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Abstract: In this study, column leaching experiments were carried out to investigate the extraction of
Ni and Co from low-grade limonitic laterites from Agios loannis mines in central Greece. Tests were
carried out in laboratory Plexiglas columns using H,SOy as leaching solution. Parameters determining
the efficiency of the process, i.e., acid concentration (0.5 M or 1.5 M) and addition of 20 or 30 g/L
of sodium sulfite (NaySO3) in the leaching solution, were also studied. Upflow transport of the
leaching solution with the use of peristaltic pumps was carried out, while the pregnant leach solution
(PLS) was recycled several times over the entire test duration. The concentration of Ni, Co, Fe, Ca,
Al, Mg, and Mn in the PLS was determined by Atomic Absorption Spectroscopy (AAS). The ore
and the leaching residues were characterized by different techniques, i.e., X-ray fluorescence (XRF),
X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, and differential scanning
calorimetry and thermogravimetry (DSC/TG). The experimental results showed that (i) Ni and Co
extractions increased with the increase of H,SO,4 concentration—60.2% Ni and 59.0% Co extractions
were obtained after 33 days of leaching with 1.5 M H;SOy; (ii) addition of 20 g/L NaySOs in the
leaching solution resulted in higher extraction percentages for both metals (73.5% for Ni and 84.1% for
Co, respectively), whereas further increase of NapSO3 concentration to 30 g/L only marginally affected
Ni and Co extractions; and (iii) when leaching was carried out with 1.5 M H,SO, and 20 g/L NaySOs3,
its selectivity was improved, as deduced from the ratios Ni/Mg, Ni/Ca and Ni/Al in the PLS; on the
other hand, the ratio Ni/Fe dropped as a result of the higher Fe extraction compared with that of Ni.
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1. Introduction

Nickel is the fifth most common element on earth and is widely used in many industrial, transport,
aerospace, marine, architectural, military, and consumer applications. Its biggest use is in alloying,
particularly with chromium and other metals, to produce stainless and heat-resisting steels [1]. It must
also be underlined that nickel is considered today as the most important metal by mass in the Li-ion
battery cathodes used by electric vehicle manufacturers [2].

Sulphide ores comprise about 30% of the global nickel reserves and result in almost 55% of world
metal production [3]. The gradual depletion of high-grade nickel sulphides and the increasing demand
for nickel has initiated studies into the exploitation of the huge reserves of nickel laterites [4-6].

It is known that conventional mineral processing techniques cannot be readily applied to laterites
due to the complex nature of the ores and the fact that nickel is hosted in several mineral phases [7,8].
The treatment of laterites is mainly carried out by pyrometallurgical techniques to produce ferronickel
(FeNi) [9,10]. However, due to the high capital and operating costs of pyrometallurgy, the use of
hydrometallurgical techniques, including atmospheric, heap, and high-pressure acid leaching (HPAL),
as well as bioleaching, has gained more interest [11-14].
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Earlier studies of column leaching indicated that Ni or Co extraction from laterites is strongly
dependent on the type of nickel-bearing phases, leaching time, acid type or concentration, and particle
size. In several cases, the use of agglomerating was considered to improve permeability of the reaction
bed and accelerate leaching of the useful elements [15]. Duyvesteyn et al. [16] suggested that the
ore should be crushed and pelletized with the use of sulphuric acid with a concentration of at least
100 g/L to neutralize magnesia. Horizonte, S.G. and Horizonte, D.O. [17] carried out tests in columns
with 1 and 4 m height using agglomerates, concentration of H,SO4 20 to 200 g/L, and irrigation rate
10 L/(m?-h). Their results indicated that higher acidity leads to faster kinetics and recoveries of 84% for
Ni and 70% for Co after 150 days of leaching. Elliot et al. [18] performed column leaching tests using
various Australian nickel laterites, which were agglomerated with the use of water and sulfuric acid in
a rotating drum. The leaching solution contained 200 g/L H,SO4 while no recycling was involved.
Depending on the ore mineralogy, extractions of 10-98% for Ni and 12-97% for Co were obtained
after 120 days of leaching. The same study indicated that Ni and Co extractions were increased for
laterites containing low goethite and moderate smectite content. Quast et al. [11] studied the behavior
of siliceous goethitic ore and the effect of agglomeration on Ni and Co extractions in column studies,
with the use of HySO4 for a period of 100 days; also in this case, no recycling of the leaching solution
was carried out. The authors mentioned that the feed size influences Ni and Co extractions which
were, for the finest size used, 90% and 80%, respectively. In the study by Quaicoe et al. [19], column
leaching experiments were performed using agglomerates of saprolitic (SAP) and goethitic (G) laterite
ores, 200 g/L HpSOy4, and an irrigation rate of 8.5 L/ (m2-h). Ni and Co extractions for the G ore were,
after 100 days, 62.7% and 55.6%, respectively, while for the SAP ore higher extractions of 90.0% Ni
and 72.8% Co were obtained. This is due to the fact that serpentine minerals dissolve more rapidly in
H,SO,4 compared with the more refractory goethite. Other studies have investigated the potential of
SO, as reductant, also in the presence of Cu?* ions as catalyst, to accelerate the rate of atmospheric
acid leaching of laterites [20-24].

