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The acid leaching of nickel and copper from
sulphidic ore in the presence of pyrite

by M.J. SOUTHWOOD*

SYNOPSIS
Experiments carried out under atmospheric pressure and temperature (25°C) and sterile conditions show that

the dissolution rate of nickel and copper from a pyrrhotite-pentlandite-chalcopyrite ore in a lixiviant of sulphuric
acid is greatly enhanced in the presence of pyrite. At a pH value of 1,8 and in the presence of pyrite of equal mass
to that of the ore, the recoveries of nickel and copper improved dramatically (21 and 80 per cent respectively).
At a pH value of 4,0 the recovery of nickel was enhanced, but the chalcopyrite was refractory. A galvanic mechanism
is probable, but cannot be proved from these experiments. The economic implications of the results are discussed.

SAMEY A TTING
Eksperimente wat onder atmosferiese druk en 'n temperatuur van 25°C in steriele toestande uitgevoer is, toon

dat die oplostempo van nikkel en koper uit 'n pirrotiet-pentlandiet-chalkopirieterts in 'n swawelsuurlaagmiddel bale
verbeter word in die teenwoordigheld van piriet. By 'n pH-waarde van 1,8 en in die teenwoordigheid van 'n gelyke
massa piriet, het die nikkel- en koperherwinning dramaties verbeter (onderskeidelik 21 en 80 persent). By n pH-
waarde van 4,0 verbeter die nikkelherwinning, terwyl die chalkopiriet reduksietraag is. Dit is waarskynlik 'n galvaniese
meganisme, maar dit kan nie aan die hand van hierdie eksperimente bewys word nie. Die ekonomiese implikasies
van die resultate word bespreek.

Introduction
That the oxidation rate of certain natural sulphides is

greatly increased in the presence of pyrite was first
demonstrated by Gottschalk and Buehler in 19121. Later
authors have explained this galvanic phenomenon, and
have stressed its importance in hydro metallurgical pro-
cesses such as the acid leaching of base-metal sul-
phide~-'. If two phases of different rest potentials are
in close contact, the phase with the higher rest potential
will behave cathodic ally, acting as a site for the reaction

°z + 4 H+ + 4 e- --+ 2Hz°,
"""""""""""

(1)

whereas the phase with the lower rest potential will
undergo enhanced anodic oxidation:

MS --+ Mz+ + So + 2 e-.
""""""""""""""

(2)

This model is illustrated schematic ally in Fig. 1.
The rest potentials of common sulphide minerals in

acid solution and at ambient temperature decrease in the
order

pyrite> chalcopyrite > galena> sphalerite6.

Relatively few measurements have been made of the rest
potentials of pyrrhotite and pentlandite, since the
variable, heterogeneous composition of natural pyrrhotite
undoubtedly inhibits the reproducibility of the results,
and samples of pure pentlandite large enough for accurate
measurement cannot be obtained without difficulty.
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Fig. 1-Schematlc repre..ntatlon 0' the galvanicdluolutlon 0'chalcopyrlte In the preeence of pyrite: (a) plan view, (b) eectlonal
view after acid leaching (afte, Beny et al..)
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Nevertheless, Natarajan and Iwasaki' measured the rest
potentials of both phases, using sulphide electrodes cut
from disseminated mineralization in the Duluth Gabbro.
Their results suggest that pyrrhotite and pentlandite have
similar rest potentials, which are approximately 100 mV
lower than that of cha1copyrite.

Mehta and Murr conducted a series of shake-flask
experiments on the leaching of particulate cha1copyrite
concentrate in the presence of different amounts of pyrite.
At a 1:1 ratio of pyrite to chalcopyrite, they recorded
markedly enhanced recoveries of copper under sterile con-
ditions and in the presence of bacteria. Linge8, however,
suggested that such an effect is not galvanic, but that
mineral interaction must influence the rate-determining
diffusion of the elements within the chalcopyrite lattice.

The experiments described in this paper formed part
of an investigation of the role of galvanic interaction dur-
ing the acid leaching of low-grade nickel ores. The aim
of these experiments was an examination of the effect on
the leaching of nickel ores of the presence of a variable
amount of sulphide of high rest potential such as pyrite.

