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Dissolution of sphalerite in ferric chloride solution 

By Huai Su 

ABSTRACT. 

The dissolution of sphalerite in acidic ferric chloride solution of pol

ished flat surfaces and of spherical particle surface was investigated* Tests 

were conducted.on sphalerite to study rate of dissolution by the effects of 

stirring speed, temperature, ferric and ferrous concentrations, purity, and 

particle size. 

Kinetic investigations were conducted in a nitrogen atmosphere with tem

perature ranges of 44*C to gcc. The activation energy for the dissolution 

process is -11.2 +_ 2.7 Kcal per mole. 

The kinetics show, chemical reaction as being important at the initial 

stages of leaching, and ion diffusion through a product layer as being impor

tant during the later stages of reaction. The mixed-control equation is an 

excellent description of the rate of dissolution of a sphalerite particle. 

Kj.t = 1 - (l-R)"*/^ + B [1 - 2/3 R - (1-R)̂ /-̂ ] 

where K_ = dissolution rate, min." , t = leaching time, minutes, R = fraction 

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

The basic kinetic data of this investigation could be applicable to engi

neering design of the leaching process. 

INTRODUCTION 

Direct leaching of sphalerite and other sulfides with ferric ions, has been . 

extensively studied (Dutrizac and MacDonald, 1974). Ferric svilfate 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 chloride has been tested frequently and was recognized to be stronger than 

ferric sulfate (Jones and Peters, 1976). 

Brown and Sullivan (1934) reported that ferric chloride is a better leach

ing agent than ferric sulfate in the dissolution of chalcopyrite concentrate. 

At 100°C, 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 concentrated 

acidified ferric chloride solutions. At 10 6°C, copper extractions in excess of 

99 percent were achieved within 2 hours. Parabolic kinetics were reported and 

was attributed to mass transfer during:the leaching of ferric ions through the 
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constantly thickening sulfur layer. Ferric chloride leaching studies have also 

been successfully conducted on stibnite (Sb2S3) by Tugov and Tsyganov (1965), 

on tetrahedrite by 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 lOO'C was studied by Kuzminkh and Yakhontova (1951). 

The overall reaction isr 

ZnS + 2Fe(III) = Zn(tl) + 2Fe(II) + S° (1) 

The initial dissolution rate was directly proportional to the concentra

tion of ferric ion. The rate increased with increasing ferric ion concentra

tion to a maximvmi of two to three times the stoichiometric requirement. There

fore, additional increase in ferric ion concentration did not affect the rate. 

The overall kinetics 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 

solutions. Ermilov*s results showed that a 150-percent theoretical excess of 

an acidic ferric, chloride solution containing 100 g/1 ferric ions and 50 g/1 

ferrous ions .could extract more than 85 percent of the zinc from a sphalerite-

bearing 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/1 FeCl3. The addition of xylene to the ferric chloride leaching solution . 

permitted the simultaneous extractions of the elemental sulf\ir 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 studies of sphalerite dissolution are reported. The 

objectives of these investigations were: 

1. 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 

ion or products through the porous sulfur layer, the chemical reaction 

at the liquid-solid interface, or a combination of these rate^^determining 

steps. 

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

University of Idaho for their critical reviews for this report. 



STRUCTURE AND PROPERTIES OF SPHALERITE 

In sphalerite crystals the bonding is predominantly covalent where two 

elements, Zn and S, form tetrahedrally distributed orbitals of the hybrid sp-' 

type. The structure can be compared to two interpenetrating face-centered 

cubic lattices with sulfur atoms centering on.the points of one and zinc atoms 

on the other. Each zinc atom is bonded by electron pairs to each of four sul

fur atoms, and each svilfur atom is in tiirn bonded to four neighboring 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 color and appearance, 

depending on the identity and amount of impurities present. Color ranges from 

white in the pure state to yellowish brown to deep black as the amount of iron 

increases. Marmatite, (Zn,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 pure sphalerite is 67 weight percent zinc and 33 weight percent 

sulfur. In nat\ire, sphalerite always contains iron which occupies the sites of 

zinc ions in the lattice. Manganese and cadmiim are usually present in small 

amounts in solid solution* • -

Sphalerite, the most common mineral of zinc, is found in contact metamor

phic deposits where'the 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 higher temperatures. 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 

Thermodynamics 

The standard free energy (8, 19), ̂ G " , change for the reaction (1) 

between sphalerite and. ferric chloride solution at 25'»C can be calculated as 

follows: 

ZriS (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 L—DIAGRAM SHOWING TWD UNIT-CELL IN THE STRUimoN OF spmLERiTE. 
-IN EACH UNIT/ EACH ZINC ATOM IS BONDED BY ELECTRON PAIRS TO 

• EACH OF FOUR SULFUR ATOMS. 



The reaction.will be thermodynamically possible from left to right, 

because the value of the free energy change is negative. The equilibrium 

constant, K, can be calculated according to the following relationship 

A G O = RT inK (2) 

where K = (apQ++)^(a2n++) (agO) / (3^,^+++)^ ^^ZnS^ 

and. "a" is activity. 

The activities of sulf\ir and sphalerite are taken as unity. The equilib

rium constant, K, calculated with the use of Equation (2), is about 10^^. An 

equilibrium constant of this magnitude indicates that reaction (1) should be 

nearly complete at 25°C for any significant concentration of Fe (III). The 

rapidity of the reaction is a kinetic problem discussed later in this report. 

Electrochemical Reactions 

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

expressed in terms of oxidation-reduction half-cell reactions. Reactions occur' 

at the anodic side (Latimer, 1952): 

Zn + S — = ZnS + 2e" E" = 1.44 volts 

Zn"^ + 2e~ = Zn E" = -0.763 volts 

+ S<» + 2e~ = S E" = -0.48 volts 

SO + Zn"̂ "̂  + 2e" = ZnS Eo = 0.197 volts 

or ZnS = Zn + 2e + S" ^°red. ~ -0'197 volts 

Reactions occur at thie cathodic side: 

2Fe^^ + 2e = 2Fe^^ . Eo^^ = 0.771 volts 
ox. 

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

obtained as follows: 

EOgĵ-,_ = E'ox. •*• ̂ "red* ^ 0.574 volts/mole 

A change in electrode potential, Eo, results in a change in the free 

enercfv,/\GO , of reaction by nFEo per mole, where F is the Faraday constant and 

n is the number of electrons transferred. If the concentration of ions involved• 

in the electrode reaction is assumed to be at unit activity, then the equation 

is: 

: A G ° = -nfEo = -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). 

' 5 • • • 



Pourbaix Diagram 

The leaching of sulfides is similar to the corrosion process in which the 

reaction of a sulfide with its environmisnt results in the continuing destruction 

of the sulfide. Pourbaix (1966) developed a graphical means for displaying the 

domain of phase stability in terms of voltage and pH for each species in a 

leaching system at fixed composition. Changes in the concentration of the con

stituents cause shifts in the positions of the lines in the diagrams. 

The derivation of Eh-pH diagrams is based on the general reduction equa

tion in aqueous solution (Wadsworth and Malouf, 1972a): 

aA + bB + mil "*• + ne~= cC + dD (3) 

where A = oxidized species 

C = reduced species , 

B & D = auxiliary species or water 

The electrode potential for Equation (3) can be written: 

2.3RT 2.3RT 

Eh = EO (m/n) pH - log( a^aJ/ajB^) (4) 

nf nf 

where f is'the Faraday constant. 

On' the diagram, the slope is proportional to (, - ^ ) . Thus, when, "m" is 

zero, the line is horizontal; when' "n" is zero, the line is vertical. 

Figure 2.shows the Zn-H20-Fe-S system. This diagram is based oh the con

centrations used in the present leaching experiments. The concentration of 

iron is 0.25 molar.and of zinc ion, 0.05 molar. This diagram is incomplete but 

indicates the most important domains in which the species at 25° at a given Eh . 

and. pH are thermodynamically stable. 

The diagram graphically describes which pH values could result in the pre

cipitation of certain species. The pH can thus be controlled during subsequent 

leaching experiments. The numbers in parentheses on lines in figure 2 corre

spond to the chemical reaction equation number shown in "Calculation of Eh-ph 

diagram of sphalerite." For example: lines (1) and (2) in figure 2 indicate 

that water is stable only within certain limits of oxidation or reduction 

potential, oxygen or hydrogen being evolved when these are exceeded. Ihe 

upper limit of water stability can be calculated-on the. basis of the reaction 
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FIGURE 2.—DIAGRAM snaiiNG SPH/\LERITE IN AQUEOUS SOLUTION. 
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2H2O = 02 + 4H'*" + 4e~. at 25oc . 

and Eh = 1.23 + "'O^^ log (H+)4 ( ^ o ) with Eo =1.23 volts 

Assiane P Q = 1 atm, then 

Eh = 1.23 = 0.059 pH. 

