
poor predictions, but the "titapirical" Nernst equation and the nbest 

straight line" give average and maximum errors of about 9 and 16 

millivolts - a slight improvement over the use of the total concen­

tration ratio. Allowing for the complexes FeHS0^+ and FeHSot as well 

as FeSO^ , HSO^ and FeSO^ gives slightly better average and maximum 

errors of 8 and 15 millivolts. Including the species FeHSC^SO® and 

Fe(SO^)2 causes poorer predictions of the redox potential - see 

Appendix III for the relevant printouts.

The results in Figure 5.6 were obtained by allowing for the com-
Hf* «■» r\

plex species FeSQ^,HSO^ and FeSO^, and minimising the sum of the squar­

ed differences between the measured redox potential values and the 

"theoretical'1 Nernst equation predictions, using the values of the 

three stability quotients as independent variables. This ■esulted in 

average and maximum errors of 5,4 and 9,1 millivolts - a significant 

improvement over the results in Figure 5.5. Unfortunately the. 

values of the stability quotients arising from this regression are not 

realistic. The regression and literature values of these quotients 

are as follows:

Species

Value of concentration quotient

Value ex 

regression

Literature values

Quotient Ionic strength

FeSO?
4

555 228 to 84 0,15 to 2,67

HS04 16,5 35 to 8 0,1 to 3,0

FeSO?
4 88,0 17* to 1,7 0,15 to 3,4

(^Estimated - see section 4.2.3 and Appendix V)

The calculated ionic strengths, allowing for the above complexes, 

ranged between 0,2 and 2,66, therefore the stability quotients should 

be inside the above ranges of literature values. This is only true 

for HS04 . The stability quotients of FeSoJ and FeS0° from the re­

gression are well above the expected ranges. These concentration 

quotient values, therefore, should not be taken as physically signifi­

cant. They are merely fitted values which result in reasonable redox
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c) Individual activity coefficients

Allowing for the existence of complex species and using Debye-Huckel

individual activity coefficients xn the calculation of the species

distribution in solution and the ferrous/ferric activity ratio, gives

the results shown in Figure 5.7. The complexes allowed for are

FeHSO*+ , FeSO*, HS0~, FeS0° and FeHSO*. This is in agreement with

the work of Sapieszko eh cil(b8), who found the only ferric species in
4* 2.+ 3̂*

acid sulphate solution to be FeSO^, FeHSG^ and uncomplexed Fe .

Beukenkamp and Herrington(21) found the ferrous sulphate complexes to
4. 9  •+• - +

be FeSO° and FeHSO^. The removal of FeHSO^f and FeHSO^ from the 

species present, or the inclusion of FeHSO^SO^ and Fe(SO^)^, both re 

suit in poorer redox potential predictions - see Appendix III.

The stability constants at zero ionic strength and 25°C for 

FeHS0^+ , FeSO*, FeSO^ and FeRSO^, were assigned the following values:

Species

Stability constant at 25°C

This work Literature alues

FeHS0?+
4

2306 1900 to 4900**

FeSO*
4

10640 8710 to 13800

FeSO° 161 158 + 18*

FeHSO*
4

513 400**

* Uncertainty in the stability constant of FeS0° 

estimated from data in Smith and Martell for 

similar species

** Values estimated from data at non-zero ionic 

strength ( see s e c t , i A . 1 -!> - f*

The stability constant values for FeHSO^ , FeSO^ and FeSO^ are within

the ranges of published values, and can thus be accepted as reasonable, j

physically significant constants. The value - estimated from

96 ■ ■ •

.... . . . . . -...■ ■' " ....



Beukenkamp and Herrington(31) - from the literature for the stability 

constant of FeHSO^ is about 400. Beukenkamp and Herrington did not 

control their ionic strength, nor do they give a specific temperature 

at which their measurements were made, thut one must presume that room 

temperature was used. The value of 400 is therefore unlikely to be 

the exact value of this constant. If similar uncertainty is assumed 

for the FeHSO^ as for the ferric analogue (FeHSO^), the literature 

value becomes 400 + 176, and the value from this work of 513 is in­

side this range, and can thus also be accepted as reasonable.

5.2.2 Redox potential at elevated temperature

The redox potential measurements made at 90°C, as well as values re­

ported by Verbaan(38), were correlated by means of the "theoretical” 

Nernst equation (section 4.2.1) using individual Debye-Huckel activity 

coefficients and allowing for the species FeHS0^+, FeSO*, HS0~, FeSO0 

and FeHSO^ in solution. The resultant predictions and measurements 

are shown in Figure 5.8. At 90*C, 52°C and 22°C, good predictions of 

the solution redox potential were obtained. Two of Verbaan's(38) 

data points at SO^C lie a little further away from the "theoretical" 

Nernst equation predictions than the rest of the data points. Verbaan 

plotted his measured redox potential values against the ferric/ferrous 

concentration ratio:

At 75 C and 90°C he obt iined straight lines, while at 50°C and 25°C 

he obtained curved plots. However, if one neglects the two data 

points further from the Nernst equation predictions (Figure 5.8) at 

50°C, and plots the remaining three points (against the above ratio) 

as before, Verbaan1s results give a straight line, as for his results 

at 75°C and 90°C. Verbaan's results at 25°C can be fitted by a 

straight line with accuracy similar to the results for 75°c and 90°C. 

The deviation of some o£ Verbaan's results at 50°C from the theory 

presented in this work may be due to a measurement error in Verbaan's 

work, since his results at S0°C differ from his results at other 

temperatures. Alternatively, the activity ratio between ferrous and 

ferric ions in solution may be a much more complex funr m  than has 

been assumed in this work, Since the results obtained in this work
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span a much greater range of the ferrous/ferric ratio than Verbaan's 

results, and good predictions of the redox potential have been obtain­

ed, except for Verbaan's two points, it seems likely that some measure­

ment error gave rise to the larger deviations of these points from the 

theory In any event, the maximum error was less than 20 millivolts, 

which is not disasterous.

The stability constants (at zero ionic strength) for the various 

complexes were calculated at the higher temperatures by means of their 

values at ambient temperature and the well known equation (39);

_d(ln K) _ AH 

dT RT2

Where.* AH « Heat of reaction for complex foimation 

T = Absolute temperature 

R = Universal gas constant 

K = Stability constaat

For the complexes FelISojr+ , FeHSO^ and FeS0°, the assumption of con­

stant heat of reaction (AH) gave satisfactory results over the tempera­

ture range studied. These values were found by trial and error (on 

the accuracy of redox potential predictions) to be as follows:

Species
Heat of reaction, kJ/mol

References

This work Literature

2+
FeHSO,

A
63,4 75* 5

FeHSO*
4

60*6 70* 6 -

FeSQ?
4

6,5 6,7 ; 2,3 47 ; M

*These values were estimated, not measured

These heats of reaction are of the same order of magnitude as the 

values in the literature, and can therefore be accepted as reasonable.

The temperature dependence of the stability constant of HSO^ is 

accounted for in Pitzer's sulphuric, acid correlation(22) , as described 

in section 4.2.2(b). This correlatior, was used at all temperatures,



therefore a separate heat of reaction for HSO" formation is not re­
quired.

+The assumption of constant heat of reaction for the formation of 

FeS04 did not give satisfactory redox potential predictions at ele­

vated temperatures. Instead, this heat of reaction was assumed to be 

a linear function of temperature, i.e., the specific heats of the 

FeSO^, Fe and SO^ were assumed to be constant over the temperature 

range studied(39). Thin gave rise to the following expression for 

the stability constant as a function of temperature:

InK° = A + B/T + C In T

Where: K = Stability constant of FeSO+
_ v 4

I - Absolute temperature 

A,B,C = Constants

Differentiating the above equation gives the heat of reaction for the 

formation of FeSO. as:

AH = ~ ^ n ^°)
4 dT

Therefore: AH = RT2 1- (A + B/- * C In T)

Therefore: AH = R(C’T - B)

The values of the constants A, B, and C were found by trial and error 

the the redox potential predictions) to be:

A = - 900,421 

B = 39110,926 

C « 136,626

(The large number of digits is required for accurate exponentiation)

The results of Sapieszko et *7,(48) can be used to check the reasonable­

n e s s ^  the above values. They measured the stability constant of 

I'eSO^ at 250C, 55°C and 80°C, and their values for this constant can­

not be accurately represented by an equation of the form: In K =

A + B/T (i.e., constant heat of reaction). An equation of the form:

In K - A + B/T C In T (as in this work) is capable of accurately 

representing their data. Using this form of equation, and the stabili­

ty constant values (at an ionic strength of 2,67) from Sapieszko et 

al(t\B) results m  the following values for the heat of reaction, as



compared to the values from the present work:

Heat of reaction, kJ/mol

Temperature

This work Sapieszko et al

25 °C 

55°C 

80 °C

13.5

47.6 

76,0

15.4

43.5 

67,0

The values from this work are similar to those ex Sapieszko et at(48), 

and can therefore be accepted as reasonable.

5.2.3 Discussion

TVi objective of this part of the work was to calculate the solution 

: edox poteutial in acid ferric-ferrous sulphate solution. Figure 5.8 

shows that this can be done.

The results summarised in Figure 5.8 cover a range of ionic 

strength from about 0,1 to almost 4, Strictly speaking the use of 

Debye-Huckel activity coefficients is not justified in this range of 

ionic strength(7). However, various workers (43,44) have found that 

the Debye-Huckel predictions, when coupled with complex formation, 

give reasonable results at concentrations far in excess of those for 

which the use of the Debye-Huckel equation is accepted as justified. 

The following analysis also serves to justify the use of the Debye- 

Huckel activity coefficients in the range of ionic strength used in 

this work:

Consider the equilibrium:

The thermodynamic equilibrium constant (or the concentration quotient 

at zero ionic -strength) is given by:

^ 4 *  iss 4-

Fe + S04 $  FeSO^



[FeSO*] I \ 'FeSO,
or: log K • log< =r \ + log J 4

[f°3+] K 1 J '

Where: £ 2 “ species concentration

Y  => activity coefficient

The above equilibrium can also be represented at a specific ionic 

strength by a concentration quotient» i.e.:

[FeS0̂ ]
log K' = ~r— rT?j~f-- T at a si-ven i°nic strength

[f® j K J

Values are quoted in the literature for the concentration quotient at 

various ionic strengths (including zero). The effect of activity co­

efficient changes can thus be extracted from the literature as follows:

log K “ log K ’ + log i FeSO^

l'''Fe3+ YSo“

Therefore lop, f S n log(K/KT)

I yf o3 + y so-J

Figure 5.9 was constructed by the abovfi method for the stability quo-
H* O »

tients of FeSO^ and FeSO^, The symbols represent data points calcu­

lated froiit values quoted in the literature. The solid lines represent 

activity coefficient corrections calculated using the Debye-Hucke'l 

equation for individual ionic activity coefficients, at the ionic
^ * 

strengths indicated. For FeSO^ values from the literature were used.

For FeSO° no consistent values at non-aero ionic strengths were found, 

therefore a number of bivalent metal sulphates were used to generate 

data points. This is justified because the bivalent metal sulphate 

complexes are all outer-sphere complexes(49), thus the major effect 

influencing their stability constants is electrostatic attraction 

between the metal and sulphate ions(50),

Figure 5.9 shows that the use of the Debye-Uuckel equation tor 

individual ionic activity coefficients results in reasonable corrections 

for ionic strength to the thermodynamic stability constants. Therefore 

the use of the Debya-Huckel equation is considered to be acceptable at 

the ionic strengths used in this work, when coupled with complex forma­

tion,
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5.3 Combination of the leaching model with the calculation 

of solution redox potential

The leaching model has been successfully fitted to the experimental 

data for leaches 7 and 8, and it has been shown that the mineral 

surface potential is best approximated by the solution redox potential 

(section 5.1). It was also shown (section 5.2) that the solution 

redox potential can be calculated with an error of 10 millivolts or 

less, in the concentration range used in this work. All that remains, 

therefore, is to combine the leaching model with calculated solution 

redox potential.

This was done for leaches 3 to 6. These leaches were done using 

increasing amounts of ferrous iron in the initial solutions, to lower 

the solution redox potential. This gave leaching data over a wide 

range of solution redox potential.

For leaches 3 to 6, the solution redox potentials at the times 

of sampling were calculated, using the liquid sample compositions, by 

means of the equations given in section 4.2, with the modified 

equilibrium constants as detai^d, in section 5.2, These calculated 

potential-time curves were used to approximate the mineral surface 

potential in leaches 3 to 6. The coMputer printouts of these results 

are given in Appendix IX, and the leaching results are summarised in 

Figure 5,10, which shows that the leaching model, combined with cal­

culated solution redox potentials, correctly predicts the experimental 

results of leaches 3 to 6, The fit is not as good as for leaches 7 

and 8 individually, but this is not surprising. Leaches 3 to 6 cover 

a larger potential range and up to four sets of extraction ve time 

data are fitted simultaneously by leaches 3 to 6, where-as leaches 7 and

8 were fitted separately* The calculated redox potentials may also 

cause a slightly worse fit, due to simll differences between actual and 

calculated potential values.

In summary, therefore, the leaching model has been successfully 

combined with the theoretical calculation of the solution redox poten­

tial. This means that the leaching of the matte can now be predicted, 

and thus the leaching model can be used as a design tool in scaling-up 

the leaching of this raafcte. The effect of high concentrations of 

nickel, copper and cobalt on the solution redox potential would have
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to be evaluated before the model could be used to simulate the leach­

ing of the matte under industrial conditions, but this is outside 

the scope of this work. Nevertheless, since the model is fundamentally 

based, it could be expanded to cover industrial leaching conditions, 

and to extrapolate small-scale results to plant conditions.

5.4 Effect of temperature

Leaches 9, 10 and 11 were done at S2°C, Z5°C and 28°C respectively.

The leaching model was fitted to the results of these leaches in 

order to find values for the constants K for each element leaching 

from the various minerals. The values of the constants k (dependence 

on potential.) were assigned at the various lower temperatures as 

follows (see section 4.1.1.3 and 5.1.2.):

From the theory, k **■ (1 - Bi) F/(RT)

The values of the symmetry factor Si for the various reactions were 

assumed to be independent of temperature. This allowed values of k 

at the lower temperatures ro be calculated, using the values of 0i 

found at 9Q°0.

