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Abstract

The cxtraction of nickcl from the Scrbian latcritic orc by sulphuric acid lcaching has becn studied
under high prcssurc conditions. A titanium autoclave cquippcd with acid injection and samplc with-
drawal unit was used in sulphuric acid prcssurc leaching (SAPL). Thc following paramctcrs arc
testcd: stirring ratc, acid to ore ratio and rcaction time and temperature. Studies are done with ore
samples (l'l% Ni and,52.7 % Sio2) from Rudjinci, Serbia which belongs to laterite-silicate group
of deposits. Thcse dcposits havc thc great importance for nickel metallurgy, becausc of their large
prescnce . The main aim was to study thc kinctics of thc SAPL process. Thc initial solids, as well thc
leach residues, are characterizcd by ICP analysis in order to dctermine the effccts of investigatcd
paramcters on thc nickcl leaching degree. The rcaction tcmpcraturc, acid/orc ratio and stirring speed
have showed a positivc influcnce on thc increasing ofnickcl cxtraction.

1 Introduction

Nickcl dcmand has grown at an historic avcragc annual ratc of approximatcly 4 %o per ycar and is
cxpectcd to rcmain at that rate Il]. This strength has bccn driven primarily by a growing dcmand for
nickel in stainlcss stecl, whose production accounts for approximatcly two-thirds of primary nickcl
dcmand. Nickcl is processcd from two mincral sourccs. sulphidcs and oxidcs (latcritc). Latcritc orcs
are casi ly  mincd in compar ison to sulphidc orcs,  bcing c losc to thc surfacc (10-100 m) l2 j .  Conscr-
vativc forccasts for ncxt 20 ycars indicatc that lcaching of nickcl latcritcs will risc in thc rcgion of
40 oÄ to 50 % of thc actual total world nickcl production [31. Nickcl proccssing lrom thc latcritc
orcs is eithcr pcrformcd by pyromctallurgical mcthods producing fcrro-nickcl, or by lcaching with
ammonia or with thc usc of sulphuric acid undcr high prcssurc conditions. It is known that 54 % of
thc total rcscrvcs arc found in latcritcs. Lcaching from thc lateritc orc at atmosphorlc prcssurc rs
mentioncd by many authors.

StopiÖ ct al [4] showed that an atrnosphcric lcaching of nickcl latcritic orc ,.Rudjrncr", 
Scrbia at

tcmpcratures as high as 90'c gcnerally rcsulted in nickel extraction up to 7g o%. The influcncc of
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reaction parameters temperature, time, sulphuric acid concentration and stirring speed on the kiner
ics of metal extraction was determined. The results showed that the nickel dissolution from lateritic
ore is controlled by inner diffirsion model.

Halikia [5] examined the influence of kinetic parameters on the extraction of nickel from a Greek
hematite type laterite during leaching with sulphuric acid at atmospheric pressure mild conditions.
The concentration of sulphuric acid in the leaching solutions influences nickel extraction in the ini-
tial stages ofreaction at all molarities investigated, Ternperah.re had a marked influence on nickel
extraction.

Vuöuroviö et al. [6] have obtained the high degree of nickel and cobalt recovery in ammonium-
carbonate and sulphuric acid leaching conditions at high pressure conditions.

Sulphuric acid pressure leaching ofnickeliferous laterites has attracted considerable attention from
the nickel industry during the last 5 years [7-9]. This process achieves a high nickel and cobalt ex-
traction (more than 95 %) with a high selectivity due to simultaneous iron and aluminium dissolu-
tion and precipitation, Condition close to the industrial practice were tested: pulp density 30 oÄ; acid
to ore ratio 0.2 and temperature ranging *om 230 to 270 oC. During leaching, goethite dissolves
continuously liberating nickel whilst iron re-precipitates as dense hematite particles in solution

by ex situ precipitation.

In this paper, favourite conditions for leaching ofnickel from the Serbian nickel laterite under high

temperature und higb pressure are considered. A new equipment with acid injection and sample

withdrawal unit on the autoclave is presented. The influence ofreaction parameters such as tempe-

rature, time, sulphuric acid concentration and stirring speed on the kinetics of nickel recovery is

determined. The aim was to understand the process chemistry and kinetics and to establish parame-

ters of nickel laterite leaching from deposits in Serbia with a use of sulfuric acid in autoclave,

namely, reaction time and temperature, total gas pressure, and acid concentration necessary for

maximum transfer of nickel into solution. Because of the large presence of nickel laterite in South-

East Europe and a small number ofplants foi hydrometallurgical production ofnickel there exists a

need flor studies ofleaching under high pressure.