Selection of Samples
A sample was prepared from a 28 kg block of massive

sulphide ore collected from the open pit at the Selebi-
Pikwe mine, Botswana. The mineralogical composition
as determined by X-ray diffractometry and reflected-light
microscopy was as follows: pyrrhotite was the major
sulphide phase, comprising over 70 per cent of the rock;
chalcopyrite, pentlandite, and magnetite occurred in
minor amounts; and the gangue consisted principally of
chloritized amphibole.

The ore was crushed to rmer than 100 JLm,and the frac-
tion between 100 and 52 JLmwas deslimed, dried, and
homogenized. A portion was assayed for nickel, copper,
iron, cobalt, and sulphur (Table I). As Mehta and
Murr have shown that very fine particles are leached
very slowly because their surfaces become blocked with
precipitated hydroxides, material finer than 53 JLmwas
excluded from the experiments.

Two pyrite concentrates were supplied by Anglo Vaal
Limited, one from the Prieska copper-zinc mine, and the
other from the Lorraine gold mine. Both concentrates
were subjected to mineralogical and chemical examina-
tion. The Prieska concentrate was selected for these ex-
periments on the basis of its greater purity and, in par-
ticular, of its lower nickel and copper contents (Table I).
A quantity of the fraction between 100 and 53 JLmof the
Prieska pyrite concentrate was prepared, deslimed, and
dried in the manner previously described.

Experimental Design
Twelve shake-flasks containing the materials indicated

in Table 11were set up. The total mass of solids in each
flask was 20 g, and the total volume of lixiviant was m~-
tained at 300 ml in order to ensure similar and constant
pulp densities; 1 ml of Germitol was added to each flask
to prevent accidental bacterial inoculation. The experi-
ment was carried out at 25 °C under continual agitation
for 864 hours. A cellophane cover secured by a rubber
band was placed on each flask to prevent evaporation.

For flasks 1 to 6, the pH value was 1,8, which is the
optimum pH value for bacterial leaching. Under these

conditions, ferric ions are stable in solution, and the
recovery of nickel and copper may be enhanced by the
presence of the high concentration of ferric ions resulting
from the oxidation of the ferrous ions that have been
removed from the pyrite. So that this hypothesis could
be assessed, a control experiment was run at a pH value
of 4,0 (flasks 7 to 12), under which conditions aqueous
ferric ions are unstable and precipitate to form a jarosite
type of compound. In all instances, the lixiviant was dilute
sulphuric acid.

Initially, the pH value of each flask was adjusted every
2 days by the addition of a few drops of 1 M sulphuric
acid or 1 M sodium hydroxide. After about the twentieth
day, the pH value had stabilized considerably, and fur-
ther adjustments were made only during sampling.

Each flask was sampled at irregular intervals
throughout the duration ofthe experiment, a 10 ml sam-
ple being removed with a pipette and diluted to 30 ml with
distilled water. Of this solution, 10 ml was retained for
the determination of ferrous ions, and the remainder was
analysed for nickel, copper, cobalt, and iron by atomic-
absorption spectroscopy. The pH value of each flask was
adjusted, and the volume was made up to 300 ml once
more by the addition of approximately 10 ml of sulphuric
acid at pH 4,0 or 1,8.

All the chemical analyses, except those for ferrous iron,
were carried out by the Analytical Science Division at
Mintek. Ferrous iron was determined by the method of
Vogel9, with sodium diphenylamine as the indicator and
titration against a standardized solution of potassium
dichromate.

Results
The results of the shake-flask experiments are sum-

marized in Tables III to V, from which it is apparent that
the concentrations of copper in flasks 7 to 12 (at a pH
value of 4,0) were below the determination limit.

The nickel and copper recoveries for flasks I, 4, and
6 are plotted against time (at a pH value of 1,8) in Figs.
2 and 3 respectively, and the plots of nickel recovery ver-
sus time for flasks 7, 10, and 12 are shown in Fig. 4. For
the sake of clarity, only three sets of results were plotted
on each graph. The curves for the remaining flasks show
a similar trend, but in some instances they converge with
the curves for adjacent flasks. This is due largely to
analytical error at the low concentrations involved, and
it is noteworthy that similar uncertainties are apparent
in the results of Mehta and Murr.