The values of the various rate constants at the various tempera­

tures investigated are given in the computer printouts for the various 

leaches in Appendix IX. Plots of ln(k) vs the inverse of the absolute 

temperature were used to evaluate Ahrrenius activation energies for 

the various rate constanti.1 from the equation:

K - K* exp{- Eg/CRT)}

where K is the rate constant, K' is a frequency factor, R the universal
-1 ~1

gas constant (R * 8,314 g mol K ), T the absolute temperature and E n 

the activation energy. Figure 5.11 shows typical examples of the plots 

obtained. All the plots are presented in Appendix XI. From the slopes 

of these plots, the activation energies wete calculated. The values 

found are given in Table 5.3

In his study of the diffusivity of the ferric ion, Madson(45) 

found that the effect of temperature on the ferric ion diffusivity in 

concentrated sulphate solution gave rise to an apparent activation 

energy of 22.4 kJ/mol. Madsen stated that, for reactions controlled 

by liquid phase diffusion, the apparent activation energy is generally
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Values of the activation energy of the x^arious leaching rate constants

Rate constant
Activation energy, 

kJ /mo 1

Ni ex alloy 68,7

Cu ex alloy 68,7

Co ex alloy 69,6

Fe ex alloy 68,7

Ni ex troilite 80,7

Cu ex troilite 77,8

Go ex troilite 102,2

Fe ex troilite SO ,0

Cu ex Cu, Fe sulphide 344,5

Fe ex Cu, Fe sulphide 344,5



between 8 and 25 kJ/mol. The activation energies in Table 5.3 are 

far above 25 kJ/mol, thus the assumption made in section 4,1(a), 

namely that at no stage does liquid phase diffusion control the leach­

ing rate, is justified. The high values of the activation energies 

found indicate that the leaching rates are controlled by chemical 

kinetics.

5.5 Dependence of the leaching rate on the unieached 

mineral remaining

In section 4.1(f) the assumption was made that the alloy and copper, 

iron sulphide phases, which exist as inclusions in the troilite, 

leach according to shrinking particle mathematics. The dependence of 

the leaching rate of an element m can be expressed as:

dm x *
- ~r~ ** m

dt

where x - 2/3 for a shrinking particle model, x - zero for leaching in 

a cylindrical por.e, and x * some other value for intermediate leaching 

models.

The effect of the value of x on the fit of the leaching model to 

the experimental results was examined for leach 9 (52°C) and leaches 

7 and 8 (90°C). Various values of x were inserted into the model for 

the leaching of nickel from the alloy phab^, and copper from the copper, 

iron sulphide phase. Table 5,4 lists the various values of x used, and 

shows the fit of the model to the data, in terms of total squared 

errors, for the various values of x used. The various printouts are 

shown in Appendix IX, In the case of copper, the value of x has no 

effect on the fit of the model to the data. For nickel at 90°C, x 

has a very small eff--*- while at 52°C (leach 9) the effect is larger 

than at 90°C (leaeht- and 8), but is still not significant, as exami­

nation of the relti/au printouts in Appendix IX shows. From these 

results, therefore, it seems that no significant penalty is incurred 

by the assumption of shrinking particle mathematics for the alloy and 

copper, iron sulphide phases in this particular matte.



Effect of x on overall squared errors

a) Leaching of Ni ex alloy:

X
Total squared errors

Leach 9 Leaches 7 and 8

2/3
-4

5,9-10 1,9.10~3

0,6
-4

5,1.10 1,8.10~3

0,5 3,8-10~4 1,7.10~3

0,4 2,9.10~4 1,7.10'"3

0,3 1,9.10~4 1,7.10~3

0,2
-4

1,2.10 1,8.10~3

0,1 1,3.10~4 2,1.10~3

0,05
-4

1,5.10 H 2,3.10~3

b) Leaching of Cu ex Gu, Fe sulphide:

.'X
Total squared errors

Leach 9 Leaches 7 and 8

2/3 1,7. 10~3 3,0.10”3

0,5 1,7.10~3 3,0.10-3

0,25 1,7.10~3 3,0.10“3

0,1 1,7.10~3 3,0.10-3



a) The leaching of the low grade matte is electrochemical in 

nature,

b) The leaching mechanism for galena (PbS) fits the experimental 

results for the leaching of this matte, which is mainly 

troilite (FeS).

c) The leaching of the matte can be modelled by a shrinking 

particle model, along with an electrochemical rate ex­

pression. Because, the model uses the measured quantative 

matte composition (alloy, troilite, copper, iron sulphide 

and magnetite phases), it is fundamentally sound, and should 

be able to be applied elsewhere with confidence.

d) The matte surface potential during leaching is best 

approximated by the solution redox potential*

e) The solution redox potential can be calculated from the 

Mernst equation, using Debye-Huckel activity coefficients, 

if the various sulphate complexing equilibria are taken 

into account.

f) The leaching model has been successfully combined with 

calculated solution redox potentials, to predict leaching 

rates.

g) The elemental sulphur formed on the matte particles during 

leaching does not affect the leaching rate.

Ill



Print-outs of results of matte phase calculations 

X-ray diffraction data

Individual microtrac particle size analyses

Printouts o£ the results of the mattes, phase 

calculations



The X-ray diffraction measurements were done on a Phillips X-ray 

diffraction unit, using powdered matte samples. The X-ray patterns 

obtained were compared with those of known minerals. These reference 

patterns were taken from the "Powder Diffraction File" (Inorganic 

Centre for Diffraction Data, 1601 Park Lane, Swarthmore, P.A. 19801, 

U.S.A.)

Similar results were obtained for all the matte fractions ex the 

Warman cyclosizer, Tables 1.1 and 1.2 give the measured interplauar 

spacings and X-ray peak intensities for cyclosizer fractions 6 and 2 

(i.e. coarse and fine fractions) respectively. Figures 1.1 and 1.2 

give the seaie information in graphical form, along with the X-ray 

diffraction patterns for troilite (FeS: card 24 - 80 of the Powder 

Diffraction File) and two types of pyrrhotite (Fe1 S: cards 79 - 723
JL*“ X

and 79 - 723A of the Powder Diffraction File; and Fe^Sg: card 24 - 79 

of the Powder Diffraction, File). The matte X-ray diffraction patterns 

in Figures 1.1 and 1.2 are very similar, which shows that the same 

phases are present in the coarse and the finer size ranges represent­

ed .

For both types of pyrrhotite, there are significant X-ray 

diffraction peaks at interplauar spacings of 5,7 and 5,8 angstroms. 

These peaks do not appear in the patterns for troilite and the matte. 

This implies that the matte does not contain pyrrhotite, since two 

significant pyrrhotite peaks are missing from its X-ray diffraction 

pattern. The similarity between the matte and troilite patterns in­

dicates that the matte contains troilite. Figure 1.3 shows a part of 

the X-ray diffraction patterns for the matte, and troilite and pyrrho­

tite, on a longer interplanat spacing axis. For pyrrhotite, there are 

multiple peaks at interplanar spacings of about 2,1 and 2,6 angstroms. 

At these interplanar spacings, the matte and troilite only have single 

peaks, which is a further indication that the matte contains troilite 

and not pyrrhotite as the major phase.

The other phases' present (iron-nickel alloy, copper iron sulphide 

and magnetite) were identified by means of the smaller matte X-ray 

diffraction peaks, and the electron microprobe analyses given in 

section 2.1.



Interplanar

spacing,

Angstroms

Relative

intensity,

%

0,99493 1

1,0499 1

1,0532 2

1,0784 1

1,0821 1

1,0842. 1

1,086 1

1,088 1

1,093 1

1,1078 2

1,1159 3

1,126 1

1,1315 1

1,1809 1

1,1826 1

1,1853 1

1,224 1

1,2684 1

1,2711 1

1,31 2

1,33 4

1,44 2

1,46 3

Interplanar 

spacing, 

Angs trotns

Relative 

intensity, 

%

1

1

1,62 1

1,63 3

1,7168 32

1,745 3

1,75 3

1,79 2

1,80 2

1,93 3

1,94 1

2,09 100

2,15 3

2,52 4

2,66 48

2,92 3

2,98 32

3,35 1

4,731 1

5,04 1



TABLE 1.2

X ray diffraction data for the Hia.tte-'-cyclosiger fraction 2

Interplanar

spacing,

Angstroms

Relative

intensity,

%

Interplanar

spacing,

Angstroms

Relative

intensity,

%

0,925 1 1,325 5
0,927 1 1,33 5
0,976 1 1,34 1
0,992 1 1,42 I
0,994 1 1,44 2
1,02 1 1,46 2
1,03 1 1,48 2
1,049 1 1 *51 1
1,0527 2 1*63 3
1,10 2 1,72 30
1,11 3 1,74 3
1,13 1 1,78 1
1,16 1 1,93 4
1,17 1 2,09 100
1,1809 1 2,146 4
1,1853 1 2,47 2
1,19 1 2,52 5
1,22 1 2,65 40
1,26 1 2,984 30
1,28 1 3,33 3
1,31

_____

2 4,71 2
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Particle size,

asicrons

Percentage smaller (cumulative)

Individual samples Average

2,8 7,2 5,4 7,2 7,5 6,83

4 C!•* y J 13,4 14 j 4 14,3 12,4 13,63

5,5 23,4 24,6 26,4 21,9 24,08

7,8 35,9 32,3 33,3 34,1 33,90

11 41,9 38,9 42,3 41,5 41,15

16 55,, 2 54,1 55,2 52,5 54,25

22 63,5 61,0 61,3 61,9 61,93

31 70,2 67,0 74,5 59,5 70,30

44 79,5 83,5 89,4 81,1 83,38

62 89,5 86,4 91,7 86,1 88,43

88 100 95,0 91,7 93,2 94,98

125 100 100 95,3 99,9 98,80

176 100 100 

----- j

100 99,9 99,98
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- PHASE COMPOSITIONS
,;iy H|i ;K Hi* % i|£ *  *  * *  * *  *  *  ;>; *

40.370 
- 1 a 900

•'i7 i.OOO

ESQ ” 4 S42E-0I

p.-m nut ATFIi FRN COMPOSIT X0N3 
;j; ;|; >{i i ;|; t *  i|: H£ ;l£ t % * *  * *  % *  *  ; l; *  * ;|;

FRN HASS % ( C ) MASS X (M >

1 5»25 S„I2

I i ’.il | f

i  1:11 i '°"5 2 ..■63 ?'“nn
I 1..47 i*sa

STOP

)

3£IN P HA St-S..

ALLOY TROILITE

4<f> 31,. 53

MAGNETITE

.00



PHASE COMPOSITIONS 
% ;to|; * >U-K- '4; * % 'K % A # % * *1* il- H:

•a « 1.200
V. “ -I.500 
Z-« S.,57?

ESQ * 2..660E-01

CALCULATED FRH COMPOSITIONS 
, i|; * $ # !|: ;|; ;|; :|: H; ;|: ;|; # * :|; s|£ :|: * * * * * # * * *

FRN HASS % (C )

1 l;64
'■> 1.67
3 I ,, 7:1.
4 1.80
b ■ ■ 1.90

■ 6 2.. 92

STOP

%IN PHASES,,

ALLOY TROILITE

6„53 79 „ 84

MAGNETITE 

13., 63



f  FIA6E COMPOS IT I ON8 
I; \ lc 5|; 4>)iwi*4-4:;|! % ;!• % 4; sk

'% = 2 ,,500
Y a ,,400
Z * -000

ESQ = 4.390E-01.

CALCULATED FRN COMPOSITIONS 
4; ;i: ji: .■!; 4; 4?;!; 4: :n ;|f 4; 4: ;|{ ;|{ ;ji 4; 4; 4; 4; 4; 4; 4; 4; 4: >U * 4;

FRN MASS % ( C ) HASS % (M )

■ .1. . 5 7  it 2  5
2 -47 .18
3 .,45 .16

A -M :13
A .27 ,12 

■STOP

5£IN PHASES.,' 
4:4«K4(5|;4M;4«Ki|c4;

ALLOY TRQILXTG

38 „ 97 6.1, „ 03

MAGNETITE

„00



X = 62 ,,617 
Y -™ 59 ,,000 
Z S 49 .,982

ESQ - 6.150E-01

m k m m j m B S m
FRN MASS % <C > MASS % ( M )

•I 5(3 . 96 59.30
? 58..? 5 58.603 m\6A »9.io

5 58.1? 5S .30.
6 55.88 56.00

STOP

% I. N PHASES.
;|oii$;|o!s;|r̂;|ti|'w|!;|(

9

4.
3n

.45
,48  
, 8 4  

, 1 4  
. 5 8  

, 67

IRQ ILI TE

87 ,,16

II: II
91 - 44
88 ,.83  
68.2.0

MAGNETITE

0. 2.0 
Q.
0. 16
0,

0,51

3 „ 3 9

3:23
8:1?

31«13



Results of leaching experiments for leaches 1 to 8..

Raw data:

i) Experimental measurements 

ii) Mass balances 

iii) Extractions time data



Time, 

mins.

Sample 

vol., mi.

