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ABSTRACT. 

It has been known for some t that the 

major component 

olivine 1"0 

dilute mineral 

Dun Mountain dunite (an almost 

(Mg,Fe,Ni)2Si04) is soluble 

However, cost of 

out an acid dissolution process as a source of 

nickel. Also 

a dilute 

presence of 

solution wo 

technological difficu+ties 

the separat of these me 

amounts of iron 

introduce 

adverse economic factors 

s. Any acid 

leaching process would need to selectively remove the 

nickel from tice in ence to esiUlll and 

(particularly) iron. Such a requirement may be met if 

phase on took a secondary, essentially s 

place in which cations in 

by protons without loss of 

lattice are substituted 

tice structure. Some 

experiment support for such a reaction has been forth-

coming 2,3 the obj ect this res was an 

investigat into tb.is ice theory as well as a 

general ew of the behaviour of du...n.i te under the 

action of various acid leaching agents. 
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CHAPTER ONE 

GENERAL REVIEW. 

1 .1 • HAJOR 8UURCEi3 OJ!' NIOKEL 

Commercial nickel deposits are of t'tVO basic 

types = the sulphide ores (about 4 12% nickel) and 

the oxide or lateritic ores (0.5 = 4.0% nickel) -

although both are derived from same rock types. 

The bearing rocks are those rich in magnesium 

and (nmaficH)~ and of these the most important 

peridotite, with the norite ty of gabDro of 

s importance. 

TAB£E 1. Average chemical cOl1lposition of Peridotite 

and Gabbro. 4 

% Nickel % Iron Oxide plus jt; S 
Magnesia 

e 0.20 43.3 45.9 

Gabbro 0.016 16.6 66.6 

In both peridot e and gabbro the most important 

constituent mineral olivine. Because of the 

e of divalent nickel, iron, and magnesium (ionic 
o 

0.78, 0.75, 0.65 A ectively) it is 

thermodynamically 

either or both 

lattice. 

for the nickel to substitute 

and magnesium in the crystal 



As yet, such mafic rocks are unsuitable for 

economic nickel extraction but there exist naturally 

occurring processes whereby nickel is accumulated within 

certain minerals and om these nickel may be extracted 

on an economic basis: 

(i) Sulphidization - accumulation as 

sulphide - the mechanism of this mode of formation 

5,6 the subject of some debate. 

(ii) Decomposition and Weathering - the 

formation of laterites, which very cownon in temperate 

to tropical areas. 

1 .2 HINBRA.LOGY OF NICKBlJ 

Of the knov{n mine Pent e 

(Ni, )9 S8 

are of 

Nickeliferous pyrrhotite (Hi, )7 S8 

economic importance 9 Sulphide ores are 

readily concentrated by conventional techniQues such as 

classfication, flotation magnet separation~ The 

si:nple mining and extraction processes applicable to 

nickel sulphide ores are major reasons why these ores 

account for nearly 75)~ of nickel production whereas they 

make up only 25i& of the known nickel d sits. 

The process of laterization by weathering involves 

dissolution of the nickel and magnesium and precipitation 

of iron close to the ground surface. Under favourable 

2 

conditions the solutions rich in nickel be accumulated 

and the nickel may be taken up into the crystal lattice 

of some host mineral. 
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Because of their mode of formation lateritic deposits 

vary much more widely their chemical and content 

than sulphide deposits. Not only is the nickel content 

lower but there are and more diverse amounts of 

unwanted materials. 

1 .3 'rHE EXTRAc rrIV.8 IvlElfALLURGY OF NICKEL. 

There are two oasic approaches to raction, 

namely pyromet and hydrometallurgy. Pyrometallurgy 

involves heat the ore or ore concentrat;e such a way 

as to con e the nickel and eliminate some of the 

unwanted c ituents as slag or es volatiles. 

Hydrometallurgy involves heating a slurry of the ore with 

a suitable I liquor in such a way as to solubilize 

and extract the entrained nickel. been increase~ 

ing inter this latter process recent years due 

to its ively low pollution factor. 

(a) 

the 

s multistep process depends initially upon 

abilities of metal sulphides in relation 

to the ective metal oxides. er most of the iron 

has en oxidized the nickel is smelted in the 

sence of a suitable siliceous to separate the 

The resultant remaining iron as a silicate 

II converter matte" is purified by subsequent 

pyrometallurgical or hydrometallurgical stepso 

(b) H~drQ.rqetallqrg~£.al Technig ues. 

The major cOillIilercial, puxely hydrometallurgical, 

process is that of the t Gordon Mines Ltd. 7 



This process involves dissolution of the nickel ores in 

an oxygenated ammonia solution. The nickel, cobalt, and 

copper are solubilized as the ammine complexes. Under the 

operating conditions iron does not form a stable ammine 

complex but precipitated as ferric oxide. Nickel can 

4 

readily be recovered from ammoniacal solutions by 

reduction with hydrogen at high temperatures and pressures. 

Other "hydrometallurgical" processes involve an 

ini tial pyrometallurgical step in i'Thich the sulphur 

eliminated by roasting. (rhe calcine is then selectively 

reduced by a carbon dioxide/carbon monoxide mixture. The 

nickel recovered from the product by leaching \d th 

ammonia the presence oxygen under controlled redox: 

conditions., 

(c) 

There are four main technological problems 

associated with extraction of nickel from erites: 

(i) low nickel content and hence excessive 

tonnages of ore to be treated, 

(ii) the impossibility of upgrading the ore "by 

physical means to a concentrate because of lack of 

any definite nickel bearing minerals, 

(iii) variability of mineral, and hence chemical 

content, thus requiring a technique 'l-rhich does not demand 

a rigid feed analysis, and 

(iv) high water content, both free and chemically 

bound, which may be up to 40% of the total ore weig4t. 