2 Experimental

2.1 Material (Ore "Rudjinci", Serbia)
"Rudjinci" deposits, near by Vrnjacka Banja (about 200 krn southem from Belgrade) are the most

abundant ones in Serbia. The sample of Rudjinci ore is a clay-like, loose material. The ore has a low

level of metal components and high level of SiOz. "Rudjinci" nickel ore deposits belong to a group

of exogenous nickel deposits, a subgroup of laterite-silicate deposits. The deposits are represented

with serpentine M9Si2O5(OH)4 variously decomposed into nontronite FezSi+Oro(OHh. Therefore,

silicates are the major and most imponant component of the deposits. The sample of ore "Rudjinci"
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following composition (%): 54.20 SiO2; 14.90 Fe; 4.00
1.40 CaO; 3.22Mg;0.48 MnO; 0.05 NazO and 0.05 KzO.

2.2 Experimental procedures and analytical methods

Under high pressure leaching conditions tests were performed in a 2 I autoclave, manufactured by
the Autoclave Engineers, USA. Figurc I shows an overview presenting thc autoclave at IME,
Aachen, which is part of 3 reactor system from l- 50 l. Temperah.rre was controlled within + I "C

by a temperahrre control system, manipulating both an electrical heating mantle and a water cooling
system. Agitation was provided by a titanium-made impeller that was magnetically driven. The
autoclave was equippcd with an acid injection device and a system to withdraw sample designed by
IME. Only this allows a exact definition of the reaction starting point. A certain amount of laterite
was mixed with a prc-calculated amount of deionised water and placed in an autoclave. The s1urry
was then heated up to a predeterminated temperature in the range of200 to 250 oC under continuous
agitation. Upon tcmperature stabilisation, a certain amount of concentmted sulphuric acid (96 wt %)
corresponding to different acid-to-ore ratios, was injected into the autoclave under pressure using
the injection device made at IME. Using thc sampling system 20 ml of almost clear liquid was peri-
odically withdrawn through a dip tube and then rapidly cooled. Aftcr the end of experiments, solu-
tions aliquots wcre filtered und analysed aiming Ni, co, Mg, ,A1, Fe and Si by ICp spectrophotome-
try. Eh measurement were taken using a platinum electrode and A! AgCl reference electrode. pH
measurement was done using universal pH probe. The pH was calibrated using pH standard (pH: I
and pH:7).
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Autoclave at IME:

Acid injection device at IME

1. Funnel,

2 ,3 ,4 ,6 -  Ya lves ,

5. Cylindcr for HzSO,r,

7- Pipe.

System to withdraw sample at IME

9, i0, 11- Valves,

12. Pipc for sampling.

Very important parts:

8. Manometer,

13. Spiral for cooling,

14. Mixcr.
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Figurc l: 2 I -Ti- autoclave at IME, RWTH Aachen

The leaching process was evaluated by metal extraction coefficient, defincd as thc fraction tx of:

given element leached out over given pcriod oftime. The cxpcrimcnts wcrc done at 200; 230: anc

250 "C in time up to 60 min. At these temperatures the equilibrium vapour prcssure reaches 1.6 up

to 4.1 MPa. The acid-to-ore rate (a,/o) amountcd from 0.24 to 0.40 g HzSOy'g ore.

.!..3 New system with an acid injection device and

system to withdraw sample

One aim of this work is to present a new injection device and a new system to withdraw samplc'

during high pressure leaching. A sketch of two main system are presented in Fig. 2.a. and 2.r

Sulphuric acid is injected into fr-urrel No.6 (Fig. 2.a). Then the valves No.5 and No.8 arc slos .

opened and concentratcd sulphuric acid goes into cylinder. The valves No.5 and No.8 are closcc

Firstly valve No.7 is opened, and then quite s1ow1y the valve No.3 is opened. The sulphuric ac:-

goes into solution in autoclave. Thcn the valves No.3 and No.7 arc closcd. Later on same way 20 r:
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water is injected in autoclave. The injection ofacid and water at 230 oC reduccs thc tcmperature of
thc solution inside reactor by a maximum of l0 "C. The controlling system regaines the targct
temperature normally in lcss than 5 min.

