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Abstract. X-ray diffraction (XRD), X-ray fluorescence (XRF), scanning electron microscopy energy dispersion spectroscopy (SEM—EDS), and differential
thermal analysis (DTA) measurements were used to investigate the mineralogical characteristics and distribution of data set in limonite soil from
Indonesia. The findings point to a complicated inner core in laterite ore. Ni, Fe, Mg, Al, and Si levels in limonite are 1.4, 50.5, 1.81, 4.86 and
16.5 wt %, respectively. The iron oxide/oxyhydroxide content of limonite is 94.4 and 5.6 % silicate. DTA shows that limonite has a phase transition
in the low temperature (200 — 300 °C) with the goethite transformation to hematite. This phase is good optimalization for nickel diffusion in the iron.
Moreover, for this limonite, the thermal upgrading was used as a good method.
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AHHOmayus. J1511 n3ydeHns: MHHEPAJIOTHYECKOTO COCTaBa M IapaMeTpOB JIMMOHUTOBBIX Pyl U3 VHIOHE3NN MPUMEHSUINCH METO/bI PCHTI€HOBCKOM
mudpakmun (XRD), perrrenosckoii ¢uyopecueniun (XRF), sHepromucrnepcHoOHHOTO0 MUKpOaHaIM3a Ha PacTPOBOM 3JIEKTPOHHOM MHKPOCKO-
ne (SEM-EDS) u auddepeniuansnoro trepmuueckoro ananuza (DTA). Tlonyyennble JaHHbIE yKa3bIBAIOT HA HAJMYME CIIOKHOTO BHYTPEHHETO
sipa B nareputHoi pyne. Coneprkanune Ni, Fe, Mg, Al u Si B iumonwure cocrasiser 1,4; 50,5; 1,81; 4,86 u 16,5 % (Bec.) COOTBETCTBEHHO, OKCHIOB/
THAPOKCUJIOB kene3a — 94,4 %, cunukatoB — 5,6 %. TepMuueckuil aHaIn3 MOKa3bIBaeT, YTO NpH HU3KoH Temmepatype (200 — 300 °C) B nmumoHHTE
MPOUCXOAUT (DA30BBIIl MEPEX01, MPH STOM I'€TUT 3aMelaeTcsi TeMaTUTOM. DTa (asa SBISIETCS ONTHMAJIbHBIM BapHAHTOM Ul IUGQy3UH HUKEIs
B Kele30. boree Toro, I 1aHHOTO JIMMOHHUTA B Ka9€CTBE IIOAXO/AIIETO METOA ObLIO BEIOPAHO TEPMUYECKOE 0OOTaleHuE.
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- INTRODUCTION

Given that nickel laterites represent 60 — 70 % of the
world’s Ni resources, they have been mined for around
140 years, generating less than 40 % of global Ni output
until 2000, with the following exceptions from sulfide
ores [1, 2]. The discovery and mining of laterite nickel ores
has increased with the fall in the availability of sulfide nickel
ore deposits [1]. Laterite nickel resources provide several
advantages, including abundant supply, inexpensive invest-
ment costs, simple transportation, and a range of products
like ferronickel, nickel matte, and nickel oxide [1]. Nickel
laterite deposits were divided into two categories based on
their chemical and physical characteristics: saprolite and li-
monite ores [3]. Limonite ores contain goethite, gibbsite,
and chromite, along with undersid stages such cristobalite
and protoenstatite [4 — 8]. Nevertheless, due to their low
crystallization and tiny particle size, mechanical procedures
are ineffective for these nickel laterites. As a result, the
use of physical treatment techniques to properly upgrade
these ores is generally difficult. Pyrometallurgical extrac-
tion techniques are used to extract nickel from laterite ores.
They may yield significant nickel recoveries counter this
challenge [9 — 22]. Furthermore, the laterite’s complicated
mineral makeup will have a significant impact on the re-
ducing roasting process. As a result, knowing the disinte-
gration of laterite is critical for laterite pre-reduction [13].
Since nickel is found in goethite and silicate minerals, an
additive must be used to dissolve the silicate and nickel
connections. This can easily be done by means of a sol-
vent [13 — 15, 19 — 21]. This research, will study saprolite
in material characterization to establish the optimal process
for extracting it.

[ MATERIAL AND METHODS

Limonite ore is from Torobulu, Southeast Sulawesi,
Indonesia. In the first step, limonite was sieved by shaker
sieve until the size of 100 mesh. This is the optimal size

Table 1

The chemical composition of limonite ore

Tabnuya 1. XuMUYeCKHIi cOCTAB JIMMOHUTOBOI
pyas1, % (Bec)

Ni | Fe | Si | Mg | Al | Ca | Cr | Mn Co
1.4 150.5|16.5 | 1.81 | 486 |0.177 | 2.68 | 0.847 | 0.0662