The lower limit of water.stability if obtained similarly by using the half-

cell reaction 

2H'*" + 2e" = H2 EO = 0 

Thus Eh = 0 + ix°§i log(H''")2 = 0 - 0.059 pH 
2 . 

\ ' . . ' • • . 

When ZnS leaches in the presence of Fe(ril) ion solution under acidic and 

oxidizing conditions, elemental sulfur will be formed. Further, sulfur will be 

oxidized to sulfate according to the reaction, S? + 4H2O = SO."" •+ 6e" + 8H 

(line.6)., But: under non-oxidizing conditions the elemental sulfur will become 

H2S according to. the reaction, H2S = S" (c) + 2H'*" + 2e~ (line 8). oulfur is 

also unstable, in the presence of alkaline solutions in which it tends to form 

HS~ and SO^ (fig. 2). Hence the stability domain of sulfur enclosed by 

lines (5), (6), (9), and (8), is roughly triangular and very narrow. 

The stability domain of ferric ion is also in the acidic region. The 

boundary line (15) between Fe"''"*"*" and FeOH'*'"̂  in figure 2 is according to the 
+4*-4» 4—4- 4- 4"4-

reaction, Fe + H2O = FeOH + H . The FeOH will deposit as Fe203 as the 
++ + 

pH of solution is raised to 2.4 (2FeOH + H2O = Fe203 + 4H ). The precipita

tion of Fe203 is undesirable in the leaching system. The pH of the solution 

must be kept below 2.4 if precipitation of Fe203 is to be avoided. 

Zinc ion is stable between pH range 0 to 6.6 as shown on boundary line 

(13). Above pH 6.6 it precipitates as Zn(0H)2. The system will naturally 

assume interparticle potentials in the range of stability of all ions Zn"*"*•, 

Fe•'••'"'", Fe•'"'•, and So. 

REVIEW OF KINETIC MODEL 

The dissolution of zinc sulfide particles in acidified ferric chloride 

solution is assumed to be a heterogeneous process involving mass transport 

of ferric ions, ferrous ions and zinc ions, and one or more interface reac

tions. The reaction is irreversible thermodynamically and it proceeds in a 

topochemical manner. That is, as the reaction continues, a progressively 

thicker outer shell of elemental sulfur is formed, while the inner core of 

unreacted sulfide decreases. Diffusion of ferric ion and ferrous ion through-

• " • 8 



the porous sulfur layer is required for continued reaction. The solid product 

sulfur layer is assumed to be of uniform thickness from point to point over the 

surface of.the particle. The thickness of sulfur, is directly proportional to 

the quantity of zinc ions which have been produced. 

The overall reaction process may be broken down into steps, some of which 

are as follows (figure 3): 

1. Transport of,reactant, ferric ion, Fe(III), through the liquid film sur

rounding the particle 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 ZnS/S interface. 

3. Chemical reaction at the liquid-zinc sxilfide or S/ZnS interface which 

results in consumption of Fe(III) ion and generation of siilfur and Fe(II) 

ion; at the same time the ZnS core is consumed. Chemical reaction at the 

sxilfur-zinc sulfide.interface may include steps of adsorption, electron-

transfer reaction, and desorption. 

4. Diffusion of soluble products of the reaction, Fe(II).and Zn(II), through 

the porous sulfur layer (Bartlett, 1972). 

5.. 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 that corresponding step is said, to be the rate-controlling 

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

during the reaction for any given conditionsi At times, some of these steps 

do not,exist. For example, when the stirring rate was rapid enough to reduce 

the thickness of the stagnant liquid film surrounding the particle to a minimum, 

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

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

tions (Levenspiel, 1972): 

(1) The particle is assumed to be spherical and it retains its 

original dimensions during the entire dissolution process. 

(2) The reaction proceeds sphericalrsymmetrically and irreversibly. 

, (3) The fluid-solid reactions are noncatalytic reactions. 

(4) The reaction occurs in a pseudo-steady-state condition over any 

small period of time, i.e., the three rates^-diffusipn of ferric 

9 



Low Conversion High Conversion 

Radial Position 

FIGURE 3.—DIAGRAM SHOWING SPHALERITE PARTICLE REACTION. REACTION PROCEEDS AT 

THE.OUTER SKIN OF THE PARTICLES. THE ZONE OF REACTION THEN MOVES 
INTO THE SOLID PARTICLE. 
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ion.through the liquid film, diffusion through the sulfur layer, 

and reaction at interface—are identical. 

As previously mentioned, the overall reaction involves, mass transfer 

across the liquid boundary layer, transport across the sulfur layer, and chemi

cal reaction at the interface. Three models for mathematical rate expressions 

are now summarized under the rapid stirring condition: 

1.. Model Based on Control of Reaction Rate by Rate of Diffusion Through 

Sulfur Layer (Levenspiel, 1972). 

The dissolution of sphalerite in acidic ferric chloride solution, produces 

sulfur which forms on the surface of a particle. The sulfur layer is porous, 

permitting, the diffusion of ions to the particle svirface. The kinetics are 

controlled by.the transport of ferric ion and products of zinc or ferrous ions 

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

where 
2bMDgCf3 

. Kp = 

t = 1 - |R - (l-R)^/-^ 

volume of unreacted core 
R = fraction reacted = 1 - •, - .. 

original volume of particle 

= 1 - (3 7rrJ) / (̂ 77r|) 

= 1 

r^ 3 

^o 

I Q : Radius, of original particles, cm 

r̂ ,: ZnS core radius, cm 

Cf '. Concentration of Fe ion in sulfur layer or mineral surface 

b: Stoichiometric Coefficient 

D : Effective diffusion coefficient of ions in porous medium, cm /min 

Parabolic rate, min" 
e' 

M: Molecular weight of the particular sulfide mineral 

Pg: Density of sphalerite 

t: Time, min' 

11 



2. Model Based on Control of Reaction Rate by Rate of Chemical Reaction 

(Levenspiel, 1972) 

In this model, the rate of consumption of reactants,. Fe(III), and forma

tion of product sulfur layer are proportional to the area of the unreacted 

core of the particle. The progress of reaction is unaffected by the presence 

of any product layers The rate expression may be written as: 

K^t = 1 - (l-R)^/3 (6) 

where 
MbK C*_ MbKccCfc 

K = with the dimension t 
c 

Pz^o 

K^j,: Chemical rate constant 

C^_: Concentration of Fe ion at unreacted particle core 

K : Chemical linear rate, min~ 

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 the process. However, the relative importance of the liquid film, the sul

fur layer and the interface 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 reaction at the interface is of 

equal magnitude to the rate of diffusion through the sulfur layer. The reac

tion rate will be expressed as: 

MbKccDeCfs . Kcc ,/-, °e ~ , , . 
t = [1 ~ I R ~ (1 - R)^/-^ + _ (1 _ (1 _ R)l/3j3 ^7^ 

Pz^o 2 r^ 

The equation shows that both the chemical reaction at the surface of a 

particle and mass transport of ferric ion through the sulfur layer contribute 

to.the overall rate during the reaction. 

12 



EXPERIMENTAL APPARATUS AND PROCEDURE . 

The.leaching'experiments were conducted in the reaction flask at tempera

tures ; ranging from 440c to 90OC. The equipment was maintained at a constant 

temperature which permitted the withdrawal of solution samples at defined 

intervals..-

The samples tested were sphalerite flotation concentrates obtained from 

St. Joe Minerals (Balmat, New York), from U.V. Industries, Inc. (Utah), and 

from ASARCO (Colorado). Some experiments were conducted by using 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 1/2 inch. 

The sphalerite concentrates, were gray in color. They were screened and 

washed ih acetone to remove slimes and then dried overnight for experimental 

work. Shown in table 1 is the assay of the sized fraction of the three zinc 

concentrates by Perkin-Elmer Model 303 atomic absorption. 

Deionized, distilled water was-used in all experiments. Concentrated 

(38%) hydrochloric acid was used' to acidify the ferric chloride solutions. 

Reagentgrade ferric chloride hexahydrate (FeCl3.6H20) was used to compare the 

leaching solution. 

The leaching apparatus consisted of a 1-liter Pyrex reaction flask 

(fig. 4). The flask was heated in an oil bath, the temperature of which, was 

controlled within about +̂  l.Qoc. The reaction flask was fitted with a Pyrex 

glass lid that contained three circumferential, uniformly spaced, standard 

taper ports, and one centrally located, larger standard-taper port. One of the 

three ports was fitted with a reflux condenser which was used to keep to a min-

imiom evaporation losses within the reaction flask. Another of the small ports 

accommodated a 0° to 110*0 thermometer that measiired the temperature within 

+̂  l.Qoc. This opening also served as the charging port for inserting the leach 

sample or as the sampling port for removing samples of the leach solution. The 

third small opening served as the inlet port for the flowing nitrogen gas atmo

sphere maintained over the system. The center port 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. revolution was 

estimated by means of a stroboscobe and was held to +.15 rpm by the control on 

the variable speed motor. 

