned over the. spec1men ‘at- the same spot and at the same tlme.3
The gap also includes the amount of offset of two pens, about 1/20 inch, which
must,he;corrected in the. thickness measurement. The thickness measurement is
an app:oxinated'value,'because it may contain errors en the position of spectro~
" graph linespthat<are deviated due to the roughness of the sulfur surface. The
peakstand~nalleys.of the intensity profiles'shown in figure 6. are also caused
from roughness:of the sulfur surface, that presumably was made during the pre-
paration‘of‘the specimen. However, figure & is for demonstrating the sulfur
1aye:.growth»with:the leaching‘time} Accurate measurement of the sulfur-layer
thickness was not required in this study.
. ) "Rate Dependence on- Agitation .

In the absence’of agitation the dissolution reaction_proceeds very slowly
and appears tolbe,controlled»by liquid diffusion. Such a process follows the
rate law;controlledwbyhmass transfer through the liquid boundary film.

De ’ o .
Rate = — x A x Cyy o _ , (8)

é-

cfl : . Concentration of Fe+f+ ion in solution

where

‘A : Area, cm? ,

' Inasmuch as the thickness of the liquid boundary, é ', decreases with
increaSLng speed of stlrrlng, the rate of dlssolutlon increases as a consequence.
Table 3:shows the results of a series of tests run at. different stirring speed
~ settings which are plotted in figure 7. At-speeds belon 300 rpm, a straight
line was obtained by plottlng the logarlthm of rate constant, Kc, against the
logarlthm of speed of stirring. It is evident’ from figure 7 that the dlssolu— .
tion rate increases with increasing stirring rate up to about 300 rpm. ht
speeds be10w 300*rpm, Reaction (1) is controlled'liquidéfilm.diffusion and the-
rate can be: usually expressed as a functlon of. speed of stirring as follows:

Rate of dlssolutlon ~~ (rpm)a
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Table 2.-- Stoichiomettic‘requirement of Fet*t* for sphalerite dissolution

"reaction
Sample © Time A . Digéolved-2n++ : Fe++“idn$ fofmedf' Fett/znt+
- No. . - (min.) (g) . (g).
1 5 0.9 © 0.420 . 7 2.35
2 10 . - 0.328 : 0.387 . 1.18
3 15 - 0.400 0.632 1.58
4 20 - 0.495 0.755 ©1.53
5 30 - 0.710 1.041 | 1.47
6 40 . 0.873 1.408 1.6l
8" . 60, 1.186 1.959 . 1.65
9 80 1.316 2.670 S 2402
10 - 100 - 1.530- : 2.687 1.76"
1. 120 - 1.587 3.282 2.07 .
12: - 140 1.763 3.174 . l.80°
13 150 . 1.854. 34327 1.77
14 - 160 1.802 3.300 1.83
15 170 - 1.705 3.200 1.88
% - . 180 . .1.925 3.550 1.84
 Average--- 1.1l . 212 ) 1.91

* Ferrous ions were determined by'the‘method of dichromate titration
(Kolthoff, 1957). '

where a < 1. The wvalue 6f "a" obtained.by piot#ing,the logarithm of rate of
dissolgﬁion against the ;ogarithm of'sfeed of stirring (fig. 7) is 0.75 for
liquid diffusion. — -

. . Above 300 rpm, the prbcess is iﬁdependent-of the- speed of stirring and is
no longer controlled-by diffusion of a reactant or product through the liquid
boundary layer. The rate determining step will then be either chemical reac-
tion at the sulfur-sulfide interface, or diffusion through thé sulfur layer,

or a.combination of these. .
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Tableﬁ3.é-Kine£ic?data-of\Sphalerite dissolution at different speeéds .
Particle size -100+150 mesh, Fett+ 0;205‘@olar,

yTempefature'S7°C,<Sample source: St. Joe Minerals Co.

Test No . Stirring speed. Kinetic rate: Leaching time.
Co " (rpm) . _ (Kc,,min.—1) (min.)
R-1 460 ©0.67x1073 . 180
R-2 - 425 . - - 0.73x1073 180
R-3 360 0.56x10™3 180
R-4 155 : 0.49x10-3 180
R-5 185 . 0.55x1073 - 180
'R-6 . 295 0.75x10~3 180
R-7 " 360 0.68x1073 180
R-8 . 80 © 0.16x1073 180
R-9 170 . 0.31x1073 180

“R=10 0 0.09x10~4 180

In all subsequent experiments the stirring speed was set about 360 rpm so
that the liquid dlffu51on resistance was minimized through the stagnant layer.
immediately- surroundlng the partlcles._ '

' ' Klnetlcs—-Controlllng Step of Reaction '

‘One possible objective of kinetic studies of a dissolution reaction of
this type is to determine-which steg or steps- are rate eentrolling. .Some»pos-
sible Stepslin'the reaction are (1) chemical reaction at the liguid-solid
interface or at the-selfurfSulfide interface and (2) the diffusion of products
or reactants through‘the sulfur layer. A typical example for:illustrating the.
reaction steps-is'shpwn'in figure 8; the curves are given for. zinc concentrate
leached at 87°C and 360 rpm with ferric ion concentration of 0.25 molar. Two -
functions, [1-(1-R)}/3] in Equation (6) ana (1 = Zr-(1-R)2/3] in Equation
(5),‘are plotted against the reaction time, t. These two functibns relate the
fraction reacted, R, as a function of time, t, according to two different
models. ' o '

. In figure 8, it ean be seen that neither gives a straighteliﬁevrelaﬁionship
throughout the dissolution process. Below about 60 percent completion, the data
ere linear with-reSpeeﬁ.to‘thevchemical control model, whereas;above,60 percent.
completion, tﬁe deta Ere linear with respect so'the diffusion control model.

Verlflcatlon of the poss;ble change in the rate determlnlng step durlng

the leachlng process ‘may : :be obtalned by determlnlng how the dlssolutlon of
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concenfrates-is infldenced by particlé size. As discussed in previbus sections,
for the. chemical control models,‘time;and_fréction reacted'are-relatedvaccording

to Equation (6). - ’ 4
S bkeeCeiM 1 :
1-(1-R)V/3 = _x __xt .
_ ) . , Py - = I A o (6)
Rearrangement’qf Equatibn,(s) gives.in logarithmic. form:
” ' . ‘log t ='Log A} + log rg-
where S ' o o '
1. (1-mt3
Al =

_ bKoeCeiM
or log t w~ log ry .
A plot of log r, vs log t will give a slope of one. Similarly, for the

diffusion éontrol'model, the reaction rate is given by Equation (5):

23 2DMDeCes 1

1 - 2R - (1R)
o : P, . I,
Rearranging and takiné logs gives:
' log t = iog Ay + 2 log ry

Qr" log t &~ 2 log ry

where
Lo 2/3
C ) 1 = 2R = (1=-R)
AZ = . Pz~ X 3
ZbMDecfs, 1

A slope of log ry Vs log t will give a slope of two.

