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ABSTRACT

Nickel finds a wide industrial application. It is obtained through extraction from nickel-containing ores. The
metalextractionusingalateriticnickelorebecomesanimportantalternativebecauseofnickelsulphideorereserves
decrease.Thisstudyaimstodeterminethecoaltodolomitemassratiothatcanproduceferronickelproductsofhigh nickel recovery,
content, and selectivity. The extraction process studied refers to a direct reduction using a coal/

doIomitebedandNaSOazcncqlectiveagent.IttakesplaceinaSiCcruciblewithin6hatatemperatureoleOOOC. The best coal to
dolomite mass ratio refers to 1:2.09. It provides the highest Ni content of 12.04 %, the highest se- lectivity factor of 8.191
and nickel recovery of 99.1%.
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INTRODUCTION

Nickel is an important alloying metal with a wide range of applications in the industry [1]. The nickel
alloyshavehighstrengthandtenacity. Theyarecharac- terizedbyhighcorrosionthermalresistance. Thenickel laterite type ore
presents about 70 % of the nickel re- serve.However,only40%ofitisprocessedforfurther application [2]. This is due to the
difficulty of nickel lateriteoreprocessingwhencomparedtothatcontaining nickelsulphide.ltisattributedtometallicnickeluniform
distributionwhichinturnexcludesthepossibilityofap- plying flotation and gravity separation[3].

Limonitic and saprolitic types of the nickel laterite orearepresent.ThefirstoneisalownickelgradeofNi content ranging
from 1.1 wt. % to 1.8 wt. % [4]. It can be processed following a hydrometallurgy route such as that of high-pressure acid
leaching (HPAL) [5 - 7]. Several hydrometallurgy processes have been applied
aiminglimoniticnickeloreextractionbuttheproductiv- itylevelachievedislow,whiletheoperationalcostsare too high [6 - 9].
However, the nickel recovery is about 80%andwhichiswhytheprocessisnoteconomically viable [7].

Hence, many researchers have examined new methodsfortreatinglateritenickeloreincludingapyro process at a
lower operating temperature, i.e. a direct reduction[10-14].Butthelatterproducthasalowcon- tent of Ni because of the high
Fe presence in the ore. Furthermore,thebondbetweenoxygenandironisonly slightly stronger than that between oxygen and
nickel, which means that FeO is reduced almost as readily as NiO [15]. So, the challenges are how to reduce selec- tively
the Ni content of the nickel Ilimonite ore leaving theferrousoxideunchanged.Untilnow,manyresearch-
ershaveusedseveralNiselectivereductionprocedures. Some of them have applied NapSOy4 as an additive[16,
17].Theinvestigationreportedisfocusedonusinga
bed of a mixture of coal and dolomite and Nap»SOy4 as a selective agent varying the coal to dolomite mass ratio
becauseofitseffectonCOtoCOomoleratiosobtained in the course of the coal and the dolomite heating.
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EXPERIMENTAL

Materials

Raw materials of limonite nickel ore of a 50 mesh standard size were obtained from Southeast Sulawesi, Indonesia. The
coal used was obtained from south Borneo, Indonesia, while the dolomite was a product
ofGresik,EastJava,Indonesia. Thechemicalcomposi- tionofthenickelorewascharacterizedoyEDXandthe results obtained are
shown in Table 1. The proximate data referring to the contents of the coal used in this research is shown in Table 2. The
chemical composi- tionofdolomitewascharacterizedbyEDX.Theresults obtained are listed in Table3.

NanSOy,starch,anddemineralizedwaterusedinthis investigation were of a chemicalgrade.

Methods

Allrawmaterials(thelimonitenickelore,thecoal, and the dolomite) were crushed and sieved aiming 50
meshstandardsieve.NapSO4powderwasintroducedto the mixture containing the ore and the coal. Then, the starch and
demineralized water (50 ml) were added to the mixture. The latter was pressed to form pillow bri- quettes using a
pressure of 30 kg/cmz. They were then dried for 3 h at 110°C. The mass of all raw materials is shown in Table 4. The
mass of the bed components is showninTable5.ThevaluesoftheCO/COomoleratio are chosen on the ground of refs. [18,
19].