As say, g/1 Assay, mg/ 1

3+
Fe2+ SO" Mi Gu Co

0 101,2 0.0 22 1 5

6 26 99,6 3,65 112 63 9

15 26 98,2 4,90 158 77 11

30 26 97,4 6,05 196 90 13

60 23 97,0 7,29 225 100 14

120 25 96,1 8,48 243 112 15

180 23 95,9 9,34 251 118 16

240 25 95,5 9,83 256 123 16

300 23 95,0 10,19 265 127 17

360 25 95,1 10,50 265 130 17

4-20 25 95,1 10,70 269 133 17

Preg- 94,8 10,80 268 133 17

Wash A 4,02 0,12 3,3 1,5 0,1

Volume of liquid into leach : 1,5 litres

Volume of liquid ex leach s 1,22 litres

Wash water volume (Wash A) : 2,84 litres 

Wash water volume (Wash 8)



Assay, mass %

Solid

Ni Cu

.... -..--’I1

Co Fe

'

Matte into leach; 3,97 2,07 0,19 59,1

Solids ex preg. liq.; 0,62 0,28 <0,05 23,0

Solids ex samples: 1,32 0,73 0,08 38,6

Misc. solids out; 1,4-1 0,77 0,09 42,6

Masses recorded;

Matte into leach : 

Solids ex preg. liq.: 

Solids ex samples ; 

Misc. solids out :

10,00 grams 

2,66 grams 

0,82 grams 

0,47 grams



Mass, mg Mass, g

Hi Cu Co Fe

Into leach

Matte in 397 207 19 5,9
Liquor in 33 1,5 7,5 151,8

Therefore: total in 430 208,5 26,5 157,7

Ex leach

Solids ex preg, liq. 16,5 7,4- <1,3 0,6

Solids ex samples 10,8 6,0 0,7 . 0,3
Misc. solids out 6,6 3,6 0,4 0,2

Pregnant liquor 327 162,3 20,7 128,8
Wash A liquor 9,4- 4,3 0,3 11,8

Wash B liquor

Samples 55,0 26,4 3,6 25,8

Therefore; total out 4-25,3 210,0 <27,0 167,5

Mass balance, % (Out/In) 98,9 . 100,7 <102 106,2

% extraction 95,3 95,6 > 94 ,1 91,0



Time, 

mins.

P$r cent extraction

1

Hi Cu Co Fe

0 0 0 0 0

6 34,7 44,9 31,6 28,3

15 52,4 55,1 47,4 39,0

30 67,0 64,5 63,2 48,2

60 78,2 71,7 71,1 57,3

120 85,2 80,4 79,0 68,4

180 88,2 84,8 86,9 74', 6

240 90,2 88,4 86,9 78,2

300 93,6 91,3 94,8 82,1

360 93,6 93,5 94,8 82,8

420 95,2 95,6 94,8 85,7

r . . .....



T ime, 

mins .

Sample 

vol., ml.

Assav, ;/L As say, mg/1

3+
Fe

... 2+ 
Fe S0~ Hi Cu Co

0 102,7 0,00 22,8 1,92 4,90

6 17 98,9 3,79 116 67,9 9,11

15 20 97,2 5,20 171 86,2 11,8

30 22 97,3 6,25 204 97,5 13,3

60 25 96,9 7,39 230 108 14,8

120 26 96,1 8,68 251 121 16,2

ISO 20 95,2 9,41 256 127 16,5

240 28 95,3 9,88 261 130 16,9

300 23 94,4 10,23 265 133 17,2

360 24 94,8 10,51 266 136 17,2

420 22 93,7 10,76 2.70 138 17,8

Preg. - 93,9 10,74 270 137 17,8

Wash A 0,95 0,14 3,92 2,07 <1

Wash B 0,70 0,10 4,23 3,74 <1

Volume of liquid into leach 

Volume of liquid ex leach 

Wash water volume (Wash A) 

Wash water volume (Wash 0)

1,5 litres 

1,23 litres 

1,29 litres 

1,56 litres



Solid

Assay, mass %

NI Cu

.. ■ ..

Co Fe

Matte into leach; 4,01 2,06 0,19 58,8

Solids ex preg, liq.: 0,51 0,19 <0,05 18,0

Solids ex samples: 1,35 0,73 0,08 38,6

Hasses recorded;

Matte into leach ; 10,00 grams

Solids ex preg. liq.: 2,68 grams

Solids ex samples : 1,58 grams 

Misc. solids out : zero



Hass, mg Mass, g

Hi Cu Co Fe

Into leaoh

Wa'fc'fcQ in 401 206 19 5,88

Mquor In 34, E 2,9 7,35 154,05

(n er a for e t to ta 1 in 435,2 208,9 26,35 159,93

Ek  leaoh

Solids ox preg, liq. 13,7 5,1 <1,3 0,48

Solids ex samples 21,3 11,5 1,26 0,61

Misc. solids out

Pregnant liquor’ 332,1 168,5 21,89 128,66

Wash A liquor 5,1 2,7 0,34 1,41

Wash B liquor 6 1 6 5,8 0,43 1,24

Samples 53,0 26,4 3,48 22,05

Therefore: total in 4-31,8 220,0 <28,7 154,45

Hass balance, % (Out/In) 99,2 105,3 <109 96,6

% extraction 96,1 97,1 97,1 91,8



Time,

mins.

Per cent extraction

Ni Cu Co Fe

0 0 0 0 0

6 36,1 47,4 31,1 31,2

15 57,4 60,6 51,0 42,5

30 70,2 ,68,7 62,0 51,2

60 80,3 76,3 73,1 60,7

120 88,4 85,6 83,5 71,7

180 90,3 89,9 85,7 78', 0

240 92,3 92,1 88,6 82,1

300 93,8 94,2 90,8 85,1

360 94,2 96,4 90,8 ■ 87,5

420 95,8 •97,8 95,3 89,6

■



Time,

mins.

Sample 

vol., ml.

Assay, g/1 Assay, mg/1

Fe3+ Fe2+ so I ' Mi Cu Co

0 101,3 0,00 22,8 1,88 4,99

6 24 98,1 3,65 112 66,8 8,64

15 30 96,7 5,05 160 83,4 11,0

30 23 95,4 <,25 202 97,0 13,1

60 26 94,5 7,41 230 108 14,8

120 24 95,1 8,80 2.52 123 16,3

180 23 94,6 9,58 262 132 17,0

240 26 93,5 10,01 263 135 16,8

300 24 93,5 10,50 269 141 17,1

360 22 93,3 10,59 271 141 17,7

420 25 ??,■) 10,94 274 142 17,9

Preg. j ^3,8 10,80 271 140 17,9

Wash A 0,87 0,13 3,48 1,70 <1

Wash B 0,67 0,10 3,32 1,29 <1

Volume of liquid into leach s 1,5 litres

Volume of liquid ex leach ; 1,21 litres

Wash water volume (Wash A) ; 1,51 litres

Wash water volume (Wash B) : 1,49 litres



Solid

Assay, mass %

Hi Cu Co Fe

Matte into leach: 

Solids ex preg. liq.: 

Solids ex samples: 

Misc. solids out:

3,98 

0,63 

1,38

2,02

0,27

0,75

0,19

<0,05

0,09

58,9 

. 23,4 

39,3

Hasses recorded;

Matte into leach : 

Sblids ex preg. liq.: 

Solids ex samples 

Wise, solids out ;

I0f00 grams 

3,15 grams 

1,22 grams 

zero



Mass, mg Mass, g

Ni Cu Co Fe

Into leach

Matte in 398 202 19 5,89

Liquor in

Therefore: total in

34,2 2,8 7,49 151,95

432,2 204,8 26,49 157,84

Ex leach

Solids ex preg. liq. 19,8 8,5 <1,6 0,74

Solids ex samples 16,8 9,2 1,10 0,48

Misc. solids out 

Pregnant liquor 327,9 169,4 21,66 126,57

Wash A liquor 5,3 2,6 0,35 1,51

Wash B liquor 4,9 1,9 0,32 1,15

Samples

Therefore: total out

56,3 28,7 3,69 25,44

431,0 220,3 28,72 155,89

Mass balance, % (Out/In) 99,7 107,6 <108,4 98,8

% extraction 94,4 95,3 96,2 84,6



Time, 

mins,

.....  “.........“
Per cent extraction

Ni Cu Go Fe

0 0 0 0 0

6 33,7 44,8 26,8 28,3

15 51,9 ; 56,2 44,1 39,0

30 67,8 65,6 59,4 4-8,2

60 78,4 73,2 71,9 57,3

120 86,7 83,6 82,9 68,4

180 90,5 89,8 88,0 74j6

240 90,9 91,9 86,6 78,2

300 93,1 96,0 88,8 82,1

360 93,9 96,0 93,2 82,8

420 95,0 96,7

....... ... .

94-,6 85,7



Time,

mins.

Sample 

vol., ml.

Assay, g/1 Ass<jy, mg/1

Fe3+ Fe2* so= Mi Cu CO

0 102,9 6,94 31,1 1,46 6,43
6 25 98,2 8,90 110 59,0 9,45

15 24 97,3 10,20 146 70,7 11,1
30 20 96,0 11,50 178 82,0 12,9
<50 24 94,7 13,13 214 95,7 15,0

120 29 14,63 243 110 16,9
180 27 93,5 15,50 254 120' 17,7
240 23 93,6 16,18 264 130 18,4
300 23 92,7 16,64 267 137 18,7
Preg, 93,5 17,20 275 143 19,2
Wash A 1,27 0,26 4,60 2,27 <1
Wash B 1,37 0,23 4,79 2,47 <1

Volume of liquid Into leach 

Volume of liquid ex leach 

Wash water volume (Wash A) 

Wash water volume (Wash B)

1,5 litres 

1,265 litres 

0,99

1,20 litres



T ime, 

mins .

Sample 

vol., ml.

Assay, g/1 Assay, mg/1

Fe3+
r 2+ 
Fe SO" Mi Gu Co

0 102,9 6,94 31,1 1,46 6,43

6 25 98,2 8,90 H O 59,0 9,45

15 24 97,3 10,20 146 70,7 11,1

30 20 96,0 11,50 178 82,0 12,9

60 24 94,7 13,13 214 95,7 15,0

120 29 14,63 243 110 16,9

180 27 93,5 15,50 254 120 17,7

240 23 93,6 16,18 264 130 18,4

300 23 92,7 16,64 267 137 18,7

Preg. 93,5 17,20 275 143 19,2

Wash A 1,27 0,26 4,60 2,27 <1

Wash B 1,37 0,23 4,79 2,47 <1

Volume of liquid into leach : 1»5 litres

Volume of liquid ex leach : 1*265 litres

Wash water volume (Wash A) ; 0,99

Wash water volume (Wash B) : 1,20 litres



Solid

Assay, mass %

Ni Cu Co Fe

Matte into leach: 3,94 2,10 0,19 58,1

Solids ex preg. liq.: 0,86 0,70 <0,05 27,2

Solids ex samples; 1,81 1,12 0,11 43,8

Ferrous sulphate in: <0,1 <0,1 <0,05 20,15

Masses recorded:

Ferrous sulphate in : 

Matte into leach 

Solids ox preg. liq.; 

Solids ex samples : 

Misc. solids out i

50 grams 

10,00 grams 

4,42 grams 

1,13 grams 

zero



Mass, mg Mass, g

Ni Cu Co Fe

Into leach

Matte in 394 210 ' 19 5,81

Liquor in

Ferrous sulphate in

46,7 2,2 9,65 154,28

.10,15

440,7 212,2 28,65 170,24

Ex leach

Solids ex preg. liq. 38,0 30,9 <2,21 1,20

Solids ex samples 

Misc. solids out

20,5 12,7 1,24 0,49

Pregnant liquor 347,9 180,9 24,29 139,97

Wash A liquor 4,6 2,2 0,31 1,51

Wash B liquor 5,7 3,0 0,43 1,92

Samples 19,7 2,94 21,13

Therefore: total out 457,8 249,4 31,42 166,22

Mass balance, % (Out/In) 103,9 117,5 109,7 97,6

% extraction 89,1 - - 77,0



Time,

mins.

Per cent extraction

Hi Cu Co Fe

0 0 0 0 0

6 2.9,2 13,8

15 42,5 2.3,5

30 54,4 33,4

60 67,7 45,8

120 78,4 57,2

180 82,5 63,9

240 86,2 69,1

300 87,3 72,7



Time,

mins.

Sample 

vol., m.l.

Assay, g/1 Assay, mg/1

n 3+ 
Fe

2^
Fe S0= Ni Cu Co

0 96,6' 18,69 33,7 3,75 7,61

6 24 95,8 19,65 94,6 52,8 9,52

15 26 95,0 20,40 128 62,4 10,8

30 26 94,0 21,44 158 71,3 12,6

60 25 93,6 22,96 190 83,1 14,4

129 20 93,0 24,83 l U 9&, 5 16,3

180 23 91,9 25,50 224 106 16,9

240 23 91,7 26,05 232 114 17,5

300 19 91,4 26,70 236 122 17,8

360 24 90,7 27,03 241 129 18,1

420 23 90,9 27,30 245 135 18,4

Preg. 90,5 27,24 248 137 18,5

Wash A 1,11 0,41 4,34 2,71 <1

Wash B 1,29 0,36 3,91 1,54 <1

Volume of liquid into leach : 1,5 litres

Volume of liquid ex leach : 1,27 litres

Wash water volume (Wash A) ; 1,06 litres

Wash water volume (Wash B) : 1,75 litres



Solid

Assay, mass %

Ml Cu Co Fe

Matte into leach; 3,96 2,12 0,19 58,7

Solids ex preg, liq«; 1,03 0,93 0,06 33,7

Solids ex samples: 

Misc. solids out?

1,90 1,20 0,12 49,6

Masses recorded:

Matte into leach 

Solids ex preg. liq, 

Solids ex samples 

Miser* solids out

10,00 grams 

3,53 grams 

1,29 grams 

xero



Mass, mg Mass, g

Ni Cu Co Fe

Into leach 

Matte in 396 212 19 5,87

Liquor in (+FeS0^) 50,6 5,6 11,42 172,94

Therefore >tal in 446 j 6 217,, 6 30,42 178,81

Ex leach

Solids ex preg. liq. 37,1 i 32,8 2,12 1,19

Solids ex samples 24,5 29,4 1,55 0,64

Misc.- solids out 

Pregnnant liquor 315,0 174,0 23,50 149,53

Wash A liquor 4,6 2,87 0,36 1,61

Wash B liquor 6,8 2,7 0,46 2 ,89

Samples 22,4 3,51 27,24

Therefore: total out 433,2 264,2 31,50 183,1

Mass balance, % (Out/In) 97,0

■ 1 11 1
121,4 103,6 102,4

% extraction 89,6 - 86,9 73,7



Time,

mins.

Per cent extraction

Ni Cu Co Fe

0 0 0 0 0

6 25,5 15,2 7,1

15 39,4 25,5 13,3

30 52,0 39,8 22,3

60 65,3 54,2 35,7

129 76,2 69,3 52,4

180 79,6 74,1 58,4

240 82,9 78,9 63,3

300 34,6 81,3 69*1

360 86,7 83,7 72,0

420

-J

88,3 86 >1 74,4



Time, 

mins.