To date four basic techniques have been used to 

treat nickel laterites: (1) smelting in presence of a 
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sulphur containing compound to produce nickel matte, 

(2) smelt to ferro-nickel, (3) sulphuric acid leaching, 

and (4) reduction followed by ammonia leaching. Of these 

only sulphuric acid leaching a purely hydrom.etallurgic 

ocess but it can only employed in the absence of 

large amounts of silica and magnesia. Altho nickel 

may be extract from such a 1 erite, large quantities 

of iron will go into solution as the soluble sulphate. 

That is, the reaction is non-selective. This creates two 

major prOblems; firstly, the amount of acid consumed 

disproportionat high secondly, it is extremely 

difficult to recover nickel from a concentrated iron 

solutiono Normally iron would have to be precipitated 

as the oluble hydroxide before the nickel could be re-

covered. The corrosive nature of the leach liquor 

(e cially when used at high temperatures and pressures) 

introduces significant engineering problems also. This 

ching cess is employed in the Moa Bay Mining Co. 

process for nickel treatment. 8 

1 .4 RECENT RESElU1CH ON LEACHING OF rvrz'rAL ORES 

(a) Aqueous Leac~ip~. Aqueous leaching of raw 

ore finds little commercial application as the process, 

which is somewhat analogous to the natural weathering of 

laterites serpentines, is very slow and metal 

recoveries are generally low. 9,10 

Despite this, aqueous leaching nickel ore may find some 

application in specific localized areas if nickel 

present in a readily soluble form. If, however, the ore 
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is given some preliminary treatment so as to convert it 

into a form high solubility eog. metal chloride, 

oxychlori ,sulphate etc. aqueous leaching may (sometimes) 

be used. Chlorination 11-13 en proposed for s 

conversion, after Io1hich the ore may be leached I'd th hot 

water. A h t t 14-s pa en s sts the use of s 

1ifastes other materials containing 0.15 - O. 51~ nickel 

in a s ..J..W..I....I...Cl,..l. process. The materia~s are roasted 

\"li th containing foundry vlastes such as F 2' FeS, 

FeSO 4' CaSO 4 etc., after vlhich the soluble nickel sulphates 

may leached with water on dilute acid. 

(b) Basic leaching s 

consi of ammonia~ ethanolamine, ethylenediamine, etco 

and derivatives. Irhese soluble complexes with 

s metals, notably , colbalt, nickel, and 

cadmium. IVlost ammonia processes are modifications 

of process of Professor M.H. Caron 15-17 scribed above 

as pro-cess of Sherritt Gordon Mines Ltd. Caustic soda 

has been proposed as a leaching agent by sian 18,19 and 

Japanese 20 workers to recov-er nickel, cobalt and arsenic 

(c) Many \vorkers have investigated 

the process of sulphuric acid leaching nickel ores and 

concentrates. 21~24 Antier 25 proposes sulphuric acid 

treatment of pulped silicate ores and sts that the 

filtrate be dried oxidatively rOas to dehydrate the 

sulphates - ferric sulphate is then insoluble and may be 

separated by washing. Greene 26,27 cusses a serpentine 

ts m~y be treated by carbon-monoxide 

reduction and sulphuric acid leach Japanese pat s ,29 
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involve a reduct roast followed by dilute sulphuric 

acid leaching. All these latter processes have yet 

to find industrial ion. 

Hydrochloric has had limited 

application possibly due to cost. The most 

important chemical of chloride systems is 

that most metals go into solution and hence the COID-

p1exity of separation is 30 ed. Chloride 

solutions are also highly corro toward traditional 

plant material.s such as s ss steel, titanium and 

lead. Pawel 31 proposed hydrochloric acid leaching of 

an oxidized low grade nickel ore followed by neutralization 

of the nickel/magnesium/iron chloride liquor with 

magnesium oxide. After sel 

iron and nickel as hydroxides 

solution is filtered, evaporat 

to regenerate hydrogen chloride 

Hydrochloric acid has also found some 

ion of the 

chloride 

decomposed thermally 

simn oxide. 

ed application 

ching nickel mattes.32 ,33 Urazov and Bogatsky 34 

conducted laboratory experiments into the e ciency of 

leachants towards complex iron and 

conclusion (in the case of the nickel rich 

ores) waS that nitric acid is less efficient 

hydrochloric or stuphuric acids. 

ores. 

either 

Sulphurous acid has also been suggested as a 

leachant for oxidized low grade nickel ores. 35,36 

Ni 

(usually 

leach 

recovery is 

the 

cobalt are reduced to the metallic state 

a hydrogen/carbon monoxide mixture) prior to 

The sted method of nickel and c 

ion by hydrogen stliphide gas frOID 

ion. 



(d) Iron salts 

have found some application in leaching nickel from ores 

and mattes. 34 Russian workers 37 have concluded that 

extraction of nickel froll ores of the Serov region is 

better (22j~) when using ferrous salts than sulphuric 

acid (1 O. 7j~). The use of ferric chloride has been 

investigated by Kryukova 38 who viaS able to selectively 

precipitate nickel and cobalt. 26 Greene has proposed 

a process for leaching nickel and cobalt from roasted 

reduced ores by leaching with ferric sulphate at a pH 

8 

higher than the range at "which sulphuric acid is effective. 

1 .5 RESEARCH ON .GEACHING 0]' O.uIVINE. 

Considering the wealth of literature available 

concerning the treatment of the economic ores o£ nickel, 

the investigation of their parent rock. olivine, appears 

sadly neglected" Hanzo llilase and colleagues have 

examined the behaviour of olivine and its metamorphosised 

a"'cl'd 39 derivative serpentine under the action of sulphuric 

and chelating agents. 40 Calcination of olivine was also 

undertaken 41"to determine its suitability as a fertilizer. 

~leiskirchner 42 has also studied the behaviour of olivine 

at high temperatures. The only studies of olivine related 

to its low mineral content have been those of l\;lase 40 and 

Zucchini 43,44 who examined the acid solubility of olivine 

and the possibility of selective leaching of cations from 

the lattice. Other areas of interest have involved the 

magnesium content either as a fertilizer 41 or as a 

source of magnesium chloride (by chlorination). 45 

Sanemasa~ Yoshida, and Ozawa 46 in a recent publication 



reported a study of the dissolution of olivine in various 

aqueous Their conclusion itlE.l..S that there is no 

selective dis ion of component metals lUlcier the 

action of the us acids employeci. 