472

for laterite and was weighed at 10 and 1 grams for the ex-
periment and DTA test. The test involved annealing at the
temperature variation of 150 and 300 °C for 1 hour for ex-
periment test in furnace with 1 atm air pressure. The test for
the DTA Linseis — PT1600 involved annealing at tempera-
ture 200 to 1200 °C with deviation 10 °C/minute and 1 atm
air pressure and analysis data using Origin 8.1. It was then
analysed by XRF Bench Top PANalytical Epsilon 3XLE
(in the sample size 200 mesh — raw after homogenization
in ball mill for 8 h — concentrate sample after magnetic
separation and drying). The data was analysed in Micro-
soft Excel 2016, XRD PANalytical X’ Pert3 Powder (in
the sample size 200 mesh, the 20 is in the range 10 — 80°
with step size 0.05 and analysis data by High Score Plus)
for SEM-EDS Thermo-scientific Quatro 6 with magnifica-
tion 5000x and Bruker for EDS. The chemical reaction can
be seen in (1) for dihydroxylation goethite and (2) water
evaporation. After the characterization test, the sample was
mixed with a reductor and additive at step / to 2. Step / is
without holding temperature and goes direct to reduction at
1150 °C. Step 2 is with a holding temperature at 300 °C and
goes direct to reduction at 1150 °C.

4FeO(OH)(s) Heating 2 30°C y HEe, O, (s) + 2H,0(aq); (1)
ZHZO(aq) Heating at 120 °C 4H+ + Og— (2)

[ RAW MATERIAL ANALYSIS

As can be seen in Table 1, the specific chemical
composition in saprolite ore is obtained at 1.4 wt % Ni,
50.5 wt % Fe and 1.81 wt % Mg. Fig. 1 shows that sap-
rolite ore contains element goethite (FeHO,) and quartz
(Si0,). All the substances present in the limonite ore is an
oxide element and it is mineraloid structure. Nickel con-
tent in the nickel oxide largely forms and associates with
iron in the goethite structure. The Rietveld refinement cal-
culation results are obtained similar to the XRD results in

Table 2

Rietveld refinement calculations of limonite ore

Tabnuya 2. PacyeTbl JUMOHUTOBOI pyabl
MeTonoM Pursesbaa

Compound | Total (%)
Goethite 94.4
Quartz 5.6
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Fig. 1. XRD analysis of limonite:
@ — gocthite and @ — quartz

Puc. 1. AHanu3 TMMOHHTA METOZOM PEHTICHOBCKOM AH(PaKIii:
@ —retuT; @ — KBapI

Table 2, indicating that the raw material is limonite ore.
Fig. 2 and 4 show that curve / is the water evaporation and
curve 2 is the dihydroxylation of goethite.

This study shows the thermal gravimetry and phase of
limonite with the steep curves at each temperature (120 and
300 °C) according to Fig. 2 and 4, indicating change to the
goethite phases and the water evaporation. The result of the
experiment explains the transition of phases in limonite.
The morphology of limonite is shown in Fig. 3. The result
shows convincingly that the major element in the limonite
are iron-magnesium-silica-oxide and nickel strongly asso-
ciated with iron.
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Fig. 2. DTG analysis of limonite:
I —limonite; 2 — TG; 3 — DTG; 4 — water evaporation;
5 — dihydroxylation of goethite

Puc. 2. Aranu3 MeTo0M poN3BOAHON
TEPMOIPaBUMETPHH JINMOHHTA!
1 — TUMOHHT; 2 — TEPMOTPaBUMETPUSL; 3 — IPOU3BOIHAS TEPMO-
rpaBUMETpHH; 4 — UCIIAPCHUE BOIBI; 5 — IETHIPOKCUIIUPOBAHHUE TETUTA

[ EXPERIMENT ANALYSIS

Effect of temperature variation

on the phase transition

According to the raw material characterization, the
phase transition is indicated at 120 and 300 °C. In this re-
sult, at 120 °C, the phases are still same with the raw mate-
rial which show a good process of water evaporation. This
process should happen for limonite at this temperature. On
the other hand, the phase changes acutely from goethite to
hematite and the quartz is still in the same condition as raw
at 300 °C. Table 3 shows that the percentage of goethite
fell drastically to zero. The OH structure has changed to
oxide structure and the DTG results also show convincingly
the transition of goethite to hematite with high mass loss at
300 °C in Fig. 2.

B Effect of temperature variation on the morphology

The effect of heating at 120 °C separates the iron-nickel
from the raw condition in Figure 3 and is comparable with

Table 3

Rietveld refinement of calculation
of the temperature variation
Tabnuya 3. Pacuet u3MeHeHHUsI TeMIIePaTypPhl
B 32aBHCHMOCTH OT IPOLIEHTHOIO cojepxkanus ¢a3
MeToaoM PurBenbaa

Total percentage, %
- - Temperature, °C
goethite | hematite | quartz
94.4 0 5.6 120
0 94.4 5.6 300
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Fig. 3. SEM EDS raw limonite with area mode magnification 5000x (a):
b — magnesium; ¢ — aluminum; d — iron; e — silica; f— nickel; g — oxide