5

I
ttf ;g. Z.a: Acid injection device at IME
'( l-mixer; 2- pipe;3, 5, 7, 8- valve; 4. cylinder for

iH2SOa; 6- funnel)

Samples can bc withdrawn using the sampling system in 2 min intcrvalls (Fig. 2.b). Firstly the
stirrer is shut down for 30 s aiming a separation of solid and liquid. Then the valve No.3 (Fig. 2.b)
is slowly opened. 20 ml of thc sample goes into the cylindcr No.5 through pipc No.2 from the
solution. Thcn valve No.3 is closed. After opening valve No.6, the sample goes into in glass No.7,
*here Eh and pH values are measured.
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m(c" /100)

where V is the initial volume (ml) of the solution, vi the volume (ml) of sample i withdrawn each
time, Crra, i the concentration of M (Ni, Co, Al, Mg, Fe) in sample i (mg dm'3), m the initial mass of
laterite in g (on a dried basis) added into the autoclave and c1q the concentration ofM in laterite (wt.

% dried solids).

2.5 Experimental structure

The first campaign ofexperiments investigated four leaching variabies associated with four critical

factors for treatment of the Rudiinci ore.

Leachine Variables

Variable Parameter

Stopiö, Friedrich, AnastasU eviö

Chemical analysis of solution and calculation method
of extraction yields

The ICP method was utilised to analyse the liquid samples, after the proper dilution, for Ni, co, Fe,
Al and Mg. In calculating metal extraction XM, i, a volume correction formula was used:

j - t  i _ l

(V - fv,'1C r,, + ),v,C r,,

Temperature ("C)

Acid to Ore Ratio (g HzSOy' g ore)

Stining speed (rpm)

Time (min)

The significance of these variable was assessed by analysing the results in a 2o matrix. From the

matrix data, mathematical alghorithms will identify if the variation of a leach conditions alters
process control, independently and in conjunction with other variables. The matrix values (4, B, C

or D) can equal -1, 0 or l. These data points represent low, mcdian and high values. The number of

experiments was defined by Wheeler's formula, Equation (2):

N=(+;
Where N:number of experiments, o= estimated standard deviation, Ä= required degree of confi-

dence (as a fraction). Thus it is necessary to include all experimental runs. Using the following va-

lues: o=4.7 %o: L=8%o. itwas calculatedN=|7.

B

C

D

200

0.24
, 5 n

30

Low Value High Value

Results and
3.1. Working plan

The experimental conditions (workr
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(2)

Experimental condition:

Number

N

Temperature

cc), A
Acid

(w

l 250

z 230

230

250

5 230

6 250
'7

250

8 250

9 230

l 0 240

l l z3u

t2 250

l 3 250

l 4 250

l 5

t 6 230

t 7 230
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3 Results and Discussion
3.1. Working plan

The experimcntal conditions (working plan) was prcsonted in Tab. 2.

Tablc 2: Experimental conditions

Numbcr

N

Temperaturc

CC), A

Acid/Ore Ratio
(wVwt), B

Stirring Spced

(rpm), C

Timc

(min), D

250 0.40 250 30

2 230 0.24 l  500 60

3 230 0.24 I 500 30
n 250 0.40 I 500 60

5 230 0.40 250 60

6 250 0.40 I 500 30

7 250 0.24 250 30

8 2s0 0.24 I 500 30

9 230 0.40 I s00 30

1 0 240 0.32 875 4)

l t 230 0.40 I  500 60

t2 250 0.24 I 500 60

l 3 250 0.24 250 60

l 4 250 0.40 250 60

l 5 230 0.40 250 30

l o 230 0.24 250 30

1 7 230 0.24 2s0 60

:: , )ceedings of EMC 2003 1 9 5
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3.2 Effects of temperature

The temperature tested varies from 200 "C and 250 "C. The reaction tempcrature has a positive in-
lluence on nickel cxtraction. The incrcascd temperaturc of230'C and 250'C led to final nickel val-
ues 82 and 86 % (Fig. 3)

Figurc3: Effects of tcmperature on the leaching rate of nickel. Lcaching was performed in an

approximately l0 % pct solid with a/o ratio: 0.40 and u: 250 rpm)

One-hour leaching tests was performed first at 10 % solid at the tempcraturc of 200 oC with a stir-
ring speed of 250 rpm. The obtained results in Figure 2 showed that about 48 % Ni and 68 % Co

can be exffacted in 60 min at 200 oC, while the extraction of magnesium amountcd 63 %. A tem-
perature of200'C apparently does not providc thc driving force needed for rapid nickel extraction.