Greek laterite deposits are mainly located in three regions, i.e., Evia island and Lokrida in
central Greece and Kastoria in northwestern Greece. Evia and Lokrida deposits are of limonitic type,
with high iron and low magnesium content, whereas Kastoria laterites are of saprolitic type with
high magnesium and low iron content. Greek laterites have been processed for more than 50 years
at the Larco S.A. pyrometallurgical plant at Larymna to produce FeNi containing 18-20% Ni [25,26].
The hydrometallurgical treatment of these Greek ores, with atmospheric and pressure H,SO4 leaching,
was first studied in the mid-1980s at National Technical University of Athens (Athens, Greece) [27-30].
Later, at the same institution, research efforts were focused on heap leaching [31,32]. The developed
approach, through laboratory and pilot studies, involved the use of H,SOj, purification of the pregnant
leach solution (PLS) by chemical precipitation, and, finally, recovery of Ni and Co [33]. No further
studies to assess the potential of leaching of Greek laterites were then carried out, while in the last
years the quality of the ores has gradually dropped. Thus, the aim of this study is to investigate the
potential of column leaching for the treatment of low-grade Greek limonitic laterite and also to assess
the effect of the addition of NaySOj in the leaching solution on the overall efficiency of leaching.

2. Materials and Methods

The ore used in this study (~50 kg) is a low-grade (0.58 wt % Ni) laterite from Agios Ioannis
(LAI), Greece, obtained from Larco S.A mines. It was dried and homogenized by the cone and
quarter method, and a representative subsample was crushed to minus 16 mm using a jaw crusher.
Chemical and mineralogical analyses of the ore, after pulverization with the use of a FRITSCH-BICO
pulverizer (Fritsch, Dresden, Germany), and of the leaching residues, after drying overnight at
80 °C, were carried out with the use of (i) a Bruker-AXS S2 Range type X-ray fluorescence energy
dispersive spectrometer (XRF-EDS) (Bruker, Karlsruhe, Germany) and (ii) an X-ray diffractometer
(XRD)(Bruker AXS (D8 Advance type), Karlsruhe, Germany) (Cu tube, scanning range from 4° to 70°
20, step 0.02° and measuring time 0.2 s/step) with the use of the DIFFRACplus EVA v. 2006 software
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(Bruker, Karlsruhe, Germany) and the Powder Diffraction File (PDF-2) database(Bruker, Karlsruhe,
Germany). A quantity of 2 g of each ore sample and leaching residue was also digested with the
use of aqua regia and analyzed with AAS to carry out mass balance calculations [27]. Since the
differences between aqua regia digestion and XRF were only minor (£5%), results presented in this
paper are those derived by XRF. The functional groups present in laterite and leaching residues were
identified through Fourier transform infrared (FTIR) spectroscopy using KBr pellets and a Perkin
Elmer Spectrum 1000 spectrometer (Akron, OH, USA); each sample was mixed with KBr at a ratio 1:100
w/w and pressed to obtain a disc. In addition, differential scanning calorimetry and thermogravimetry
(DSC/TG) were performed using a Setaram LabSys Evo TG-DTA-DSC analyzer (SETARAM Inc.,
Cranbury, NJ, USA). The samples were heated in a nitrogen atmosphere from 40 to 1000 °C with a
heating rate of 10 °C/min. All analyses were carried out in duplicate and average values are given in
this study.