Sample 

vol., ml.

Assflv, g/1 Assay, mg/1

Fe3+
2+

Fe so; Mi Cu Co

0 93,3 33,63 37,8 4,33 9,14

& 24 93,4 33,88 96,6 41,5 10,6

15 25 92,4 34,25 138,0 49,6 12,1

30 23 92,0 35,26 166,2 57,0 13,4

60 27 91,1. 36,31 189,2 64,6 15,0

120 21 90,2 38,00 205,6 74,0 16,3

180 24 89,3 39,03 215,3 79,6 17,2

240 21 89,0 39,95 222,8 84,7 17,8

360 24 89,1 40,69 231,6 94,7 18,6

Preg. 88,3 41,14 234,9 1 Ja 1* , 5 18,8

Wash A 1,66 0 3,99 2,29 <1

Wash B

...

1,00 0 2,15 0,55 <1

Volume of liquid into leach : l f6 litres

Volume of liquid ex leach : 1,38 litres

Wash water volume (Wash A) : 1,06 litres

Wash water volume (Wash B) : 1,36 litres

«



Solid

Assay, mass %

Ni Cu Co Fe

Matte into leach: 

Solids ex preg. liq.: 

Solids ex samples: 

Misc, solids out:

4,00

1,28

1,89

2,18

1,10

1,36

0,20

0,09

0,13

58,9

35.7

51.8

Masses recorded!

Matte into leach 

Solids ex preg. liq, 

Solids ex samples 

Misc. solids out

10,00 grams 

^,62 grams 

1,09 grams 

zero



Mass, mg Mass, g

Hi Cu Co Fe

Into leach

Matte in 400 • 218 20 5,89

Liquor in {+ FeSO.O 60,5 6,9 14,6 203,0
4*

Therefore: total in 460,5 224,9 34,6 208,89 .

Ex leach

Solids ex preg. liq. 59,1 50,8 4,16 1,65

Solids ex samples 20,6 1 M 1,42 0,56

Misc. solids out *

Pregnant liquor 324,2 1$3,9 25,94 178,57

Wash A liquor 4,2 2,4 < 1,06 1,76

Wash B liquor 2,9 0,7 < 1,38 1,36

Samples 34,4 12,8 2,85 24,2

Therefore: total out 445,4 235,4 <36,81 208,10

Mass balance, % (Out/In) 96,7 104,7 <106,4 99,6

% extraction 82,3 74,7 75,9 65,9

147

.1



Time, 

mins.

Per cent extraction

Mi Cu Co Fe

0 0 0 o 0

6 24,6 25,9 11,8 "

15 41,8 31,6 23,8

30 53,5 36,7 34,3 12,2

60 63,2 42,0 47,2 21,6

120 70,1 48,6 57,7 37,2

180 74,1 52,5 64,9 46,7

240 77,2 56,0 69,7 55,3

360 80,9 63,0 76,2 62,0



Time, 

mins.

Sample 

vol., ml.

Assay, g/1 Assay, mg/1

c 3+ Fe
r 2+ 
f-e S0= Ni , Cu CO

0 99,8 0,03 292 33,7 1,42 7,80

6 23,1 99,4 2,50 297 122 61,6 10,8

16 16,0 98,0 3,75 300 169 75,5 13,0

30 25,3 27,5 4,70 301 200 84,9 14,5

60 24,4 97,0 5,80 298 222 94,1 15,8

120 21,8 95,9 6,90 296 236 105 16,9

182 23,1 36,1 7,65 293 244 112 17,5

240 21,3 94,2 8,05 294 248 114 17,8

300 17,3 96,4 8,50 299 253 118 18,2

360 21,3 96,2 8,90 305 256 121 18,4

420 20,9 96,0 9,20 289 260 124 18,8

Preg. 95,7 9,15 284 258 122 18,6

Wash A 1,10 0 0 2,69 .1,52 0,08

Wash B 1,04 5,18 1,98 0,26

Volume of liquid into leach 

Volume of liquid ex leach 

Wash water volume (Wash A) 

Wash water volume (Wash B)

1,635 litres 

1,345 litres 

1,010 litres 

1,355 litres



All potentials are vs. S.C.E,



Solid

Assay, mass %

Ni Cu Co Fe

Matte into leach; 

Solids ex preg. liq.; 

Solids ex samples; 

Misc. solids out;

4,00

1,34

1,51.

2,16

0,751

1,05

0,197

0,083

0,092

58.4

33.5 

36,9

Hasses recorded;

Matte into leach 

Solids ex preg. liq. 

Solids ex samples 

Misc. solids out

10,00 grams 

2,78 grams

1,42 grams 

zero



Mass, mg Mass, g

Ni Cu Co Fe

Into leach

Matte in 400 216 19,7 5,84

Liquor in

Therefore: total in

55,1 2,3 12,75 166,61

1
455,1 218,3 32,45 172,45

Ex leach

Solids ex preg. liq. 37,3 20,9 2,31 0,93

Solids ex samples 

Misc. solids out

21,4 14,9 1,31 0,52

Pregnant liquor 347,0 164,1 25,02 140,96

Wash A liquor 2,7 1,5 0,08 1,11

Wash B liquor 7,0 2,7 0,35 1,41

Samples

Therefore: total out

47,3 21,6 3,46 22,14

462,7 225,7 32,53 167,07

Mass balance, % (Out/In) 101,7 103,4 100,2 96,9

% extraction 89,1 88,7 86,3 80,3



Time, 

rnins.

Per cent extraction

N- 1Nx Cu Co Fe

0 0 0 o 0

6 34,8 43,6 23,6 18,6

16 53,2 53,6 40,8 28,3

30 65,4 60,4 52,6 35,7

60 74,1 67,0 62,7 44,6

120 79,6 74,9 71,4 53,6

182 82,8 80,0 76,1 59,7

240 84,4 81,5 78,5 63,1

300 86,3 84 , 4 81,6 66,8

360 87,5 . 86,5 83,2 70,1

420

-- --

89,1 88,7 86,3 72,5



Time,
Per cent extraction

mins.
■>' !

Ni Cu Co Fe

0 0 0 0 o

6 34,8 43,6 23,6 18,6

16 53,2 53,6 40,8 28,3 ''•>

30 65,4 60,4 52,6 ,, 35,7

SO 74,1 67,0 62,7 44, b

120 79,6 74,9 71,4 53,6

182 82,8 80,0 76,1 59,7

2*0 84,4 81,5 78,5 63,1

300 86,3 84,4 81,6 66,8

, 3<5° 87,5 86,5 83,2 70,1

)
i
I...

89,1 88,7 86,3 72,5



Time, 

mins.

Sample 

vol., ml.

Assay, g/1 Assay, mg/1

Fe3+ tr -2 +Fe S0~ Hi Cu Co

0 99,8 0,03 292 33,7 .1,42 7,80

6 20,9 99,4 2,93 355,7 119,6 64,1 12,0

15 18,2 99,7 4 S20 364,8 162,0 78,9 13,9

30 22,3 97,6 5,30 359,9 194,1 91,6 15,5

60 19,1 97,8 6,30 369,8 216,4 101,8 17,0

120 19,5 96,8 7,55 368,3 231,2 114,8 18,1

180 .18,6 96,3 8,40 355,0 241,1 123,7 18,9

240 21,8 97 f 6 8,95 365,3 246,6 130,9 19,2

300 21,8 96,3

C
O•d-

O
v 312,8 255,9 123,5 19,3

360 19,1 96,5 9,95 390,9 256,6 143,? 19,9

420 1'8,2 96,1 10,15 403,8 259,9 145,9 20,2

1440 19,1 95,0 11,90 390,4 285,0 160,3 21,7

Preg. 93,9 11,7 377,6 278,5 154,1 21,4

Wash A 0,376 1,10 0,531 <0,2

Wash B 0,444 1,95 0,449 <0,2

Volume of liquid into leach : 1,5 litres

Volume of liquid ex leach : 1,23 litres

Wash water volume (Wash A) : 3,00 litres

Wash water volume (Wash B) : 2,5 litres



Time,
Electrode potential, mV

mins.
Platinum Matte Residue

0 700 505 516

6 57 9 497 498

15 571 496 493

30 563 493 478

60 556 487 455

120 550 475 436

180 546 463 424

240 544 454 417

300 543 450 413

360 540 441 409

420 538 438 407

1440 530 397 382

All potentials are vs. S.C.E.



Solid

Assay, mass %

Ni Cu Co Fe

Matte into leach: 

Solids ex preg. liq.: 

Solids ex samples: 

Misc. solids out:

4,00

1,71

1,79

2,21

0,893

1,14

0,197

0,097

0,108

58,5

40.7

52.8

Matte into leach 

Solids ex preg, liq, 

Solids ex samples 

Misc. solids out

10,00 grams 

0,44 grams 

1,20 grams 

zero



Mass, mg Mass, g

Ni Cu Cc Fe

Into leach

Matte in 400 221 19,7 5,85

Liquor in 50,6 2,1 llf7 149,70

Therefore: total in 450,6 223,1 31,4 155.55

Ex loach

Solids ex preg. liq. 7,52 3,93 0,43 0,18

Solids ex samples 

Misc. solids out

El, 48 13,68 1,30 0,63

Pregnant liquor 342,56 189,54 26 j32 129,89

Wash A liquor 3,30 1,59 <0,6 1,13

Wash 8 liquor 4,88 1,12 <0,5 1,11

Samples 48,93 25,30 3,88 22,93

Therefore: total out 428,67 235,16 31,93 155,87

Mass balance? % (Out/In) 95 105 <105 100,2

% extraction 97,6 98,0 97,5 95,3



Time,

miris.

Per cent extraction

Mi

I

Cu Co Fe

0 0 0 0 0

6 33,4 38,7 29,5 22,5

15 49,8 47,8 42,8 32,5

30 62,3 55,6 54,0 41,2

60 71 >0 61,9 64,5 49,2

120 76,7 69,9 72,2 59,5

180 80,6 75,4 77,9 66', 5

240 82,7 79,9 80,0 71,1

300 86,3 75,3 80,7 75,6

360 86,6 87,5 84,9 79,3

420 87,9 89,1 87,0 80,9

1440 97,6 98,0 97,5 95,3



Time, 

■rains.

Sample 

vol., ml.

Assay, g/1 Assay, mg/I

3+
Fe

2
Fe SO*

4
Ni Cu Co

0 _ 118 0 351 11,9 1,33 2,82

12 15,0 111 1,5 339 41,7 29,8 3,58

30 15,8 116 2,2 346 67,2 33,7 4,72

63 14,6 115 2,75 343 97,6 38,3 5,85

122 16,7 115 3,40 353 131 45,1 - 7,54

180 17,9 115 3,75 343 155 50,9 8,62

240 16,7 115 4,04 345 171 54,7 9,31

307 16,7 114 4,30 350 182 57,8 9,95

368 16,7 114 4,40 347 191 60,7 10,2

Preg 117 4,42 351 193 62,5 10., 5"

Wash 4,43 14,2 6,50 2,20

__

3,76

Volume of liquid into leach : 1,5 litres 

Volume of liquid ex leaeh : 1,280 litres 

Wash water volume : 1,045 litres



Time, 

mins.

Redox potential, 

mV vs S C E

0 757

6 . . .
607

12 593

30 581

63 571

122 566

180 563

240 561

307 560

367 559



Solid
Assay, mass %

Ki Cu Co Fe

Matte into leach 3,58 2,13 0,20 59,3

Solids ex preg. liq. 1,57 1,30 0,11 49,7

Solids ex samples 2,26 1,56 0,14 52,0

Masses recorded;

Macte into leach : 10,00

Solids ex preg, liq, ; 6,06

Solids ex samples ; 1,01

Sulphur analyses (mib i %)

Matte into leach 

Solids ex preg. liq.

Total S Elemental S

30,4 0

39,8 13,4



Mas s, mg Mass, £

Ni Cu Co Fe

Into leach:

Matte in 358 213 20 5,93

Liquor i.n 17,9 2,0 4,23 177,0

Therefore: total in 375,9 215 24,23 182,9

Ex Leach:

Solids ex preg. liq, 9; a 78,8 6,67 3,0

Solids ex samples 22,8 15,8 1,41 ' 0,5

Misc. solids out _ ~ - -

Pregnane liquor 247,0 80,0 13,44 154,9

Wash liquor 6,8 2,3 3,93 4,6

Samples 17,2 M 0,99 15,3

Therefore: total out 388,9 183,0 26,44 178,3

Mass balance, I (Out/In) 103,5 85,1 109,1 97,5

Per cent extraction 70,9 49,6 59,6 44,4



Time, Per cent extraction

tnins.
■.. ..7
Ni Cu Co Fe

0 0 0 0 0

12 11,7 23,1 5 s 9 15,6

30 21,6 26,2 14,7 22,8

63 33,6 30,0 23,5 28,3

122 46,6 35,5 : 36,6 34,7

180 56,0 40,2 45,0 38,0

240 62,3 43,3 50,4 40,8

307 66,6 45,8 55,3 43 f 4

368 70,1 48,1 57,3 4 4,,3



Time, 

miriS.

Sample 

vol., ml.

Assay, g/1 Assay, mg/I

3+
Fe

2+
Fe SO*

4
Ni Cu , Co

0 118 0 361 12,4 2,24 3,15

6 23,3 118 0,04 364 13,5 21,8 2,93

15 18,3 117 0,11 361 15,8 23,8 3,22

31 18,8 117 0,40 361 19,4 26,0 3,24

61 14,6 118 0,79 366 26,7 29,8 3,57

119 21,3 117 1,10 370 36 ,0 31,7 3,86

173 22,1 ' 117 1,18 370 43,0 32,7 a, 14

242 18,8 117 1,,33 373 53,4 34,2 4,34

305 26,7 117 I ,35 379 56,8 33,4 4,28

380 16,7 118 1,45 366 65,3 33,8 4,63

Preg, - 115 1,53 351 66,4 33,6 4,44

Wash 3,04 9,31 21,0 1,75 2,73

Volume of liquid into leach : 1,5 litres 

Volume of liquid ex leach : 1,25 litres 

Wash water volume : 1>19 litres



Time, 

niins.