The briquettes were inserted in the bed placed in a muffle furnace crucible. The bed covered all the
briquettes. Then,thetemperatureofthefurnacewas

Table 1. Results of limonite nickel ore chemical composition.

Elements Ni Fe Si Mg Ca Al Cr Mn Co

wt .% 1.25 | 55.37 | 1.94 [ 042 | 046 | 5.04 | 1.54 | 0.88 | 1.62

Table 2. Proximate results referring to the contents of the coal used.

Parameters Results Unit Testing standards
Total moisture 1.8 %, ar’) ASTM D3302-02
Ash content 4.75 %, ar ASTM D3174-02
Fixed carbon 42.35 %, adb ") ASTM D3175-02
Volatile matter 52.86 %, adb ASTM D3172-02

*ar - a received sample; adb - a dry basis sample.

Table 3. Results of dolomite chemical composition.

Elements Ca Mg C @]

wt .% 18.01 | 14.30 | 12.62 55.07

Table 4. Raw materials used for briquettes production.

A A An Limonite Coal Na2SO4 | Starch | A briquette
sample | coal/dolomite estimated | icyel ore (9) (9) (g) | total mass
code mass ratio coicoz (9) (9)
mole ratio
A 1.19:1 0.88 100 27.07 14.42 4.24 168.57
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B 1.48:1 2.23 100 68.36 14.42 424 | 233.22
C 2.09:1 1.56 100 47.71 14.42 424 | 189.21

Table 5. Bed raw materials used.

A sample A An estimated Coal (gr) | Dolomite (g) | A briguette total
code coal/dolomite | CO/CO; mole ratio mass (g)
A 1.19:1 0.88 27.07 22.84 168.57
B 1.48:1 2.23 68.36 46.20 233.22
C 2.09:1 1.56 47.71 22.84 189.21

increased to 1400°C and was held at this value for 6
h. After the furnace was cooled, the briquettes were taken out, crushed and subjected to a magnetic separa- tion. Then, they
were characterized by EDX andXRD. Fig. 1 illustrates the direct reduction processused.

RESULTS AND DISCUSSION

Fig.2(a)showstheeffectofthecoal-dolomitemass ratio on the recovery of Ni and Fe. The increase of the
coal/dolomitemassratiobringsaboutanincreaseofthe nickelrecovery.Infactthenickelrecoveryincreasesin the case of all ratios
used. This is attributed to nickel oxidereductiontonickel.ltisworthaddingthatsulphur also increases the nickel recovery [20].

Fig.2(b)showsthattheincreaseofthecoal/dolomite mass ratio results also in an increase in iron recovery.
Hence,thisfactoraffectsbothmetalsrecoveryasthelat- terisdeterminedbytheamountofthereductant. This,in
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Fig. 1. A schematic presentation of the direct reduction installation (all dimensions in mm).

turn,indicatesthatthepossibilityofBouduardreaction proceedingishighbecauseofCOandCOaccommoda-
tion.TheBouduardreactionisdescribed[21]byEq.1:

CO, (from reduction product and dolomite decomposition)(g) * C(from coal)(s) a

2C0O(q) (Eq.1)
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Fig. 3. An effect of the coal/dolomite mass ratio on the product content (in wt. %) of (a) Ni and (b) Fe.
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Based on this reaction, CO reduces nickel and iron oxides to nickel and iron. Besides, it is known that the decrease of the
coal/dolomite mass ratio leads to an increase of olivine ((Mg,Ni)2SiOg4) formation, which in turn indicates that Ni will be
included in the non- magnetic portion and its recovery will be decreased. It canbeseenthattherecoveryofFeislowerthanthatof
Ni in all cases, which leads to the assumption that the corresponding reduction reaction is inhibited.