Four leaching tests were carried out in columns to study the effect of HySO, concentration and the
addition of sodium sulfite (NaySO3) in the leaching solution on Ni, Co, and other element extractions.
The leaching solutions and the process parameters considered are presented in Table 1. Laboratory
Plexiglas columns with a diameter of 5 cm and height of 50 cm were used. The bed consisted of 1000 g
laterite (bed height 40 cm) and two layers of 2 cm of silica sand placed at both ends of each column
to act as filters. Cotton glass was also added at the bottom of each column to prevent transport of
ultra-fine particles and precipitates and subsequent blockage of the columns. The leaching solution
used, with an initial volume of 10 L, was either 0.5 M or 1.5 M H,SOy. The effect of the addition of
20 or 30 g/L NaySOj; in the solution containing 1.5 M H,SO4 was also investigated. It is noted that the
conditions used in the present study were the ones which were considered optimum after a series of
previous tests investigating leaching of saprolitic and limonitic ores were carried out.

The leaching solution was pumped from plastic vessels with a flowrate of 3 L/day and collected
in similar vessels. The solution was pumped upwards using a variable-speed peristaltic pump
(Masterflex L/S economy variable-speed drive, Cole-Parmer Instrument Co, Vernon Hills, IL, USA)
at a Darcy velocity of 152.9 cm/day. This means that an input flowrate of 2.08 & 0.1 mL/min was
used. This flowrate can be also expressed as ~175.4 L/(m?-h). It is mentioned that in column leaching
studies, velocities greater than 20 cm/day minimize the impact of axial (e.g. longitudinal) diffusion
on transport [34]. Hence, the total empty bed contact time (EBCT), defined as the ratio of actual bed
length to approach velocity, was 15.7 h [35].

The leaching solution was recycled every 3 days. Recirculation started after the entire feed
solution passed through the column (laterite bed). The total duration of the tests was 33 days. At the
end of the tests, columns were flushed with distilled water so that the final PLS volume was ~10 L.
Samples from the outflow were taken initially every day and at later stages at the end of each cycle to
determine the concentration of Ni, Co, Fe, Ca, Al, Mg, and Mn by Atomic Absorption Spectroscopy
(AAS). pH and Eh measurements were carried out with the use of a WITW pH 7110 inoLab pH/Eh
meter. Acid consumption was determined by calculating the acid strength of the initial and the solution
at the end of each cycle by a titrimetric method, as proposed by Quaicoe et al. [19]. The residues were
dried at 80 °C for 1 day before characterization with the use of analytical techniques.

All leaching tests were done twice and metal concentration values in PLS given in this paper are
averages; it is noted that the difference in concentration for all metals was less than 1% in all cases.

Table 1. Experimental details.

Test Number  Strength of H,SO4 Solution (M) Na,SOj3 conc. (g/L) Weight Loss (%)

1 0.5 10.5
2 1.5 8.8
3 1.5 20 8.6
4 1.5 30 8.5
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3. Results and Discussion