Sample 

vol., ml.

......-........... ...- ' ....

Assay, g/l Ass ay, rag/I

Fe3+
2+

F© SO* Ni Cu Co

0 118 0 361 12,4 2,24 3,15

6 23,3 118 0,04 364 13,5 21,8 2,93

15 18., 3 117 0,11 361 15,8 23,8 3,22

31 18,8 117 0,40 36.1 19,/* 26,0 3,24

61 14,6 118 0,79 366 26,7 29,8 3,57
119 21,3 117 1,10 370 36,0 31,7 3,86

173 22,1 11.7 1,18 370 43,0 32,7 4,14

242 3.8,8 117 1,33 373 53,4 34,2 4,34

305 26,7 117 1,35 379 56,8 33,4 4,28
380 16,7 118 1,45 366 65,3 33,8 4.63

Preg. - 115 1,53 351 66,4 33,6 4,44
Wash

_ _

3,04 9,31 21,0 1,75 2,73

Volume oi! liquid into leach i 1,5 litres 

Volume oi liquid ex leach : 1,25 litres 

Wash water volume * 1,19 litres



Time, 

mins .

Redox potential, 

mV vs S C E

0 737

6 640

15 620

31 600

61 580

119, 571

173 566

242 565

305 563

380 562



Solid
Assay, mass %

Ni Cu Co Fe

Matte into leach 

Solids ex preg. liq. 

Solids ex samples

3,55

2,83

2,13

1,62

0,20 

0,18

59,1

56,4

Masses recorded:

Matte into leach : 10,00 grams

Solids ex preg, liq. :) 8,94 grams 

Solids ex samples



Mas s, mg Mass, g

Ni Cu Co Fe

Into leach:

Matte in 355 213 20 5,91

Liquor in 18,6 3,36 4,73 177,0

Therefore: total in 373,6 216,4 24,73 182,9

Ex leach:

Solids ex preg. liq. 253,0 144,8 16,09 5,04

Solids ex samples

Pregnant liquor 83,0 42,0 5,55 146,3

Wash liquor 25,0 2,08 3,25 3,6

Samples 6,7 5,36 0,69 21,3

Therefore: total out 367,7 194,2 25,58 176,2

Mass balance, % (Out/In) 94,4 89,8 103,4 96,4

Per cent extraction 21,1 21,3 9,1 14,7



1
Time, 

mins.

Per cent extraction
.. *

Ni Cu Co Fe

0 0 0 0 0

6 0,4 13,3 0 0

15 1,3 14,6 0,4 0,7

31 2,7 16,1 0,6 3,7

61 5,6 18,7 2,6 7,7

119 9,2 20,0 4,4 10,8

173 12,0 20,7 6,1 11,4

242 16,0 21,7 7,3 12,8

305 17,3 21,2 6,9 13,0

380 20,7 21,4 9,1 13,9



Time, 

mins.

S amp1e 

vol. j, ml.

Assay, g/1 Assay, mg/1

3+
Fe ■n 2+Fe so“A

Ni Cu Co

0 101 0 302 8,23 1,21 2,02

15 18,3 79,7 0,05 245 9,37 21,5 0,952

30 18,8 78,4 0,40 241 12,1 22,7 1,01

60 17,9 77,9 0,87 235 18,7 26,2 1,25

120 19,6 77,7 1,64 242 29,3 28,6 1,59

180 18,8 77,7 1,98 236 38,1 30,7 2,22

240 19,2 77,2 2,25 243 45,8 31,8 2,52

300 16,3 77,3 2,43 237 53,2 32,9 2,92

362 18,8 77,6 2,55 237 59,1 32,3 2,74

440 17,9 77,8 2,62 240 67,0 33,2 3,08

Preg 79,4 2,65 247 70,1 35,0 3,39

Wash 1,84 5,37 6,79 0,446 2,66

s>

Volume of liquid into leach 

Volume of liquid ex leach 

Wash water volume

1,5 litres 

1,30 litres 

1,10 litres



Time, 

mins.

Sample 

vol.„ ml.

Assay, g/1 Assay, mg/I

Fe3+
2+

Fe so?
4

Ni Cu Co

0 101 0 302 8,21 1,21 2,02

15 18,3 79,7 0,05 245 9,37 21,5 0,952

30 18,8 78,4 0,40 241 12,1 22,7 1,01

60 17,9 77,9 0,87 235 18,7 26,2 1,25

120 19,6 77,7 1,64 242 29,3 28,6 1,59

180 18,8 77,7 1,98 236 38,1 30,7 2,22

240 19,2 77,2 2,25 243 45,8 31,8 2,52

300 16,3 77,3 2,43 237 53,2 32,9 2,92

362 18,8 77,6 2,55 237 59,1 32,3 2,74

440 17,9 77,8 2,62 240 67,0 33,2 3,08

Preg 79,4 2,65 247 70,1 35,0 3,39

Wash 1,84 5,37 6,79 0,446 2,66

Volume of liquid into leach : 1,5 litres 

Volume of liquid ex leach : 1,30 litres 

Wash water volume : 1,10 litres



Time, 

mi as.

Rkdojc potential, 

®V vs S C E

0 705

6 619

15 598

30 576

60 555

120 540

180 535

240 532

300 531

362 530

440 529



Time, 

tnins»

Redox potential, 

mV vs S C E

0 705

6 619

15 598

30 576

60 555

120 540

180 535

240 532

300 531

362 530

440 529



Solid
Assay, mass %

Si Cu Co Fe

Matte into Ifiach 

Solids ex preg, liq. 

Solids ex samples

3,59

3,10

3,01

2,13 

1,64 

1,75

0,20 

0 ,18 

0*18

-59,3

55,1

53,6

Masses recorded:

Matte into leach : 10,00

Solids ex preg, liq. : 7,62

Solids ex samples * 0,79



Into leach:

Matte in 

Liquor in

Therefore; total in 

Ex leach:

Solids ex preg. liq. 

Solids ex samples

Pregnant liquor 

Wash liquor 

Samples

Therefore: total out

Mass balance, % (Out/In) 

Per cent extraction

Mass, rag Mass, g

Hi Cu Co Fe

359 213 20 5,93

11,4 1,8 2,51 119,6

370,4 214,8 22,51 125,5

236,2. 125,0 13,72 4,20

23,8 . 13,8 1,42 0,42

91,1 45,5 4,41 106,6

7,5 2,9 0,49 2,0

6,1 4,8 0,33 39,7

364,7 192,0 20,37 126,4

98,5 89,4 90,5 100,7

25,6 26,0 14,0 19,9



Time , Per cent extraction

mins.
--  Vi

Ni Cu Co Fe

0 0 0 0 0

15 0,5 16,5 0 0,1

30 1,6 17,5 0,4 2,9

60 4,3 2.0,3 1,7 6,5

120 8,7 22,3 3,7 12,5

180 12,4 2.4. J 7,3 15,1

240 15,5 24,9 9,0 17,1

300 18,6 25,8 11,3 18,4

362 21,0 25,3 10,3 19,3

440 24,3 26,0 

............... . _

12,2 19,7



Results of redox potential measuring experiments, 

t) Raw data

b) Printouts of measured v.4 predicted values



a) Raw data

Experiment A (90°C)

Measured

potential,

mV

Total concentra/tions, gmol 1 ***

Fe3+ Fe2+ H+ so I

630 1,703 0,013 1,757 3,4-46

609 1,692 0,026 1,764 3,446

585 1,678 0,050 1,779 3,456

563 1,692 0,099 1,637 3,456

537 1,694 0,197 1,457 3,467

508 1,64-2 0,383 1,324 3,508

Experiment 8 (90°C)

Measured

potential,

mV

-1
Total concentrations, gmol 1

Fe3+ 2+Fe
H+ so~

636 1,866 0,014 1,286 3,456

614 1,828 0,029 1,412 3,477

588 1,794 0,057 1,457 3,477

565 1,764 0,117 1,408 3,467

538 1,683 0,235 1,456 3,487

507 1,552 0,458 1,442 3,508

460 1,223 

— ___— .......... —

0,951 1,404 3,487



Redox potential measurements at 22 °C 

Solution compositions and measured potentials

Solution

Concentration ,  gmol/1 itre Redox

_ 3+ 
Fe H+ so?

4
2+

Fe

p  O  C SXl 1 j

taV

A1 0,010 0,204 0,127 0,010 435

A2 0,099 0,204 0,260 0,010 487

A3 0,990 0,204 1,597 0,010 542

A4 0,010 0,204 0,215 0,099 372

A5 0,099 0,204 0,350 0,099 423

A6 0,990 0,204 1,686 0,099 481

A7 0,010 0,204 1,107 0,990 310

AS 0,099 0,204 1,241 0,990 357

A9 0,990 0,204 2,578 0,990 420

B1 0,010 2,041 1,045 0,010 427

B2 0,099 2,041 1,178 0,010 484

B3 0,990 2,041 2,515 0,010 539

B4 0,010 2,041 1,134 0,099 370

B5 0,099 2,041 1,268 0,099 425

B6 0,990 2,041 2,605 0,099 483

B7 0,010 2,041 2,025 0,990 311

B8 0,099 2,041 2,159 0,990 365

B9 0,990 2,041 3,496 0,990 428
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a) Raw data

b) Computer printout of measured im predicted results



Applied electrode 

potential, mV

......
Measured electrode 

current, mA

250 1,0

300 1,2

330 1,6

400 2,4

m 4,4

500 10,4

550 17,2

60 U

650 60,2

Measured electrode resistance 0,15 ohms

2
Electrode superficial cross-section: 1,33 cm



Applied electrode 

potential, mV

Measured electrode 

current, mA

250 1,0

300 1,2

350 1,6

400 2,4

450 4,4

500 10,4

550 17,2

600 32,3

650

-----------— —---------------- ------ ,-------

60,2

Measured electrode resistance 0,15 ohms 

Electrode superficial cross-section: 1,33 cm2
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PhiELOrCTED VS MEASURED RESULTS
>* ■*** * ft * * A # ************ A ***** *

POTENTIAL# CUK^EN i t
MILL1VULrS

MEASURED

220 ,
2 7  0 .
3 2 0 ,

3 7  0 ,
<1.1 9.
4 68,
5 1  7 f 
‘is 6 5 .
611.

A R E A

CUNSFAriT 10 

CONST AMF K

1 . 0  
1 .2 
1 .b 
2,4 
4 ,a 

10.«
1 7 . 2

52.3 
6 0 , 2
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a) Derivation of the activities of the uncomplexed ferrous 

and ferric ions in the concentrated sulphate solution.

b) Calculation of zero-ionic strength stability constants 

for FeHS0^+ , FeHSQ* and F e H S O ^ .



a) Activities of uncomplexed ferric and ferrous ions in solution

*3 "I
By stoichiometry, the total amounts of Fe + , Fec+, H+ and SO^ in 

solution can be defined in terms of the concentrations of uncom­

plexed Fe3+, Fe2+, H+ and SO^, and the concentrations of the various 

complexes, i.e.:

n
o a

k i t

[Fe3+] t [FeHSO^SoJ + [FeHSO^] 

♦ [Fe<S<V3 + [FeSO;]

[Fe2+] + [FeSO^l + [FeHSOj]

[H+] + [HS0-] + [FeHSO^SoJi

+ [FeHSO^] + [FeHSOj)

[sofl + [Hsor] + 2[FeHSOaSOj 

+ 2[F«(S0^)3 + feHSof] + [FeSO*] 

+ [F eSO j +[FeHS 0 ;]

Where: [ ]^ denotes total concentration

£ ] denotes concentration in the solution

The activity of each oomplex present can be defined in
3-4* 7 k

terms of its equilibrium reaction and the uncomplexed Fe , Fe , 

H+ and 50^ in solution, as follows:

3+T ri.i+ 1  r e r t = i  2{FeH50^804> = K(i){Fe^}{H*MS0J} 

K(ii){Fe3+}lH+}{S0=}

K(iii){Fe3+}{S0^}^

.3+,

{FeHSO2*}

{Fe(S0^)p

{FeSOj}

{FeSCy

(FeHSOj)

Where:

K(iv){Fe }{S0^}

K(v){H+}{S0n

{ } 

K(J)

K(vi){Fe2+}{S0*}

K(vii){Fe2+}{H+}{S0*>

denotes aotivity 

= equilibrium constant j



Activity is the product of concentration and the activity 

coefficient, thus the above equations can be re-written in terms 

of concentration, as follows:

sn 1 - K (i)v (Fe3+) [ r e 3+] Y (H*) Ch I  Y 2 (SO") "SOI J2
LheH5V u4J " Y(FeHS04S04)

i.e.: [FeHSO^J = K' (i> [Fe3+] [H+] [soj] 2

K '(i) - ^(i)(activity coefficients of unoomplexed components)
' ~ {"activity coefficient of.complex)

Similarly:

[FeHS02+] = K 

[Fe(S04)-] = K 

[FaSOj ]

[hso;]

[FeS0j 

[FeHSOj]

( U ) [ F e 3+][H+][sO“]

(1 H ) [Fe3+] [S0= ] 2 

Uv)[F.*] [so;] 

<v>[H+] K ]

(vl)[Fe2+][fO;] 

K'(vii)[Fe2+][H+][S0;]

Substituting for the complex species in the equations for 

total concentrations gives:

[Fe3+] = [Fe3+] + K' (1) [fs3+J [h+] [soJJ2 + M i l )  [Fe3+] [h+] [so;]
t r  r — *i 0 * r  r — -» *"

[ r e %

K i r

N I t

+ k ' (iii) [Fe3+] [so;] 2+ k ' (iv) jVe3+] [so“ ]

[Fe2+] + K' (vi)  [Fe2+] [so ; ]  + !<' ( v U >  [Fe2+] [h+] [so =]

[H+] + l<'(l)[Fe3+][H+][so;] 2 + K(H)'[Fe3+][H+][so;] 

+ k’(v)[h+][so;] + K(v U )’ [Fe2t][H+l [so;]

> [so; ] + 2 K ji)[Fe3+] [H*] [so; ] 2 ♦ (ii) [f83+] [h+ ] [so;]

+ 2K'(iil)

+ k '(v )[h* _

+ k '(vU )  [Fe2+J

fe3+][s°;] 2 + K' Uv)[Fe3+][so;]

+ K'(vi)[Fe2+][so;]

H+] K ]

Rearranging these equations gives:



O ^ T

i y +]T

[»*]T
[so*]t

fFe3+]{l + X(Fe3+)}

[Fe2+]{1 + X(Fe2+)}

[H+] {1 + X(H+)}

[SO*] {1 + X(SO*)>

Where:

X(Fe3+) *

X(Fe2+)

X(H+)

X(SOJ)

k '{1)[h+][s0 * ] 2 + K ; (ii) [h+] [S0“]

+ K'(iii)[SO|] 2 * l<'Uv) [SO^I 

k ' < vi) [30=] + l<'(vii)[H+][sO=]

k '(1) [FV!+] [so*] 2 + K’(li)[Fe3+] [S0=]

+ k '(v ) [sorl + k ' (vii) [f e^+] [sof]

2K'(i)[Fe3+J |h+J '($0^ + K|(ii)[F©3+J [H+J 

+ 2«'(iii) [Fe3+j [SO*] + k' (iv) fFe 

+ K  (v) |H+] + K (vi) [Fe2+1 

+ K'(vii) [fe2+J {h+}

3+'

and; [ ] ( denotes total concentration

[ ] denotes uncomplexed concentration
1

K denotes equilibrium constants, converted by the 

aotivity coefficients to concentration equilibrium 

constants

Th-st total concentrations are known from solution analyses.