The total-iron contents throughout the experiments are
given in Table Ill. At pH 4,0 (flasks 7 to 12), no aqueous
ferric ions were detected. After about 8 days, a yellowish-
brown precipitate formed in these flasks, indicating that
ferric ions were precipitating. This material was later iden-
tified by x.-ray diffr!ictometry as jarosite. Aqueous fer-
ric ions were present in flasks 1 to 6 throughout the ex-
periment, although the levels fluctuated considerably. At
no stage was the precipitation of ferric iron detected.

The experiment was terminated somewhat arbitrarily
after 864 hours. By that time, the curve for copper
recovery for flasks 1 to 6 had flattened considerably (Fig.
3). The residual solids in flasks 6 to 12 (50 per cent ore
and 50 per cent pyrite) were washed with distilled water,
dried, and examined by X-ray diffractometry. In both
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TABLE I
MINERALOGY AND CHEMISTRY OF SAMPLES

All values are expressedas percentages unless indicated otherwise

Source and material Constituents Concentration of selected elements

Fe S Ni Cu Co Pb Zn CO2

Selebi-Pikwe Pyrrhotite (Major)
Massive sulphide Pentlandite

1

54,04 31,7 2,685 2,40 1,42 N.A. N.A. <0,1
Chalcopyrite (Minor)
Magnetite
AmPhibOle ] (Trace)
Chlorite

Prieska
Pyrite concentrate Pyrite 44,6 50,15 24 945 368 329 0,38 <0,1

Quartz ( ;;; 60/0) glt glt glt glt
Chlorite (trace)

Loraine
Pyrite concentrate Pyrite 40,0 44,8 1380 1140 122O 696 531 <0,1

Quartz ( 2: 10%) glt glt glt glt glt

N.A. = Not analysed for

TABLE II
EXPERIMENTAL CONDITIONS AND CONTENTS OF FLASKS

Available mass of metal
(ore only)

Mass of Mass of Volume of g

ore pyrite lixiviant
Flask no. g g ml pH Ni Co Cu

I 20 o 300 1,8 0,54 0,028 0,48
2 18 2 300 1,8 0,48 0,025 0,43
3 16 4 300 1,8 0,43 0,022 0,38
4 14 6 300 1,8 0,38 0,020 0,33
5 12 8 300 1,8 0,32 0,017 0,29
6 10 10 300 1,8 0,27 0,014 0,23
7 20 o 300 4,0 0,54 0,028 0,48
8 18 2 300 4,0 0,48 0,025 0,43
9 16 4 300 4,0 0,43 0,022 0,38

10 14 6 300 4,0 0,38 0,020 0,33
11 12 8 300 4,0 0,32 0,017 0,29
12 10 10 300 4,0 0,27 0,014 0,23
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Assays for lixiviant Cumulative meta11eached Recovery
g/t g/t %

Flask Time
no. h Ni Cu Fe Ni Cu Fe Ni Cu

47 27,6 1,5 744 27,6 1,5 744 1,53 0,092
143 54,0 14,1 191\ 54,9 14,2 1936 3,05 0,89
216 60,0 30,0 2430 62,7 30,6 2519 3,48 1,91

1 288 69,0 42,0 2841 73,7 43,6 301\ 4,09 2,73
384 84,0 54,0 3210 91,0 57,0 3475 5,06 3,56
480 104,7 63,3 3420 1\4,5 68,1 3792 6,36 4,26
528 1\1,3 70,5 3570 124,6 77,4 4056 6,92 4,29
648 136,2 79,8 3780 153,2 89,1 4181 8,51 5,57
864 177,0 78,0 4290 198,5 90,1 4816 1\,03 5,70

47 27,0 1,2 753 27,0 1,2 753 1,69 0,086
143 48,0 9,9 1914 48,9 9,9 1939 3,06 0,69
216 57,0 28,0 2316 59,5 29,1 2405 3,72 2,03

2 288 63,0 39,0 2679 67,4 40,3 2845 4,21 2,81
384 78,0 51,0 3120 84,5 53,6 3375 5,28 3,74
480 100,8 64,5 3540 109,9 68,8 3899 6,87 4,80
528 106,2 66,0 3650 1\8,7 71,4 4127 7,41 4,98
648 121,2 74,4 3750 137,2 82,0 4349 8,57 5,72
864 256,0 72,9 4200 176,1 83,0 4924 1\,00 5,79

47 24,9 1,2 744 24,9 1,23 744 1,74 0,097
143 42,0 8,4 1938 42,8 8,4 1963 2,99 0,66
216 48,0 20,4 2406 50,2 20,7 2496 3,50 1,63