3.1. Ore Characterization

The product of the crusher was dry sieved using a series of screens with an aperture ratio of
2 and the determined particle size distribution is presented in Figure 1. The results showed that
the 80% passing size (dgg) of the raw material was 8.8 mm. The chemical composition of each size
fraction is shown in Table 2. It is seen that grinding is not selective and does not result in noticeable
nickel upgrade in the finer fractions. The XRD pattern of LAI and selected leaching residues is
shown in Figure 2. Chemical and mineralogical analyses showed that the ore is of limonitic type
(Fe content > 32% and MgO < 10%). The main mineral phases identified in the ore are hematite
(FexO3), goethite (FeO(OH)), and quartz (SiO;), while calcite (CaCO3) and cryptomelane (KMngO)
are minor phases. The main Ni-bearing phases of the ore are chromite (Cr,O3-NiO), clinochlore
(Mg, Fe)s Al(Si3 Al)O19(OH)g), and willemseite ((Ni,Mg)35i4O19(OH);). The mineralogy of the laterites
used in the present study is quite similar to the mineralogy of other limonitic laterites originating
either from the same area or from other countries and investigated in earlier studies [36,37].
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Figure 1. Particle size distribution of laterite from Agios Ioannis (LAI) used in column leaching tests.

Table 2. Chemical composition (% w/w) of LAI size fractions.

Size Fraction (mm) Ni Co Fe;O3 SiO, AlLO; CaO MgO Cr,03 KO TiO MnO LOI Sum

+8 0.66 0.031 49.25  27.66 4.79 0.63 298 3.65 047 060 044 751 98.67
+4 049 0.035 5175 27.05 494 053 3.1 2.59 051 054 032 785 99.72
+2 0.56 0.033 51.40 27.56 4.75 055 291 2.68 056 058 032 737 99.27
+1 0.61 0.031 49.27 2812 5.00 0.76  3.05 2.52 069 058 032 800 9895
+0.5 055 0.032 4944 2873 5.01 075 295 2.29 059 057 031 836 99.58
-0.5 0.67 0.028 4120 3246 5.87 173 4.02 2.66 074 053 037 914 99.42
Total 0.58 0.032 49.81 27.98 4.94 0.69  3.07 2.82 057 057 035 781 99.22

C: Calcite (CaCO;)
Ch: Chromite (Cr,05Ni0)

CE Clinochlore (Mg Fe):AI(SizADO:(OH)s)
Cr: Cryptomelane  (KMngOs5)

Q G: Goethite (FeO(OH))
H: Hematite (Fe,05)

& Q: Quartz (Si0)

c W: Willemseite (Ni.Mg):$i,0:0(OH):)

5 H,Ch
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Figure 2. XRD patterns of (a) LAI, (b) residue after leaching with 1.5 M H,SOy, and (c) residue after
leaching with 1.5 M H,SO4 and 20 g/L Na,SOs.
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The XRD patterns of the leaching residues, resulting from H»SO, leaching with and without the
use of NaySOj3, are shown in Figure 2b,c. The main difference in these patterns is the higher intensity
of hematite peaks, especially when Na;SO3 was added in the leaching solution. No gypsum was
detected in the residues, as in the case of reactor leaching of the same ore [38], due to the conditions
prevailing in columns, i.e., low temperature and high H,SO4 concentration [39]; some gypsum may be
formed but not enough to be detected by XRD.

The FTIR spectra of LAI and its residues after column leaching with 1.5 M H,SO4 and 1.5 M
H,SO, with the addition of 20 g/L NaySOs are shown in Figure 3. In all spectra, three regions can
be identified, including several low-, mid-, and higher-frequency weaker bands. The band seen at
466 cm~! in LAI (Figure 3a), which was slightly shifted to 458 cm ™! in leaching residues (Figure 3b,c),
can be attributed to the bending motions of the Al- and Si-containing phases and the formation of Fe
phases. The peak at 784 cm~! in LAl is mainly due to Si-O-Si symmetric stretching of bridging oxygen
between SiOy tetrahedra. The band seen at 1010 cm ! in LAI which has been shifted to higher values
(1086 cm 1) in the leaching residues (Figure 3b,c), is attributed to asymmetric stretching vibrations of
the silicate tetrahedral network [40]. The weak band shown at 1626 cm ™! in LAI, which becomes more
intense in the leaching residues and especially in the one obtained after leaching with the addition of
Na,S03, is probably due to ~OH bending vibrations. The small band seen around 2360 cm~! in LAI is
mainly associated with the infrared band position of HCO3 ™ ions. The band shown between 2892 and
2922 cm~! is due to hydrocarbon stretches. The broad band seen at 3416 cm~! only in leaching
residues (Figure 3b,c) corresponds to ~OH stretching vibrations [41]. The band seen at 3416 cm ! only
in leaching residues may be assigned to Fe3*—~OH-Fe®* stretching and deformation vibrations [42,43].

