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Abstract

The extraction of nickel from the Serbian Interitic ore by sulphuric acid leaching has been studied
wnder high pressure conditions. A titanium autoclave cquipped with scid injection and sample with-
drawal unit wes used in sulphuric scid pressure leaching (SAPL). The following parameters arc
tested: stirring rate, acid to ore ratio and reaction time and temperature. Studies are done with ore
samples (1.1% Ni and 52.7 % Si0y) from Rudjinei, Serbia which belongs to laterite-silicate group
of depasits. These deposits have the great importance for nickel metallurgy, because of their large
presence. The main aim was to study the kinetics of the SAPL process. The initial solids, as well the
leach residucs, ure charscterized by ICP analvsis in order o determine the effects of investignted
parameters on the nicke] leaching degree. The reaction temperature, acid/ore mtie and stirring speed
have showed & positive influence on the incrcasing of nicke! extraction.,

] Introduction

Nickel demund has grown a1 an historic average annual rale of approximately 4 % per vear and s
expected 1o remain at that mte [1]. Thizmmgmhubmdﬁvenprhmﬂiyhynsmwmgdmmd for
nickel in stainless steel, whose production accounts for approximately two-thirds of primary nickel
demand, Nickel is processed from two mineral sources, sulphides and oxides (laterite), Laterite ores
are easily mined in comparison o sulphide ores, being close io the surface (10-100 m} [2]. Conser-
vative forecasts for next 20 years indicate that leaching of nickel laterites will rise in the region of
40 % to 50 % of the actual total world nickel production [3]. Nicke! processing from the laterite
arcd is cithor performed by pyrometallurgical methods prislucing forro-nicked, or by leaching with
smmonia ar with the use of sulphuric acid under high pressure conditions. It is knawn that 54.% of
the ttal reserves are found in laterites. Leaching from the Iaterite ore at atmaspheric pressurg is
mentioned by many authors,

Stopi¢ et al [4] showed that an atmospheric leaching of nickel Interitic ore *Rudjinci”, Serbin a1
lemperatures as high as 90°C  generally resulied in nickel extraction up to 78 %. The influence of
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reaction parsmeters temperature, Hme, sulphuric scid concentration and stirring speed on the kinet-
ics of metal extraction was determined. The results showed that the nicke! dissolution from lateritic
one 15 controlled by inner diffusion model.

Halikia [5] examined the influence of kinetic parameters on the extmction 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 n the ini-
tial stages of reacton st all molardties investigated. Temperature had o marked influence on nicke!
extraction.

Vulurovic et al. [6] have obtnined the high degree of nickel and coball recovery in ammoniuim-
carbonate and sulphuric scid lenching conditions at high pressure conditions,

Sulphuric scid pressure leaching of nickeliferous Intorites has attracted considerable attention from
the nicke! industry during the last § years [7-9], This process achieves a high nickel and cobalt ex-
traction (more than 95 %) with a high selectivity dug 1o simuluneous iron nnd aluminium dissolu-
tion and precipitation. Condition close o the industrial practice were tested: pulp density 30 %; acid
to are ratio 0.2 and temperature renging from 230 10 270 "C. 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 of nickel from the Serbian nickel laterite under high
tempersture und high pressure are considered. A new equipment with acid inicction and sample
withdrawal unit on the autoclave i presented. The influence of reaction 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 scid in autoclsve,
namely, reaction time and tempemture, ol gas pressure, and acid concentrution necessary for
maximum transfer of nickel into solution. Because of the larpe presence of nickel laterite in South-
East Europe and a smoll number of plants for hydrometallurgical production of nickel there exists o
need for studies of leaching under high pressure.