3 288 54,0 25,5 2727 57,8 26,5 2897 4,03 2,09
384 66,0 33,0 3030 71,6 34,8 3291 5,00 2,75
480 84,9 41,1 3420 92,7 44,0 3782 6,47 3,47
528 96,3 48,9 3720 107,9 53,2 4196 7,53 4,21
648 1\0,4 50,7 3660 125,2 56,6 4260 8,74 4,46
864 1\4,0 51,0 41\0 162,5 58.6 4832 1\,33 4,62

47 23,4 0,7 723 23,4 0,7 723 1,85 0,065
143 45,0 19,2 1827 95,8 19,2 1851 3,62 1,75
216 54,0 33,0 2205 56,3 33,6 2290 4,44 3,05

4 288 60,0 39,0 2514 64,1 40,7 2672 5,06 3,70
384 75,0 48,0 2844 81,1 51,0 3086 6,40 4,64
480 91,5 53,4 3120 100,1 58,0 3457 7,89 5,27
528 93,6 55,2 3150 105,2 61,6 3591 8,31 5,60
648 1\4,6 58,5 3390 129,3 66,7 3704 10,20 6,10
864 150,0 57,0 3810 168,5 67,2 4237 13,30 6,10

TABLE III
RESULTS OF SHAKE-FLASKTESTS, FLASKS I TO 4
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Assays for lixiviant Cumulative metal leached Recovery
g/t glt 070

Flask Time
no. h Ni Cu Fe Ni Cu Fe Ni Cu

47 21,9 0,7 747 21,9 0,7 747 2,05 0,074
143 36,0 10,5 1827 36,7 10,5 1852 3,44 1,09
216 42,0 21,9 2229 43,9 22,2 2315 4,12 2,30

5 288 48,0 27,9 2493 51,3 28,9 2653 4,81 2,99
384 60,0 39,0 2856 64,9 40,9 3099 6,08 4,23
480 71,1 42,9 3090 78,0 46,1 3428 7,31 4,77
528 74,4 46,8 3150 83,7 51,4 3591 7,84 5,31
648 90,6 51,6 3390 102,4 57,5 3936 9,60 5,98
864 117,0 51,0 3660 131,8 58,9 4313 12,35 6,09

47 19,5 0,6 748 19,5 0,6 748 2,17 0,078
143 36,0 21,6 1689 36,6 21,6 1714 4,07 2,82
216 42,0 33,0 1986 43,8 33,7 2067 4,87 4,39

6 288 48,0 42,0 2313 51,2 43,8 2460 5,70 5,71
384 63,0 54,0 2670 67,8 57,2 2894 7,53 7,46
480 71,4 60,9 2820 78,3 65,9 3133 8,70 8,60
528 76,8 65,4 29,40 86,1 72,4 3347 9,55 9,44
648 89,1 68,4 3150 101,0 77,6 3655 11,22 10,12
864 111,0 67,0 3420 125,9 78,6 4030 13,99 10,25

47 12,3 <1,5 87 12.3 <1,5 87 0,68 N.D.
143 30,0 <1,5 189 30,4 <1,5 192 1,69 N.D.
216 39,0 <1,5 183 40,4 <1,5 192 2,24 N.D.

7 288 48,0 <1,5 237 50,7 < 1,5 252 2,82 N.D.
384 66,0 <1,5 330 70,3 <1,5 353 3,91 N.D.
480 78,9 <1,5 378 85,4 <1,5 412 4,74 N.D.
528 80,1 <1,5 390 89,2 <1,5 437 4,95 N.D.
648 93,6 <1,5 393 105,4 <1,5 453 5,86 N.D.
864 117,0 <1,5 453 131,9 <1,5 526 7,33 N.D.

47 12,0 <1,5 87 12,0 <1,5 87 0,75 N.D.
143 25,2 <1,5 102 25,6 <1,5 105 1,60 N.D.
216 30,0 <1,5 132 31,2 <1,5 138 1,95 N.D.

8 288 36,0 <1,5 174 38,2 <1,5 185 2,39 N.D.
384 51,0 <1,5 255 54,4 <1,5 272 3,40 N.D.
480 66,6 <1,5 321 73,4 <1,5 355 4,59 N.D.
528 67,2 <1,5 330 75,6 <1,5 374 4,72 N.D.
648 80,7 <1,5 372 91,3 <1,5 427 6,37 N.D.
864 105,0 <1,5 465 118,3 <1,5 533 7,40 N.D.