1.6 NICKEL CONTBNT on .J.! OLIVINE AND Dm~I'rE . 

DlUlite is a , relatively lUljointed, igneous 

rock. The major component of dunite is olivine, a 

greenish-yellow composition, with a 

small amount of accessory chromi te. trhechromi te 

(about 2t9~ by we ) is form of the mineral 

picotiteo The composition olivines varies from 

forsterite (Mg2Ji04), Fo, to faya:J-i te 

(Fe2Si04), Fa. lViagnesium-rich olivines are common 

constituents of ult ic C 1"'0 The iron-

rich mem-oers crystallize in quantities in some 

acid and alkaline plutonic and volcanic rocks. At the 

magnesium-rich end of the series chromium and nickel 

(usually in small amounts) are The Dun.Ivlountain 

dmli te studied in this proj ect is a F090 :&1a10 solut 

containing approximately 0.3% nickel. 

Investigations by Nishimura, Yagi, and 

clearly demonstrated a decrease in the nickel/magn 

ratio with decreasing magnesium content in olivines. 

47 

9 

Numerous explanations have been proposed for this decrease. 

On the basis of phase rela tionshiiJs in the binary systems 

i04 -Fe2SiO 4 (Bowen and Schairer 4
8

) and Ni 2SiU 4-

lljlg2S-lO'4 IR-iYl .. g.-wood 49) 1 ..... \...w.~ _ a ComIJlete series of solid solutions 

is 

Fe 

ected. Also in the ternary system ,IVlg2SiO 4 

i04 - Ni2SiU4 ) Ni2Si0
4 

lies between the other two in 

s me ing point and it is difficult from these 



observations to explain why nickel ent decreases 

abruptly with the decrease of forst e. Ringwood 

attributed e behavioill~ of nickel to preferent 

cement of nickel ions by iron ions in the olivine 

structure. lVlore recently Burns JJlyfe 50 have 

proposed a rationale in terms of th~ crystal Id 

stabilization energy for transition metal ions. 

1.7 'rHE S'J:RUCTURE OF OLIVINE. 51 

The unit cell dimensions for olivine are:-
o 0 o 

a 4.755 A, b = 10.21 A, c = 5 A • 

ructure consists of individual si.licon~ 

oxygen t dra 1 edby sium atoms of \tv-hich 

has s nearest neighbour oxygens. These atoms 

lie in ts parallel to the (100) plane are 

arranged in ap IJrox e hexagonal close In 

accordance with orthorhombic sYIllJlletry the silicon-

oxygen tetrahedra alternately either way along 

x and y axes. The magnesiwn atoms do not occupy one set 

of equivalent lat ce positions; half are located 

centres of symmetry and half on reflection planes, the 

former having as nearest neighbours two oxygen atoms from 

two adjacent tet dra, the latter, two oxygen atoms 

from one adjacent tetrahedron. 

1 .8 

JJ. comprehensive study 0 f the availa bili ty 

mining potent of dunite rock in New Zealand been 

10 



1l'IGURE 1' .. 

Location of South Island Dunite Orebodies9 

Abstracted from the Geological I'Tap of New Zealand 

N.ZoD.SoI~Ro 1957 

1 1 



undertaken by Billinghurst and Nicholson 52 in connection 

wi th the setting up of a local fertilizer industry. 'rhe 

fertilizer process described in ir report involves 

12 

treatment of a mixture of Nauruan pho~'pate and NevI Zealand 

.dunite and a comprehensive costing of the NeW' Zealand raw 

material set out. Although now somewhat out of date, 

the report discusses the ous sources of dunite in 

New Zealand, the availability of labour, transport, and 

ectric pOirIer, the economic factors involved in t 

supply of tonnages of crushed ore .. 

IVlaj or ore bodies in NevI Zealand are made up of 

ramafic rock containing a central core of relatively 

illlserpentinized dQ~ite~ harzburgite and pyroxene, 

surrounded by a margin of serpentineo The other smaller 

bodies ( North Auckland and ~'Jest Coast-Fiordland) are 

almost completely serpentinized ultramafic bodies found 

in Cretaceous and Tertiery rocks. 'rhe thickness is 

extremely variable in districts and the lenses vary 

from a fevl tens to a few" hundreds of feet width. In a 

fe'V'J" places the lenses broaden out into roughly circular 

masses of largely unserpentini 

in width. 

1.9 

rock, two to six miles 

(a) Situated seven miles south 

east I~elsol1, Dun IVlountain has a roughly circular core 

approximately two by two and a miles in size elongated 
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in a north-easterly direction. It surrounded by a 

margin sheared and serpentinized ultramafic rock, 

the widest band of serpentine be assoc ed with a large 

fault on e western margin. The mountains and spurs to the 

north-"'iiest are compos of duni t e and harzburgi te lid th 

minor pyroxenites. 

(b) In s 

in trusion, ramafic rocks are exposed over a forty-tvlO 

sCluare mile area. Red rises 6,000 fe from the 

faul t marking the southern bm.:mdary of ultramafic 

1'0 s, so the vertical section through the mass 

4,000 feet. 

(c) body 

in a very inaccessible area in the Livingstone Range. 

Red Mountain itself lies at the southern of the 

northern s in Otago. ology is similar to the Dun l'>1t. 

area, hovfever deformation and serpentinization are much 

more intense. 

1 .10 BCONOIvlIC :WIhITATIONS OF THE PROJECT. 