A series of éxperimenté was ruﬂ for different particles.éizes, (=28.'+ 35
mesh; =35 + 48 mesh, -48 + 65 mesh, =65 + 100 mesh, =100 + 150 mesh, -150 + 200
mesh) under the same leaching condition. The timebneeded.td'achievefthe‘same _
fractional conversion: for éach'particle'size-was_plottedfagainst particle size;
log fo' Figure 9 and-tab1e~4vshow the results. of these experiments. The five
lines each represen; a constant value of R, the fracfion reacted for a series
of particle sizes. The slope of the line R = 20% is about one, and the.sloée
-of the line for R = 95% is slightly greaterithan two .

, The slope changes continuously from about one to ‘about two. This may be.

interpreted that Reaction (1) is controlled by a combination of the ﬁwb models.
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Table 4.--Regressxon Analysis of log radlus of mlneral particle. and log time
in leachlng

Run No. .Particle,SizeA Radius Log Time Required for Different Fraction R%

{mesh) " (cm)  20% _ 50% 80% . 90% 95%
R=51 -~ =38%35. ° 0.02515. 1.81 .  2.40 3.06  3.51 . 4.23
R=52 ~ . =35+48 = 0.01780 1. 70 2.30  2.81 2.97 " 3.06
R-53 . -48+65 . 0.01255 1.56 2.06 2.52  2.74 2.76
R-54 ~ =65+100.  0.00890°  1.30 . 1.93 2.36  2.53 - 2.55
R-11 - =100+150  0.00625 1,30 - 1.78  2.32 2.48 2455
R-55. - =150+200 0.00445 . 1.00 -~  1.57.  2.00 2.18 2.30
Regression coefficient=-=-=-= = 1.05 = 1.11 . 1.32 = 1.60 2.16
Constant term-;--e---—--es-ée“' 3.52 . 4.19 5,12 - 5.86. . 7.17
COrrelatlon coeff;cxent----f— 0.98 - 0.99 0.98 >0.96 0.88 -

It is desirable to‘combinéathe‘above two steps, chemical and diffusion, into
one mixed-control equation, and then study the variation of each resistance to
Reaction (1). of this mixed~model equation with thefparticular‘variablevof ’

:interest. Equatlon (7) 1s a mixed~model " equatlon for spherlcal partlcles-'

MbKocDeCts - Kee o Dy~ '
——— - t=— =R AR — - -t (1)
P, r2 2 ' r, . '

Here, rearranglng Equatlon (7) by multlplylng each temm by ro/De, the

followzng relatlonshlp 1s obtalned

Mchccfs' o , - Keg Yo ,
= (1= A-R31+ — — 1 - Zr - (1-m)2/3
Ppry - N 2 Dg. ‘
or: . .
Ke=[1- -0 +8 01 -3~ -023 (@)

The reaction rate in this case is controlled in part by the rate of reac-
tion at the interface and in part by diffusion. The total resistance to the
‘overail:reaction is the sum of the two factors on the right side of Equation
(9))'whose terms may be identified respectiVely asﬁthe'interface‘br chemical
- reaction resistance-and the sulfur dradiffusion_resistance. } - A
Figure'10(a) énd’10(b)-appear to be fepetitions of figure'8. Figure 10(a)
_ illustrates typical data plottéd agéinst the diffusion ébntroifterm of Equation
(9). The'dété §ive’a.étraight line only éfter about R = 0.4, Thesé same data
Jplbtted-againstithe chemical control term of-Equatidn (9) in figure'lo(b)
26 -



indicate that a llnear relatlonshlp is obtalned up to R = 0.4. When these data
are. plotted agalnst ‘the right 51de of -Equation (9), a stralght line is obtained
which passes through the:orlgin, The transition points between ‘the chemical
control and the diffusion control are at the point of 40% convefsion,‘R, as
shown in figure 10(a) and (b). The transition.points from all experimental
datalare between 25? and 60%. uquatloﬂ (9) is applied to the case of instanta=
neous ferric lons cdncehtratlon Cgg = Co-Ct, Ca is the. orlglnal concentration
) of_ferric ions and Ct is'the amount of ferric ion per liter consumed at time,
t. Cgo-C¢ is the ferric ion concentration remaining at time t. If the experi-=
mental conditions permit the “ferric ion concentration to remain nearly constant

such that Co=Cy = Cos then Cy may be neglected and thus Cgg = Cqe
Determination of Chemical Rate'COnstant,'ch, and Diffusion Coefficient, Dg

fWhen the.chemical;reaction at the sulfide-sulfur interface is the rate
determining step, the data-will plot linearly when the quantity 1 = (1-R)1/3
[Equatlon (6)] is- plotted agalnst -the reaction time, t. From Equation. (6) is
‘ - (1-py1/3 o
1 (1 R) Kot

where - ) o MbKeeCse. - o
Ko —— (e
P, Io. ' ' ' ‘

The slope of this line is K. from which the chemlcal rate constant ‘Kee can
be obtalned by calculation from the other constants Py, ro, Cecr and b.
Similarly, when diffusion through the product layer is the 'rate control-

ling step the kinetics will be linear according the Equation (5) when the -

quantity 1 - %R‘—4(1-R) 2/3 is plotted against the reaction time- t. ,
1 -2p. (1r)2/3 = | N
1 . 5R- (1 R) = Kpt o - (5)
2bMDeCrg | '
where K, = —————m——.
TP 2
fzho

" Rate Dependence on Ferric and Ferrous Ion Concentration

Experlments were. done to establish the dependence of the rate of dissolu-
'tion on the-ferrlc lon concentration. - The experlments were run at 87°C and 360
rpm with the ferrlc iron concentratlon .varied from 0.0125 molar to 0. 8 molar.
Table 5 glVeS the klnetlc data obtained: from 16" leachlng ‘experiments using zinc
concentrates and nine us1ng .polished sphalerlte crystals. These data indicate
that, for concentratlons between 0. 0125 =0.1 molar ferric ion, the dlssolutlon
rate is proportlonal to -the concentratlon of ferric ion but is .insensitive to
ferr;cslonAconcentratlon above.0.1 molar (flg. 11). The slope of the stralght
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linejbelowpd.l‘molar Fe**t ion lflgs 1l)gis11;1.whlchﬂindicates a first-order_.
‘reaction;iThe first-order dependence ofjrate“of'leaching'on’ferric ions‘wasf'
also noted by Dutrizac. and others (1969) in a study of synthetic chalcopyrlte-
in acxdlc ferrlc .sulfate solutions while the ferrlc ~don concentratlon was below
0.01 molar. Lowe (1970) reported that the reactlon order was. ‘also.one in the
dlssolutlon of chalcoc1te in ferric sulfate solutlon (0. 007-0 3 ‘molar).
A'For ferrlc ion. concentrations below.0.1 molar a chemlsorptlon process'may