TABLE IV
RESULTS OF SHAKE-FLASK TESTS, FLASKS 5 TO 8

N.D. = Not determined
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Assays for lixiviant Cumulative metal leached Recovery
g/t glt "70

Flask Time
no. h Ni Cu Fe Ni Cu Fe Ni Cu

47 14,4 <1,5 90 14,4 <1,5 90 1,01 N.D.
143 33,0 <1,5 120 33,5 <1,5 123 2,34 N.D.
216 39,0 <1,5 129 40,6 <1,5 136 2,83 N.D.

9 288 48,0 <1,5 162 50,9 <1,5 173 3,55 N.D.

384 66,0 <1,5 204 70.5 <1,5 244 4,92 N.D.
480 81,3 <1,5 226 88,0 <1,5 253 6,14 N.D.
528 81,3 <1,5 248 90,7 <1,5 282 6,33 N.D.
648 95,1 <1,5 300 107,2 <1,5 342 7,48 N.D.
964 114,0 <1,5 399 129,2 <1,5 451 9,02 N.D.

47 9,9 <1,5 75 9,9 <1,5 75 0,78 N.D.
143 25,5 <1,5 114 25,8 <1,5 116 2,04 N.D.
216 33,0 <1,5 135 34,1 <1,5 141 2,69 N.D.

10 288 42,0 <1,5 174 44,2 <1,5 185 3,49 N.D.
384 57,0 <1,5 231 60,6 <1,5 248 4,78 N.D.
480 68,7 <1,5 259 72,4 <1,5 283 5,72 N.D.
528 70,8 <1,5 289 76,8 <1,5 322 6,06 N.D.
648 78,9 <1,5 351 87,3 <1,5 394 6,98 N.D.
864 93,0 <1,5 459 104,0 <1,5 513 8,21 N.D.

47 9,9 <1,5 72 9,9 <1,5 72 0,93 N.D.
143 23,7 <1,5 99 24,0 <1,5 101 2,25 N.D.
216 29,7 <1,5 105 30,8 <1,5 III 2,89 N.D.

11 288 36,0 <1,5 123 38,1 <1,5 132 3,57 N.D.
384 51,0 <1,5 159 54,3 <1,5 172 5,09 N.D.
480 63,0 <1,5 184 68,0 <1,5 203 6,38 N.D.
528 70,8 <1,5 230 77,9 <1,5 255 7,30 N.D.
648 82,8 <1,5 282 92,3 <1,5 315 8,65 N.D.
864 99,0 <1,5 360 111,3 <1,5 402 10,43 N.D.

47 102 <1,5 72 10.2 <1,5 72 1,13 N.D.
143 24,9 <1,5 93 25,2 <1,5 95 2,80 N.D.
216 33,0 <1,5 III 34,1 <1,5 117 2,79 N.D.

12 288 39,0 <1,5 141 41,2 <1,5 158 4,58 N.D.
384 51,0 <1,5 171 54,5 <1,5 192 6,06 N.D.
480 63,3 <1,5 190 68,5 <1,5 217 7,61 N.D.
528 65,1 <1,5 218 72,4 <1,5 251 8,04 N.D.
648 77,1 <1,5 284 87,1 <1,5 352 9,68 N.D.
864 90,0 <1,5 366 102,5 <1,5 416 11,39 N.D.

TABLE V
RESULTS OF SHAKE-FLASKTESTS, FLASKS9 TO 12

instances, the principal pyrite peaks (d = 1,63A) were
almost identical in height (a decrease of less than 2 per
cent) to the principal pyrite peak in a fresh 1:1 mixture
of ore and pyrite. In contrast, the principal pyrrhotite
and pentlandite peaks had diminished considerably. The
chalcopyrite peak was noticeably reduced in the residue
from flask 6, but showed little change in the leached
material from flask 12.