2892 a

784 2360

Transmittance %

400 900 1400 1900 2400 2900 3400 3900
Wavenumber, cm 1

Figure 3. FTIR spectra of (a) LAI, (b) residue after column leaching with 1.5 M HySOy4, and (c) residue
after column leaching with 1.5 M H,SO, with 20 g/L NaSOs.

The behavior of LAI and its residues during heating was investigated through DSC/TG analysis
(Figure 4). The peaks at 110 °C and 140 °C in all samples (Figure 4a—c) are due to loss of free
water. The peaks seen between 330 and 350 °C, also in all samples, are associated with the removal of
crystalline water and OH™ group from the structure of goethite as well as the formation of hematite [44].
This peak was shifted to a higher temperature (350 °C) in the residue obtained after leaching with
the use of Nay;SOs, probably due to the higher degree of crystallinity of goethite [45]. The peaks at
530 and 570 °C (Figure 4a,b) are due to phase transformations of iron, silica, and calcium compounds;
these peaks are almost invisible in the leaching residue obtained after leaching with the addition of
NaSOj3. The exothermic peak at 800 °C (Figure 4c) is associated with recrystallization of forsterite
(Mg»5i0y) and transformation of NiSO4 and CoSO;4 to NiO and CoO, respectively [45,46]. Concerning
TG analysis, the total weight loss of LAI was almost 15% (Figure 4a) and increased to 40% and 63% for
the residues obtained after leaching with 1.5 M H;SOy in the absence/presence of 20 g/L NaySOs3
(Figure 4b,c, respectively).
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Figure 4. DSC/TG curves of (a) LAI, (b) residue after leaching with 1.5 M H,SOy4, and (c) residue after
leaching with 1.5 M H,SO4 with 20 g/L NaySOs.

3.2. Leaching Efficiency

Figures 5-11 show the evolution of metal extractions (Ni, Co, Fe, Mg, Al, Ca, and Mn) versus time
(in days) during leaching for the different column tests. It is seen that the extraction percentage for
each metal increases with time but the leaching rate differs and depends on the conditions prevailing
in each column.

The extraction of Ni and Co when 0.5 M H,SOy is used is rather low and does not exceed 40 and
55%, respectively; this is also due to the fact that some acid is consumed for the solubilization of
Mg and Ca compounds present in the ore. Increase of the acid strength to 1.5 M improves Ni and
Co extractions to 60.2% and 59.0% for Ni and Co, respectively. Further increase of the Ni and Co
extractions is shown when 20 g/L of Na,;SOj3 is added to the leaching solution, reaching 73.5% and
84.1%, respectively. Increase of the addition of Nay;SOs to 30 g/L only marginally affects extraction of
Ni and Co: Ni extraction increases from 73.5 to 76.0%, whereas Co extraction decreases from 84.1 to
75.5%; this decrease may be due to the formation of neophases and their precipitation in the residues.

The extraction of Ni and Co is increased in the presence of Na;SOj3 as a result of the following
reactions. In the presence of H,SO,, NaySO3 reacts with H* ions to form H;SO3, as shown in Reaction
(1). Then, H,SO3 is dissociated according to Reaction (2).

NaySO3; + HySO4 = NaySO4 + H,SO;5 (€))

H,503 = HY + HSO; = Hy0 + SO;(aq) @)

Goethite reacts according to the following reactions ((3) and (4)) and, thus, nickel associated to
this mineral phase is extracted.

2FeOOH(s) + 2H™ 4 SO, (aq) = 2Fe*" + SO~ + 2H,0 @)

2FeOOH(s) +4H" +SO3™ (aq) = 2Fe?" +S0%~ + 3H,0 (4)
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The SO,(aq) generated from Reaction (2) will lower the potential of Reactions (3) and (4) and
accelerate Fe extraction and Ni liberation from goethite. An in-depth analysis of the leaching chemistry
of laterites with the use of HySOy in the presence of HySOj is given in a recent paper [24].