13 
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FIGURE ^ . ~ A scHE^v\TIc DIAGRAM OF THE LEACHING SYSTEM. 
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Table 1.—Chemical analysis of zinc concentrate 

(-100 + 150 mesh) , wt% 
• T — ' - = * — " ' . 1 . 1 — ^ - . T ^ I II i II II II I I II L I I • • — i ^ ^ ^ a B s s=s s=—= II I II .. 

Zn Fe Cu Pb Ca . . Cd Ag Sb Mq 

(1) 61.500 5.170 0.130 0.450 0.350 0.150 0.002 0.045 0.180 67.98 

(2) 54.160 6.250.1.130 3.030.0.200 0.320 .0.014 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 

(1) St. Joe Minerals (Balmat, New York) 
(2) U.V. Industries, Inc. (Utah) 

(3) ASARCO (Colorado) 

A standard leach procedure was followed: 

(1) The concentrate was sized, acetone washed, and dried overnight. For sphal

erite crystals it was mounted in a 1-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 1-liter reaction flask; the pH of ferric chloride solution was kept 

below 2 .by adding 20 ml of concentrated HCl per liter pf solution before 

it was placed in the flask. 

(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 grams) 

was.placed in a test tube and preheated in the oil bath. Prior to heating • 

the reaction flask, nitrogen was bubbled through the solution for about 

10 minutes. The flow of nitrogen was stopped during 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 mixtture was stirred-

at the desired speed. 

(5) Approximately 2 milliliters of solution was withdrawn with a pipet, during 

the experiment; 1 milliliter was used for chemical analysis, the other was 

set aside for rechecking the results. The time interval for sampling was 

about 10. to 60 minutes, depending on need. The calculation of concentra

tions of the sample solution was based on the volume of solution in the 

reaction flask at the time of the sample was withdrawn. 
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EXPERIMENTAL RESULTS AND-DISCUSSION 

Investigation was conducted to determine the rate of dissolution of sphal

erite in acidified ferric chloride.solution and the effects of the variables 

of temperature, particle size, ferric and ferrous ion concentration, agitation 

rate,- and purity. 

Stoichiometry of Chemical Reaction 

The initial experiments were directed toward checking the stoichiometry of 

the leaching reaction (1). The results to be discussed are;based on the exper

imental observations of the zinc concentrates supplied by St. Joe Minerals, 

Balmat, N.Y. The concentrates were leached in acidfied ferric chloride solu

tions at 8700 for various periods of time. The leaching was protected from 

oxidation by an atmosphere of nitrogen. Typical dissolved zinc and the forma

tion of ferrous iron versus time curves are given in figure 5. The ordinate 

on the left side of figure 5 gives the concen-tration of zinc ion in solution 

at time, t, and the-ordinate axis, on the right gives the ferrous ion concen-tra

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). The products and their amounts were consistent with: the following 

i__stoichiometry: 

ZnS + 2Fe(III) —- Zn(II) + 2Fe(II) +30 (1) 

This confirms, the results of other investigators (Dutrizac and MacDonald, 1974; 

Ermilov, 1960; Murray, 1972) who reported that a metal stilfide, immersed in an 

acidified ferric ion solution, often produces elemental sulf\ar and very little 

sulfate. 

Murray (1972) studied and reported that both the galena (PbS) and sphaler

ite (ZnS) react with acidified ferric chloride solution producing elemental 

sulfxor and the ratio of ferrous ion to metal element was approximately ,2. 

The microprobe analysis was also used to examine the sulfur layer growth 

allowing for leaching time for the leached flat surface of sphalerite crystal. 

The specimens were examined by simultaneous two-elements spectral scanning for 

S K.^ and Zn K^under the focused electron beam on the carbon s-urface of the 

specimen. Figure 6 shows the X-ray intensity across the.sulfur layer profiles 

for Zn KQ^ and S K^^ for three leached samples. The samples, were leached 2 

hours, 5 hours, and 8 hours, respectively, in 0.25 molar of ferric chloride 

solution at 70oc. Correspondingly, the thickness of. sulfur layer is 0.8 microns, 

5.6 microns, and 8.8 microns. The thickness of the sulfur layer (fig. 6) was 
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measured by the gap between two X-ray profiles, S K̂^̂  and Zn K^, with the 

scale of 16 microns per inch of chart paper. These two X-ray profile lines 

were scanned, simultaneously across the sulfxir layer by moving the sample 16 

microns per minute which is equivalent to 1 inch on the chart paper. The moving 

stage is a calibrated motorized gear, operating at.16 microns per minute. The 

two points for measuring; the thickness of the sulfur layer: are chosen at the 

place where these.two X-ray lines are roughly parallel, representing each of 

the two lines scanned over the specimen at the same spot, and at the same time. 

The gap also includes the amount of offset of two pens, about 1/20 inch, which 

must be corrected in the. thickness measurement. The thickness measurement is 

an approximated value, because it may contain errors on the position of spectro

graph lines that are deviated due to the roughness of the sulfur surface. The 

peaks and valleys 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 6 is for demonstrating the sulfur 

layer 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 to be controlled by liquid diffusion. Such a process follows the 

rate law controlled by mass transfer through the liquid boundary film. 

De 
Rate = -T— X A X C-, (8) 

^ , 

where 

^fl ' Concen-tration of Fe ion in solution 

A : Area, cm^ 

Inasmuch as the thickness of the liquid boundary> A ', decreases with 

increasing speed of stirring, the rate of dissolution increases as a consequence. 

Table 3:shows the resiHts of a series of tests run at,different stirring speed 

settings which are plotted in figure 7. At speeds below 300 rpm, a straight 

line was obtained by plotting the logarithm of rate constant, K̂ ,, against the 

logarithm of speed of stirring. It is evident from figure 7 that the dissolu

tion rate increases with increasing stirring rate up to about 300 rjxn. At 

speeds below 300 rpm. Reaction (1) is controlled liquid-film diffusion and the 

rate can be usually expressed as a function of speed of stirring as follows: 

Rate of dissolution sx* (rpm)^ 
'19. 
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Table 2.— Stoichiometric requirement of Fe 
reaction 

+++ for sphalerite dissolution 

Sample . 
No. 

I--' 
2 
3 
4 

. . 5 • . 

6: 
7 
8 ' 
9 

10 

11 
12.: 
13 
14 
15 

16 

Time 
( m i n . ) 

5 
10 
15 
20 
30 

40 
50 
60. 
80 

100 

120 
140 
150 
160 
170 

180 

D i s s o l v e d Zn•*••*• 

(g ) 

0 . 1 7 9 
0 . 3 2 8 
0 .400 
0 . 4 9 5 
0 .710 

0 . 8 7 3 
1 .032 
1.186 
1 .316 
1 .530 

1 .587 
1 .763 
1 .854 . 
1 .802 
1 .705 

1 .925 

Fe"*"*" i o n s formed* 

( g ) 

0 .420 . 
0 . 3 8 7 
0 .632 
0 . 7 5 5 
1 .041 

1 .408 
1.907 
1 .959 
2 .670 
2 . 6 8 7 

3 .282 
3 . 1 7 4 
3 .327 
3 .300 
3 .200 

3 . 5 5 0 

Fe++/Zn++ 

2 . 3 5 
1.18 
1 .58 
1.53 
1 .47 

1 .61 
1 .85 
1 .65 
2 . 0 2 
1.76 

2 . 0 7 . 
1.80-
1 .77 
1.83 
1 .88 

1.84 

Average— 1.11 2.12 1.91 

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

where a £ 1. The value of "a" obtained by plotting the logarithm of rate of 

dissolution against the logarithm of speed of stirring (fig. 7) is 0.75 for 

liquid diffusion. 

Above 300 rpm, the process is independent 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 the sulfur layer, 

or a combination of these. . 
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Table 3.--Kinetic data of sphalerite dissolution at different speeds 

Particle size -100+150 mesh, Fe"*"*"*" 0.205 molar. 

Temperature 570c, Sample source: St. Joe Minerals Co. 

Test No 

R-1 
R-2 
R-3 
R-4 
R-5 

R-6 
R-7 
R-8 
R-9 

• R-10 

.Stirring speed 
(rpm) 

460 
425 
360 
155 
185 

295 
360 
50 
170 
0 

Kinetic rate 
(K^, min."'') 

0.67x10-3 
. 0.73x10-3 

0.56x10-3 
0.49x10-3 
0.55x10-3 

0.75x10-3 
0.68x10-3 
0.16x10-3 
0.31x10-3 
0.09x10-4 

Leaching time. 
(min.) 