The factor of economics is not generally 

encountered in post graduate projects ru~d its roduction 

her'e somewhat limit ed the types of processes and reagents 

which could seriously be considered. As may be gathered 

by reference to Table II (Analysis of Dun IVlt. dunite) the 

nickel content is too low for consideration of 

conventional extraction ocedures but the possibility 

of establishing a cyclic hydrometallurgical process to 

the ore for its own sake 01'9 perhaps more 
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realistically, establishment of an economic side reaction 

to its known zer potential cannot be discounted9 

Despite restriction processes were considered which 

-would be cally outsiclethe limitations of current 

plant operation e. the use of 0 chelating agents 

-which wo uld severely s-crain the profi tabili ty of anything 

but a highly 

process. 

icient cyclic and regenerative industrial 



TABLE 

Olivine 

Chromite 

Chromian 

- Chemical and Modal Composition of Dunite 

55 from Dun Mountain, Nelson ~ 

97.5% Si02 . 39 .. 53 

(Chromian Spinel) 2 .. 5% Al 20
3 0 .. 93 

opside (Tr,,) Fe20
3 

0 .. 65 

Serpentine (Tr.) FeO 7 .. 62 

100,,0% MgO 48.83 

CaO tr. 

Na20 tr. 

H2O+ 0 .. 89 

H2O- 0016 

Ti02 0.013 

MnO 0,,12 

CO 2 0 .. 06 

S tr. 

NiO 0032 

Cr203 
1.01 

CoO 0.018 

100" 15% 

15 
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CHAPTER TWO 

EXPERINENTA1 AND RESU1TS 

2.1 APPARATUS AND IViATERIALS. 

The leach reactions were studied in a 150 ml 

j ed cell tated to a constant temperature of 

':10°0. 40°0 :; or . Init the olivine sample was 

crushed to a me size less than 12. As the of 

cle size came more appar this are was divided 

o six further samples. 

(1) s than mesh 60 (250p.) 

(2) 60 to mesh 45 (:350p) 

(3) 1\1esh 45 to mesh 30 (500}l.) 

(4) lViesh 30 to mesh (710p) 

(5) 25 to mesh 16 (1000p) 

(6) than me 1 6. 

A mechanical stirrer kept the are leaching 

liquor slurried during react The consumption of 

acid in the leaching process was determined by the acid 

titre required to maintain leaching liquor at a 

constant Addition of acid was contro by use of a 

It Radiometer n automatic titrator (T.T.T. 1c), coupled 

vIi th a Il':ri tronH combination ectrode. The pH meter was 

calibrated inst 0.05 Ivr potassium hydrogen phthalate 

(pH == 4.00 + 0.0012 °C-1 ) and potassium tetroxalate 

(pH;;;: 1. 

of the leach liquor involved use 
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of a Techtron AA-5 atomic absorption spectrophotometer. 

Samples for analysis were drawn off the leaching solution 

by pipette, centrifuged to remove suspended dunite powder 

and analys by conventional atomic'absorption technique 

i.e. using an oxidizing air/acetylene flame recommended 

parameters for lamp current, monochromator setting, and 

slit width. 

Ferric ion concentrations were determined 

colourimetrically by the thiocyanate method 54 using a 

Beckman grating spectrophotometer. ed spectra 

J,'Jere recorded for 

spectrophotometer 

Phillips Debije 

target tube 

Lindemann tubes. 

sults of 

01 mulls 

( 127G) and 

powder 

powdered 

leach 

a Shimadzu recording 

X-ray analyses on a 

camera us a copper 

samples mounted in 

stUdies are represented 

graphically on the following s. 

(i) as a t of acid consumption versus t 

and 

(ii) as a plot of nickel or iron concentration 

in the leach liquor versus t In each case reaction 

parameters and instrrunentation are noted beneath the 

graph. 
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GRAVE 1" 

20 ' _" -H-I-+-if---+-I 

18 

Comparison of HCl and H~S04 as 

leaching agents~ 

~ 8~~~~~+4~~~~~Hr~~~~~+
(j) 

h 
.p 

E=i 6 

3 456 
Time (Hours) 

Non-standard condi~ions: 

Dunite grainsize: Less than 12 mesh 

Burette id concent~ation: 1.04 N. 

pH of leach liquor: 3.0 
Temperature: 30 deg. c~ 

1.rJeight dunite used: 100 g. 

Volume of leaching solution: 100 ml 

7' 8 

Composition of leach liquor (1) H2S04 ,Caq.) 

(2) HCl (aq.) 

18 



GRAPH 2. 

2 0 H~I---+--l 

Analysis of leach liquors of graph,1. 

• p., 

• 12 Pi 

2 

o ~~~1~~~2~~~3~~4~~~5'~~6~~~~7~c~~~8~~~9~~ 
'rime (Hours) 

Instrument: Varian Techtron A~Ao 5 Atomic 

Absor~tion Spectrophotometer. 

Monochromator Setting; 232,,0 nm. 

Lamp Current: 5 rnA. 

Slit width: 50 p. 

Standard: Nickel chloride/Ferrous Ammonium Sulphate. 

Flame Type: Air/Acetylene 

Flame ·Stcichiometry: Oxidizing 

Co ' f..' f 1 h I' mpos1.'\JJ.on 0 ,eac . l.quor (1 ) 

(2) 

H SO 2 4 

HCl 

". 

19 



GRAPH 3. ct of pH on reaction rates 

50 

45 

40 

35 

10 

5 

standard Conditions: 

Dunite ize: Mesh 45 (350p) to mesh 30 (SOOp) 

Burette acid concentration: 1.04 M 

Temperature: 40 deg. C " 

Weight dunite used: 25 grams 

Volume of leaching soluti~n:. 75 mls 

Composition of leach liquor: Aqueous HCl 

pH of leach liquor (1) 1.0 

(2) 2 .. 5 

2.0 



GRAFH .4. Analysis leach liquors of grapb 3 

90 H-+-t-H,..-+-t++-l.+--+--H-

70 

10 

2 3 4 5 6 7 8 9 
Time (Hours) 

Varian Techtron AsA,,!) Atomic Absorption 

Spectrophotometer. 

Monochromator Setting:' 232.0 nrn 

Lamp current: 5 rnA. 

Slit width: 50 ~. 

Standar4: Ni 1 Chloride/Ferrous Ammonium Sulphate 

Flame Type: Air/Acetylene 

Flame Sto~hiom Oxidizing 

pH'of leach liqrlor (1) 1.0 

(2) 2,,5 



2.2 

GRAPH 5. Ef ct of excess metal ion solutions 

as leaching agents. 