A first guess of the values of the terms X(Fe3+), X(Fe2+), X(H+) 

and X(SO^) can be made by assuming total dissociation, i.e., the 

values of the concentrations of Fe3+, Fe2+, H+ and SO® are first 

set equal to the total in solution values. The ionic strength and 

activity coefficient for each species are calculated, and the 

equilibrium constants are converted from activity to concentration 

constants. The terms X(Fe3+), X(Fe2+), X(H+) and X(SOj) are then 

calculated. An Improved guess is than made of the uncompleted 

concentrations, as follows:

[Fe3+] a [Fg 3+]t/{1 + X(Fe3+)}

|Ve2+] = [Fe2+]T/{1 + X(Fe2*)}

[H+ ] « [H+]T/{1 + X(H+)}

[so; 1 = [s o3 t/{1 + X(SOj)}



Using the new uncomplexed concentration values (or a weighted 

average of some kind to facilitate convergence), the calculation is 

repeated. Convergence is reached when the relations:

[f. 3+] t = [Fe3+]{1 + X(Fe3+))

[p e2+] T a [Ve2+j {1 + X (Fe2+)}

[h+J*f « [h+]{1 -h X(Hh)}

[so;]... « [soj]{l + X(S0j)>

are satisfied to within a given tolerance,

The resulting uncomplexed ferric and ferrous ion concentrations 

and activity coefficients can then be used in the Nernst equation to 

©aleulat© the solution redox potential.



b) Calculation of zero-ionic strength stability constants for 

FeHS0^+, FeHSO* and FeHSO^SO^

The Debye-Hilckel activity coefficients of the various individual 

species are as follows (6, 7, 8):

Species
Individual activity coefficient

I » 0,15 I » 1,2 I = 2,67 1 » 3,4

3+
Fe 0,1478 0,0649 0,0515 0,0486

Be2 0,3556 0,1956 0,1618 0,1539

S04 0,2986 0,1208 0,0869 0,0793
h s o; 0,7392 0 ,5896 0,5429 0,5307

2+
FeHSO* 0,4052 0,2648 0,2341 0,2268
FeESot

4 0,7392 0,5896 0,5429 0,5307

FeHSO.SO,
4 4 I 1 1 1

(I « Ionic strength)

i) FftHSO,
4

Using Sykes' stability constant at ionic strength = 0,15 and 19°C(89) 

results in?

K° * 60 (0,4032/0,1478/0,7392)

Therefore K° «= 223

Lister and Rivington's value(91) at ionic strength «= 1,2 gives:

K° - (6 + 1)(0,2648/0,0649/0,5896)

Therefore K° » 4 2 + 7

The value from Sapieszko @t <zl(48) at ionic strength 2,67 gives:
*

K° » (4 + 1)(0,2341/0,0515/0,5429)

Therefore K° » 3 3 + 8

The stability constant of FeHSO^* thus seems to lie between about 

200 and 20, This is the stability constant for the association



equilibrium:

Fe3+ + HSO~ t FeHSojr+

The equilibrium for bisulphate formation:

H+ + S0“ t HSO”

has a stability constant at zero ionic strength and 25°C of between 

95,5 and 100(47). Combining the two equilibria gives the overall 

stability constant for the equilibrium:

Fe3+ + H+ + S0“ t FeHSO^'

as between 1900 and 20 000, The data of Lister and Rivington and 

Sapieszko et at are in reasonable agreement, while that of Sykes 

gives a stability constant about 10 times greater than the other two. 

If the value from Sykes' data is ignored, the overall stability con­

stant ranges reduces to between 1900 and 4900. This seems more like­

ly to contain the correct value.

ii) FeHSO,SO,
4 4

Lister and Rivington's value(91) of 380 + 50 at 25 °C and ionic 

strength 1,2 for the equilibrium constant for the reaction

Fe3+ + HSO? + SO “ X FeHSO.SO.
4 4 ^ 4 4

results in zero-ionic strength values of:

K° = (380 + 50)(1/0,0649/0,5896/0,1208)

Therefore K° = 82200 + 10800

Combining this with the stability constant of HSQ^ , the constant for 

the equilibrium:

Fe3+ + H+ + 2S0“ % F*HS04S04

beomes: K° « (8,1 + 1,2) • 106

As was pointed out in section 4.2.2(a), however, this valuw is based 

only on one report, and no other authors have reported the existence 

of FeHSO^SO^, thus it is not impossible that its stability constant 

is zero - i.e. this complex may not exist.



Beukenkamp and Herrington(21) studied the formation of FeSO^ and 

FeHSO^ in sulphuric acid solutions of 2,2 molar and lower concen­

trations. Using their data for the concentrations of H+ , HSO^ and 

SO^ in 2,2 tnolar sulphuric -acid results in a maximum ionic strength 

for their measurements of about 3,4. Using this ionic strength and 

their value of 1,7 for the stability constant of FeSO^ results in a 

zero ionic strength value of about 140 for the stability constant of 

FeSO^. This is close to the value of 158 given by Smith and Martell 

(47), thus* the ionic strength of 3,4 can be used to calculate the 

zero-ionic strength equilibrium constant of the reactions

Fe2+ + HSO^ t  FeHSO*

to be: K° 4= 0,61 (05307/0,5307/0,1539)

Therefore K° = 4

Combining this with the bisulphate stability constant gives the 

equilibrium constant (47) for the reaction:

Fe2+ + H* + S0“ t FeHSO* 

as: K° = 400
*



a) Values of the constants A and B at 90°C:

A = 0,594-0 

B = 0,3468

b) Values of the parameter I, in angstroms:

Species
0
a

Fe3+ 9

H+ 9

SO= 4

Fe2+ 6

0H“ 3

FeHSO^SO^ -

FeHS0|+ 8

F e C S O ^ 8

FeSoJ 8

h s o; 4-

F ©SO^ -

FeHSO* 4



Values of limiting ionic conductivity used for calculation 

of liquid junction potential

Species 2
X, mho - cm /equivalent

r 3+ Fe 70

H+ 350

so I SO

Fe2+ 53,6

OH" 197

FeHSO^'SO^ -

FeHSO2* 36,2

Fe(S04)- 50

FeSO^ 60

HSOI 50

FeS\ -

FeHSO* 50



APPENDIX VIII 

Fortran V Computer programme of the leaching model
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t r  ( A B $ ( N « ! T u ’. G T , u  v i r tue  5S i r l # j * 1' 1 ' p  ’

Dt.wOI.tOT * ♦'(C t
25 G t i N l N U E

IW 2» 1=1«HV
n r «mr rill 
00 at) K»I»N!
I f  ( M 6 C M l t i l W . G t . 0 l  RO TO 2h 
C H t « e « P t e t  ( K ,  1MP0T1. )
UC ( l s C H I * C  I ttl t H  * f l P (HL

ih
GO TO i? 7 * i ict a t.c vt* f 1 T  *PO ?L) i IK11 ) *E^P 1 1 1 f t T  *POTL))

1
2

tr 00 20
I F  ( f j . eu . 0 )  MAStffiJtK)*0,
\f (MA33U,,>,*>.*0.8.5 00 J# , ,
IF  IM E G H U .K J .G E .O )  AMA8*MAsat i . < JIF  IM EC H U ** )  A M A 8 a M A 3 3 t t . J |K )« * (\ ,*M E C H ( l ,K ) )  
AKH »80 T*R H *N t t i J .K )  .............. - "
» r C ' fntl l  H \ t <r ■" w *» * » * ' M* r '



1)0 S i  J  * t * N 9 
51 H U E  i J . K )

rtiilTE ( S i M )  (KATE(J )  i J*1 iN9) 
ib CON'PNUE „
11 IF ( l l . 'eO .O .AN O .N TEST .EO .O ) DT"DT«2 

IF  (01 .G l i t l lH AO  DTcDIM**
IF CI I .Gfc.O)  011 HES'OT „
IF (tuae.O.MIO.1IHE.lt.TtN.MTUt)) GO 10 !8
IF *H»<, I.NTME)*XHX(n-><(n/HO(t}
f 1 1 1 ' M l l ) / HO 11) >X(N> I f NIM£)
e so c t,i , i j * e a« 11 * i »t > * fii * *2
NI-N1T 1.1.)
UU 38 K * l |N t  
DO i l l  J s W N S

ES'U (I # Ki £ J *fc30 (I > K 12) *s*ei*ei'4
E3IU I r K , i  ) *E 30 11. K »J ) *S * «  j  * * i

ia con nmue
IF (MU0£»E0.01 GO TU J9 
F E J  = CONC M l )  *55.607
FH«nE0ai!b5)”iHE!pTl.(X(N,t,HtHt),)(!(N,I,Nr̂ ),V«l,HV),FE5.Fea

jq CDNMMUF.
N ! ME.aN I Mt 11
oi=i)T rut
MBU
IF (HtMk.LE.NO) GO TU 18 

ill) CONTINUE
tf (HOnE.Nf.iiO) GO TO M 
Il! (flV,l.1 .NVM) fit) TO «?
00 « t KaliK1M
I )1E IK ) »0 ,
l)it(K)aO.
UO « l  I s l tNV
t ) I E (K ) aO l E ( K )+ ESn (  l i K > 2 ) * F R H ( l i K )

#i oae<K)soaUK)*esuu*|<*:*>*|PBN,,*K>Ma 
00 <(5! K* 11 N tM 
3G1 C K > I» 1 )**01E(K)/D2E(K)
trl tcscitiTi??!« * »  til w »>i li.o.> c#i (k, i , u - c a i  u , } ) / a  
I f  f C « 1  inr  1 : 11 / c S m k : I : i »>-g r . I . i  s c i o w i . n *  c b u k . i . i )

(*2 1000) KOIINT. (E80 C11 I * 1) t I* *« NV > ' 1SC1 1K ' 1 ' Z 1' ** 1 1 N,W *
t o 00 F0HHA1 ( l b . / F I  0 .5 )

UO 41 K* l  tMM
IF  ( » B 3 ( 5 G l ( K , 1 , 8 ) ) .G E .E P S )  GO 10 «#

HI CONTINUE 
GO TO 57

<l<< IF ( f  CU*K)+SGI ( X »111) )  *UE .0 •) 8 C > ( . . t * U « " 0 . ' » * C L ( i l )
45 C | . ( K ) * C l . ( K ) » S C l ( K , l , t )

00 4f> I » 1»NV 
N T a N U ( l )
00 '16 Ks l iNT

46 T T ( t .K ) s l ;U (K ) * F R M ( J .K )
KOUnraKOUNHI
I F  ( KUUN1 . LT . ! 00) GO TO U  
WMI1E 11 u, be)



I P m .N G .O )  GO TO ijll  ̂ .
MA31 t l i  J  f K J *AHA8-aii A«K*» tCHS + DT*DCHI J•H'Av I I I i  « f'*' * * AriAO "C * r v t ' n  ft - ■»*••• « • - • w ».r. ,

I? k il 111; j ; s t : o;; a wS: mIEh c U k ); tl: I j
£1) UUNflNUE

IF (NPOTt .£0,(1} CO TS J1 
CUNCTM >*COKG«(Ni I )
vtf»c f (<D»cuNcat»i »)
BO 29 £*1|N¥
NT»NUCl> 
aa i<i
80 39 .1*11 US

I*?
e o N o m > * c o N c r m * j »  Jiioi
CONtTT (4 i »C0NC1 {<0 » a* I f  i I S ) *H*S8 t i t  J  #*) >

,J,K)

1-ITaNI I (NY)
ao io k=Iint

JO CUNCT(« )»C0NCT{ «5*HAS6t «Vr4 iK)*MASS(NVi4(X)
jj iuiim

IF ( l l . t l . 2 )  «0 TO S3
if c rn . Eu .wtM*) : )  go t o  ii
HTCSItO 
8tl 3a l»WNV 
wtsnmt)
M  1 ?. J U . N S  
(Hi i a  k * l . nt
(!» ( H A 3 « t I , J , K ) . E n ( 0 , J  #8 «  M  
£8#t* (MAS&l 11 J , r, J-HA81 i ! * J #•* I J/WASOtli.