180. 
180 
180 
180 
180 

180 
180 
180 
180 
180 

In all subsequent experiments the stirring speed was set about 360 rpm so 

that the liquid diffusion resistance was minimized through the stagnant layer, 

immediately surrounding the particles. 

Kinetics—Controlling Step of Reaction 

One possible objective of kinetic studies of a dissolution reaction of 

this type is to determine which step or steps are rate controlling. Some pos

sible steps in the reaction are (1) chemical reaction at the liquid-solid 

interface or at the sulfur-svdfide interface and (2) the diffusion of products 

or reactants through the sulfur layer. A typical example for illustrating the. 

reaction steps is shown in figure 8; the curves are given for zinc concentrate 

leached at 87oc and 360 rpm with ferric ion concentration of 0.25 molar. Two 

functions, [ l-(l-R)-'̂ '̂ 3] i^ Equation (6) and [1 - |R-(1-R)^'^3] in Equation 

(5), are plotted against the reaction time, t. These two functions relate the 

fraction reacted, R, as a ftinction of time, t, according to two different 

models. 

In figure 8, it can be seen that neither gives a straight-line relationship 

throughout the dissolution process. Below about 60 percent completion, the data 

are linear with respect to-the chemical control model, whereas above 60 percent 

completion, the data are linear with respect to the diffusion control model'. 

Verification of the possible change in the rate determining step during 

the leaching process may be obtained by determining how the dissolution of 
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concentrates is influenced by particle size. As discussed in previous sections, 

for the chemical control models, time and fraction reacted are related according 

to Equation (6). 
,„ bkccCfiM 1 

1 - (l-R)-'-/3 = - X X t 

. Pz ro (6) 

Rearrangement of Equation (6) gives in logarithmic form: 

log t = Log A3_ + log TQ 

where 

^1 = 

1 - (l-R)^/3 p_̂  

bKccCfiM 

or log t x^^ log rQ 

A plot of log rQ vs log t will give a slope of one. Similarly, for the 

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

2bMDeCfg 1 
1 - |R - (l-R)^/-^ = — X — X t 

^ 2 
Pz ^ o 

Rearranging and taking logs gives: 

log t = log A2 + 2 log TQ 

or log t s.-̂  2 log TQ 
where 

^2 = 

r> 2/3 
1 - £ R - (1-R) 

P z V 3 
2bMDgCf3 1 

A slope of log rQ vs log t will give a slope of two. 

A series of experiments was run for different particles sizes, (-28+ 35 

mesh, -35 +48 mesh, -48 + 65 mesh, -65 + 100 mesh, -100 + 150 mesh, -150 + 200 

mesh) under the same leaching condition. The time needed to achieve: the same 

fractional conversion for each particle size was plotted against particle size, 

log rQ. Figure 9 and table 4 show the results of these experiments. The five 

lines each represent a constant value of R, the fraction reacted for a series 

of particle sizes. The slope of the line R = 20% is cibout one, and the slope 

of the line for R = 95% is slightly greater than 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 two models. 
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Table 4.—Regression Analysis of log radius of mineral particle and log time 
in leaching 

Run Nb. . Particle Size 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 2.55 
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- — — — 3.52 4.19 5.12 5.86. 7.17 

Correlation coefficient- ;— 0.98 .0.99 0.98 0.96 0.88 

It is desirable to combine, the 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 the particular variable of 

interest. . Equation (7) is a mixed-model equation for spherical particles: 

MbKQQDgCfs KQQ Dr ,/V 
_ . t = — [1 - I R - (i-R)-̂ /-*] + — [1 - (l-R)-̂ /-̂ ] (7) 

P^ r^ 2 r„ 
Z O o 

Here, rearranging Equation (7) by multiplying each term by TQ/DQ, the 

following relationship is obtained 
"^^ccCfg KQQ ro 

. t = .[(1 -• (1-R)-̂ -̂̂ ] + [1 - 4 R - (1-R) '̂•̂I 
Pz^o 2 De 

or 

K^t = [1 - (l-R)-"-/-̂ ] + B [1 - |R - (1-R)^/^] (9) 

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 

overall reaction is the sum of the two factors on the right side of Equation 

(9), whose terms may be identified respectively as the interface or chemical 

reaction resistance and the sulfur or diffusion resistance. 

Figure 10(a) and 10(b) appear to be repetitions of figure 8. Figure 10(a) 

illustrates typical data plotted against the diffusion control term of Equation 

(9). The data gi-ve a straight line only after about R = 0.4. These same data 

plotted against the chemical control term of Equation (9) in figure 10(b) 
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indicate that a linear relationship is obtained up to R = 0.4. When these data 

are plotted against the right side of Equation (9), a straight line is obtained 

which passes through the origin. The transition points between the chemical 

control and the diffusion control are at the point of 40% conversion, R, as 

shown in figure 10(a) and (b). The transition points from all experimental 

data are between 25% and 60%. Equation (9) is applied to the case of instanta

neous ferric ions concentration Cfg = CQ-C^. CQ is' the. original concentration 

of ferric ions and Ĉ . is the amount of ferric ion per liter consumed at time, 

t. CQ-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 CQ-C.^ ~ ^o' then C^ may be neglected and thus Cfg -^o* 

Determination of Chemical Rate Constant, KQQ, and Diffusion Coefficient, Dg 

When the chemical reaction at the sulfide-sulfur interface is the rate 

determining step, the data will plot linearly when the quantity 1 - (1-R)^/3 

[Equation (6)] is plotted against the reaction time, t. From Equation (6) is 

1 - (1-R)^/^ = K_t 

where MbKooCfo 
Kc = _ (6) 

• • » / = • . ; • • • . • 

The slope of this line is KQ from which the chemical rate constant KQQ can 

be obtained by calculation from the other constants Pg, rQ, Cf^, 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 
2 2/3 

quantity 1 - jR - (1-R) ' is plotted against the reaction time t. 
1 - |R - (1-R)^/3 ^ K t (5) 3 

2bMDeCfs 
where K_ = 

z o 

Rate Dependence on Ferric and Ferrous Ion Concentration 

Experiments were done to establish the dependence of the rate of dissolu

tion on the ferric ion concentration. The experiments were run at 87oc and 360 

rpm with the ferric iron concentration varied from 0.0125 molar to 0.8 molar. 

Table 5 gives the kinetic data obtained from 16 leaching experiments using zinc 

concentrates and nine using polished sphalerite crystals. These data indicate 

that, for concentrations between 0.0125-0.1 molar ferric ion, the dissolution 

rate is proportional to the concentration of ferric ion but is insensitive to 

ferric ion concentration above 0.1 molar (fig. 11). The slope of the straight 
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line below 0. 1 molar Fe"̂"*"*" ion (fig. 11) is 1. 1 which indicates a first-order 

reaction. The first-order dependence of rate of leaching on ferric ions was 

also noted by Dutrizac and others (1969) in.a study of synthetic chalcopyrite 

in acidic ferric sulfate solutions while the ferric ion concentration was below 

0.01 molar. Lowe (1970) reported that the reaction order.was. also one in the 

dissolution of chalcocite in ferric sulfate solution (0.007-0.3 molar). 

For ferric ion concentrations below 0.1 molar a chemisorption process may. 

be taking place. Chemisorption involves two steps: adsorption and si±)sequent 

electron transfer between-the adsorbed ion and the solid particle. An electron 

transfer reaction is essentially the same as the surface reaction. The ferric 

ion is reduced to ferrous ion according to the reaction, 2Fe''"'̂~'' + 2e -«• 2Fe''"'•, 

and the sulfur in ZnS is oxidized to the elemental state according to the 

reaction, ZnS-*- Zn"*"*" + so + 2e-. 

The rate reaction is a function of the ferric, ion concentration and the 

fraction of active sites covered. The data plotted below 0.1 molar.of ferric • 

ion concen-tration in figure 11 were initial kinetic data obtained during the 

early stages of leaching,, and may be proposed as a chemisorption process. The 

kinetics below 0.1 molar of ferric ion concentration may be interpreted as 

liquid diffusion through the stagnant layer immediately around the specimens 

(Wadsworth, 1972(b)). Though the stirring speed, 360 rpm, is high enough to 

eliminate diffusional control through the stagnant layer around the sample, it 

is not expected to eliminate diffusion control through the sulfur layer. How

ever, the activation energy may determine which mechanism may dominate the 

process. 

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 indicates the adsorption processes may 

involve large energies of activation and high heats of adsorption with the , 

result that the adsorption process itself is the slow step (Wadsworth and 

Malouf, 1972b).. Surana and Warren (1969) proposed a ccxmnon mechanism of leach

ing involving anion adsorption and activation of the mineral surfaces for 

geothite and hematite. The activation energy quoted for leaching in sulfuric 

acid was 19.9 Kcal/mole and in hydrochloric acid 22.5 Kcal/mole. Both are the 

first-order reactions. 
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When the concentration of ferric ion is.above about p.T molar, a mixed-

kinetics , is, proposed. The slope of horizontal.line in figure 11 is zero, which 

indicates a zero-order reaction and means that the rate of reaction is indepen

dent of ferric iron concentration. Lowe (1970) also observed a zero-order 

reaction in the dissolution of chalcopyrite in'ferric sulfate solution. 