18 

16 

14 

,...., 
rl 12 
0 
::I1 

10 

" 
rl 8 s 
'-" 

(j) 

H 6 .p 
.,-j 
[-I 

4 

2 

o 1 2 3 4 5 6 7 8 
Time (Hours) 

Standard Conditions ( As in graph 3 ) 

pH of leach liquor: 2.5. 

Composi tion of leach liquor: (1) Aqueous HCI/E'er:l.'ons 

Ammonium Sulphate (2 .. 75g.) 

(2). Aqueous HCI/Magnesium 

Sulphate (1" 71 g) 

(3) Aqueous HCI initially 

Ferrous Ammonium Sulphate 

(2 .. 75 g) added at 

7 .. 25 hours. 

(4) Aqueous nCla 



GRAPH 6. . Analysis of ,leach liquors of graPI:- '5. 

'" 40 
• 
~ 
• 
~ 35 I-+-I-t-I·--t--t"·i

Pi 
'-" 

§ 30 H-I--'-I-+-+-+-'-+-1-l-i-
" • .1 

.tJ 
ro 
Jj 25 H-l--+-H-~' 

r:::! 
(J) 
o ' 
§ 20 
{) H-I-i-,H 

rl 
(J) 

{115 
,.1 
z 

10 

o 1 2 3 4· 5 6 8 
Time (Hours) 

Instrumentation: As in graph 2 

CompOSition of leach liquors (1) Aqueous HCI/Ferrous 

: Amm'oJ;iium Sulphate. 

(2) Aqueous HCI/I1agnesium 

Sulphate. 

(~) Aqueous HCI initially 

Ferrous ammonium sulp:-J.atE 

added at 7.25 hours. 

(l~ ) .' Aqueous HCl 



GRAPH 70 Effect of ferric ion as a leaching agent. 
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GRAPH 8. Effect of size change on rate of leaching. 
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GRAPH 9. Analysis of leach liquors of graph 8 .. 
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GRAPH 100 Determination of so lity of nickel 

6 

5 

4 

~ 
Pi 

3 

2 

Curve 

dimethylglyoxime in dilute acids. 

-+_. 
I 

I i 

5 10 15 20 25 
Titre (ml 1.0MNaOH) 

(1) - Titration of 0.104 M ~Cl against 1.0 M NaOH 

(2) - Titration of 0~104 Ii HC1/.105 ~ NiS04/.10 g 

dimethylglyoxime (DQMeG.) solution against 

100 Ii NaOH. 

(3) - Titration of 0.104 Ii HCl/1.05 g NiS04!1.0 g 

D ,,}I'l. G ~ solution 1,,0 r1 NaOH .. 



2.8 

GRAPH 11e Acid/complexing agent solutions as 

1 eaching media G. 
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GRAPH 12. Analysis of leach liquors of graph 11. 
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GRAPH 13. Ef ct of oxidative roasting on acid 

consumption. 
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GRAPH 140 Analysis of leach liquor of p;raph 13,,· 
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GRAPH 15. Effect of oxidative roasting on acid 
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GRAPH 164 Analysis or'leach liquors of graph '15~, 
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GRAPH 17. Total Iron/Ferric ion analysis of leach 

liquors of graph 15. 
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GRAPH 18. rcentage weight loss dur oxidative 
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GRAPH 19. Effect of pre-reductiori on leach rate .. 
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GRAFH • Analysis' of leach liquors of graph 19 .. 
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GRAPH • Iron analysis of leach liquors of graph 19. 
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GRAPH 23. Analysis of lench liquors of graph 22. 
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DISCUSJION OF RESULTS 

3.1. RBdUJ./[i/J OF LEACHING Sil'UDIBd ON UNTREATED ORES. 

(a) !£1£, Leach~n~. Sanemasa, Yoshida and 

Ozawa 46 studied the dissolution of olivine in aqueous 

o solutions of inorganic acids at 35, 50 and 65 C. The 

olivine was derived from a crushed dunite sample by 

magnetic separation and was sized by sedimentation to 

a 10-20 P range. Leaching was effected by slurrying 

in .005-2.0 N perchloric, sulphuric, and hydrochloric 

acids. They observed that the slope of the leaching 

curve (change in leached metal ion concentration with 

time) was not constant throughout the reaction. The 

leaching curve was COllll')osed of two straight lines -

an initial line (up to approximately 5;6 dissolution) 

and a "secondary" line of lesser slope. They further 

observed that the rate of dissolution Was first order 

with respect to the surface area of the ore particles 

and that the olivine was leached by inorganic acid 

solutions without any selective dissolution of the 

components of the mineral. Sulphuric acid and solutions 

of bisulphate ion in HCl (aq) or HCI04 (aq) were 

observed to react much more quickly than hydrochloric 

or perchloric acid solutions of comparable normality. 

A similar study reported in this thesis (graphs 

1 and 2) confirmed these observations with the exception 

41 



of the bisulphate ion effect. Comparable strengths of 

hydrochloric and sulphuric acids (graph 1) were seen to 

react similar initial 

concent ions of nickel 

es and to yield 

(graph 2). The or 

42 

differences in experimental conditions under which these 

observations were made were:-

(i) sample s this work a coarse, ungraded, 

(0-1000 p. ) sample of ore was used. 

, ( ) pH: in th the pH was maintained 

constant during the le process; in contrast 

sa reacted the ore vfith comparatively concentrated 

acids ch were consumed (pH increasing) the 

ence in reactivity between 

hydrochloric and sulphuric acids report 
55 

of interest. It has been suggested 

rate of bisuphate ion attack may be due 

interactions between the HS04- ion or 

by Sanemasa is 

the enhanced 

to dipole 

'-'0 2-
---- ij 4 

ion pairs and active sites on the solid surface. It is 

possible that in IS studies the observed effect 

ses from the buff,ering action of H804 - as the pH varies 

throughout the region 1~5 - 2.5. 'When, as in this work, the 

leaching is eff~ct at constant pH there is no specific 

reactivity assoc ed with sulphuric acid. 