‘be taking- place. Chem;sorptlon involves two steps, adsorpt;on andvsubsequent
‘electron transfer betweeén- the adsorbed ion and the solid partlcle{ Anfelectron
transfer reaction is essentlally the same as the surface reaction. The. ferricv
“ion is reduced to ferrous ion accordlng to the reactlon, 2Fettt 4 26 — 2rett,
and the sulfur in ZnS is ox1dlzed to the elemental state accordlng to the
reaction, 2znS—» zn+f 450+ 207, 7 ' '

The_rate,reaction is-a function of the ferric'ion concentration and the
Afractiot of active sites COvered.‘ The data plotted below. 0 By molar of ferric -
ion concentration 'in- flgure 11 were lnltlal ‘kinetic data obtalned durlng the -
'early stages of leachlng,'and may be. proposed as a chemlsorptlon process. . The -
kinetics below 0.1 molar of ferric ion concentration may be 1nterpreted as
llquld dlffuszon through the stagnant layer immediately around the:specimens’
(Wadsworth, 1972(b)).. Though the: stirring speed, 360 rpm, is high-enough to
eliminate dlfquLOnal-cohtrol through the stagnant layer around the sample, it
-is-notfexpectednto eliminate diffusion-cottrol through the sulfur.layer. How=
ever, the activation energy may determine thch mechanism -may dominate the '
process. ' V

The activation energy of chemisorption ‘below. 0.1 molar Fe+++ ion concen-
tration is 15.4 Kcal per mole with a first-order reaction (fig. 12). Taylor
(1931) reported that the activation energy of water adsorbed at-a bauxite sur-.
face was about 21 Kcal ' per mole, which 1nd1cates the adsorption processes may
involve large energies‘of3activation and high heats of adsorption with the
_ result that the adsorption process itself ‘is the sloQ step‘(Wadsworth and
Malouf, l972b).. Surana and Warren (1969) proposed a common mechanlsm of leach—
ing 1nvolv1ng anion. adsorptlon and actlvatlon of. the mineral surfaces for |
geothite ‘and hematlte..The -activation- energy quoted: for leaching in sulfurlc.
acid was 19.9 Kcal/mole and in hydrochloric ac1d 22 5 Kcal/mole. Both are the

flrst-order reactlons.~
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, lWhen the'oohéentrationboﬁ*fetric ioﬁ'is,above'about.o.T*moler, a mixed-
kinetics . is. proposed.v Theislope of horizontal line in figﬁre 11 ie zero, which'
indicates a- zero-order reaction and means that the rate of reaction- ls 1ndepen—
dent of ferrlc iron concentration.. Lowe (1970) also observed a zero—order
reactlon in the dlssolutlon of chalcopyrlte in.ferric sulfate solutlon. |

‘ 'As prev1ously dlscuosed the: rate—controlllng step may- lnvolve the outward‘
'-dlfquLOn of products, Zn+f or: Fe . To. test ‘whether the: outward diffusion of
ferrloue»lon‘controlled the reaction rate, experlments were run on the- polished
sphalerite eryetal withfcoostant ferric ion conoentrationf0,25”molar and -con~
taining,FeC12.ooecentrations of up to 60%. In concentrations-above 60%, it is
difficult to.determine the zinc ion,coﬁcentratioﬁ, because the amount of zinc
ie solution_iS'too-low to be measured by_atOmic~absorption. The-ekperimental
results are shown in figure 13" and listed in table 6. The leaching rate evi-
dently decreaees”with an increase of férroﬁs'iroh in ‘the bulk solution. The
deviation from linearity in fig- 13 indicates‘that the-activity»coefficient
of ‘'Fe** ion increases as the Fe™ ion.concentration increases..

: .'The'rates of diSsolution.were:cohtrolled by theAgfadient ofAFe++ oon;
centratioo.across the sulfur layer as expressed-in the following equation(

A Dei. o o S S - . o
Rate = TKtA'[‘aFe++) saturated —'(aEe++)bulk}_i=- . . (10)

"diffusion coefficient;.emz/min

where - t De'
o ' § :'sulfuttleyer thickners;fom»
‘A'v : surf-ace- erea (constant);, cm2
[aFe++] saturated:'concentretion of Fe*t at the
' o >tsphalerite/SOlution surface is
_ A assumed to be saturated.
lapgt+]. bulk concentratlon of Fe™* in the buik~solutiona-

-Because the concentratlon of fe:rouS"lron>in'the‘buikfsolution,rangesj
wideiy,ithe gradient:of Fe++'concentration across the sulfur léyer, [(aFe++)
saturated - (aFe++)bﬁ1k]? also ranges'widely and so does the dissolution rate.
| However, infmostrceses, during the later stages of leaching, the concen-
tration‘of ferric ionsvis depleted if no ‘make-up concentrationoof ferric ions
is supplied. Then, a point will be reached where the -inward diffusion of ferric
‘ions is slower than'the outwerd‘diffueion'of ferrous ion. :In this:case, the’
lnward dlfqulon of ferrlc 1on becomes rate controlllng. Such‘a~point:of view.

- was also taken by Dutrlzac and others (1969) in thelr report of dlssolutlon of

'synthetlc chalcopyrlte ln aqueous ac1dlc ferrlc sulfate solutlons..
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‘Table 5.--Effect of Fett* ion concentration on dissolution kinetic at 87°C and
‘ ‘ 360 rpm o ' ' - '

Test A",l.Féf++' 1f,’ﬁéte Constant _ Diffusion . pissolution . Rate -
No. ' Concentration (Kg; cm/min) - . Coefficient . " @ Kp
(mola;)j o x1073 . (Dgsom®/min) o PR
’ v -5 mole « min ‘min v
x10™2 X

Zinc Concentrate (-100 + 150 mesh)

R-11 . 0.250 . . -10.2 o 1.42 3.8 0,96
‘R=12 -~ 0,103 - . 10.6 7 0.90. o L6400 . . 0.62
R=13 . . 0.051 . 12.0 - -0.90 . 8.0 0.41
R-14 0,013  ~ "~ . 10,0 - - 0.90 © . .10.0 0.13
R-15 - ..~ 0.328° = 8.0 0460 3.0 . 0.98