As previously discussed, the rate-controlling step may involve the outward 

diffusion of products, Zn"*"*" or Fe"*"*". To test whether the outward diffusion of 

ferrious ion controlled -the reaction rate, experiments were r\in on the polished 

sphalerite crystal with constant ferric ion concentration.0.25 molar and con

taining, FeCI 2 concentrations of up to 60%. In concentrations above 60%, it is 

difficult to determine the zinc ion concentration, because the amount of zinc 

in solution is too low to be measured by atomic absorption. The experimental 

results are shown in figure 13 and listed in table 6. The leaching rate evi

dently decreases with an increase of ferrous iron 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 controlled by the gradient of Fe•*••*• con

cen-tration across the sulfur layer as expressed in the following equation 

•• D e - . 

Rate - -r- A [(a_ ++) saturated- (a_++)bulk] (10) 

I . -Fe Fe 
2 where D ; diffusion coefficient, cm /min 

1 : sulfur layer thickners, cm 

A ; surface area (constant), cm^ 

[a- ++] saturated: concentration of Fe at the 

sphalerite/solution surface is 
assumed to be sat lira ted. 

++ [aj,g++] bulk: concen-tration of Fe in the bulk solutioni 

•Because the concentration of ferrous iron in the bulk solution,ranges 

widely, the gradient of Fe concentration across the sulfur layer, [(a„ •f+) 

saturated - (ape++)]3ui]̂ ] , also ranges widely and so does the dissolution rate. 

However, in^most cases, during the later, stages of leaching, the concen

tration of ferric ions is depleted if no make-up concentration of ferric ions 

is supplied. Then, a point will be reached where the inward diffusion of ferric 

ions is slower than the outward diffusion of ferrous ion. In this.case, the 

inward diffusion of ferric ion becomes rate controlling. Such a point of view 

was also taken by Dutrizac and others- (1969) in their report of dissolution of 

synthetic chalcopyrite.in aqueous acidic ferric sulfate solutions. 
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Table 5.—Effect of Fe''"'*"'" ion concentration on dissolution kinetic at 3.7oc and 
360 rpni 

T e s t Fe :*••*"*• 

No. Concentration 
(molar) 

Rate Constant 
CK̂ Q cm/min) 

xlO -3 

Diffusion 
Coefficient 

2 (Dg,cm / m m ) 

x l O " ^ 

D i s s o l u t i o n 
; K r • 

-1 
mole 

xlO 

. m m 
- 2 

- 1 

Rate 

mm 
XlO 

. - 1 
-2 

Z i n c C o n c e n t r a t e ( - 1 0 0 + 1 5 0 mesh) 

R-11 
R^12 
R-1 3 
R-14 
R-15 

R-16 
R-1 7 
R-18 
R-1 9 
R-20 

R T 2 1 , 
R-22 
R-2 3 
R-2 4 
R-2 5 

0 .250 
0 . 1 0 3 
0 .051 
0 . 0 1 3 

. 0 . 3 2 8 

0 . 4 1 1 , 
0 . 2 5 0 
0 . 3 3 7 
0 .250 
0 . 2 0 5 

0 . 2 0 5 
0 . 3 2 8 
0 . 3 2 8 
0 . 3 6 7 
0 . 3 6 7 

1 0 . 2 
1 0 . 6 
12 .0 
10 .0 

8 .0 

5 .0 
8 .0 
7 .0 
9 , 0 

11 .0 

10 .0 
7 .0 
6 . 0 
5 .0 
6 . 0 

1. 
0. 
0. 
0. 
0, 

0. 
1 . 
0. 
1 . 
1 . 

1 , 
0. 

0-
0. 
0. 

.42 

.90 

.90 

.90 

.60 

.35 

.42 

.50 

.40 
,40 

.40 
,60 
.50 
,35 
.35 

3 . 8 
6.0 . 
8 . 0 

10.0 
3 . 0 

2 . 0 
4 . 0 
2 . 8 
3 . 6 
2 . 8 

3 . 5 
3 .0 
3 . 0 
2 .2 
2 . 2 

0.96 
, 0.62 

0.41 
0.13 
0.98 

0.80 
1.00 
0.94 
0.90 
0.57 

0.72 
0.98 
0.98 
0.80 
0.81 

R-26 0.287 10.6 0.30 3 .2 0 . 9 2 

Test 
No. Fe C o n c e n t r a t e ( m o l a r ) 

Ra t e 
Kc g /cm^/cm^/min 

Sphalerite Crystal 

R-73 
R-74 
R-75 
R-76 
R-77 

R-7 8 
R-79 
R-80 
R-81 

0.200 
0.100 
0.050 
0.250 
0.013 

0.290 
0.400 
0.500 
0.800 

0. 
0. 
0. 
0, 
0. 

0. 
0. 
0. 
0. 

.020 

.016 
,006 
,005 
,002 

,013 
,013 
,006 
,015 
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Table 6.--Dissolution rate as a function of Fe(II) concentration at 87oC and 
360 rpm (sphalerite crystal) 

Test No. 

R-61 
R-62 
R-63 
R-64 
R-65 

R-66 
R-67 
R-68 
R-5 7 

Surface 
Area 
(cm?) 

0.9881 
0.9881 
0.9881 
0.9881 
0.9881 

0.9881 
0.9881 
0.9881 
1.1050 

P+++ 

Concentration -

(molar) 

0.25 
0.25 
0.25 
0.25 
0.25 

0.25 
0.25 
0.25 

0.25 

Fe++ 
Saturation 

(%.) 

5 
10 
15 
20 
30 

40 
50 
60 
0 

Rate Constant 

^cc 

(cm/min-^) ; 

10.8 X 
8.2 X 
9.8 X 
6.3 X 
7.8 X 

3.6 X 
3.3 X 
1.7 X 

18.8 X 

10-6 
10-6 . 
10-6 
10-6 
10-6 

10-6 
10-6 
10-6 
10-6 

Leaching Time 

(min.). 

. 6 3 0 
360 
250 
840 
645 

600 
665 
735 
760 

Effect of Temperature 

Samples of the sphalerite concentrate in the -100 + 150 mesh range were 

leached in temperatures ranging from 440 1-0 90oc to determine the effect of 

temperattire on the rate of Reaction (1). See figure 14 and table 7. The data 

are plotted in terms of the function [(1 - (1 R)^^-^ + B (1 - |R - (l-R)^-^-^]/(C 

against time, t. This function was found to fit the data best for the overall 

reaction process. The slopes, Kj. = MbK^c/Pz^o (Equation 9) of the lines are 

steeper as the temperature increases which would be expected since the chemical 

reaction rate constant, Kj,̂ ,, increases exponentially with, temperature. 

The activation energy, E^, for the reaction can be obtained from the expo

nential variation of this constant Kj,̂ , with temperature, f. Taking the log of 

both sides of the Arrhenius equation, K = Fe a'''̂  , gives: 

^t> 

log K 
cc 

log F -
2.303 RT 

(11) 

F : Frequency factor 

by plotting log Kj,̂ , vs 1/T, a straight line is obtained as shown in figure 15. 

Least squares analysis of the data used to construct figure 15 gives 

log K^^ = -4.78 + 2.45 x 
10-

(12) 
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From this the value for the activation energy E^ = -11.2 j; 2.7 Kcal is obtained 

- E a , • , : - . , 

from the regression coefficien-t 2.45 which is equal to •, .—. The 95% 
2.3 03xRxRlO-3 

confidence interval for the mean has a value of j ^ 2.7 Kcal/mole. According to 

Habashi. (1970), the activation energy of a diffusion controlled process through 

a liquid boundary is approximately 1 to 3 Kcal/mole, whereas.for a chemically 

controlled process it is usually greater than 10 Kcal/mole. .However, in a 

mixed-)cinetic process which involves pore diffusion, the activation energy is 

much greater than that for liquid boundary diffusion, and can be comparable to 

that for chemical reaction controlled process. Pohlman and Olson (1974). 

reported a mixed-kinetics model for the acid leaching of chrysocolla. They 

determined an activation energy of 8 Kcal per mole for the overall reaction 

process which is consistent with the experimental activation energy reported 

here,, that is 11.2 jJ; 2.7 Kcal/mole. 