ii e tW! I * IUt

i i  mj in i » i .• ■

HttJsO* 
ot* 3fl Ka l | t . !
Hi £ I »K)*® i 
6 t  4# J s t i N S

,1(1 MtlJaHUItHAaSCt/JiKl
f r W O T u l u E . B l  CAUL M W M  n tH E , F D t U ,D P 0 T U , t , P ,H , N O )
TP (WlCf.tU,NS#01 CAI.L eonctw lTeMP,CO«CTjACTV*KbO*CONLiEPS> 
IP  f^PQTI . tNE.0)  GALL R6B6X (CCWG* AGTViTEMP i l L J  i 
JJ* (I ' lMOTt.idt,0)  £ofu*pfu 
tt* tNPlHL,eU»t>) m s W T L  
IF (MOU6.LT.S3 80 TO V
BD i% I « i rNV

i U N »  i , N i H E j * x M x m ' ' M t n / H O { n  
OU J 5 K » l iM

" S I ' , .......
IP fMUIH'*!»i *3! ®n Tn J J  
mi 56 tsifNV
W(*NT I t l )  , , L_,

l5*b'U CMl! l »K)  | ks )  |NT )
Itu H  Ksi  i N1tt* .if m « *» 1 •' 11



4}v NTESTaO 
' • , 1)0 SS t«l I NV 

•. 00'  K=l  I NT
' IF (CS1(KiI«2J.En.n.1 GO 10 so 
3C11K,I,2)S-E3ntI,K,2)/ESn(I,K,3)
l F l n s c l l K .  W21.C31IK. t ,Z ) ) . L I . .O * )
IF I(3C1IrtiIt2)/CS1{K,t<2))-CT»i• > 3CtCK,t»2)* C3it*«!*e)
If i urnt sc j(K,i,!)).lt.eps) «o to sn
NTES1 »NTtS I ♦ 1 

5 i| COM I iNUE
I F INTESi.EQ.0) CO TO 57 

55 IIF (MOOE.tO.a) CLOSE 1 
IF (MOOE.NE.O) WBtrf (10,67)
IF (NPHTN1,NE,0)  WRITE (12,80)  ( E 3 0 1 JI 1•1)<?* *’
If (HtlOE.NE.05 GO 70 59
00 V I3l«niV 
NTSN. ")
DO So S >nt
IF CCS 1 (R* 1,2).CO.0.) GO TO ih „
IF I U r C J i X) *3CI ( K , 11 2)) .IE . o .) S C I (Kf I,2)*'0.9*TT(1iK) 
n (I,K>*TItI,K)tSCl(K<11 2)

5b CUN U  W E
2Snt ("S'.bb) K O U « . T . E 8 0 l l , » , l ) , ( 1 T ( 1 , K ) , l c . l , H t H ) , ( 8 C l l K , l , n . K . W H T )

53 GOHT LN.UE
KsUUNI SROUH. J  ♦ I
if t-KUUNT ,U I.I 00) GO 10 It 
WRITE UOfkH)

51 rtftlTE (10,69) 
ynilE. (10, 7 0 J
«If I re (1U,7 U! (MW, Ii I = i fMV)
WMII’f tl»i J 0) (WM.m, 1 = 1 ,NV)
lio, sa n*4 » n x
NHiS’NXiK(N)
l)U 58 JsliNt) mil
flHITfc (l»i7 1) TtN.J)•

58 CON I INUE
59 0-0 (>0 1*1 iNV 

NI=N!T(1J 
NCH-" "W»UE UU<72> ( I , K , T T ( I i K ) i C l t K * I ) , K » l * N T )
IF (NPHINI.NF.O) WWITE (12.81) (NCH,T1(I,K),C1(K,T),K*1iNT)

60 CONTINUE 
STOP

62 FOW.MAT (Ftt̂ .UX.StF? , 1,2X) ,FIU, 1 ,SX, 1P2E12.3* 'i 1P1 3£1<I.2| ')
63 FONMAT (F7,3,Ffe,0,UF7.a) 
b« FOWMAT (JiXilSFT.fl)
65 FOHMAT <F4 . 0, F7 . 0, BF7 . « , 8Ft>. 1)

67 FUHmIi

FUUMA t (/r«HTIHEi3X»̂ HPfJTU*ftCftr?iiy#«HMEA3f3Ki«HLALC)*/)
72 FOHMAT (//itHCOMPONENT i I2i IH. |8H MINERAL,12,3H l»5X,<IHCl *<

1 1PE12.5,  5X, <4IIC2 * i1H61? »5)
73 FORMAT (i«A2)In FORMAT ( 11X,« (A2,tX,9HCOMPONENti12))
7S FilUMAT ( mi. Mia?)

6H 
69 ! 0



Tfa FOHMAT

7 7 FORMAT

7tt f(j*ma r
79 pg w m a t

80 FDKMU
Bl FORMAT

2
3
a

END

11 HO , 3«HPREDICTEO va .  p f ‘ “ lp!?E j a^ TflJ' CI10N!i' ' /

J 5SS: >*. ■«*« * •'»

( Iho', zwSi'ih7 ii F ■ toilStn' e«™«a * • ]‘ p̂°,
Iiu[] »d *tf c o n s t a n t  v a l u e s t .,
( 10 ,» 'STCONSTANT-, SX,“2*MD CONSMNT-,//, 

A I ^ L L O Y  j « ,  I P £ 1 0 .  J ,  l l> X ,0PFr .5 ,/ r

i  MBOILITt > - '1PE10- V ! ^ ’ oP F 7 ' I ' )A1,-CU,FE-S : " , t P S t O . J , t U » , O P F 7 . 5 1



S U B R O U T I N E  HEQLM ( T , K K ( N )
S E A L  K K ( U )

SET A L L  E U l H L i n R I U H  CONSTANTS  TO 7.ERO.

i f  N i s  s p e c i f i e d  a s  t w o  o r  g r e a t e r . t h e
E Q U I L I B R I U M  CONSTANT V A L U E S  ARE L E F T  
A r I  E M .

00 1 1 * 1 . 1 7  
K.K (t) a 0 .
I F  ( N . G V . O )  GO TO 2

S E I  t H E  E Q U I L I B R I U M  C O N S I A N t  V A L U E S  TO THE 
VALUE.3 G I V E N  IN THE L I T E R A T U R E  FOR ZERO 
I O N I C  ST 'KtNGTH.

I F  N I S  S P E C I F I E D  AS Z ER O.  T H I S  O P T I ON  I S  
3ELE.G I E O .

K M a j * E x P U 3 . J S « - 7 b 2 9 . 9 / T )
I F  l t . L t . J 2 b . l b )  K X m = E X P C » 9 , 9 ( i a - 3 S « 0 , 0 / T )
I F  ( | . t i T . J 2 b . l 5 )  P < K ! i l ) t E X P ( i a . l B 2 - T S 1 5 . 2 / T )
KK (tt lsfc’ X F ( “ 900 * H 2 l  + 3 ^ 11 0 . 9 2 b  AT ♦ I 36 . 6 2  b «ALOB  CT) )
K K ( S ) * E » P  1 1 3 . 696 -2 7  ) 7 , « / T )
K K ( b ) * l O . * * (  1 . 3 3 9 - 3 3 7 . 3 7 / U  
K K ( M = E X P l i O .  6 9 2 - 7 2 9 0 .  « / T )
GO TO S
I F  I N . G I  . 1)  no  TO 3

SET  THE E Q U I L I B R I U M  CONSTANTS TO THE V ALU ES  
f r i V E u  IN I HE L I T E R A T U R E  FOR NON-ZERO I O N I C  
ST RE NG THS *

I F  f) ( 3  S P E C I F I E D  AS ONE i T H I S  0 P 1 I 0 N  I S  
S E L E C T E O .

KK (1 ) = l 0 . * » ( 2 2 . 7 i ( 2 - 5 7 l | i l . a / T )
K K ( 2 )  = 1 0 .  »* <I D . 9 A 0 - 3 9 2 7 , 7 / T )
K R l 3 ) s l O . « » t  9 . 7 5 2 - 2 0 1 2 . 0 / 1 )
KK ( )  B 1 0 .  • * ( I 0 . 93 f , - a ( i S t t .  I / 1 )
K *  I S ) a  1 0 . *  A ( B , 5 2 6 “ 22 3 6 . 7 / T )
K K ( b ) s l O . « * t  0 . 7 2 5 - 1 2 2 . 3 6 / 1 )
K K C 7 ) *  I  0 »* * (  0 . 7 0  0 - 1 2 2 * 3 6/ T )
RETURN
ENt)



PARAME rtH NXM=b,WRMel5
S U B R O U T I N E  F E J F E 2  t X X , P O T l . O P O T L . X , V , N H , ND) 

, REAL X ( N X M , N n M ) , V ( N X M , N U M )
oo i u s . n o  

t tfsl
; J;F IX(NN,1 ) .GT.XX) 80 TO 2 
j CONTINUE 
a lAUKO.ina

P TF k Y (NN,N O )-(Y (N N , 1 )»YCNN«NOJ)*I .05
Xi»ALUC(X(:NT4,N-I) + TAI))
Y|*A.toe(»(NN,N«n-PTF)
X2*AL0G (X(N.N, N) + TAti)
Y2*ALQG(YlNN,N)-PTF)
8s(Y2-TI)/t*2*Xt)
A n y I X1
PO r L a P T F + £ X P [ a ■* B a A LOG ( X X ♦ T A U ))
OPOTLcEXiP tA+B*ALOG (XX + TAIJ)!*B/(XXtTAUJ

RETURN
EMU

PARAMETER  NXM*f i ,N0H« l5-
SUBROUTINE IRONS ( XX ,FE2 , OFEE, X , t , NN, N[t) 
HEAL X t'N*H, N O W ) , 1 £NX* r NtlM)
00 1 U 2 . N U  
Na 1
I F  ( X t N N i I ) . G T . X X )  GO TO 2

1 CONTINUE
a B = ( Y ( N N , N ) " Y  ( N N , N - I )  ) / { X t N N » l * ) » * < N N , N * l )  ) 

A s Y ( N N . N ) - B * X ( N N . N )
fe2»a*b*xx
OF E a S B  
RETORN 
ENO

3UBR0UTINE REDOX (C t A ,T ,E L J .POTL)
REAL C M  2) i A (12) ,0(12) *f>UC13J 
J N 1 EGER w 1 12)
UATA N / 3 , 1,“2,2.-1,0,2,-1 i 1 ,-l »0, t /
0 AIA U / 7U.,350..8n,,'j3.fc,l,>?,<0.,li>.2,5!),i50.,50,,0,,$0./
DATA Of//, 0 2 , . 0 1 5 9 , . 0 2 2 . . 0 2 . , 0 1 3 9 , . 0 0 , . 0 2 . , 0 2 , , 0 2 , . 0 2 , . 0 0 , . 0 2 /  
PL U - i l . 2 M .7 3 .52*76, 35)
PL2«-‘t . 2 M ? 3 . S 2 * 7 b ,  J S )
PL3= n.
PL'Is 4 . 2 M 7 3 , 52*76.35)
DU 1 Is 1.12
I F  ( N ( I )  «E(J .O) GO TO I
P L l * P L l * U l I ) / N ( n * C U ) * A B S ( N ( I ) )
P L a = P L 2 + U l I> * C ( I ) * A p a (N ( l ) )
P L i » P L 3 + U t I ) * C ( I ) * A B 3 ( N ( 1)1

1 CONTINUE
ELJaO.0861 ? *T*PL l /PL8AAtOG(PL3/PL ‘l )
E ( l * S S 0 t l . »9 » ( T- 29 8 . J 5 )  , . .
P01L»t0-0.0&(il7*t*AL0G(Ct(l)*At<t)/'C(l)/A(l))

PU IL *PUTL- t L J
RETURN
ENO



c
c COKPONEMS AND COMPi
c
s (1) 3 F E t3 * )
e (2 ) X H ( ♦ )
c (31 e SO ** 12-)
c (« ) s F M 2  + )
c IS ) X NO I 113EO
c (6) s FE .M .s o a .s o o
e Hi a FE .H ,S 0 « {2 + )
c CB) a FE ,3 0 a ,3 0 H t- )
G 19) X FE .s o q (+ )
c (111) = H.3U<lt»)
c t i t ) s FE .S0 4
e 112.) r. FE.H..SO#.U )
c •
c

1 M 7 ) r K K ( 1 7 ) ,  
a i t u £ J > v ( t a ) « N t u ) » A O t i s )

DAT A N / 3 i l r “ 2 ( 2 f * l i O | 2 i “ l » S t * i > 0 , l /
U A IA A U / S i < ) , a , b (3 (0 , 8 r B ( e >« (0 , l ! /
C'ALU OEHUC U , A A , B B )
Ktl-UN t iO
1 AUMAXsO.
UO t |3 1,<1
XF [1)5(111 
D X U U ) » 0 .
I F  ( C ( l ) . U E . O . ) GO TO I
i r p f  "SUHHOll I INE GUNCIH ! NEGATIVE 101 At, COMPOSITION INPUI  
w‘u i e  ( l u . i o n o )
kETURH 0

1 TAlifWxst AUM/.XtCCl )*N( I ) **2
2 T-A U s O,

110 1 1 1 = 1(12 
H  T A U a I A U » * t n * H t I ) * * a

IF  ' TAU.G I . I »UMAX) mis1AUM>AX 
CA1 , KH30'< (1 ,T AU .KK ( S ) )
JAt *3ART £ I AU J
00 12 I C 11 12
V l l J c l O « * t - A A » N ( I ) * N C I ) * T A U / ( l . t A O ( l ) * H B « T A U ) )

12 G.UuriNuE
K ( U * X K (  i ) / T ( f e ) » Y ( ! ) * Y ( 2 ) * T ( 3 } * » 2

* 2 ) *KK t  < * ) / Y t 7 ) *V t i ) * ’rC5 ) *T t S i  
K 1J »KK t i ) / » ( 8 ) * V ( U ‘ V ( l ) » * 2  
Kt <U»KKI « ) / T ( 9 ) * Y ( 1 ) * Y ( 3 J
K( S ) SKK t  5)
K t fa} h k H ( ft) / V C1 1 S * V ( 3 ) * H ‘I )
Kt n * K K l  r j / V ( | 2 ) » Y ( 2 ) ‘ V ( i ) * Y ( ‘t!
X 8 l l ) a j , + K ( t  ) * K ( ? ) * X ( S ) * * a  + K t 8 ) » X ( 8 ) * X C J ) + K ( J ) * * l 3 J * * ?  + M 5