R-16 - 0.411.° 5.0 0.35 2.0 0.80
R-17 . 0.250 - - 840 © o 1.42 : 4.0 . 1.00
R-18 © 04337 . . 7.0 . 0.50 ’ 2.8 - 0.94 -
R=19 0.250 .~ 9,0 1.40 3.6 0 0.90
R-20 0.205 ST 11,0 1.40 2.8 0.57

“R=21 . 0.205 - 10.0 1.40 - 3.5 0.72
R-22 0.328- - . .. 7.0 0.60 _ 3.0 0.98
R-23  0.328 . . - 6.0 0.50 _ 3.0 ~ 0.98
R=-24 . ..0.367 : " 5.0 .- 0435 2.2 © 0.80
R-25 0.367 6.0 0435 2.2 - 0.81

- R-26: ©0.287 - 10.6 , 0.30 ‘ 3.2 0.92

Test . P : ’ ‘Rate -
No. . Fett+ cConcentrate (molar) = - Xe g/cm3/cm2/min o

' Sphalerite Crystal . -

R-73° , o . 0.200 SR 0020
R-74 S ' 0.100 : ' o - 0.016
R-75 ‘ 0.050 ' 0.006
R-76 S 0.250 - , _ © 0.005
R=77 - ‘ 0.013 A 0.002

R-78 S ~0.290° _ 7 0.013
R=79 ©~ < . © .+ 0.400 S o -~ 0.013
R-80. . ... 0.500 S ” 0.006
R-81 - o - 0.800 i : ' 0.015

36



Table 6.--Dlssolutlon rate as a functlon of Fe(II) concentratlon ‘at” 87°C ‘and
360 rpm (sphalerite crystal) : ' :

Test No. Surface .  pt*t . pett Rate Constant .. Leaching Time’
Area ~ Concentration. Saturation Kee - _
(cm2) - (molar) - (%) ‘ - . {min.). .
o B (em/min~1l) = -
R=61 ~ 0.9881 ° 0.25. = . 5 10.8 x 1076 . 630
R-62 -  0.9881 .0.25 10 - 8.2 x 1076 360
R-63 . 0.9881 -  0.25 15 9.8 x 10°% - 250
R-64 0.9881 - 0.25 . 20 6.3 x 1076 . 840
R-65 - 0.9881 0.25 30 7.8 x 1076 645
R-66 - ~ 0.9881 © 0425 40 3.6 x 1076 . 600
R-67  0.9881. '0.25" 50 . 3.3x 107 665
R-68 . 0.9881 - - 0.25 - - 60. - 1.7 x 1076 .- 735
R=57 - 1.1050- 0.25 ’ 0 18.8 x 1076 760

-Effect of Temperature

Samples: of ‘the sphalerlte concentrate ln ‘the -100. + 150 mesh range were
_leached in temperatures ranglng from 44° to 90°C to. determlne the effect of
"'temperature on the rate of Reaction: (1)1_ See- flgure 14 and table 7.s The data
are plotted in terms of the function [(1'= (1 R)Y3 + B (1 - Zr - (1-0)2/3)/(c,
against time, t. This functlon was found to fit the data best for the overall
reaction process.‘ The slopes, Ky = Mchc/Pzro (Equation. 9) of the 11nes are
Steeper as the- temperature increases which. would be expected since the chemlcal
‘ reaction rate constant, K.., increases expornientially with. temperature.
The‘actlvatlon’energy,.Ea, for the reactlon can‘be obtained from the ‘expo=-

nential]yariation'of this constant K., with temperature, t. Taking the log of
' -E_/RT - ’

both sides of the Arrhenius equation, K.o = Fe a’ ™", gives:
: Ea . .
log K = log F = e » - (11)
ce 2.303 RT

4 F : Frequency factor
by plotting log Kee vs- 1/T, a straight llne is obtalned as shown in- flgure 15. '
Least squares analySLS of" the ‘data used to construct flgure 15 glves
103

log K, = —4. 78 ¥ 2.45 x — - - (12)-
: _ T oo e o
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. 0.25 molar Fe
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, From this the value for the'activation'energqua = =11.2 # 2.7 Keal is obtained ’
from the regression coefficient 2.45 which is equal to — : . The 95%
' : ' S ' 2.303xRxR10~3

confidence interval for the mean has a,nalue of # 2.7 Kcal/mole. According to
. Habashi (19707, thejactivation energytof-a‘diffusion controlled‘process'through"
a liquid boundary is. approx1mately 1 to 3 Kcal/mole, whereas. for-a chemlcally
"controlled process lt is usually greater than 10 Kcal/mole. . However, in- a.
mlxed-klnetlc process which’ lnvolves pore dlffu51on, ‘the actlvatlon energy is
much -greater than that for liquid boundary diffusion,. and can be comparable to
that for chemical react;on controlled‘process. Pohlman and Olson (1974).
reported a'mixed-kinetics‘model‘for'the acid‘leaching’of chrysocolla.' They
determlned an’ actlvatlon enerqgy of 8. Kcal per mole for the overall reaction
process which is consistent’ with the experlmental actlvatlon energy reported
here, that is 11.2 + 2. 7 Kcal/mole. '

_ ‘ Effect Of Inltlal Partlcle Size - _ _

The effect of surface area on the rate of 1each1ng was studled by deter-f
mining-the rate of" dlssolutlon of six fractions of concentrate s;zes, ~28 + 35
mesh, -35 + 48 mesh;'-4é’+'65 mesh, =65 + 100 mesh, =100 + 150 mesh, and =150
+ 200 mesh; The rate of dlssolutlon, as expected, was - found to lncrease w1th
decrea51ng particle. size or with 1ncrea51ng surface area (fig. 16). As the.
particle size decreases, the rate,of_dlssolutlon increases for a glven period
of time. ~From table 8 the constant B in,Equation-(9ffis an .indirect function .
of-particle size,if other factors are constant.. The rate constant,‘Kéc, is:

_independent of particle size, but the reaction rate, Ky, 'is particle-sizei
. dependent.s o _ ‘ . . _“ o :

. Equation (9), Kit =1 -'(1—3)1/3 +B [1.- %R - (1#R)2/;], can be rewritten
rewritten as X + Y = Kyt, where X, is reaction rate and X represents the percent
contribution to the-rate due to reaction at the'sulfur-sulfide7interface,_

1- =-mY3 /1 - (-3 +8 (1 - 2R - (1-R)2/3] , ana Y the diffusion con-
"trolled portion, B (1 - 3R - (1-0)%3) /1 - (1-m)3 48 (1 - %R (1-R)?/3].
By conparing the relative~magnitdde'of?the:contribution of the surface.reaction,-'
X, and of the diffusion, Y, to the total kinetics it’can be. determined which
mechanism is dominant .as theAparticle_size,is changed. A cOmparison of this
type haspbeen_made in figure 17 for two particle_sizes.~ Data were plotted, X,
the chemical’reaction percentage in totalwkinetics.against the fraction reacted,
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Table 7.--Dependence of rate constant, ch, and effectlve dlfqulon
‘coeff1c1ent, De, on temperature ' :

‘Test 'No. ' - Fet** .. = Temperature '  Rate.  .Diffusion  Leaching .
S Concentration.~ = . Constant - . Coefficient '  Time .
‘ (molar)'ﬁ": : (Cg)“a“. (ch,cm/min.)_ (Dé,cm /min;)n (min.)