Effect Of Initial Particle Size 

The effect of surface, area on the rate of leaching was studied by deter

mining the rate of dissolution of.six fractions of concentrate sizes, -28 + 35 

mesh, -35 +48 mesh, -48 + 65 mesh, -65 + -100 mesh, -100 + 150 mesh, and -150 

+ 200 mesh. The rate of dissolution, as expected, was found to increase with 

decreasing particle size or with increasing surface area (fig. 16). As the 

particle size, decreases, the rate of dissolution increases for a given period 

of time. From table 8 the constant B in Equation (9) is an indirect function 

of particle size if other factors are constant. The rate constant, K̂ ,̂,, is 

independent of particle size, but the reaction rate, Kĵ , is particle size 

dependent. 

Equation (9), K^t = 1 - (l-R)^/"^ + B [1 - |R - (1-R)̂ .̂-̂ ] , can be rewritten 

rewritten as X + Y = Kj-t, where K^ is reaction rate and X represents the percent 

contribution to the rate due to reaction at the siHfur-sulfide interface, 

1 - (1-R)^/^ / 1 - (1-R)^/-^ + B [1 - |R - (1-R)^^^] , and Y the diffusion con

trolled portion, B [1 - |R - (.l-R)̂ /̂ ] / 1 - {i-R)l/3 + B [1 - |R (I-R)^/^] . 

By comparing the relative magnitude 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 the particle size is changed. A comparison of this 

type has been made in figure 17 for two particle.sizes. Data were plotted, X, 

the chemical reaction percentage in total kinetics against the fraction reacted, 

• • " ' • • 4 0 . • 



Table 7.—Dependence of. rate constant, K^c' 
coefficient, DQ, on temperature 

and effective diffusion 

Test No. Fe''"*"''' • Temperatxire Rate. Diffusion 
Concen-tration • . 

(molar) . • (C°) 
Constant Coefficient 

. (K__,cm/min.) CD.,cm /min.) 

Sample from St.. Joe Minerals (particle size -10 0 +.150 mesh) 
R--27,-•;-.;.: .i;vOw21 87 
R-28 .0.21 44 
R-29 0.21 44 
R-30 0.21 44 
R-31 0.21 57 
R-32 . 0.21 57 
R-33 0.21 72 
R-34 0.21 87 
R-35 0.25 44 
R-36 0.25 57 

R-37 . . 0.25. 70 
R-38 0.25 87 
R-l 0.21 . 57 
R-2 0.21 57 
R-3 0.21 57 
R-11 0.25 87 
R-20 0.25 87 
R-21. 0.25 . 87 

Sample from U.V. Industries, Inc. 
R-39 0.21 87 
R-40 0.21 72 
R-41 0.21 44 
R-42 0.21 57 

Sample from ASARCO (particle size 
R-43 0.21 87 
R-44 0.21 87 
R-45 0.21 57 
R-46 0.21 87 
R-47 0.21 72 
R-48 0.21 79 
R-49 0.25 87 
R-50 0.25 87 

Sphalerite crystal .. 
R-5& 0.25 72 
R-59 0.25 57 
R-60 0.25 87 

12 X 10-3 to x 10-6 
1.1 X 10-3 
1.1 X 10-3 _ 

1.1. X 10-3 
2.1 X 10-3 
1.5. X 10-3 
3.6 x 10-3 -
. 1l' X 10-3 _ 
1.1x10-3 0.57 X 10-6 
1.5 X 10-3 1.6 ; X 10-6 . 

2.8 X 10-3 i.g X 10-6 

10 X 10-3 6.8 X 10-6 
1.7 X 10-3 
1.8 X 10-3 
1.4 x 10-3 

10.2 X rO-3 . 14 X 10-6 
10.1 X 10-3 
10.0 X 10-3 8.1 X 10-6 

(particle size -100 + 150 mesh) 
16 X 10-3 11. X ,10-6 

6.8 X 10-3 -
1.8 X 10-3 _ 
2.4 X 10-3 -

-100 + 150 mesh) 
5.5 X 10-3 _ 
5.5 X 10-3 _ 

. 1.8 X 10-3 _ 
7.0 X 10-3 _ 
3.5 X 10-3 -
6.9 X 10-3 _ 

8 x 1 0 - 3 
10 X 10-3 7 X 10-6 

7.3 X 10-6 _ 
3.1 X 10-6 _ 

52.8 X 10-6 -

Leaching 
.Time , 
(min.) 

120 
120 
150 
150 
150 
150. 
190 
360 
180 
180 

180 
1405 
180 
180 
180 
535 
120 
120 

180 
120 
120 
140 

150 
150 
150 
160 
150 
150 
120 
180 . 

960 
725 
605 
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Table 8.—Effec-t of particle size on dissolution, rate (0^25 molar Fe 
87''C, 360 rpm, 5-gram sample from St. Joe Minerals) 

i o n , 

Test 
No. 

P a r t i c l e 
Size 

(mesh) 

Diameter 

(cm). 

Rate 
Constant 
^cc 

Diffusion 
Coefficient 

D« 

Dissolution 
Rate 
K.. 

(cm.min-^) (cm.min" •̂) (min-^.mole-^) 

Constant 

X 10-3 X 10 -5 X 10 -2 

R-51 
R-52 
R-53 
R-54 

R-11 
R-55 
R-5 6 

-28+35 
-35+48 

. -48+65 
-65+100 

-100+1 50: 
-150+200 
-150+2 00 

0.02515 
O.O1780 
0.01255 
0.00890 

0 . 0 0 6 2 5 . 
0.00445 
0.00445 

12.4 
9 . 5 

10.5 
12.'9 

. 10.2 
11.4 
11.5 

3.23 
2.69 
2.70 
2.10 

1.42 
1.43 
1.51 

1.05 
1.32 
2.26 
3.46 , 

4.60 
5 . 4 0 : . 
5.10 

4.82 
3.14 
2 .35 
2.70 

2.24 
1.80 

. 1.80 

R. Figure 17 shows that the rate of dissolution of the smaller particle size 

(-150 + 200 mesh) is predomihantly controlled by the reaction at the sulfur-

sulf ide . interface while,the larger particle -35 + 48 mesh is initially surface 

reaction contrplled but approaches diffusional control in the later stages of 

leaching. It also indicates that for a .given value of R.the large particles 

give a greater diffusion resis1:ance than chemical reaction resistance. 

Effect Of Impurities 

The dissolution rate can be influenced by the impurity content, through 

galvanic ef f ec-ts, or through catalytic effects. According to Romankiw and De 

Bruyn (1964), the. more, ionic in nature the Zn-S bond is, the more soluble the 

solid. Romankiw and De Bruyn compared the dissolution rate of pure zinc blende 

(ZnS) with that of an ore sample. One ore sample studied was marmatite (Zn,Fe)S 

in which the iron is more electropositive than zinc. It was found that the. 

presence of iron in the lattice increased the ionic character of the crystal 

and aided in the dissolution. 

In this study two samples of sphalerite were used to determine the effects 

of impur-ties. One was a bulk ore sample from St. Joe Minerals Company, Balmat, 

N.Y. The other was a piece, of pvire sphalerite crystal. The ore sample 

contained sphalerite, calcite, marmatite, quartz, pyrite, galena, and dolomite. 

The crystal was a pure zinc sulfide with no detectable impurities as determined 

by microprobe analysis. A comparison of the leaching curves of the two 

•• . 4 4 -



10.0 

8.0 

r 6.0 
CJ 

E . 
o 

a.' 
4.0 

to 

X 

Z 
< 

2.0 

0.0 

R-60 Ore Sample 

R-57 Sphalerite Crystal 

R-60 

200 400 600 

Time, in minutes 

R-57 

800 

FIGURE 18.—DISSOLUTION RATE AS A FUNCTION OF CHEMICAL IMPURITIES.. 

45 



materials (fig. .18); shows that the impure sample leaches at a faster rate, than 

the pure sample.. In addition to the marmatite contained in the. impxire sample, 

some MniS, which is an essentially ionic sulfide, was also present. Thus, the 

observed greater rate of dissolution of. ore sample may be explained in part by 

the presence of ionic Fe and Mn in the sphalerite. 

Increasing dissolution rates also result from galvanic effec-ts • (Hiskey and 

Wadsworth, 1974; Vizsolyi and others, 1963) and the catalytic role of the impu

rity (Scott and; Dyson, 1968). Galvanic effects take place when a. mixture of 

minerals are subjected to leaching in the same pulp, especially between elec

trically conducting miherals such as sulfides which leads to accelerated corro

sion of. some minerals and cathodic protection of others. For example, the rate 

of dissolution of sphalerite increases, when sphalerite is. in contact with 

pyrite (Hiskey and Wadsworth, 1974). The pyrite acts as a cathodic site for 

the reduction-of oxygen that speeds the dissolution of sphalerite. An electro

chemical type reaction was proposed as follows: . 