Discussion
From Figs. 2 and 3 it is apparent that, at pH 1,8 (the

optimum acidity for bacterial leaching), the recoveries of
nickel and copper were substantially enhanced in the
presence of pyrite. A comparison of the 1:1 mixture of
ore and pyrite with 100 per cent ore shows that, at pH
1,8, the increase in the recovery of nickel after 864 hours
was 21 per cent and that of copper 80 per cent. At pH
4,0, the nickel recovery had increased by 55 per cent. No
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determinable copper was recovered in any of the ex-
periments conducted at pH 4,0, and it is concluded that
chalcopyrite is ineffectually attacked by sulphuric acid
of this strength under sterile conditions.

The improvement in the nickel recovery as a result of
the addition of pyrite was clearly greater at pH 4,0 than
at pH 1,8. This indicates conclusively that the enhance-
ment in recovery does not result from a high concentra-
tion of aqueous ferric ions. The passive role of pyrite is
indicated by the negligible dissolution of that mineral dur-
ing the experiments, as demonstrated by comparative X-
ray diffractometry. However, the existence of a galvanic
mechanism cannot be proved conclusively owing to in-
sufficient evidence.

Mehta and Murr have demonstrated that this effect,
galvanic or otherwise, is duplicated in the presence of
bacteria and, of course, the overall recoveries are vastly
improved. The flattening of the curve for copper recovery



at only about 10 per cent, therefore, is not considered
to be discouraging. Chalcopyrite is known to be a relative-
ly refractory phase during the leaching of a pyrrhotite-
pentlandite-chalcopyrite ore. In experiments on bacterial
leaching at Mintek, the recovery of copper was generally
less than half that of nickel. A comparison of Figs. 2 and
3, however, shows that, from a 1:1 mixture of ore and
pyrite, the recoveries of nickel and copper are similar.
The economic implications of these observations are
clearly considerable.

ImpUcations for Industrial-scale Leaching
A feasibility study of the economics of the addition of

a pyrite concentrate to a sulphide leach has not been at-
tempted and, indeed, would be premature. However, the
following observations are of interest.

The addition of pyrite to a coarsely comminuted ore
in heap leaching is clearly not feasible, since the effect
of the pyrite depends upon close surface contact between
the different sulphide phases. However, pyrite could be
readily added to fine particulate material, such as a low-
grade concentrate, prior to agglomeration for heap
leaching or prior to vat leaching. Certain nickel sulphide
ores contain an appreciable amount of pyrite closely in-
tergrown with other sulphide phases. In the leaching of
such material, the rate of metal recovery is expected to
be considerably enhanced.

The principal advantages to be expected from the ad-
dition of pyrite are enhanced recovery rates of nickel and
copper, and similar recoveries of nickel and copper, since
the recovery rate for copper is similar to that for nickel.
These advantages would lead to a shorter process time
and an enhanced rate of recovery of the capital costs.

The principal disadvantages would appear to be in-
creased process costs. Pyrite concentrate is available in
South Africa at approximately R50 per ton, a figure that
may be raised by transport costs. However, the recovery
and recycling of pyrite may be possible since it plays a
passive role in the leaching process. The volume of
material undergoing processing would be doubled
because, for significant enhancement of the rate of metal
recovery, a mixture of ore and pyrite of at least 1:1 ap-
pears to be required. This, however, must be weighed
against the reduced leaching time required.

Conclusions
(1) The rate of acid leaching of copper and nickel from

a complex sulphide ore can be significantly enhanc-
ed in the presence of an equal mass of pyrite.

(2) At a pH value of 1,8, the rate of copper recovery
from a 1:1 mixture of ore and pyrite is similar to the
rate of nickel recovery.

(3) The effects observed are not due to the presence of
high concentrations of aqueous ferric ions, since the
recovery of nickel is also enhanced at a pH value of
4,0, when aqueous ferric ions are unstable.

(4) The effects of pyrite addition at pH 4,0 (a 55 per cent
increase in the nickel recovery) may be more pro-
nounced than at pH 1,8 (a21 per cent increase in the
nickel recovery). However, pH 1,8 is the optimum
for bacterial activity, and the dissolution of
chalcopyrite is ineffectual at pH 4,0.
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. Report M200
The determination, by flow-injection analysis, of

fluoride, chloride, phosphate, ammonia, nitrite, and
nitrate.