Urazov Bogatsky 34 invest ed the effects of 

hydrochloric, sulphuric and nitric acids on a garnieritej 

ceroli t e/ deweyli te ore and con'cluded that, for nickel 

leaching, nitric acid was less than hydrochloric 

acid which in turn was inferior to sLuphuric acid. However, 

this ore differs significantly from olivine in both 



chemical and physical properties. 

The IItwo s 

reported above is 

U nature of the leaching curve 

evident upon consideration of 

the effect of changing 

(graph 3). The initial sl 

on the extraction rate 

persists r a S..L.J.ll..L...L.,o, 

period in each experiment with the greater slope 

corresponding to the lower pH. The secondary portion 

of the curve changes similarly with continuation 

of the reaction for a protract period (15 hours) 

causes no further reduction in reaction rate. The form 

of the nickel curve (graph 4) is similar to that 

of the consumption curve, nickel concentration 

43 

Slllg rapidly intially then less rapidly as the reaction 

proce 

was observed that the yield of nickel per 

mole of acid consrnued varied both with time pH. 

illustrated in the curve b ow:-

(i) at constant pH the ratio Ni2+/H+ decreased 

vii th tim.e. 

(ii) the ratio l'ifi 2+ /H+ vras er at pH 

i.e. the reaction produces a lower yield of nickel at 

high acidity. 



This concept of "leaching efficiencylt s a degree 

of selectivity in the removal of ions at a higher 

pH. For a typical curve (e~g. graph 5; curve 4), the 

percentage of entrained nickel leached from the ore 

after period (1t hours) was about 27b l,vhile 

after 8 about 3'j~ of the nickel was leached. 

(b) 

Agent.§.. er the period of rapid init the 

concentration 

observed to 

As the react 

metal ions in the leach s 

e at an essentially constant 

ce the leach liquor vlOuld 

on 

be 

considerably dissolved cations. It was not 

practicable ·to the leaching process to completion 

yet it was of interest to ascertain the effect on the 

leaching process of the increasing concentrations 

magnesium and iron during the latter stages of the 

reaction. This was by adding a solution of the 

44 

leached ions at an early of the reaction. The ions 

were added as small aliquots of solution at the same pH 

as the leachate and such concentrations as to be 

equivalent to 25~& of the to metal content of the duni te 

ent. When ferrous ion was added after seven hours 

the acid titre increased suddenly· (graph 5; curve 3). 

Addition of ferrous ion prior to reaction (graph 5; curve 

1) gave a similar overall e in the acid consumption. 
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IVlagnesi um ion (graph 5; curve 2) added prior to the 

reaction gave the same increase in acid titre even 

though the molar concentration of magnesium was four 

times greater than that of ferrow:~ iron. Nickel ions 

in very low concentrations (corresponding to the 

amowlt of nickel present in olivine) gave no 

appreciable increase in acid uptake but addition of a 

small amount of saturated nickel sulphate solution 

reproduced the effect satisfactorily. 

Addition of increased quantit s of iron or of 

repeat aliquots solution gave no further increase 

acid consumption. In each case the increase in 

uptake vJaS paralleled by a proportionate increase in 

the concentration of releas nickel ( 6). The 

observed metal ion ct is cific to divalent metal· 

ions. The tion of the smaller more highly 

charged alurniniwn ion produced no effect. 

Any attempt to rationalize this effect must 

explain several observations:= 

(j.) the effect is cific to divalent 

cations, 

(ii) the effect cannot be enhal'.1ced or reproduced 

by addition of rea sed conoentrations or of successive 

aliquots of metal ion, 

(iii) the efrect accompanied by an increased 

release of nickel proportional to the amount of acid 

consumed; 

(iv) the slope of the secondary portion of the 

curve is unchanged; i.e. the effect almost tantaneous 



46 

and the rate of acid leaching of the duni te is similar 

before and after excess metal ion addition. 

These observations indicate a co-operative metal/ 

proton reaction. Clearly the rate of initial (surfac ) 

reaction is enhanced by the presence of metal ions. 

Similarly the reaction rate, at any point in t 

be accelerated by addition of such ions. 

, may 

The formation of an insolu e basic magnesium 

s icate mineral clino-chyrsotile (IvIg
3 

Si205 (OR) 4) 

the reaction suspension may be significance in the 

erpretation of these observations. The mineral, which 

appeared as a white suspension in the reacting solution, 

was initially thought to be fine dunite material formed 

in the highly abrasive stirred slurry. Comparison of 

this material (obtained by filtration from the supernatant 

reaction suspension) with powdered dunite by x-ray 

powder diffraction indicated significant differences 

in structure. J:lTew x-ray reflections were evident 

(superimposed on a background of dunite reflections) 
o 

. corresponding to d values of 7.37, 3.63, all.d 1.54 A 

(refer page 

powder lines with d spacings of 7.36, 3666, 2.45, and 
o 

1.53 A \dth relative intensities of 100, 80 t 65, 65. 

The corresponding nickel analogue (Ni,Mg)3Si205 (OH)4 

produces similar d spacings. 

Exactly when the mineral is formed ill solution 

is not clear. The characteristic povJder photograph 

is obtained after several hours of reaction and even at 

this time is superimposed only faintly upon a 



characteristic dunite backgroillld. If the reaction 
" 

proceeds via a nickel, magnesium intermediate similar 

to this basic silicate then addition of ferrous or 

magnesiwu ion could enhance nickel release. Clino-

chrysotile consists of kaolin-like layers which are 

not planar but stacked in a helical manner. 56 The 

vulnerability of nickel ions in this open structure 

suggests that they may be replaced more easily (by 

similar sized ions such as mag1.1esiwu) than in the more 

massive olivine lattice. Thus the question arises as 

to whether the e det st for release of 

nickel is not proton substitution for nickel ions 

the olivine lattice but rather cation substitution for 

nickel in the chrysotile lat ceo 
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Ferric ion has been suggested by several authors 

(among them Bogatsky and Urazov 34 Kryukova and 

Greene 27 ) as a leachant for nickel ores. However, 

the observed effect of ferric ion solutions on dunite 

leaching (graph 7) was to retard the uptake of acid. 