Cathodic: ^ ^2 ''" 2H^ = 2e~ = H2O (on pyrite) 

Anodic : ZnS = Zn"*"'' + S« + 2e-
+ • " • . ." . " . • ... • . . . , ' - . • 

ZrtS + I O2 + H"*" = Zn"*"*" +.:S."» + H2O 

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 sulfide is relatively 

inert under acidic, oxidizing, pressure leaching conditions. The zinc sulfide 

becomes activated.and reacts rapidly to yield zinc sulfate and elemental sulfur 

when treated with soluble compounds of.copper in small amount,.and iron in 

larger amounts. The iron and copper play catalytic roles as cathodic sites in 

the ZnS anodic dissolution. Because the impure.ore sample used in this part of 

the study contains iron and.copper, they may be acting as catalysts and aiding 

the dissolution. 

Empirical Rate Equation 

The experimental data can be fitted to an empirical mathematical expres

sion. Two such expressions have been tried—-the logarithmic and hyperbolic 

equations. Regreission analyses of these two equations were made by using the 

same experimential data obtained from the zinc concentrate leaching; fraction 

converted, R, vs reaction time, t. Comparing these two expressions, the data 

better fit the hyperbolic equation which has the correlation coefficient 0.996, 
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Table 9.--Constants in empirical rate equation 

Hyperbola: ^ = a + b ̂  
R: Fraction converted, % 
t: Time, minutes 
a s b: Constants 
Stirring Speed, 360 rpm. . 

Test 
No. 

R-35 
R-51 
R-52 
R-53 

R-54 
R-11 
R-55 

Particle 
size. 
(mesh) 

-100+150 . 
-28 + 35 
.-35+48 
-48' + 65 

-65 +100 
-100 + 150 
-150 + 200 

Temperature 

(C) 

44 
87 
87 
87 

87 
87 
87 

pe+++. 

Concentration 
(molar) 

0.25 
0.25 
0.25 
0.25 

0.25: 
0.25 
0.25 

Constants 

a b 

1.066 559.05 
1.039 228.85 
0.844 241.97 
0.775. 160.86 

0.765 101.89 
0.820 82.63 
0.750 60.46 

and coefficient of determination 0.99 in the logarithmic expression, it is 

0.968 and 0.94. 

The general form of the hyperbolic equation is as follows (table 9): 

1 = a'+ ^ ' • 
, R ^ t • • 

(13) 

where R = fraction Converted, % 

t = time, minutes 

a & b = constant 

Rearranging, the rate equation will be 

Rate = 1 = (1-aR) (14) 

t bR 

From table;9 and Equation (14), the results indicate that the constants 

"a" and "b" vary directly with the particle diameter and inversely with 

temperature. This resxilt is expected and is a consequence of the increased 

dissolution of smaller particles in a given period of time and the increase in 

reaction rate with temperature. 

Analysis Of Error 

Several sources of error can exist in any reaction rate study such as 

those arising from the reaction system and those involving the characteristics 

and operation of atomic absorption instruments. Errors from, the reaction sys

tem are variations' in temperature and agitation speed. Errors from the atomic 
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absorption analysis are variation in lamp current, interference, and stability 

of signal. There is always the human error associated with the reading of 

absorbance scales and the preparation' of samples.. Some errors are random and. 

statistical, and.some, are systematic. 

Random errors or. .accidental errors cannot be eliminated.. They exist by 

the nat-ure'of .measurements and appear to , aff ect the precision of experimental 

results. The. errors may vary with each atomic absorption det.ermination or 

leaching, experiment and are random, each contributing, to a scattering of the 

data: (1) atomic.absorption variation in instrument performance because of 

fluctuation of signals, (2) variation in burette and pipet reading because 

of temperature changes and human errors on reading, the solution volume, 

(3) concentration-variation in standard solutions, especially loss due to the 

absorption-on the container wall while the solution stays inside a container 

for a certain: period of time, and (4) volume variation in diluting the sample 

and in preparation of sample solutions. 

Random error, revealed by small differences made from experiment to exper

iment, could be reduced or narrowed to a precise level by conducting a large 

number of experiments. However, conducting large numbers of experiments is too 

costly and laborious. During, this investigation samplings and leaching- experi

ments were duplicated to serve as a check and to increase the confidence in the 

reliability of the value obtained. Precautions and .steps on duplicating the 

sampling from the reaction vessel, double checking the burette and pipette 

reading, and duplicating the standard solution analyses.or renewing the standard 

solutions, would reduce the random error as much as possible. For zinc analysis 

the precision level 0.1 percent was obtained. 

Systematic error is a determinate error which introduces a bias into the 

leaching experiment or into the atomic absorption analysis. They can be avoided 

once they are recognized. In atomid absorption analysis, systematic errors.may 

be due tio a faulty hollow-cathode lamp, matrix interference, and the detection 

limit of the instrument. In a reaction system they may be due to the reaction 

variables such as temperatiure and agitation speed. 

When a lamp is failing, the most common effects are a reduction in analyt

ical sensitivity and an increase in output fluctuation. Some effect occurs 

when the lamp is not warmed long enough, or when the lamp current is not set at 

the required level for that element of interest. 
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High concentrations of ferric chloride solution may cause the matrix 

interferences in atomic, absorption analysis. When the sample solution becomes 

more concentrated and viscous, it flows more slowly through the burner, and 

atomic absorbance.is decreased. : The dilution of sample solutions and use of 

standard or blank: solutions would help.to overcome this .interference problem. 

Due to the detection limit of the instrument, zinc concentrations below 

0.1 ppm may cause difficulty in reading absorption percentage on the recorder 

chart. . However, there is no significant effect on results of sphalerite 

concentrate leaching.experiments, because all.these leaching solutions have 

zinc concentrations exceeding 0.1 pjm. When leaching for sphalerite crystal 

some errors on reading the recorder chart may occur due to the low value, of 

zinc content in.the leaching solution. Precision levels of 0.1 percent may be 

obtained by use of a digital, readout of absorption. 

"The systematic errors could be minimized as much as possible in the reac

tion system by controlling the temperatixre and agitation speed. For an iso

thermal leaching experimentation, the temperature was controlled within.jf 1 <*C 

by thermostat inside the oil bath. The expected error in rate constant, cal-

' <ilnKcc -EA 
culated from the, d i f f e r en t i a l form of the Arrhenius equation,. _____ = ^ °^ 

dT RT2 

A Kcc, -^A A T .'. 
— ' . — = .. was then 18 percent at 87"'C with temperatiore error range j^LO^C. 

Kcc RT T 

The results of early tests under seemingly identical conditions were-of poor 

reproducibility. One fault was traced to the introduction of inert nitrogen 

gas into the. vessel,with a consequent error in rate constant; therefore, the 

nitrogen was tiorned off during the leaching period to ensiire an isothermal 

reaction.system. 

It was assimed that during thie leaching the solids are 100% suspended and 

no sulfur product layer abraded off the sxirface of the particles. But when 

using low agitation speed or large amounts of solid particles, all of the solid 

particles may,not be suspended;, thus causing the errors in reaction rate and 

interpretation of reaction model. Also, for certain high speed ahd long dura

tion of agitation, the produced sulfur layer may be abraded off. This may 

change the reaction model from mixed kinetics to pure chemical kinetics through

out the leaching process. However, there was no experimentation in this aspect 

and the extient of errors was not determined in this study. The sample size was 
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limit:ed to, 5 grams of zinc concentrate in 500 milliliters of leaching solution 

and the agitation speed was controlled at 360;f15 rpm. With such smalT ratio 

of solid-solution and moderate speed, very little sulfur was found abraded off. 

the particles in the leaching experiments. As ai result, .the experimental 

results were found -to follow the theoretical mixed-control model. 

.,\:'':; SUMMARY'AND CONCLUSIONS • 

The major, pairt of this Study has, concerned the kinetic model of sphalerite 

dissolution in acidified ferric chloride solution, and the evaluation of the 

variables such as temperature, particle size, ferric ion concentration, stirring 

rate, and purity. , The following conclusions are dravm on the basis of the 

experimental results. , 

1. The rate of dissolution increases with, stirring speed but there is a 

limiting stirring speed, 300 rjxn, above which the reaction rate remains 

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

sulfide interface and by diffusion of ions through the sulfur layer above , 

this speed, below the limiting speed the rate is controlled by diffusion 

of ions through the liquid layer around the particles. 

2 . Three sample sizes (5-gram, 1-gram> and 0.5-gram) of zinc concentrates 

were used in this study. Other conditions remained the same. The experi-

men-tal data and the theoretical, interpretation indicate that the process 

of dissolution is controlled by -two steps. During the initial stages of 

leaching, the process is conlirolled predominantly by the rate of the 

reaction of ferric ion with the sulfide at the sulfur-sulfide interface. 