This report describes the determination of fluoride and
chloride by the use of flow-injection analysis and iron-
selective electrodes, and the determination, by the use of
flow-injection analysis and spectrophotometry, of
chloride by the formation of iron(m) thiocyanate, of
phosphate by the formation and reduction of phospho-
molybdic acid, of ammonia with Nessler's reagent, of
nitrite by diazotization and the coupling of the product
with N-(1-naphthyl)ethylenediamine, and of nitrate by the
measurement of ultraviolet absorbance. Optimum con-
ditions for each determination were established, and the
sensitivities and ranges of determination are given. The
relative standard deviations for the determination of these
anions range between 0,010 and 0,035.

. Report M203
The determination of molybdenum, by X-ray-

fluorescence spectrometry, in ores, residues, and concen-
trates of tin and tungsten.

Three methods were investigated that would minimize
or possibly eliminate the matrix variations in the analysis
of molybdenum, and possibly simplify the existing
method for the analysis of tin and tungsten, which often
occur together with molybdenum. The three methods in-
volve the use of back-scattered radiation in the determina-
tion of the mass-absorption coefficient of unknown
samples, the use of a background ratio with an exponent
that minimizes the effect of matrix variations, and the
use of an internal standard that shows the same matrix
variation as the analyte.

In the first two approaches, the sample preparation and
analysis are much simpler than in the third, but, for the
great variety of mass absorptions encountered, the
internal-standard method proved to be the most
successful.

The precision of analysis for molybdenum by that
method ranges from a relative standard deviation of 0,06
at 50 p.g/g to 0,02 at 1000 p.g/g. The lower limit of detec-
tion is 4 p.g/g.

The recommended laboratory procedure for the
method using internal standards is detailed in an
appendix.

. Report M204
The selection of a matrix for the recovery of uranium

by wet high-intensity magnetic separation.
The proper choice of a suitable matrix for high-

intensity magnetic separation is of the utmost importance,
since the geometry and size of the matrix play decisive
roles in the achievement of optimum separation condi-
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tions. In relatively simple filtration applications, the
matrix must offer a high efficiency of collision with
suspended particles, a high probability of retention of in-
tercepted particles, and a high loading capacity. Also, it
must be easily cleaned. In the beneficiation of minerals,
additional requirements are that the recovery and the
grade of the concentrate must be high, and that the matrix
must not be susceptible to clogging by oversize grains,
tramp iron, and other foreign bodies.

The results obtained by the use of theoretical models
of magnetic separation fail to agree with the experimen-
tal results for basic parameters like the ratio of particle
size to matrix size, the length of the matrix, and the
magnetic properties of the matrix material. Preconceiv-
ed ideas about the matrix often lead to the erroneous
choice of a matrix, and hence to its unsatisfactory per-
formance during magnetic separation.

The potential value of high-intensity magnetic separa-
tion as applied to the recovery of uranium and gold from
leach residues and in association with the development
of a large-scale magnetic separator to be used for the same
purpose led to the present investigation in which a wide
spectrum of matrix shapes and sizes were tested. It was
found that the optimum recovery and selectivity of
separation are obtained at a ratio of particle size to
matrix-element size ranging from 200 to 300. The use of
these matrices also results in a low degree of mechanical
entrapment, particularly of coarser particles, for which
straining plays a significant role for fine matrices. It was
also found that the magnetization of a matrix plays a
minor role, contrary to the theoretical predictions.

Furthermore, the effects of matrix height, matrix
loading, and scalping of the pulp by paramagnetic
matrices were evaluated for various types of matrices.

. Report M20S
The determination of lead, zinc, and magnesium in

dolomite and its beneficiation products by use of X-ray-
fluorescence spectrometry.

An investigation was undertaken on the development
of fast, simple, and accurate methods of analysis for lead
and zinc in tailings and middlings from dolomite, and
for lead, zinc, and magnesium in concentrates obtained
from dolomite. A pressed-powder technique and X-ray-
fluorescence spectrometry (XRFS) were used.

Good agreement was found between the XRFS values
for lead and zinc in low concentrations and the values
obtained by other techniques of analysis when the calibra-
tion for the XRFS was effected by the use of synthetic
standards comprising lead and zinc oxides in a dolomite
matrix. For high concentrations of the analytes, all the
oxides and sulphides of lead and zinc in the samples had
to be converted to the sulphate form, and a matrix cor-
rection had to be applied to the assigned values of the
oxide calibration standards.

The lower limits of detection for lead, zinc, and
magnesium were 0,004, 0,003, and 0,18 per cent
respectively.

The recommended methods are detailed in two
appendices.