2 Experimental
2.1 Material (Ore “Rudjinci”, Serbia)

*“Rudjinci™ deposits, near by Vmijacka Banjs (sbout 200 km southem from Belgrade) are the most
abundant ones in Serbin. The sample of Rudjinei ore is a clay-like, loose material. The ore has a low
level of metal components and high level of 8i0y. “Rudjinei™ nicke] ore deposits belong to & group
of éxogenous nickel deposits, a subgroup of laterite-sihicate deposits. The deposits ane represenied
with serpentine Mg Si;05(0H ) variously decomposed into nontranite FeSij0y(OH),. Therelore,
silicates are the major and most important component of the deposits. The sample of ore “Rudjinei™
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wits previously homogenized with the following composition (%) 54.20 Si0s; 14.90 Fe: 4.00
Al 1.09 Cray; 113 Ni; 0.06 CoO; 140 Cal; 322 Mg; 0.48 MnO: 0,05 NawO and 0,05 K0,

22 Experimental procedures and analytical methods

Under high pressure leaching conditions tests were performed in & 2 | sutoclave, manufactured by
the Autoclave Engincers, USA. Figure | shows an overview presenting the autoclave a1 IME,
Anchen, which s part of 3 reactor systern from |- 50 1. Temperature was controlled within + 1 'C
by u temperature control system, manipuliting both an electrical heating mantle and a water cooling
system. Agitation wus provided by a titanium-made impeller that was magnetically driven. The
sutoclave was equipped 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 certnin amount of laterite
wils mixed with a pre-calculaied amount of deionisod water and placed in sn sutoclave. The slarry
was then heated up 10 # predeterminated temperature in the range of 200 to 250 “C under continuous
agitation, Upon lemperature stabilisation, & certain amount of concentrated sulphuric acid {96 wi %)
corresponding to different acid-to-ore ratios, was injected into the autoclave under pressure using
the injection device made at IME. Using the sumpling system 20 ml of almost clear liquid was peri-
odically withdrawn through a dip tube and then rapidly cooled. After the end of experiments, solu-
tions aliquots were filtered und analysed aiming Ni, Co, Mg, Al, Fe and 5i by ICF spectrophotome-
try. Eh measurement were taken using a platinum electrode and Agl AgCl reference electrode. pH
measurement was done using universal pH probe. The pH was calibrated using pH standard (pH= |
and pH=7).
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Autoclove ot IME:

Acid injection device at IME
1. Funmnel,

2,3, 4,6 Valves,

5. Cylinder for HyS0,,

7- Pipe.

System to withdraw sample at IME
9, 10, 11- Valves,
12, Pipe for sampling.

Very importani paris:
8. Munameter,

13. Spiral for cooling,
14, Mixer

Figure 1: 2 1 =Ti- autocleve st IME, RWTH Aaschen

The leaching process was cvaluated by metal extraction coefficient, defined as the fraction @ of o
given clement leached out over given period of time. The experiments were done at 200 230; and
250 *C in time up to 60 min. Al these temperatures the equilibrium vapour preasure reaches 1.6 up
to 4,1 MPa. The acid-to-ore mite (a/0) amounted from 0.24 to 0,40 g H:50/e ore.

23 New system with an acid injection device and
system to withdraw sample

Ome aim of this work is to present a new injection device and a new system o withdraw samples
during high pressure leaching. A sketch of two main system are presented in Fig. 2. and 25
Sulphuric acid is injeciéd into funnel No.6 (Fig. 2.a). Then the valves No.5 and NoB are slowly
opened and concentrated sulphunic acid goes into cylinder. The valves No.5 and No.8 are closed
Firstly vulve Mo.7 15 opened, and then guite slowly the valve No.3 15 opened. The sulphinc scd

goes into solution m autoclave, Then the valves No.3 and No.7 are closed, Later on same wity 20 md
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water is injected in autoclave. The injection of scid-and water at 230 °C reduces the temperature of
the solution inside reactor by o maximum of 10 °C. The controlling system regaines the target
temperatune normally in less than 5 min,

—
H;,SO_, I
g i
foea | | ]
| “‘ HM
| e —p—
35 ) .
— = | Le | |
‘ T I == J— 2 I [ 1
' 2 | ﬁ -r\jf.. _—
| 1 l L3
' Fodid
Fig 2o Acid injection device & IME Fig. 2.b, System to withdraw sample at IME
(1-mixer; 2- pipe; 3, 5, 7, 8- valve; 4, cylinder for |{1- mixer; 2- pipe; 3, 4, 6- valve;
5 6= funncl) 5- gylinder for sample; 7T-glass)