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

tant during the later stages of reaction. The mixed-kinetics.equation is 

given by: 

.•K^t= [1 - (l-R)-"-/̂ ] + B[,1 - |R - (l-R)2/3-j. 

where K = rate, min" 

t = time, minutes 

R = fraction converted, % 

B = constant for mixed-cont:rol. model 

3. Reaction rate increases significantly with temperat-ure. A calculation of 

the temperature dependence of the rate constant;gives an activation energy 

of -11.2 Kcal per mole.for sphaleri-te concentrate, which is in the range 

of values found by others. 
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4.' For ferric iron,concentration less than 0.1 molar the rate of dissolution 

may be, controlled by absorption of ferric ions on the sulfide surface as. a 

part of interface.reaction. At higher ferric ion concentration, the rate 

of dissolution follows the mixed-kinetics model. 

5. The presence of iron and manganese in the sphalerite apparently increases 

the rate of dissolution. 

6. The experimental data fit an empirical rate equation of the form 

• 1 = a -̂  k 
, , R t 

where. R = fraction reacted, % 

a; & b ;= constant 

t = leaching time,, minutes 

7. A sulfur, layer was evident on the surface of the sphalerite crystals as 

determined by electron beam microanalysis. Thickness of sulfur layer grew 

with increasing time of leaching. ' 

8. Assuming pseudo-steady state conditions, diffusion coefficient for ions 

are about 10-16 x IQ-^ cmVmin at 87<»C and rate constant, 10-16 x 10-3 

cm/min at 87"C. Both are temperature dependent., 
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Calculation of Eh-pH Diagram of Sphaleri te 

o 
1. E" =AGr/^^ 

A G ° . = A G ° products - A G ° reactants 

. n = number of electrons-transferred 

f = 23.06 Kcal/volt equivalent 

2. Eh = E + ~ In o^i^^zed state 
nf reduced state. 

AG° RT oxidized s1:ate 
r 
+ — In-ĵf nf reduced state 

Eh = half cell potential relative to the standard hydrogen electrode 

E" = standard half cell potent;ial in volts; the volts of the half 
cell when the activities are unity for all species entering into 
the half reaction. 

3. log K = -
AG? 

2.303RT 

A'^r = standard free energy change for the reaction 

K = equilibrium constant 

R = 1.98 cal/mole deg 

T = temperature in degree °K 

4. Reaction equations: 

In these calculations the concentration of zinc ions in solution is 

assumed 0.05 mole and the summation of the concentration of the sulfur species 

in solution is assumed to be, 0.05 mole. The.concentration of iron ions is 

0.25 mole which is the amount of ferric chloride in the solution. 
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(1 ) 2H2O, = 02 + 4H'*' + 4e" 

Eh = 1.23 + 0.'.°59-iog [R+]^ , [p^ ] 
4 : °2 

Assume P Q = 1 a tm 
2 

Eh = 1 . 2 3 - O .059 pH 

(2) H2 = 2H''' + 2e" 

Eh '= 0 + 0 - 0 5 9 l o g [H+32 

= 0 - 0 .059 pH 

(3) Zns = Zn''"'" + . S ° + 2 e -

E° =: 0 . 2 0 , v o l t s 

Zn''""'"= 10-^*3 

Eh = 0 .20 + 0 '05 .9 log Zn"'"'" 
• • : ,• 2 ; 

= 0 . 2 0 + 0 . 0 2 9 5 X ( - 1 . 3 ) = 0 . 1 6 v 

(4 ) HSO4" ( a q ) = H"̂  + SO4 " " ( aq ) 

K = 10 ^'-^^ = (SO.) 
, . HSO4-

Assume (S0^^ ) ;= . (HSO^") 

pH = 1.91 

( 5 ) S ° (c ) + 4H20,-= HSO4" (aq) + 7H'*" + 6 e -

HSO4" = lO""*'^ m o l e , E° = 0 . 3 3 8 v o l t s 

Eh = 0 . 3 3 8 - 0 . 0 6 8 8 pH + £ l 0 5 i l o g [HSO.-] 

= 0 . 3 2 5 - 0 , 0 6 8 8 pH 
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(6) S" (c) + 4H2O = SO4'" + aH"*" = 6e~ 

E° = 0.357 volts, SO^"" = 10"\*-̂  mole 

Eh =0.357 - 0.0788 pH + 0.010 log [SO^""] 

=0.344 - 0.0788 pH 

(7). HS~ + 4H2O = SO4 + 9H^ + 8e" 

E° = 0.252. V. 

Assume SO. = HS 

Eh =? 0.252 - 0.O66 pH + 0.0O74 log 
[SO^" 

[HS-] 

= 0 .252 - 0 . 0 6 6 pH 

( 8 ) H2S = S° (c) + 2H'*" 2e". 

E° = 0 . 1 4 2 V, H,S (aq) = lO"^*"^ mole 

Eh = 0 .142 - 0 .059 pH + T R ^ l o g —L." 
2 . ... HoS.. 

= 0 . 1 8 - 0 .059 pH 

(9 ) HS- = S ° + H"*" + 2 e -

[HS-] = 10- ' ' *3 m o l e , E° = - 0 . 0 6 5 

Eh = -0 .0 .65 - 0 . 0 2 9 pH - 0 . 0 2 9 l o g [HS-] 

= - 0 . 0 2 7 3 - 0 .029 pH 

(10 ) H2S = H"*" + HS" 

K = 10 - ' 7 ' 0 = [H"'"] 
[HS-] 

H2S ( aq ) 

Assume: [HS"] ,= [H2S] 

pH = 7 
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(11) 4H2O + ZnS = Zn'''*. + SO^"" + SH'*' + 8e' 

E° =0.334 V. 

Eh = 0.334 - 0.059 pH + 9.'?.^^. log Zn"'""'" SO,— 
8 . - 4 - • 

Assume. = Zn"*"*" = SO^ = 1 0 " ^ ' ^ m o l e 

Eh .= 0 .32 - 0 .059 pH . 

( 12 ) ZnS + 6H2O = Zn (0H)2 + SO^ + 1 OH''" + 8e~ ; 

E° = 0 . 4 2 6 V SO^"" = lO"^*-^ mole 

Eh = 0 .426 - 0 . 0 7 3 8 pH + 0 .00738 l o g [SO^ ] 

= 0 . 4 1 6 - 0 . 0 7 3 8 pH . 

(13 ) Zn•'"'*• " (aq) :+ 2H2O = Zn (0H)2 + 2H"*" 

[H"^]2 
K = 10 -11*8 = . 

Zn''""'• 

Assume Zn = 10-V*3 m o l e 

pH =• 6 . 5 5 

( 1 4 ) Fe ' ' ^ = Fe"*"'""'" + e " 

E° = 0 .771 v o l t s 

Fe++-^. 
Eh .= 0«771 + 0 . 0 5 9 1 l o g 

Fe"" 

= 0 .771 v o l t s 

(15 ) Fe''"'"*" + H2O = FeOH'*''' + H* 

Assume FeOH"'"''"' =• Fe"'""'"''" 

[FeOHt+] ~ 
" log . = - 2 . 4 3 + pH-

[Fe"'"'"] 

pH = 2 . 4 3 

(FeOH*"'' + H2O - . Fe203 ( s ) + 4H''') 
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( 1 6 ) Fe*"'' + H2O = FeOH''"* + H* + e" 

• AsstmieFeOH''"''" = Fe •*""*• 

Fe (0H'*'+) 
Eh .= 0 .914 - 0 . 0 5 9 1 pH + 0 . 0 5 9 1 l o g . 

Fe^ 

= 0 . 9 1 4 - 0 .0591 pH 

(17 ) F e * * + 2H2O = HFe02" + 3H* 

l o g 

pH = 

HFeO-

Fe+'^ 

= 10 .6- . 

= 3 1 . 5 8 + 3 pH 

(18) . F e * * + 4H2O = 8H* + FeO^"" + 4e 

Eh = 1 . 4 6 2 - 0 . 1182 p H + 0 .0148 l o g 
Fe04 ) 

Assume FeO^ , = Fe 

Eh .= 1.462 - 0 . 1182 pH 

. - . Fe"' 

++,. 

( 1 9 ) HFe02' ' + 2H2O = FeO^""" + 5H* ,+ 4e" 

Fe04 ), 

(Fe02H~): 
Eh = 0 . 9 9 3 - 0 .0739 p H + 0 .0148 l o g 

Assume FeO4 = Fe02H 

Eh = 0.993 - 0.0739 pH 

(20) FeOH** + 3H2O = FeO^ + 7H* + 3 e " 

[Fe04"~); 
Eh = 1.652 - 0.137,9 p H + 0.0197 log _> 

(FeOH'*̂ "*") 

Assume FeO.~~ = FeOH** 

Eh = 1 . 6 5 2 . - 0 . 1 3 7 9 pH 
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(21): Cl" + 4H2O = CIO^" + 8H* + 8e" 

-cio^-
, Eh =1.389;-. 0.0591 pH + 0.0074 log -̂  

T y • • T ' ' ' • Gl-

Assurae.ClO^ = Ct 

Eh = li389 - 0.0591 pH 
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