Fig.3(a)showsthattheinitialNicontentinthelimo- nitenickeloreis1.25%.Afterthereductionprocessat

14000C theproduct’sNicontentincreasesatallvalues of the coal/dolomite mass ratio. This is caused by the decomposition
reaction of goethite ((Fe,Ni)OOH) pre- sent in the ore. It is connected with dehydroxylation of thegoethiteOH-
structure. Thereaction[19]considered is presented by Eq. 2:

2(Fe,Ni)O.OH — (Fe,Ni)03+ Hy0 )

The dehydroxylation increases also the specific surface area as the goethite structure opens up and the nickel present
can be set free [22]. Then, CO obtained by the Bouduard reaction reduces FepO3 and NiO pro- viding Fe and Ni. In fact, the
increase of Ni content in theproductisdeterminedbyitsselectivereduction.The latter is affected by the reaction of Fe with
Scontained inNapSO4.Thereactions[17]takingplacearepresented by Egs. 3 - 7:

NapSO4 +4CO 0O NapS+4CO2 (3)

NapSO4 +3CO 0 NapO + S+3CO» 4)
NagO + 2FepSiO4 O 4FeO+ NapSipOg (5)
Fe+S OFeS (6)
NapS + FeO + 25i02 O FeS+NapSipOg (7)

Fig. 3(a) shows also that a high Ni content of the productisobtainedincaseofacoal/dolomitemassratio
0f1.48:1(SampleB).Inthiscase,theCO/COomolratio isthehighest.Itsvalueequals2.23asevidentfromTable
5. This means that sample B has a higher CO/CO2 mol ratio than that of samples A and D. On the other hand, the Ni
content of sample B is slightly higher than that ofsampleC,whichiscausedbytheformationofjadeite ((Al, Ca, Fe, Na)Si O .
The Fe3* ion is entrapped in the jadeitestructure.Fig.2(b)showsthattheFerecoveryof sample B is lower than that of
sample C. The wt. % of FeofsampleCislowerthanthatofsampleBasshown in Fig. 3(b). This is attributed to the CO/CO»
mol ratio of sample B which is higher than that of sample C. It facilitates the reacfinn (Eq.3) proceeding in sample B.
Ontheotherhand,thereactiondescribedbyEq.4.takes placefasterinsampleC.Asaresult,Sdiffusesintothe FeNi lattice of
sample C product. As a result, the latter contentofSwillbehigherthanthatofsampleB.Hence,

& = ALOLSO, ~ Alsminiom Sicats O = Py~ lren
0 = Fa 8~ Xifmgite O = Fadi — Nichad I
o =i~ Nchal O = Alfedi - Alsasmanm ben Sl de
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Fig. 4. An effect of the coal/dolomite mass ratio on the phaseofthemetalproduct:(a)aratioof1.19:1,(b)aratio of 1.48:1 and (c) a
ratio of 2.09:1.

theFecontentofsampleCisslightlylowerthanthatof sample B product.

Fig. 4 shows the phases formed in the metal prod- uct obtained in the course of the direct reduction.Fig.4 verifies that
metals are obtained as products in case of allcoal/dolomitemassratiosstudied. Themetalphases
refertoFe,FeNi,andFesSigwhenthecoal/dolomitemass ratioisequalto1.19:1,asshowninFig.4(a). Themetal phases refer to Fe and
FeNi in case of a coal/dolomite massratioof1.48:1.ThisisillustratedinFig.4(b).When the ratio investigated has a value of
2.09:1, the metal phases refer to Fe, Ni, andFesSis.