2:  System for acid injection device and to withdrew sample

can be withdrawn using the sampling systern in 2 min intervalls (Fig. 2,b). Firstly the
is shut down fior 30 ¢ aiming & separation of solid snd liquid. Then the valve No.3 (Fig. 2b)
ﬂuwly opened. 20 ml of the sample goes into the cylinder No.§ through pipe No.2 from the
- Then valve Mo.d is-closed. After opening valve No.b, the sarple goes into in glass No.7,
Eh and pH values are measured.
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24 Chemical analysis of solution and calculation method
of extraction yields

The ICP method was utilised to analyse the liquid samples, afier the proper dilutlon, for Ni, Ce, Fe,
Al and Mg In caleulating metal extraction X i, 8 volume eomrection formula was used:

[V—ﬁv,]f:w +ﬁu,i.'.‘”_,
i =i =
e mile,, /100) b

where V is the initial volume (ml) of the solution, v the volume (ml) of sample | withdrawn each
time, Cy,; the concentration of M (Ni, Co, Al Mg, Fe) in sample i (mg dm ™), m the initial mass of
laterite in g (on & dried basis) added into the sutoclave and gy the concentration of M in lnterite (wt.
%% dried solids),

2.5 Experimental structure

The first campaign of experiments investigated four leaching variables associated with four critical
factors for treatment of the Rudjinci ore.

Table 1:  Leaching Variables

Variable Parameter Low Value High Value
Temperature (") A 200 250

Acid 10 Ore Ratio (g Ha804 g ore) B 0,24 0.40
Stirring speed (epm) C 250 1500
Time {(min) () 10 i

The significance of these varinble was assessed by analysing the results in & 2* mamrix. From the
muttrix date, mathematical alghorithms will identify if the verintion of 8 leach conditions mlters
process control, independently and in conjunction with other varables. The mitrix values (A, B, C
or [3) can equal -1, 0 or |, These data points represent low, median and high values, The mumbser of
experiments was defined by Wheelers formul, Equation (2):

Tt
N = s
(== (2)
Where Nenumber of experiments, o= estimated standard deviation, A= required degree of confi-

dence (as a fraction). Thus it is necessary to include all experimental runs. Using the following va-
ues: o=4.7 Y% A=B %% 1t was caleulated N=17.
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3.1. Working plan

Kinetics of Leacking of the Serbian Nicke! Lateritic Gre

3 Results and Discussion

The experimental conditions {working plan) was presented in Tab, 2,
Table 2:  Experimental conditions

Temperature | Acid/Ore Ratio | Stiming Speed Time
(T A O i (rpm), C (min), D
250 (.40 230 30
230 0.24 1500 60
230 0.24 1 500 30
250 0.40 1 500 60
230 140 250 60
250 .40 I 500 kli]
250 024 250 a0
250 0.24 1 500 30
230 40 1500 30
240 032 B75 45
230 0.40 | 500 i
250 .24 1500 60
250 0.24 250 60
230 a0 250 6l
230 0.40 250 3
230 0.24 250 30
230 024 250 &l
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3.2 Effects of temperature

The temperatune tested varies from 200 °C and 250 “C. The reaction temperaiure has & positive in-
fluence on nickel extraction. The increased temperature of 230°C and 250°C led to final nickel val-
ues B2 and B6 % (Fig. 3)

100

m-l

Exdraktion (%)
=]

T T

o 15 a0 45 B0
1 (min)

Figure 3; Effects of temperature on the leaching mite of nickel. Leaching was performed i an
approximately 10 %o pet solid with a'o matio= 0,40 and u= 250 rpm)

One-hoter leaching tests was performed first at 10 % solid at the temperature of 200 °C with a stir-
ring spoed of 250 rpm, The ohtained results in Figure 2 showed that about 48 % Ni and 68 % Co
can be extracted in 60 min at 200 “C, while the extraction of magnesium smounted 631 %. A tem-
perature of 200 "C apparently does not provide the driving force needed for rapid nickel extraction,
By increasing of lemperature up to 250 °C the nickel extraction and the initial mte of leaching can
be improved (Fig. 3). An incressed temperature influences on a scparation of nickel from iron, that
is the critical step of anv nickel-laterite processing route. Mickel is incorporated into nontronite ma-
trices within laterite ores, hence nickel release requires destruction of the host mincral by leaching.
The ferric ion is sparingly soluble in dilute acids ot temperatures above 230 °C, and precipites
from solution in the shell as an oxide or basic sulphate, depending upon the activity of the sulphate
jon in solution, while nickel remains in solution
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B0
- Ni
g” - Co
0 =My I
g | ® Al
: 20 | % Fe
0 & 5 |
0 156 30 45 EBD
t {min)