By incrcasing oftemperature up to 250 oC thc nickcl extraction and the initial rate oflcaching can

bc improved (Fig. 3). An increased temperature influcnces on a separation ofnickcl from iron, that

is thc critical step ofany nickel-lateritc processing route. Nickcl is incorporated into nontronite ma-

triccs within latcritc orcs, hcnce nickcl rclcasc requircs destruction of the host mineral by leaching.

The fenic ion is sparingly soluble in dilute acids at tcmperaturcs above 230 oC, and precipitates

from solution in the shell as an oxide or basic sulphate, depending upon the activity ofthc sulphatc

ion in solution, whilc nickcl rcmains in solution
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Figurc 4: Dissolut ion krnctics of major mctals in nickcl latcr i t ic orc at 200 oC. Lcaching was pcr-
formcd in an approximatcly 10 % pct solid with a./o ratio= 0.40 and u= 250 rpm)
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Figure 5: Dissolution kinetics of major mctals in nickel latcritic orc at 250 oC. Leaching was pcr-
formcd in an approximately 10 oÄ pct solid with a/o ratio: 0.40 and u: 250 rpm)

Thc reaction tempcratue, acid/orc ratio and reaction timc havc a big influencc on iron extraction
(Fig. 5). Fcnic cations hydrolysc rapidly after thc dissolution of iron compounds, forming dircctly
hcmatitc or basic ferric sulphatc. which can transform to hematite.

I  Fc3* + 3 H2O = FezO: (s) + 6 H* (3)

Fcj*  + Soq2'+ Hzo :  FcoHSo4 (s)  + Ht
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2 FeOHSO+ (s) + H2O = Fe2O3 (s) + 2 SOa2- + 6 H' (5)

Basic ferric sulphate formation depends upon leaching conditions and it is favoured by very acidic
environments (high sulphate contents) [9]. High temperatures though, favour the formation of
hematite. One-hour leaching tests at 10 % solid at the ternperature of250 oC with a stirring speed of
1500 rpm in 60 min have showed a iron extraction of 2o/o (Tab.2).

3.3 Effects of H2SOa concentration

Many authors showed that the effect of HzSOr concenüation on the nickel leaching rate is very sig-
nificant 14,7,891. The acidity level is expressed in two ways. First, the mass ratio of acid-to ore
(dry) is indicative of the stoichiometric quantity of acid placed into the autoclave initially. An alter-

native way is to express the acidity level by the value of free [H2SOa]. This value is fi.rndamentally
responsible for driving the dissolution and precipitation reactions which take place, and can be fol-

lowed by ICP analysis during an experiment.

50

40

-+-T=250'C; u=875 rpm;
a/o=0.40

+T=250"C; u=1500
rpm; a/o=o.24

+T=240.C; u=87S mm;
alo=O.32

--x- T=250'C; u=250 rpm;
alo= 0.24

-+T=250'C; u=250 rpm;
a/o= 0.40

-9 en
o " "'6
G'

gt 20
Y
tr

1 0

30

t (min)
40

Figure 6: Variation of the free sulphuric acid in time during SAPL of Ni-laterite

Acidity was decreased during leaching. However, the hydrollic precipitation of iron and alumin-

ium regenerates, eventually leading to stabilisation of the acid concenhation. Aluminium cations

hydrolyse more slowly according to reaction (6) below 250 oC, leading to the formation of solid
products.

3A l3++2soa2-+7H2o: ( I {3o)A l3(so4h(oH)6(s )+5t f  (6 )

High temperature (above 280 "C) favour the formation ofbasic sulphate, but this can also formed

at lower temperatue if the acidity is high according to Eq. 6.
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2 Al'- + 2 SO4'' + 1 HtO: Al2O3 .2 SOr.H2O (s) + 2 H- (1)

Under process conditions, the conccntration of dissolved aluminium usually cxcccds its solubility
and aluminium precipitatcs as hydronium alunitc. As sccn in Fig. 6, HzSO4 conccntration rnitially
drops vcry fast and essentially rcmains constant thcrcaftcr in all cascs. Mcasurcmcnt of Eh of prcg-
nant leach slurries of "Rudjinci" orc givc a rangc bctwccn 580 and 630 mV. Variation in oxidation
potcntial wcrc sccn in Fig. 7.