Addition of ferric ion during the reaction (graph 7, 

curve 2) caused a decrease in the rate of uptake of acid, 

the rate dropping to zero for a time. Addition of ferric 

ion prior to the reaction (curve 4) res ted in overall 

depression of the acid titre. 

Ferric ion is strongly hydrolysed to give a 

solution with a pH of about 1.5 - 2.0. 

3+- HO+ ----". ~ 3 + 
2+ 



It is possible that the reported effect of ferric ion 

leachants relates to the formation of a buffered acid 

solution 

(c) 

Sanemasa, Yoshid.a, and Ozallla observed that the rate of 

ssolution of olivine was first order with respect to 

the inverse of pa,rticle diameter. This result Was 

reproduced in this work for a variety of grainsizes. 

The initial rate of reaction (i.e. the initial slope 

of the titre/time curve) (graphs 8 and 9) seen to 

increase linearly i'ri th decreasing grainsize. 
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In the initial stage of the reaction ( initial 

hours) the amount of acid consumed, and the amount 

of nickel released, is proportional to the surface area 

to volume ratio of 

proportional to 

particles (i.e. inversely 

size of the particles). The 

secondary portions of the leaching curves were however 

near parallel. rrhese resul ts may imply that the initial 

reaction involves the surface of the particles and that 

the secondary reaction is a Itlatticen reaction which is 

independant of particle size i.e. of surface area/volume 

ratio. 

(d) 

The effect an added complexing agent was 

considered as a possible method of linproving the yield 

of nickel without increasing iron or magnesium release. 



.A solid state Ulattice li reaction could involve an 

equilibrium at the dunite surface bet1ireen the solid 

phase and dissolved me ions. 

Solid .----H+ 

Dunite 
Surface , ,. 

t 

Ni 2+(aq) 

So.Lut,io~ 
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If such an equilibrium exists then any change 

aqueous cone on of the ion would be 

ed to induce a change in its e of leaching 

solido 

(i) Effect of added dimethylglyoxime. This 

work examined the ct of precipitation of the 

as the sparingly soluble nickel thylglyoxime complex. 

complex is soluble in concentrated acid solutions 

but becomes ingly insoluble as the pH The 

optimum pH for quantitative precipitation is 7~5 8.1 .57 

In the reaction of dimethylglyoxime with nickel is 

a release of protons:-

Ni 2+ t )+ 2 Hdmg (aq) (dmg)2 (s) + (aq). 

The ext of this deprotonation with increa.sing 

pH was illust eO. by titrat a sodiwn hydroxide so~ution 

against:-



la) standard hydrochloric acid, and 

(b) a similar acid solution containing nickel 

ions and ssolved dimethylglyoxime ,graph 10). 

Precipitation of the nickel complex was essentially 

complete at pH greater than 205 and 50% com.plete 

pH 2.2. 

It was not possible to determine the amount of 
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nickel leached in presence of dimethyJ::glyoxime as a 

fLIDction of time because of the inhomogeneous nature 

of the leaching solution (containing Ni2+ (a(lUeous) and 

nickel dimethylglyoxime complex). Therefore a series 

of bulk analys experiments w-as attempted 1iifhich the 

total solution volume was acidified to redissolve the 

complex and then quickly filtered to remove the duni te 

grains. Resu:.Lts indicated no increase in n.ickel ase 

in the presence of dimethylglyoxime. 

(ii) Effect of added ethylenediaminetetraacetic 

ac (E.D.T.A.). The higher affinity of E.D.T.A. for 

2+ 2+ Ni over Fe suggested the use of E.D.T$A. as a 

complexing agent to displace the possible solid/solution 

UequilibrhuuH discussed above. a solution of 2-3, 

ethylenediamine traacetic acid will be esent 

predominantly as H3EDTA Under these conditions nickel 

(II) and iron (II) give protonated complexes:-

vd t h lo gKlViH.L 

re ctively. 

11.56 and 6.86 for nickel and iron 



Therefore at between 2 and 3 the relevant 

equilibria will be: 

~~2+ + H ED1.'A-
3 

where log K'MHL = log 

This s: 

-I- 2H+ 

JvI (liED/I'A)-

r1l (HEDTA) - + 

(-8.83) + log 

KH 

KlViHL 

log K'NiHL ::::: 2.8 and log K'FeHL =~.9 

At any pH the io K 'he' HL/K' 
.L~l FeliL 

ckel will be preferentially complexed 

ence of irona 

Choosing lH3EDTA -] =: O.OHI and assuming 

Ni 2+ much less than 

Then - [NiRillDTA-J 0001 x 10208 
::::: 

[ 

::::: 10608 at pH = 3 

the 

or = 104 • 8 at = 2 100. 1 for pH (C£ • 
iron) 

i. e. Most of the nickel will be complexed. 

The experime were performed at .0 and 

EDTA O.OH:!. the nee of ED'l'A the rate of 

release (graph 12) was obs to increase but 

acid titre (graph 11) increased by a similar factor. 
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An apparent enhancement during the initial 

phase does not 

the reaction. 

over into the secondary phase of 

supports the concept of a surface 

abrasion effect as the rate de factor. Such a 

of .Hase 40 result is in lee with the observat 

who underto a similar study of the leaching of olivine 

by boiling E.D.T.A. solution. 

30 2 OF lJEAOHING OJ!' ORES. 

(a) o,xida,tivQ.. Rq,as~. l\lase 39 reported 

that ility of olivine acids cOLud be 

inoreased by oalcination at in excess of 

5000 0. an experiment ( 13 and 15) the dunite 

grains were heated, \'V'ith free access of air, in a 

muffle furnace at temperatures of about 5500 0 for ous 

periods of time. The consumption of acid by this 

dunite (under similar reaction conditions to those s-

cribed ier) increased rrhe nickel e, 

although also increasing s 

by same factor (graphs 14 

cantly, did not 

16) • 

Graph 17 illustrates an analysis of the 

e 

liquor for divalent and trivalent iron. The ferrous/ferric 

ion ratio in untreated dunite rock is about 10:1. As 

be expected the proportion of total iron ent 

the ferric state increased significantly with roasting. 