Xt>t3)nt,  + 2 » M l ) « X ( l ) * X ( 2 ) * X ( 3 ) + K C 8 ) # X U ) * X ( 2 ) t 2 » K ( 3 ) » X C l } * X ( 3 )
I ♦ K ( l ) ) * X ( | ) * K ( 5 ) * X ( 2 ) + K ( 6 ) * X ( < ( ! t K t 7 ) » X ( a ) * X t « )
UXU(3)  (K (1)  *X ( U  *X 12) VK (3 ) *X (1 ) ) 
X I H4 ) * l .<-K ( f e ) *X (3 )+K (7 ) *X (2 ) *X (3 )
NEH*0
DO 3 I * t ( «
t ( I ) a X ( I ) « X O i n » C ( I )
I F  ( A R S ( f c U ) ) , L T . ( E P S * C t I ) ) )  GO 10 3 
h e h * n e h +i
X K r ) * - E ( i i / t x n ( i i  + x ( n » n x n n n



n
n

n
n

n
n

n
n

n
n

n
n

n
n

p
n

rt
f}

CU MP ON EN I S  AND C O M P L EX E S  *WE A 3 S I G N F D  THE F OLLOWI NG  S U B S C R I P T S

(t) a F E (3 +)

(HI c H(*)
(J) c. 30*1(2-)
(4) s FE ia*i
(5) X. NOl US ED

(f>) ft F E . H . S O O . S O a

( M s F E . H . S 0 q ( 2 + )

(.'#') ac P E . S O a . S O O t - )
f">) at F E . S O O ( t )

(10) s. H .S U H I - )

( U J = F E . S a u

(12) PErH, SOU 1 1 )

HEAL C U )  . £ ( « ) .  XQ<«) , StE C<1) * KF t «)  ,0*0 ( « )  i
1 K (7 ) t KK(17)i
2 X ( i e j , t t l 2 ) j N ( I E ) , A 0 t l ? . )

UA T A NV 3 i 1 ( *2r 2 r » I i 0 * 2 » " 1»1 r “ 1 r 0 j 1 /
DAT A *U/ ‘J>‘) , « , h , 3 , 0 , 8 , 6 ( 8 i « i 0 ( fl/
CALL OEHUC ( 1 , A A f BH)
KOUNIiO
TAUMAXsO.
UO 1 I a 1t«
XF ( I J i C t U  
DXU (1)  so •
IP ten.. )  r l iE . f l . )  BO TO 1 ,
l l f E  "-SUH'HOUI INK CONCTN 1 NEGATIVE TOTAL COMPOSITION INPUT 
nii11e i i u . i o n o )
K.6HJ0N 0 

1 fMfk<iUr*fAUMAXtC( l ) *MU)**H 
H TAUaO.

UO I t  I * I  <I 2 
U  T A U a U U « * l l ) * N ( l ) » « 2

IF (TAU.G I . f AUMAX) T i l l :  1 AUMAX 
CALL KHSOH (1 , TA U ,KK (5 ) J  
TAUsSURTtf  AU)
00 ia t * l ( i 2

l - A A « N ( I ) * H C I ) ‘ TAU/tl  . *AO( I )Ml B»TAt J )  )
12 CUN.riNUE

K ( 1)=KK( l ) / Y ( b ) * Y ( l ) * Y ( 2 ) ‘ Y (3 ) * *2  
K ( 2 ) aKK t 2 ) / Y ( 7 ) * Y ( l ) * Y ( a ) * Y ( 3 1  
K ( , ! )b Kk ( J ) / Y { 6 ) * Y ( 1 ) * » ( J > * * 2  
K( «.)m h k { <0/Y (9)  *Y ( 1) *Y (3) 
ft ( S )*K K l 5)
K( b)0KKt  ft) / ¥ ( 1 l ) * Y ( 3 ) * Y ( « )
Kt n » K K l  7 ) / Y l l 2 ) « Y ( 2 ) * Y (3 ) * Y (< l )
XD(1) = 1 .♦ * ( ! )  m ? ) * X  (3)  * * 2 4 K ( » ) » X C B ) * X ( 3 H K p ) * X ( 3 * * 2 * K M > * X t S i
xi) i 2 )  s i . ♦ M i ) * x ( n * x t 5 ) * » a t K C 2 ) * x c n * * ( j ) * M ,5)*x<;s> j K < n * x n ) ‘ * t « )
X 0 ( 3 ) a U + 2 » K ( l ) « X ( l ) i ‘ X ( 2 ) * X t 3 ) + K t 2 ) * X ( n * X ( 2 ) t * * K t J ) * X ( S ) * X ( 3 )

1 ♦ K ( H ) * X l l ) ' t ’K ( S ) « X < 2 ) t K ( 6 M X ( i | ) t K ( 7 ) » X ( 2 ) * X ( y )  
0 X U C 3 ) « J » l K C n » X ( U * X t 2 ) » R ( S ) * X ( | ) )  
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Graphs of predicted and measured extraction vA time curves for 
nickel, copperf cobalt and iron, for leaches 7 and 8, using 

redox, matte and residue potentials to approximate the particle 

surface potential during leaching.

Leaching model computer printouts.
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NOTE:

The "1st CONSTANT" in the following printouts refers to the 

constant K in equation 14 (page 58) of section 4.1.1.1.

The "2nd CONSTANT" is the value for the constant k in equation 

22 (page 61) of section 4.1.1.2.



COMPONENT 1

TIME POTL MEAS CALC

b , 486, ,2460 ,2382
15, 486, ,4180 ,4031
30, 434, .5350 ,5228
60, 483, ,6320 ,6110

120» 479, .7010 ,6820
180, 478, ,7410 ,7242
240, 476, ,7720 ,7564
360, 473, ,8090 ,8017

6, 517, ,2550 ,2448
15. 516. ,3-94 0 .4185
30, 514, ,5200 .5505
60, 511. ,6530 ,6560

129, 506, ,76£0 .7516
180.. SOS. .7960 ,7893
240, 504, ,8290 ,8212
300, 503. ,8460 .8447
36 0, 503, ,8670 *8629
420, 502, ,8830 ,8774

6 * 551, ,2920 .2381
15, 545, ,4250 ,4463
30, 541 „ ,5440 o 5937
60, 537 . ,6770 ,7146

120, 533, ,7840 ,8071
180, 530, .6250 .8494
240 , 528 e ,8620 ,6758
300, 527 , ,8730 .8947
330, 524, ,9030 ,9020

6» 582, .3390 ,3156
15. 573, ,5220 ,5169
30, 564, .6820 ,6705
60, 558, ,7880 ,7859

120, 550, ,8720 ,8621
180, 547 , ,9100 ,8936
240, 546. ,9140 ,9136
300. 544, *9360 ,9283
360, 544, ,9440 » 9396
420, 543, ,9550 ,9485

SUM OF SQUARED ERRORS = 1.2E-02

RATE CONSTANT VALUES I

1 1 ST C ONSTANT

ALLOY
TROILITE

1 »1 23E< 
7 .784E-

06
14

,00000
,01900



LEACHING OF NICKEL FWOM MATTE " LEACH 7 - REDOX POTENTIAL 

PREDICTED VS, MEASURED EXTRACTIONS 
**********************************

COMPONENT 1

TIME POfl ME AS CALC

6« 587 , ,3480 ,3487

16, 576. ,5320 ,54 09

30, 568, ,6540 ,6393

60 * 560. ,7410 ,7200

120, 556, .7960 ,7882

182, 552. ,8280 ,8284

240, 552, ,8440 ,8541

300. 548, ,8630 ,8733

360, 547 » ,8750 ,8879

ago. 546 o ,8910 ,8996

SUM OF SQUARED ERRORS = U 2 E - 0 3  

RATE CONSTANT VALUES S 
**********************

1*5T CONSTANT 2 fND CONSTANT

ALLOY S U 7 77 E - 0 6  
TROILITE i 3,843E-14

,00000
,01900



PREDICTED VS. MEASURED EXTRACTIONS 
***** ft* ft ***** *********************

TIME POTL

&» 447.
16. 45 0 *
30. 454.
60 * 457 *

120. 47 1»
182. 466«
240 . 4S5„
30 0 , 446,
360 « 4 36»
4ao. 434.

COMPONENT 1

MEAS CALC

,3480 .3585
,5320 .5340
,6540 ,6184
,7410 ,6987
,7 960 ,7818
,6280 .8317
,6440 .8621
. 8b30 e 8845
,0750 .9012
,8910 .9144

5.4E-03

2»ND CONSTANT

*6000-0
*00000

SUM Of SQUARED ERRORS s 

RATE CONSTANT VALUES 1

1 * ST CUNSTANT

ALLOY i a,l87E*-0fc 
TROILITE * I*75SE»09



TIME P0T«

6 0 579.
15. 571 .
30, 563.
60, 55b.

120, 550.
180» safe,
2«0. 5«4.
300. 543,
360. 5«0«
420. 538,

COMPONENT 1

MEAS CALC

#33ao .3296
,4980 .5074
,6230 .6176
.7100 .6966
.7670 .7676
.6060 .8075
,8270 .8350
.8630 .8554
.8660 .8711
.8790' .8835

a'NO CONSTANT

.00000

.01900

SUM Of s q u a r e d  ERRORS s 4.4E*o « 

r a t e  c o n s t a n t  v a l u e s  S 
********************** 

i*ST CONSTANT

ALLOY * i , 6 W « 0 b  
TRQILITE i



LEACHINS OF NICKEL FROM MATTE - LEACH 8 - MATTE POTENTIAL 

PREDICTED VS. MEASURED 
****************************

t i m e POTL

6 • «97 .

15# <>96 »
30. 493.
fe 0 , 487 *

% 2 0 s 475,
180.
240, 454.
300 „ 450.
360. 441 .
420 , 438,

COMPONENT 1

ME AS CALC

,3340 .3308
,4960 , 5064
„b£30 .6155
.7100 .7014
,7670 .7744
B 8060 ,8123
o 827 0 .8360
.8630 .8530
,8660 ,8655
,8790 ,8753

2 * ND CONST AjNT

,00000
.01700

SUM OF SQUARED ERRORS = S.0E-04

r a t e  c o n s t a n t  VALUES : 
********************** 

ifST c o n s t a n t

a l l o y  s 1.832E-06 
TROILITE * 4,B*0E»13



PREDICTED VS, MEASURED EXTRACTIONS 
**#****&**■*****'*******************

TIME POTL

6.
IS, 493,
30, 47 S,
60, 455.

120, 436,
ISO,
240* 417,
300 (T 413,
Sb 0, 409.
420 , 407 ,

COMPONENT 1

MtAS CALC

*3340 ,3274
,498 0 « 50? 7
b 6230 ,6210
,7100 ,7041
,7670 .7710
,3060 ,aos3
,0270 *S336
,8630 *8524
ff8bfo0 .8670
,8790 *8789

3.6E-04

2 f*ND CONSTANT

*00000
•01000

SUM OF SQUARED ERRORS a 

RATE CONSTANT VALUES i 
**********************

1 fST CONSTANT

ALLOT i 1,7611*06 
TROILITE 5 U S 6 9 E - H



COMPONENT 1

TIME POTL M£AS CALC

is* 593. .117 0 „ioo«

30 „ 581 • ,£160 »2057

63 * 571 • ,3360 .3377

122 » 566. ,4660 ,47 93

180 . 5fa3, .5600 ,563a

240 , 5 b 1 » ,6230 .6211

307 , 560* ,6660 ,6662

368, 559, , 7 Q1 C B 6966

SUM OF SQUARED ERRORS =

r a t e  c o n s t a n t  VALUES s 
* * * * * * * * * * * * * * * * * * * * * *

i»ST CONSTANT 2'ND CONSTANT

a l l o y  * i.aSbE-07 
TROILITE t fi.i02E*15

.00000
,02120



LEACHING of NICKEL FROM MATTE " LEACH 9 

p r e d i c t e d  v s , "m e a s u r e d  e x t r a c t  i o n s

a*******’ '""

COMPONENT 1

TIME POTL M£ A S CALC

12 ® 593. .1170 .1004

30, 581 . .2160 ,2057

63 n 571 . . 33b0 ,3377

122. 56b, .466 0 ,4793

180, 56 3, .5600 .5634

2 4 0 * 5 b 1 « .6230 .6211

307 , 560 0 .6660 .6662

366, 559, .7010 .6966

SUM 0F SQUARED ERRORS =

r a t e  c o n s t a n t  v a l u e s  : 
**********************

5.9E*>04

%>s T CONSTANT 2 9N D CONST A NT

ALLOV * i .a56E>07
TROIL ITE • 8 s 102E"*1 5

.00000 
»02 i 2 0



COMPONENT I

TIME

b. 
15. 
31 * 
6 i« 

119. 
173. 
2 4 2« 
305» 
380,

POTL MEAS CALC

hUQ , 
620. 
600, 
580. 
571. 
5 fob, 
5b5 g 
5b3 # 
562 »

eOOao 
,0130 
,027 0 
,0560 
»0920 
.1300 
,1600 
.1730 
,2070

,0 088 
.0179 
,0309 
,051fl 
,0864 
.1 160 
.1509 
,1803 
,2126

SUM OF SQUARED ERRORS

RATE CONSTANT VALUES S 
***** *****************

1 'ST CONSTANT 2 *ND CONSTANT

ALLOY I 
TROILITE S

1 «QS3E*>'0& 
1 ,4lOE»16

,000 00 
.02310



PREDICTED VS. 'MEASURED EXTRACTIONS
. + ************** * *  * rt *  * * *  * *  * * *

COMPONENT 1

TIME

15. 
30. 
60 . 

1 2 0, 
180. 
240 # 
300, 
362» 
<140.

PUTL MEAS CALC

S98 . ,0050 ,0159

576 , »0 i 60 ,0284
555. ,0430 »0503

540 . ,0870 .0887
535. ,1240 ,1231
532, ,1550 ,1544

531 „ ,1660 ,1830

530 . ,2100 .2102
529 . ,2430 ,2416

SUM OF SQUARED ERRORS = 3.4E-04

r a t e  c o n s t a n t  VALUES !
a*********************

I 'ST CONSTANT

alloy ’ i,274e»06 
fROILITE i 1 ,950E~16

g'ND CONSTANT

,00000
,0.2290
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