Sample from st. Joe Minerals (partlcle 51ze{-100'+;156 mesh)

CORE27I Ly 0w21 87 12 x 1073 - 10.x 1076 120
R-28 .*;' 0,21 ' 44 1.1 x 1073 - = 1200
CR=29 0.21. . 44 1.1 x 1073 . - © 150
R-300 . . -0.21 44 1.1 x 1073 - 150
R-31 "~ . 0.21 . - 57 2.1 x 1073 2 150
R-32° - . 0.2t | . 57 1.5 x 1073~ - 150
CR-=33 . C0.21 . 72 S 3.6.x 1073 - 190
R-34 = . - - 0.21 . 87 St xo1073 0 T - L 360
R=35" U 0.25 - 44 1.1 x 1073 7 0.57 x 1076 180
R-36 - . 0.25 57 1.5 x 1073 1.6:x 107 . 180
R=37 . 0.25. ° . 70 - 2.8 x10°3 1.8 x 1076 180 -
"R-38 . 0.25 : - 87" 10 x 1073 6.8 x 1076 1405
R-1 0.2t 57 1.7 x 1073 N 180
R-2 - - 0.21 o 57 1.8 x' 1073 - - . 180
R-3° . . 0.2t . 57 1.4 x-1073 =~ .~ . - 180
R=11 .~ 0.25. . 87 - 10.2 x 1073.. 14 x-10~% 535
R-20 L 0.25° . 87 10.1 x-1073 T . S 120
CR=21. . 0.25.. 87 10.0 x. 1073 "8.1 x 10°6 120
Sample from U.V. Industries, Inc. (particle size =100 + 150 ‘mesh) _ _
R-39. 0.21: 87 16 x1073 11 x.1078 180
R=40 0.21 72 6.8 x 10-3 - 120
R-41 . - S 0.21 - 44 1.8 x 1073 <« 120
R-42 . 0.21 - . . 57 2.4 x 1073 - 140
Sample from ASARCO (partlcle size. -100 + 150 mesh) ‘ . T
R-43 0421 87 5.5 x 1073 . - 150
© R=44° - 0.21. . 87 5.5 x 10~3 -v.f = - 150
R-45- 0.21° ' 57 S 18 x 1073 . - 450
R-46 0.21 - 87 7.0 x 1073 0 o0 160
R-47 . 0.21 . 72 3.5 x.10°3 .- - 150
R-48 . 0.21 . 79 6.9 x 1073 - 150
‘R=49 0.25 87 . 8 x 1073 - - 120
R-50 T 0425 87 10 x 1073 7 x 1076 180
."Sphalerite crystal. = .. ST o v o
R~58" 0.25 - 712 7.3x 107 .. . - . 960
R-59 0.25 . .57 3.1 x 1076 - - 725
R-60 0.25 - - 87  52.8x10°% . . 605
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Table 8.—-Effect of partlcle ‘size on’ dlssolutlon rate (025 molar Fe

+++. jon,
87°C, 360 rpm, S-gram sample from St. Joe Mlnerals) '
Test ?artiolel' Diameterﬂ. " Rate " Diffusion - Dissoclution ' Constant .
. No.. - . Size : .7 Constant - Coefficient -  Rate ' '
- ro - - Kee - De - K 1o
(mesh) (cm) L (cm.minfl)' (cm..min~1l) _ (min~t.mole~l) . B
x 1073 x 1075 x 1072
R-51  =-28+35  0.02515. . 12.4 - 3.23 1,05 . . 4.82
R-52 -~ =35+48 - 0.01780. 9.5 . T 2.69 " _ 1.32. 3.14
R-53 . -48+65° . 0.01255 & -10.5 © o 2.70 ©2.260 . 2.35°
CR=54  -65+100 - 0.00890- .. - 1249 2,10 . 3.46 - 2.70°
CR=11 . =100+150° © 0.00625 . - 10.2 © . 1.42 - 4.60 . . 2.24.
‘R-55 | =1504200" - '0.00445 = . 11.4° . 1,43 . . '5.40:. . - 1.80

R=56 =  -150+200"  0.00445 1.5 - 1,517 . - 5.10 . 1.80

R. Flgure 17 shows that the. rate of dlssolutlon of the smaller partlcle 512e
(=150 + 200 mesh) is predomlnantly controlled by the reactlon at the sulfur-
2rsulf1de lnterface whlle the larger particle -35 + 48 mesh is lnltlally surface
’ reactlon controlled but approaches dlffu51onal control in the later. stages of
leachlng. It also 1nd1cates that for-a glven value of R. the large partlcles
glve a greater dlfquLOn resxstance "than. chemical reaction resxstance.-

' ' | Bffect Of Impurities :

‘ The dlssolutlon rate can be influenced by the lmpurlty'content, through
galvanlc effects, or: through catalytlc effects._ Accordlng to Romanklw and De
: Bruyn (1964), the more. ionic in nature the Zn-S bond is, ‘the more soluble the
.SOlld.‘ Romanklw and De Bruyn compared the dlssolutlon rate of pure zinc blende.
‘(Zns)’w1th that of ‘an :ore sample.? One ore sample studled was marmatlte (Zn Fe)S
in which the iron lS ‘more electroposrtlve than 21nc. It was found that the
presence . of lron ‘in the lattice increased the ionic. character of the crystal
- and. alded 1n the dissolution. ' . '

In thls study two samples of . sphalerlte were used ‘to determlne the effects
of 1mpurt1es. ‘One was a bulkvore sample from St. Joe Mlnerals‘Company, Balmat,
N.Y. The other.was a’piece.of pure'sphalerite crystal. The'ore sample '
contalned sphalerite, calc1te, marmatlte, quartz, pyrlte,.galena, and- dolomlte.
“The crystal was a pure zinc sulflde with no detectable 1mpur1t1es as deternlned
by mlcroprohe analysrs.; A comparlson of the leachlng‘curves of the two
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'.materlals (flg.,18) shows that the lmpure sample leaches at a. faster rate than.
'the pure sample. In addltlon to the marmatlte contalned in the: lmpure sample,
some MnS, which is an essentlally lonlc sulflde, was also present.f Thus, the
‘observed greater rate of dlssolutlon of ore sample may be ‘explained - in part by'
‘the presence of lonlc Fe ‘and Mn ln the sphalerlte. 4 ' o
: ) Increasxng dlssolutlon rates also result from galvanlc effects (Hlskey and
;Wadsworth, 1974 VlZSOlYl and others, 1963) and the catalytlc role of the 1mpu4
rity (Scott and Dyson, 1968). Galvanlc effects. take place when a. mlxture of
'mlnerals are subjected to leachlng in the same pulp,’ especxally between elec—
trlcally conductlng minerals . such as’ sulfides whlch leads to ‘accelerated corro-
szon of some mlnerals and cathodlc protectlon of others.quor example, the rate
of dlssolutlon of sphalerlte 1ncreases when sphalerlte 1s in contact with-
pyrlte (Hlskey and Wadsworth, 1974). The pyrite acts as a cathodic 51te for