It is seen from Reactions (3) and (4) that less acid is required for the initial dissolution of goethite,
namely 0.5 or 1 mole of HySO4 per mole of goethite, compared with the consumption of acid without
the presence of HySO3, which is 1.5 moles per mole of goethite [47], as shown in Reaction (5).

FeOOH(s) + 3H" = Fe** + 2H,0 (5)

Iron extraction is, in general, very low; however, the increase of the acid strength and the addition
of Na,SOj3 result in an increase of Fe extraction which does not exceed 8.2%. It is known that Fe
extraction during laterite leaching is the main parameter that defines the selectivity of the process.
In this study, the low Fe extraction is due to the room temperature used, the use of columns instead
of stirred reactors, the coarser feed size used in comparison to the size used in agitated leaching,
and the precipitation of iron compounds during leaching. In the study carried out by Luo et al. [24]
and involving leaching of a limonitic laterite with liquid/solid (L/S) ratio 10:1 and 12% (w/w) HpSO4
at 90 °C with or without the use of Na;SOs3, Fe extraction after 6 h was much higher and reached
70% and 55%, respectively. It is known that in the conditions prevailing in our experiments, iron can be
removed through the formation of hydronium jarosites and ferrihydrites. The formation of hydronium
jarosites is favored at very low pH values, i.e., pH = 0.2, whereas hematite can only be formed when
tests are carried out in much higher temperatures [44].

The maximum extractions of the other three elements that affect the selectivity of leaching, namely,
Mg, Al, and Ca, do not exceed 40.2, 23.3, and 51.0%, respectively, in the optimum conditions (1.5 M
H,S04, 20 g/L NaySOs3). The low extraction percentages of these elements during laterite leaching
with the use of HySOy is an advantage of column leaching, since the solubility of metal sulphates
in water increases with the increase of temperature; on the other hand, inverse solubilities may be
noticed at elevated temperatures. It is known that limonitic laterites have lower content of Ca and Mg
and higher content of Al compounds compared with saprolitic ores; this affects the selectivity of the
process, especially when leaching is carried out in stirred reactors and higher temperature [38].

pH values were very low, close to zero, in all column leaching tests; the only exception was noted
in the use of 0.5 M H;50,, where pH increased with time to 0.36 at the end of the test. On the other
hand, final Eh values decreased slightly with the addition of Na;SO3 and varied between 410 and
370 mV when 0.5 M H,SO4 and 1.5 M H,SO4 with 30 g/L NaySOs were used, respectively.
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Figure 5. Evolution of % Ni extraction vs time during LAl leaching for different tests.
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Figure 6. Evolution of % Co extraction vs time during LAl leaching for different tests.
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Figure 7. Evolution of % Fe extraction vs time during LAI leaching for different tests.
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Figure 8. Evolution of % Mg extraction vs time during LAI leaching for different tests.
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Figure 9. Evolution of % Al extraction vs time during LAI leaching for different tests.
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Figure 10. Evolution of % Ca extraction vs time during LAI leaching for different tests.
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Figure 11. Evolution of % Mn extraction vs time during LAI leaching for different tests.

Table 3 presents the concentration of Ni and other main elements in the PLS in order to assess the
selectivity of leaching in each case by comparing the concentration ratios of Ni/Fe, Ni/Mg, Ni/Ca,
and Ni/ Al The comparisons done do not include the use of 0.5 M H,SO4, which does not result in
high Ni and Co extractions, or the use of 30g/L Na;SO3, which does not seem to improve the efficiency
of leaching compared with the addition of 20 g/L.

It is seen from the results that the addition of 20 g/L NaySOs in the leaching medium improves
the selectivity of leaching compared with the test which involves only the addition of 1.5 M H,SO4,
as the ratios Ni/Mg, Ni/Ca, and Ni/Al increase by almost 18, 30, and 28%, respectively. The only
exception is the ratio Ni/Fe which decreases by almost 40%; this is mainly due to the much higher
concentration of Fe in the PLS, which increases from 1.56 to 2.88 g/L, compared with the concentration
of Ni, which also increases from 0.40 to 0.45 g/L. It is worth mentioning that the purification of PLS
for the recovery of Ni and Co as well as of other useful elements including Mg, has been extensively
investigated [48-50].