So,itcanbeconcludedthatNiandFeoxidereduc- tionproceedsatallratiosstudied.ltcanalsobeconclud- ed that in case of a
coal/dolomite mass ratio of 2.09:1, the elements of FeNi alloy are separated, i.e. the alloy is not existing any longer. This is
consistent with the resultspresentedinFig.2(a)-thehighestcoal/dolomite massratiobringsaboutthehighestrecoveryofNi.The
reason is that Ni and Fe have been separated. Besides, thereductionatmosphereofthecrucibleaffectsalsothe separation of the
metals produced. There is an optimal reductionatmosphere(CO/COzratio),whichisrequired. The CO/CO2 mol ratio, in this
case, is equal to 1.56:1. FeNi alloy is the product of the reduction proceeding atlowerratiovalues.Butthesameisvalidincaseof
highermolratiosofCO/CO2.Hence,itfollowsthatthe latter factor affects not only the selective reduction but
alsotheseparationofthemetalsconsidered. Tocompare theresultsobtainedwiththoseofstudyingtheselective reduction of the
laterite  nickel ore by a carbothermic reduction process, the so-called selectivity equation is
used.Itisconnectedwiththeevaluationoftheselectiv- ity factor by Eq. 8:

Fe  “Fe Yni (8)

where X and Y are the grades of Ni and Fe in the unreducedandthereducedore,respectively.Theselec- tive reduction of
Ni using ores of varying Ni and Fe grades can be compared [23] on the ground of the Eq. 8 application.

The selectivity factor obtained at all values of the ratios studied is shown in Fig. 5.

The best selectivity reduction of Ni is obtained when using a coal/dolomite mass ratio of 1.48:1. The value found is
slightly higher than that in the case of using a 2.23:1 ratio. But, it is much higher than the value estimated in the
experiment with a ratio of 1.19:

1. So, it can be concluded that the coal/dolomite mass ratio of 1.48:1 is the best for Ni selective reduction. A comparison
of the selectivity factor values obtained in other investigations is shown in Table6.

Itisworthaddingthatthe AlgFesSiphaseisformed on the product surface in the course of allexperiments

carried out, i.e. at all coal/dolomite mass ratio values used.
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Fig. 5. A selectivity factor obtained at all values of the ratios studied.
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Table 6. A comparison of the selectivity factor values obtained in the course of other investigations.

No  Nickel Methods Selectivity References Year
ore type Factors

1 Saprolite Reduction roasting using coal as a 21.8 Jiang, 2013
reducing agent and Na>SO, as an additive M.[17]

2 Saprolite Semi-molten state reduction using 1.34 Liu, M. [13] 2014
anthracite coal as a reducing agent and
CaoO as flux

3 Saprolite Direct reduction using anthracite coal as a 1.25 Zhou, S. [19] 2016
reducing agent and NaCl as an additive

4 Limonite Direct reduction using bio coal mixed in 1.06 Chen, G.J. 2014
pellet, no additive used [21]

5 Limonite Direct reduction using bituminous coal, 1.69 Elliot, R.[23] 2015
with elemental sulphur as an additive

6 Limonite Direct reduction using sub-bituminous 6.08 Abdul, F. 2018
coal and Na,SO;, as additive with the [25]
variation of holding time (The best
holding time was 8 hours)

7 Limonite Direct reduction using sub-bituminous 3.07 Abdul, F. 2018
coal and Na;SQO;4 as an additive with the [26]
variation of temperature (The best
temperature was 14000C)

8 Limonite Direct reduction using coal-dolomite bed 8.191 Present 2018
and Na,SO4 as an additive Study

CONCLUSIONS

A direct reduction of limonitic laterite nickel ore usingamixeddolomite-coalbedandNaySOg4asaselec-
tivereductionagentissuccessfullycarriedout. Thebest ferronickelmetalcanbeobtainedusingacoal/dolomite
massratioof1:2.09.Inthiscase,ahighrecoveryanda highselectivityfactorinrespecttoNiareobtained. The  ferronickel product
contains 12.04 % of Ni, while its recoveryamountsto99.1%.Thebestselectivityfactor of this method amounts to 8.191.
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