" the reductlon of oxygen that speeds. the dlssolutlon of sphalerlte.’ An electroe‘

chemical type reactlon was proposed as- follows: =

Cathodlc. '3 0, + 24 = 2¢7 = Hyo (on pyrite)

.Anodic. : 2ZnS = zntt + s° + 2e”

N Zns + %“92 +H' = zn* 4ige 4 H2

Pyrite, as the-cathode, carries a much-larger- current in the presence of
oxygen ‘than in the absence of. oxygen.

Scott and Dyson {1968) reported that pure zinc’ sulflde is. relatlvely
1nert under ac1d1c, ox1d1z1ng, pressure leachlng condltlons. .The zinc sulfide
becomes activated . and reacts-rapldly to ymeld-z;nc sulfatevand elemental'sulfur
when treated with‘soluble.compounds of copper in. small amount,. and iron in
‘larger amountsi The iron’ and . copper .play: catalytlc roles- as cathodlc sites in
'the ZnS anodic dissolution. Because the’ lmpure ore sample used -in this part of
the study contains iron and copper, they may be- acting as: catalysts and aldlng
the dlssolutlon..

' Empirical'Rate Equation'

The experlmental data can be ‘fitted to. an emplrlcal mathematlcal expres-
sion. ‘Iwo - such expre581ons have been’ trled--the logarlthmlc and- hyperbolic
equations. Regress1on analyses of these two equations were made by using the
'-Bame experimental data obtalned from the zinc concentrate 1each1ng;‘fractlon
converted, R, Vs reactlon ‘time, t. Comparing these two expre531ons, the data

better fxt the hyperbolxc equatlon which has the correlatlon ‘coefficient 0. 996,.
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.Table’g.e-Consténés in”embiriéal ratefequation.

" Hyperbola: %“= a+b
" Rs Fractioniconverted
t: Time, minutes

" a & b: Constants :
- Stirring Speed, 360 rpm. .

- ﬁl..;

Test"_‘x> particle. .- ~ ‘Temperature ~ - . Fe o ‘Constants
No. . - size. = ° ' o Concentration: S

‘ " (mesh) - . .i(ce) (molar) :* . ~a- - b
R-35 -100 + 150 . a4 0425 1.066 559,05
R-51 o =28+ 35 . - 87 . . 0.25.. 1.039  228.85
R-52 .. =35 +.48 - 87 0425 0.844  241.97
R-53 .- -48'+ €5 .- - . 87 . - 10,25 . 7 0.775.  160.86
R-54 =65 +. 100 87 . 0.2s . 0.765 10t.89
R-11 . =100 + 150 87 . 0.25 . 0.820  82.63

R-55 =150 + 200 . . 87 ’ 0.25 - 0.750 60.46

and coefficient of“determinatione0.99'in-the logarithmic expression, it ie
0.968 and 0.9, B | |

e The general form of the hyperbollc equatlon is as follows (table 9)
co 1 b

- _ - ' (13)
Where-.,v R¥#'fraction converted, % L
t = timey'minutes. .
a-& b= conStantv. .
Rearranging, the rate equetion-will'be » ,
o - ‘Rate = 1= _(0=aR) (14

‘ 3 _ t bR

From‘ﬁeblezé andlEquation:(14); the resﬁl:s indicate tHet:the constants
"a" andAﬁb" ﬁarytdirectly with the particle diameter: and iﬂversely with :
‘temperature. AThis'result is. expected and is a consequehce'of’the increaeed'
dissolution of smaller partlcles in a glven period of tlme and the increase in .
.reaction rate thh ‘temperature. ’

‘ | _Analysis Of Error

Several sources of error can exist in any reaction rate study such as:
those arising ffom the reaction system aﬁd'those involvihg the ohafacterisﬁics'
and operatlon of atomic absorptlon 1nstruments. Errors from the reaction sys=

. tem are varlatlons in temperature and agltatlon speed. Errors from the atomic-
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'absorption.analysrsuare;variationtin lampicurrent,,lnterference,'and stability
of SLgnal. . There is always the'human'error associated with the reading of
absorbance scales and the" preparatlon of samples. 'Some:errorsdare random»and.
statlstlcal, and some: are systematlc. _ | B !

Random errors or acc1dental errors cannot be ellmlnated. They ex1st by
the nature of measurements and appear to affect the pre01510n of experlmental
results. The errors may vary w1th .each atomic absorptlon determxnatlon or
leachinq,exper;ment_and_are random, each contrlbutlnguto a scatterlng of theh
data:’ (1)~atomicfabsorption‘Variation,in‘inStrument-performanceﬁbecause of -
fluctuation of signals, (2)vvariation'in’burette~and pipet:readinq because-
of temperature changes and human errors on readlng the solution volume,
T (3) concentratlon varlatlon .in- standard solutlons, espec1ally loss due to the:
absorptlon on" the container wall while the. solutlon stays 1ns1de a container
for a certaln ‘peried of time, and (4). volume varlatlon in dllutlng the. sample.
- and in preparatlon of sample solutlons.A~
' : Random error, revealed by small dlfferences made from experlment to. exper-
iment, could~be reduced or narrowed to a precise level by conducting a large |
‘numberfof experiments; However, conducting‘large numbers-of-experiments is too
fcostly'and:laborious.z Durlng this. 1nvestlgatlon sampllngs and leaching- experl-'
ments were . dupllcated to serve as a check: and to lncrease the confidence in the
‘rellablllty of the value obtalned. Precautlons ‘and’” steps on. dupllcatlng the
sampllng from the reaction vessel, double checking the burette and pipette |
readlng, and duplicating the standard’ solutlon analyses or renewing the standard
solutlons, would. reduce- the random error as much as possrble. ‘For zinc analysis
the preclslon level 0.1:percent4was obtained. ' ' “ '

Systematic error is a determinate error which introduces'a bias into the'
leaching experiment or into the atomic absorption analysise. _They}can be avoided
once theytere recognized.> In atomic absorption analysis,.systematiC'errors.may
be due to a faultyyhollow—cathode 1amp,'matriX'interference, and-the detection
limit of the instrument. - In.a reaction system they may be due to' the reaction
_' varlables such as" temperature and agitation speed.