Figure 4 Dissolution kinetics of major metals in nickel Interitic ore at 200 °C, Leaching was per-
formed in an approximately 10 % pet solid with a/o ratio= 0.40 and u= 250 rpm)

100 1
:g . =N
£ 70 = —a lieeal
g 30 —=—Fe
:1':§ : ;\ﬂj |

1 (min)

40 50 60 ‘

~ =

Figure 5:  Dissolution kinetics of major metals in nicke! lateritic are st 250 °C. Leaching was per-
formed in an approximately 10 % pet solid with oo ratio= 0,40 snd v= 250 rpm)

The reaction temperature, acidfore ratio and reaction time have o big influence on iron extraction
(Fig. 5). Ferric cations hydrolyse rapidly afier the dissolution of iron compounds, forming directly
hematite or basic ferrie sulphate, which ean transform 1o hematite,

2Fe" +31H:0 = P (s} + 6 H' (3

Fe'" + S0.% + Hy0 = FeOHSO, (s) + H* (4)
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2 FeOHSO, (s) + HaD = FesOy (s} + 2 80,5 + 6 H* (5)

Basie ferric sulphate formation depends upon leaching conditions and it is favoured by very acidic
environments (high sulphate contents) [#]. High temperatures though, favour the formation of
hemutite. One-hour leaching tests ar 10 % solid at the temperature of 250 °C with 4 stirring speed of
1500 rpm in 60 min have showed a iron extraction of 2 % (Tab. 23

3.3 Effects of H,S0, concentration

Many authors showed that the effect of H,S04 concentration on the nickel leaching rate is very sig-
nificant [4, 7, B 9]. The acidity level is expressed in two ways. First, the mass mtio of scid-to one
{dry) is indicative of the stoichiometric quantity of acid pleced into the sutoclave initially. An alier-
native way is 1o express the acidity level by the value of free [H:S04), This value is fundementally
responsible for driving the dissolution and precipimtion regctions which ke place, and can be fiol-
lowed by ICP analysis during an experiment,

| ——T=280°C; u=875 rpm'.-
alo=0 .40

—&— T=250"C; u=1500
rpm; afo=(0_24

—ia—T=240°C; u=8T5 rpm;
afo=032

—s—T=250"C; u=250 rpm;
wo=0.24

——T=250"C; u=250 rpm;
alo= 0,40

t (min)

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

Acidity was decrepsed during leaching. However, the hydrolytic precipitation of iron and slumin-
ium regenerates, eventully leading to smbilisation of the acid concentration. Aluminium cations
hydrolyse more slowly aceording 1o reaction (6) below 250 °C, leading to the formation of solid
products.

3 AT+ 2 804" + 7 Hi0 = (Hi0) Aly (SO(OH)s (5)+ S H (&)

High temperature (above 280 "C) favour the formation of basic sulphate, but this can also formed
ut Jower temperature if the scidity is high according o Eq, 6.
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2 A" + 280 + T HiD = AlDy 2 SOy-HD () + 2 H° 7

Under process conditions, the concentration of dissolved aluminium usually exceeds its salubility
and aluminium precipitates us hydronium alunite. As scen in Fig. 6, H;50: concentration imitially
drops very fast and cssentially remains constant thereafter in all cases. Measurement of Eh of prog-
nunt leach slurries of “Rudjinci™ ore give a range between S80 and 630 mV, Variation in oxidation
potentinl were seen in Fig, 7.