Puc. 3. CHUMOK 5HEpProAUCIepCHOHHOI0 MUKPOAHaIM3a Ha PACTPOBOM IEKTPOHHOM MUKPOCKOIE TMMOHUTA ¢ yBenudeHreM 5000 (a):
b — MarHuii; ¢ — alOMHUHUI; d — Kele30; e — KPEMHHUIA; f — HUKellb; g — OKCHUJL
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Fig. 4. XRD pattern of 120 °C (@) and 300 °C (b):
H - hematite; 4 — goethite; @ — quartz

Puc. 4. I'paduk naHHBIX peHTreHOBCKOH mudpaximu npu temmeparype 120 °C (a) u 300 °C (b):
Il — remarur; ‘ — IeTUT; @ — KBapLl

Fig. 5. It happens when the water evaporation has the initial
effect for phase transition. On the other hand, magnesium-
aluminum-silica is associated with strong binding. The ini-
tial stage can change the structure even though the XRD
result has no phase transition.

The heating process at 300 °C results in greater merging
of the iron-nickel, according to the spreading of element in
Fig. 6. Thus 300 °C is the optimal temperature for chang-
ing the phase of goethite to hematite. The shaping and join-
ing of the transition magnesium-aluminum-silica results in
a connection of the phase transition of goethite to hematite
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perfectly going well. This stage can change the structure
and the XRD result has convincing phase transition.

Effect of thermal upgrading on the phase

transition, nickel grade, and microstructure

Indication of thermal upgrading has a major effect
on phase transformation. Step 2 is the optimum condi-
tion with a high nickel percentage which Ni and Fe are
6.079 and 67.893 wt % in Fig. 7. The saturation of nickel
was high with increasing temperature and time. Fig. 8
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Fig. 5. SEM EDS limonite at 120 °C with area mode Fig. 6. SEM EDS limonite at 300 °C with area mode
magnification 5000x (a): magnification 5000% (a):
b — oxide; ¢ — aluminium; d — silica; e — iron; b — oxide; ¢ — aluminium; d — silica; e — iron;
f— magnesium; g — nickel f—magnesium; g — nickel
Puc. 5. CHUMOK 3HEProAMCIepCHOHHOTO MUKPOaHaIN3a Ha PaCTPOBOM Puc. 6. CHUMOK 2HEproAuCnepCHOHHOTO MUKPOAHaIN3a Ha PAaCTPOBOM
9NIEKTPOHHOM MHKPOCKOIIE IMMOHKTA TIpH Temiieparype 120 °C 9IIEKTPOHHOM MHKPOCKOIIE JTUMOHHUTA 11pu Temieparype 300 °C
¢ yeenuuenuem 5000 (a): ¢ yeenumueruem 5000 (a):
b — oKeut; ¢ — AMIOMUHUI; d — KpEMHHH; e — )Kele30; b — oxenp; ¢ — aNIOMUHN; d — KpEMHHUIA; e — XKene30;
f— Maruwuii; g — HUKeIb f— marHuii; g — HUKeIb
shows appearance of wustite due to the composition of 73.942 7.893
Fe on the 250 — 350 °C. The iron-nickel phase appears 80

more in step 2 than another step. Tthe grain size average
is 10 — 15 um and indication iron-nickel appears the opti-
mal percentage in the small grain size. Thermal upgrading
at a low temperature has a major effect on increasing the
percentage of nickel until 6 wt % causing the dihydroxyl-
ation of goethite.

Il Conciusion Step 1 Step 2

Fig. 7. The nickel () and iron () percentage

Based on the results, the phase transition of goethite to after thermal upgrading of limonite
hematite is optimal at a temperature of 300 °C. The chan-
ging of phases causes saturation of the goethite phase and

Weight percent, wt. %
w A
S S

Puc. 7. IlponientHoe coneprxanne Hukens (M) u sxenesa (M)
0CJIE TEPMUUYECKOTO 00O0TaIeHUs TUMOHNTA

475



W3BECTHA BY30B. YEPHAA METAJIIYPIUd. 2022. Tom 65. N2 7. C. 471-478.
Baxgu @, Managp A, Acmymu B.,, Hypdscaman @., [lpacemuo 3., Cymapdu C. Tepmudeckoe oboraieH1ue HUKeJIs U3 JUMOHUTA METO/OM ...

15,000

10,000

Intensity

5,000

¢

15,000

10,000

Intensity

5,000

10 20 30 40

26

50 60 70 80

Fig. 8. The phases of step / (a) and step 2 (b) selective reduction of limonite:
@ - wustite; €p — iron/nickel

Puc. 8. CenekTnBHOE BOCCTaHOBIICHHE TMMOHUTA, (a3bl ctynenu / (a) u crynenu 2 (b):
@ — BIOCTUT; 4P — HKEJIe30/HUKEIb

the change to hematite. As a result of the thermal upgrading
experiment, step 2 at 300 °C before the reduction process
ensures the optimal nickel percentage and recovery. Ther-
mal upgrading at a low temperature has a major effect on
increasing the percentage of nickel until 6 wt % causing the
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