When a lamp is falllng, the most - common effects are a- reductlon in analyt-
ical sens1t1v1ty'and-an lncrease-ln output fluctuations Some:effect-occurs.
when ‘the lamp lS not warmed long enough, or when the:lamp current is not set at

;the requlred level for that element of 1nterest.
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ngh concentratlons of ferric chlorlde solutlon ‘may cause the matrlx
lnterferences in- atomlc absorptlon analysrs., When the sample solutlon becomes
fmore concentrated~and viscous, it flows more slowly through the‘burner,tand.~
':atomlc absorbance: is decreased. The dllutlon of sample solutlons and use ‘of .
standard or blank solutlons would help to overcome thls 1nterference problem.
" Due to the detectlon llmlt of the 1nstrument, z1nc concentratlons below
0.1 ppm may cause’ dlfflculty in- readlng absorptlon percentage on -the.. recorder
,chart.. However, there is no SLgnlflcant effect on results. of sphalerlte |
‘concentraté»leaching;experiments, because all these leaChing-solutions have
: zincnconcentrations exceeding,0.1 ppms _When leaching'for sphalerite*crystal
some errors on readingjthe'recorder’chart-may_occur due to the low value of-
rinc‘content~in the.leaching‘SOlution.l Precision levels of 0.1 percent may be:
obtained by use of- a dlqltal readout of absorptlon. ‘ ‘ . . ;
~ The systematlc errors could: be minimized. as. much as possrble 1n the reac-
tlon system by controlling the temperature and agltatlon speed. For an iso=-
thermal leachlng experlmentatlon, the temperature was controlled within. *-ieC

by thermostat 1nsrde the Oll bath. The expected error in rate constant, cal=-"
o . . AL ' . | dl“ch <Ep B
,’culated.from thehdifferentialzformfoffthevArrhenius equation,, e . = -
e o , S - : . ’ ar RTZ

or

A¥eo  En AT - |
= e 4. —- Was then 18 percent at 87°C with temperature .error range +1. 0°C."
Kcc . ‘RTi ST = . : .

The results of early tests under seemlngly 1dent1cal condltlons were-of poor ’
.reproduc1blllty.< One fault was traced to the 1ntroductlon of lnert nitrogen |
gas: 1nto the vessel w1th a consequent error. in rate constant, therefore, the
nltrogen was turned off durlng the leachlng perlod to ensure an 1sothermal
reactlon system. .. ) ’ ' " ) '

‘ It was assumed that durlng the leachlng the solids are 100%. ‘suspended” and -
no sulfur product layer abraded off the surface of the partlcles. But when -
u31ng low agltatlon speed;or large amounts of solid particles, all of the solid
hparticles.may;not be suspended;,thus causing the errors in reaction ratevand
.interpretation of. reaction model. Also, for certain “high speed and long dura-
.tlon of agltatlon, the. produced sulfur layer may be- abraded off. This may
change the reactlon model from mixed kinetics to pure chemlcal klnetlcs through-
out the leachlng process. However, there was no experlmentatlon in thls aspect

and the .extent of errors was not. determlned in thls study.‘-The»sample sxze~was
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limited tofS'grams of zingc concentrate;in SOOvmilliliters,of.leaching‘solution_f
and the agltatlon speed was controlled at 360+15 rpm.‘ wlth such small*ratiod
of solld-solutlon and moderate speed, very llttle sulfur was found abraded off .
'the partlcles in- the leachlng experlments. As-a result, the experlmental .
results ‘were., found to follow the theoretlcal mlxed-control model. o
0w SUMMARY ‘AND CONCLUSIONS - _

The major part of thlS study has concerned the klnetlc model of sphalerlte
dlssolutlon in ac1d1f1ed ferrlc chlorlde solutlon, and the evaluatlon of the
‘varlables such as temperature, partlcle size,. ferrlc ion- concentratlon, stirring
'rate, ‘and . purlty. . The follow1ng.conclusxons»are-drawn on theaba51s of the
experlmental results.- | _‘ _ '
1.~'.The ‘rate of dlssolutlon increases with stlrrlng speed but there is a
N ‘-llmltlng stlrrlng speed,_300 rpm,. above which the- reactlon rate remains

constant.' The rate is- controlled by chemical reactlon at the sulfur-

7sulf1de 1nterface ‘and by- dlffu31on of ions. through the sulfur layer above ,

- this" speed, below the limiting speed the rate ls controlled by diffusion
“of 1ons through the llquld layer around the partlcles.
'23 | Three sample.51zes,(5-gram,'1—gram, and’ 0.5-gram) of_21nC~concentrates
B wererusedjin’this study."Other conditiOns remalned'the‘same; Thevexperi-
mental data and:thettheorethal}interpretation indicate that:the process
of diSSolutionﬁisvcontrolledfby-two steps--aDuring,the‘initial stages of -
leaching, the process‘is,controlled-predominantly by the rate of the
; reaction of‘ferrlc ion vith_the_sulfide at the'sulfurvSulfide:interface.

Transport of -ions-across the product‘sulfur layer was found to-be impor-

»tant during the.later_stageS‘ofAreaction.‘ The:mixekoinetics.equatlon is

given'by:r L . F; | ) _ . ‘ .

‘Kt = 01 - (=m0 e - R - -r)23)
. where 'Kr = .rate, min~" ; '
| t = time, minutes
R = fractlon converted, ‘
' B .= constant for mlxed-control model .
13.h Reactlon rate 1ncreases 51gn1f1cantly with temperature. A calculatlon of -
_the temperature dependence of the rate constant glves an activation energy
. of =11.2 Keal: per mole for sphalerlte concentrate, whlch is in the range-

“of values found by others.
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4.7
B 1nay;be“controlledtby'absorption*of'ferric ions on the sulfide7Surface as.a -

5.

. - 6:.

E 8-.

rFor7ferricuiron,coucentrationv1eSs than 0.1 molar the:rate'of disSOlution{ﬂ }

part-of interface. reaction. At hlgher ferric ion concentratlon, the rate-

of dlssolutlon follows the mlxed-klnetlcs model.v'“’

The presence of 1ron and manganese in the sphalerlte apparently increases

. ‘the rate of dlssolutlon.

A The experlmental data flt an empirical rate equatlon of the form

'Where;R é fractlon reacted,‘%

af&<b constant

o+
]

= leachlng tlme mlnutes

“A sﬁlfur layer. was ev1dent on the surface of ‘the: sphalerlte crystals as

determlned by electron bearn mlcroanaly51s., Thlckness.of sulfur layer grew .