650

630

6 1 0

590

Figurc 7: Variation of Eh in time during SAPL of nickel lateritic ore

Dccreasing thc oxidation potcntial in timc was followcd with an incrcase of nickcl extraction (Fig.
8). This is no dircct influencc of Eh on nickel extraction, but it can bc an important sign for process
control. We suggcst that Eh can be dircctly corrclated with Fe (ll) and Fe (lll) conccntration. Tin-
dall [2] confirmed that rcmarkably large variation in transformation ratc occurrcd whcn changing
the oxidation potential. Whilst thc pH was varied, the Eh was held constant at two diflcrcnt lcvcls.
thc first at Eh of 850 mV, typical of a limonitc orc and the sccond at 670 mV, typical of a nontronitc
orc. An incrcasc in rcaction ratc with decrcasing Eh is common trcnd in metal-oxidc dissolution
systoms whcn thc mctal can assumc diffcrcnt oxidation state. At low Eh, rcduccd spccies in solution
(like Fc2*) facilitatc clcctron transfcr into the oxidc latticc which promotcs thc brcakdown of'thc
oxide latticc by dilutc sulphuric acrd.
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Figure 8: Nickcl dissolution kinetics during SAPL ofnickcl latcritic ore

The pH values were amounted betwecn 0.9 and 1.9 in all cases.

3 .4 Effects of stirring speed

It is known that highcr stirring rates result in an increased dissolution ratc. In a diffusion-controlled

proccss, thc ratc ofdissolution can bc usually cxpressed as a function ofspeed ofstirring as follows

[ 1 i ] :

Ve !  oa (B)

Whcre: vo- thc rate of dissolution (s-'), n -the number of revolutions, and a- the constant with value

of a < l. Lcaching tcsts conductcd by Gcorgiou and Papangelakis [9] at various agitation ratcs bc-

twccn 450 and 650 rpm dcmonstratcd that thc agitation rate had a negligible eflbct of nickcl

d issolut ion.  Chou ct  a l .  l l2 ]  showcd that  n ickel  cxtract ion is  indcpcndcnt ofagi tat ion af tcr  br ief

initial rr-rixing pcriod whcrcas two axial turbincs providcd amplc mixing bctween 50 and 600 rpm.

Thc samc conclusions arc prcscntcd by Tindal l  [2]  in thc agi tat ion rangc bctwccn 130 and 410 rpm.

As sccn in Figs. 4 and 9, contrary thc above mcntioncd thc changc tiom 250 to 1500 rpm incrcascd

oxtract ion at  250 "C. l0 % sol ids and a/o of0 40.
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Figure 9: Metal dissolution kinetics at 250 oC. Leaching was performed in an approxim ately 10 yo
pct solid with a/o ratio: 0.40 and u: 1500 rpm)

95 % nickel extraction is attained in 5 min at 250 oC, I 0 % solids and a/o of 0.40. Thcse results arc
unexpected due to the fact that an increasing ofmetal dissolution need nccessarily an increased re-
action time. The residence timc is limited to some cconomical maximum volume controllcd by thc
cost ofautoclavc in relationship to thc projcct economic.

Under the above mentioned conditions an increasing ofthc stirring speed increased thc mass trans-
fer rate und metal exffaction decreasing the rcsidence timc for lcaching. Under thesc condition thc
thickness ofinterface layer is also decreased.

Additional experimcnts at high temperatures up to 275 oC and different agitation ratc arc planncd to
check this influence on nickcl extraction for fcw diffcrent ore from Scrbia and Wcst Australia.

4 Conclusion

Sulphuric acid pressure leaching was employed'for "Rudjinci " ore using a2- liter titanium auto-
clave equipped with acid injection and sample withdrawal systems. Nontronitc is the main host
mineral for nickel in "Rudjinci" in Serbian laterites. The following points summarise the maior
findings:

l) A new system with an acid injection device and system to withdraw sample were succesfully
applied.

2) A temperature of200 oC apparently does not provide the driving force needed for rapid nickel
exhaction' By increasing oftemperafure up to 250 oC the nickel extraction and the initial rate of
leaching can be improved.
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Nickel recoveries were high (up to 99 %o) in the temperature range between 230 and 250 'C,

indicating that nickel extracts from Rudjinci ore as long as there was sufficient acid (a/o- 0.4),
stirring speed (u: 1500 rpm); temperature (T: 250 oC) and time (t:60 min).

An increase of the stining speed up to I 500 rpm increased the mass transfer rate und metal ex-
traction decreasing the residence time for leaching.

ln the samc temperature range the reaction temperature, acid/ore ratio and reaction time have a
big influence on iron extraction, but ferric cations hydrolyse rapidly after the dissolution of iron
compounds, forming directly hematite or basic ferric sulphate.

6) HzSOq concentration initially drops very fast and essentially remains constant thereafter in all

cases.

7) The oxidation potential decreased in time was followed with an an increase of nickel extraction
and can be used for process control.
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