850 .
—tr TR miow O.32
=475 Em
830 - e T=250°C a0 024,
u= 250 rpm
= 610 - ——T=50°C; ain= 0.40;
E =50 pm
W 5490 -
570 -
ﬂ - T T T T L |.
0 10 20 a0 40 50 &80
t {min)

Figure 7. Varintion of Eh in time during SAPL of nicke] lateritic ore

Decreasing the oxidation potential in time was followed with an increase of nickel extraction (Fig.
&), This is no direct influence of Eh on nickel extraction, but it can be an impartant sign for process
control. We suggest that Eh can be dircctly correlated with Fe (1) and Fe (111) concentration. Tin-
dall [2] confirmed that remarkably large variation in transformation mte occurred when changing
the oxidation potential. Whilst the pH wis varied, the Eh was held constant at two different levels,
the first at Eh of 850 mV, typical of 8 limonite-ore and the second at 670 mV, typical of o nontronite
ore. An inercase in reaction mie with decreasing Eh {s common trend in metal-oxide dissolution
systems when the metal can assume different oxidation state. At low Eh, reduced specics in solution
{like F¢*") facilitate clectron trunsfcr into the oxide Iattice which promotes the breakdown of the
uxide Iattice by dilute sulphiric ocid.
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u= 250 rpm

T T T

0 10 20 30 40 50 60
t (i)

Figure 8:  Mickel dissolution kinetics during SAPL of nicke| Ineritic ore
The pH values were amounted between (09 and 1.9 m all cases.

34 Effects of stirring speed

It is known thet higher stirming rates resalt in an increased dissolution rate. In a diffusion-controlled
process, the mic of dissolution can be usually expressed as a function of speed of stiring as follows
[y

va=n" (8)

Where: vo - the rate of dissolution (5), n -the number of revolutions, and 8- the constant with value
of us |. Leaching tests conducted by Georgiou and Papangelukis (9] at various agitation rates be-
tween 450 and 650 rpm demonstrated that the agitation rate had o negligible effect of nickel
dissolution. Chou et al, [12] showed that nickel extraction is independent of agitation after brief
initinl mixing pertod whercas two axial turbines provided smple mixing between 50 and 600 rpm.
The sumé conclusions are presented by Tindall [2] in the agitation rmnge between 130 and 410 rpm.
As-seen in Figs. 4 and %, contrary the above mentioned the change from 250 1o 1500 rpm increased
extraction at 250 °C, 10 % solids and w/o of 0 40,
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| 100 —— Attt
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_ &0
*® -0
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0
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t (min)

Figure 9:  Metal dissolution kineties at 250 °C. Leaching was performed in an spproximately 10 %
pct solid with alo ratio= 0,40 and u= 1500 rpm)

95 % nickel extraction is attained in 5 min at 250 °C, 10 % solids and a/o of 0.40, These results are
unexpecied due o the fact that an increasing of metal dissolution need necessarily an increased re-
| action time. The residence time is limited 1o some cconomical maximum volume controlled by the
- cost of autoclave in relationship to the project economie,

- Under the sbove mentioned conditions an increasing of the stirring speed increased the mass 1mns-
fer rute und metal extraction decreasing the residence time for leaching, Under these condition the
thickness of interface layer is also decreased.

Additional experiments at high temperatures up to 275 °C and different agitation rate are planned 1o
eheck this influence on nicke! extraction for few different ore from Serbia and West Australia.

4 Conclusion

Iphuric acid pressure leaching was employed for “Rudjinei * ore using a 2- liter titanium auio-

elave equipped with acid injection and sample withdrawal systems, Nontronite iz the main host

for nickel in “Rudjinci™ in Serbian laterites. The following points summarise the major
dings:

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

) A temperature of 200 °C apparently does not provide the driving force needed for rapid nickel
extraction. By increasing of temperature up 1o 250 °C the nickel extraction and the initial rate of

leaching can be improved.
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3)

4)

5

B)

7

5

We
D,

Mickel recoveries were high (up to 99 %) in the temperature runge between 230 and 250 °C,
indicating that nickel extracts from Rudjinei ore as long as there was sufficient acid (afo=(0.4),
stirrng speed (1= 1500 rpm); termperature (T= 250 “C) and time (t= 60 min).

An increase of the stiming speed up to 1500 rpm inereased the mass transfer rte und metal ex-
traction decrensing the residence time for leaching.

In the same temperature rmnge the reaction temperature, scid'ore mtio and reaction time have a
big influence on iron extraction, but ferric cations hydrolyse rapidly nfier the dissolution of fron
compounds, forming directly hematite or basic ferric sulphate,

H:50; concentration initially drops very st and essentinlly remains constant thereafier in all
CHE5CS,

The oxidation potential decressed in time was followed with an an increase of nickel extraction
and can be used for process cantrol.
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