Substitution of each ion by acid requires one 

proton and consequently oxidation of increases 



its acid uptake by 50j~. l'1ost of the iron (III) is 

released in the t - t hour of reaction suggesting 

that in this pe od a e reaction is involved and 

that oxidation of iron occurs only on the surface of 

the are. The iron (II) 

iron and iron ( ) 

independant of are 

from a l~ttice reactiono 

The analysis of 

e (difference between total 

ions) is approximately 

nt, suggesting that it results 

1 solutions containing large 

concentrations of ferric ion (such as the above leach 

liQuor) is not vlithout problems~ erference is found 

atomic absorption 
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to be significant in some cases 

spectroscopy 58,59 and in a 

recently .sundberg 60 describ 

review published 

inaccuracies in nickel 

anaJ_yses when significant Quant es of f ion are 

present. In the case of the 

uncertainty associated with (I ) 

The gradual loss of weight 

calcination (graph 18) may in part be 

entrained water. Such water loss wo 

ore the additional 

approximately 10%. 

during 

to the loss of 

be expected to cause 

cracking and fissuring of the dWlite thereby 

increasing the effective surface area aeces to the 

solution. However, no visible evidence of such 

f "laS obvious at 101'1 magnifications although the 

e of the dunite had changed from a sy 

en colour to a deep red-brO'l.'ll1. 
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(b) next consideration 

was the behaviour of dunite under reducing conditionse 

The effect of reduction is to transform cations into the 

metallic stat(~. Such a reduction of little value if the 

iron, magnesium and nickel are equally affected and thus 

no element of selectivity is introduced. A more relevant 

consideration is the ct of EDTA solution upon the 

leaching of reduced dunite (i.e. E.D.T.A. react 

select with elemental iron and nickel). 

Reduction was carried out by heat the dunite 

with fine coaldust in a closed cruc e over a Meker 

burner. The acid uptake ( 19) and nickel release 

(graph 20) both increased relative to untr ed ore but 

the yield of nickel per mole of 

reduc 

consumed was 

Ac leaching the presence of E.D.T.A. ( 

22 and 23) gave a similar result. There wo appear 

to be no enhancement of the nickel ase due to 

differentiation betv1een elemental iron and nickel .. 
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3 .3 IVIODEL FOR DUNITE LEACHING PROCES,.:). 

A possible model for the leaching process is 

as follow-s:-

OLIVINE (Ni,Mg,Fe)2Si04 

(fast)jf (Acid uptake on fresh olivine surface) 

(Mg ,Fe,Ni) IiAC IDlC Ii 

SILICATE fJURFACE LAYEH. + Ni 2+ + IVIg2+ + Fe 2+ + Si0
4

Hn (n-2)+ 

( de t er mining 
step) 

(Abrasion) 

"""-',1.1.1-.1. OLIVINE + (lVIg,Fe,Ni)t!ACIDIC" SI1IONrE 
(An intermediate ss acidic 
than chrysotile) SURFACE 

(Substitution of added met 
ion for iron or nickel in 
the lattice) 

CHRYSOTILE SUSPENSION 

lYig3Si20 5(OH) 4 

The above model takes into aCCD1J.nt such 

experimentally observed effects as that of particle s e, 

the addition of excess cation etc. Implicit in this model 

is that acid leaching of dunite a surface reaction 

only. 
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CHAPTER ]'OUR 

o ONCLUS ION 

The object of this research, as outlined in the 

abstract, was to undertake a general investigation of the 

acid leaching of dunite are and further to examine the 

nature of the leaching reaction itself. The 

possibility of a two stage surface/lattice reaction 

has bee.n suggested 43,44 and the elucidation of such 

. a reaction scheme is fundamental to any attempt to 

selectively leach nickel from the lattice. The former 

objective - to investigate the behaviour of dunite ore 

under the action of various leaching agents = has been 

attained satisfactorily. The latter question - as to 

whether the reaction proceeds by a simple surface reaction 

or otherwise - is not so easily answered.. The idea of 

a secondary lattice reaction was not strongly supported 

by experimental data. 

Irhe shape of the leaching curve (page 41) an 

initial sharp slope breaking abruptly to a lesser constant 

slope may be satifactorily accornodated in a purely 

surface reac on theory if one considers the change in 

slope to correspond to complete surface saturation and the 

secondary slope merely to reflect the rate of renewal of 

the ra';v- duni te surface by the abrasive leaching slurry .. 

The existence of differences in "leaching efficiencyll 

at various pHs (page 43) irnplies a degree of selectivity in 

the removal of nickel ions but whether this removal is 

from the dunite surface or from the dunite lattice is 
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indeterminate .. 

Similarly the effect of excess metal ion solutions 

as leaching agents (page 44) offers little real insight 

into the mechanism of the reaction. The fact that the 

effect cannot be enhanced or reproduced by addition of 

successive aliquots of metal ion suggest either surface 

saturation (if this is where the effect takes place) or 

a solubility effect (if observed metal ion ct 

derives from a process occurring in solution). 

Format of a clino-chrysotile suspension 

( 46) certainly indicates destruction of the dunite 

lattice which in turn implies surface reaction as s 

the t order relationship between particle size and 

e of reaction (page 48 )0 

The effect of complexing agents (page 48) (or 

rather the lack of effect) in selectively removing ions 

from the lattice is again evidence against a solid phase 

reaction. 

The effect of oxidative roasting (page 52) 

h6'trever raises an int ing question. l1:he on ( ) 

release is approximately independant of ore treatlnent .,.. 

the iron (I ) being released in the init stages of 

the reaction - indicating either a lattice reaction or 

perhaps merely a replenishment of the unoxidized dunite 

surface by abrasionu 
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