1

with lncreaSLng tlme of leachlng.

Assumlng pseudo—steady state condltlons, dlffus10n coeff1c1ent for lons

are about 10- 16 X 10"6 cm2/m1n at 87°C and rate constant 10-16 x 10'3

- cm/mln at 87°C.' Both are temperature dependent.a
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- Calculation of Eh-pH Diagram of Sphalerite -
1.7 E° =AGy/nf =
' Z&G?:=[§G° products--[§G° reactants .

j,,n'=;numbericf‘electronS'transferred__

]

£ 23.06 Kcal/volt equivalent

2 =g + & i, oxidized state .
: nf  reduced state.

.ZSGO " RT  oxidized state

nf . nf reduced state’

"

half cell potential relative to the 'standard hydrogen electrode

standard half ‘cell potential in volts; the volts of the half
cell when the activities are unity for all species entering into
the half reaction. ' ' : :

‘go

O

ASy -

3.0 logK ==l
. 2.303RT"

o ; o o .
ACr = standard free energy change for the reaction

" K = equilibrium constant
R = 1.98 cal/mole deg
T = temperature in degree °X
4. Reaction equations: e D .

In these-calculations the concentration of zinc ions in solﬁtion is
assumed 0.05 mole and the ‘summation of thé]concentration of the'sulfur‘épecies,
in solution is assumed to be 0.05 mole. . The.concentration of 'iron ions is

0;25.mo;e‘which is the amoun; of ferric chloride iﬁ the solution.
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0, + 4T + 47

=
A
C N
Som
N
N,
i

Eh = 1.23 +-0-259‘¢g [H+]4.Lpofj

" Assumé pg- = 1 atm

m
=
i

: 2H++ 2e_-,"-' o

-
o
N
- .
N
1

B )
&
[}

=0+ o.gsg]og [Hf]z

0 --0.089 pH

zatt 4 SO+ 2e

(3) zas =

Ed'

1 0.20. volts

zntt = 10-1.3

Eh = 0.20 + 0:05915g zn++
e |

= 0420 + 0:0295 x (=1.3) = 0:16 v
(4) 'Hso4"(aq) = g% + S0, ~T (aq)

(g+)

K.= 107119 = (s0,)
] ' . . HSO4"’

a4 )

. (HSO

Assume (SO4=);

PH = 1.91

(5) 8°(c) + 4H

20- = HSO,” (aq) + 7Hf'+‘6ef

150, = 10713 mole, E° = 0.338 volts'

Eh = 0.338 - 0.0688 pH + 0:059 log'[HSOA'] ,
o _ - 6 T .

0.325 - 0.0688 pH .
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(6) 'S° (c) + 4H,0 = SO,~" + 8H' = 6e”

E° = 0.357 volts, 50,7~ = 1073 mole

- Eh = 0.357 - 0.0788 pH + 0.010 log (s0,”7]
= 0.344 - 0.0788 pH
(7) - BS™ + 4Hy0 = 50, + 9u* + ge”

EO = 00252 Ve
- Assume SO4= = HS~
[504 ]

Eh = 0.252 =~ 0.066 pH + 0.0074 log

0,252 = 0.066 pH

. (8) Hys =5° (c) + 28" 2e7

EO

0.142 v, HyS (ag) = 107"

"

Eh = 0.142 = 0.059 pH + 9:059 109 1L~

2 . ~  HoS.o - . - '

0.18 - 0.059 pH

(9) HS™ = 8° + HY + 2e~
[HS™] = 10~1+3 mole, E° = =0.065
"Eh = =0.065 ~ 0.029 pH - 0.029 log [HS"]

= =0.0273 = 0.029 pH

(10) Hys = H' + HS™
: _ - [HS™]
K=120770= (%)
: HaS (aq).
Assume’ [HST) = [H,S]

pH = 7
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(1)

Eh = 0.334 - 0.059 pH + 9:059 109 zn*t+ so
T LT 8 -

»Assume;= Zn

4H20u+ Zns = Zn+fﬂ+ 304" + 8Hf‘+18e-

EC =.0.334 v.

4

o= 504-f =_10-1"3 mole:

" Eh.= 0.32 - 0.059 pH.

(12)

Eh

;(13)

K = 10-1108 =

2S + 6H,0 = 2n (OH), + S0,™" + 104" + ge~

| ‘E® = 0.426 v so,”" = 1071+3

]

0.426.

0,416 = 040738 pH -

++ +

(ag) + 2H,0 = Zn (OH), + 2H

Zn

7n ++

* Assume zn = 10~1+3 mole

(14).

“Eh.

(15)

pH = 6.55

Fett = pet*t 1+ o~

.-

EO

]

0.771 volts

Fet++.

0.771 + 0.0591 log.
‘ o Fett

]

0.771 volts =

ettt + Hy0 = FeOH'" + ®'
Assume FeOHT = pett+

(Feort*)

“log ='=2.43 + pH-

[Fe™)

pH = 2.43

“(FeoH™™ +.H,0 - Fe,0, (s) + 4i*)
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0.0738 pH + 0.00738 log (S0, ]



r.

(16)

ret +HH203= FeOH++'+ H+'f”efA 

: Assume FeOH++ = Fe++

A7)

Eh =0.914 - 0. 0591 pH + 0. 0591 ldg

Fe(OH++)»

FetF

10.914.- 0.0591 pH

++ +

vaHZOI%'HFeOZ, + 3H
 HFe0,” o

log o = 31.58 + .3 pH °

' Fett - ’

- pH = 1046

(18).

(19)

(20)

“Assume Feo4 : —-FeOH'

 ASsume Fe04_7'=.Fe

_Eh = 1.652 = 0.1379 pH -

Fef+’+ 4H20:='85f'+ Feoééf + 4e

Eh = 1.462 - 0.1182 pH + 0.0148° log
v . T Fett

+4

_Eh = 1.462 = '0.1182 pH

HFeoz-‘+-2H20.— Feq4,-l+ SH“‘+_4e

o+

Eh =-0.993:~.0.0739 pH o 0148 log-

. (FSOZH ):
ASsumegF§04 L= Fgozﬂ

Eh = 0,993 ~ 0.0739 pH =

+

FeoH™ + 3H,0 = Fe0, " 7HT + 3e”

[Feo, )_]

+

0 0197 log
. (FeoHT)

++

. _Eh.= 1. 652 =0.1379 pH "

se




(21):C17# 4H0 = 10,7 + 8Ht + BeT

,C104

.Eh = 1,389 = 0.0591 pH + 0.0074 log

c1-
Assume: ¢-10.4f .='C1"" ;

. Eh = 1.389 - 00597 pH"
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