Table 3. Comparison of pregnant leach solution (PLS) quality and selectivity of each leaching medium.

Ni Co Fe Mg Ca Al

Test No. Ni/Fe Ni/Mg Ni/Ca Ni/Al
(mg/L)
1 266 19.0 1105 611 263 422 024 0.43 1.01 0.63
2 399 215 1556 829 314 741 0.26 0.48 1.27 0.54
3 445 28.0 2878 776 271 645 0.15 0.57 1.64 0.69
4 450 247 2922 823 203 687 0.15 0.55 222 0.66

Table 4 compares the results of this study with those of other leaching studies pertinent to the
leaching of limonitic laterites carried out over the last 25 years, as derived from an extensive literature
search. Some data presented in this table were derived after calculations done by the authors of this study.
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Table 4. Comparison of results of various column leaching studies.
Ore Tvpe Ni Weight Ore Size H,SO; Duration Flow Rate Extraction (%) Ni/Fe in Acid Consumption Ref
yp % (kg ore) (mm) (N) (days) (L/day) Ni Fe Co PLS (kg/tonne ore) ek
L 0.73 8§-22 <6.75 1 90 45 80 14.0 65 0.5 380 [31]
L 1.05 6.6 <15 3 10 4.0 60 8.1 45 0.2 284 [32]
1.01 <15 (a) 4 102 2.3 71 45 684
SG 1.01 5 <2 (a) 4 104 2.3 81 67 569 [4,11,51]
1.25 <0.038 (a) 4 101 2.3 89 80 541 e
G 0.96 5 <15 (a) 4 106 23 55 453
G 0.96 5 <2 (a) 4 100 23 62.7 485 55.6 0.03 525 [19]
L 0.58 1 <16 3 33 3.0 60.2 3.9 59.0 0.26 764.4 This stud
L 0.58 1 <16 3 + (ss) 33 3.0 735 79 84.1 0.15 688.8 y
L: Limonitic laterite, SG: Siliceous goethitic laterite, G: Goethitic laterite, (ss): Sodium sulfite, (a): use of agglomerated ore.
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Agatzini-Leonardou and Dimaki [31] performed large column leaching tests on low-grade
limonitic laterites using 0.5 M H,SO4. Extractions of 80% for Ni and 60% for Co were achieved
after 90 days of leaching, while acid consumption was around 380 kg H,SO, /tonne ore. In another
leaching study involving different types of laterites, Agatzini-Leonardou and Zafiratos [32] noted that
the high calcite content in the ore reduces the permeability of the heap and adversely affects leaching.
The recoveries achieved for the limonitic type after 10 days of leaching reached 60% for Ni and 45% for
Co. The Fe/Ni ratio was reduced from 37:1 in the limonitic ore to 5:1 in the PLS. The acid consumption
was around 284 kg H,SO4 /tonne ore. Other studies investigated the leaching behavior of goethitic
(G) and siliceous goethitic laterites (5G) [4,11,51] and found that the particle size of the agglomerated
ore (<15, <2, and <0.038 mm) had a significant impact on Ni and Co extractions which increased
with decreasing feed size, also resulting in reduction of acid consumption. Quite similar results were
obtained in the study by Quaicoe et al. [19] who performed column leaching tests using <2 mm
agglomerated goethitic ore. Extractions of 62.7% for Ni and 55.6% for Co were achieved after 100 days
of leaching. The most interesting results of the present study, which involved leaching of a very poor
laterite (0.58% Ni), are the good extractions of Ni and Co, which exceed 70 and 80%, respectively,
when NaySO; is added in the leaching solution; the very low extraction of Fe, which remains below
8%; and the short duration (33 days). It is worth mentioning that the higher acid consumption noted
in the present study may be decreased if bigger quantities of ore are leached in larger columns with
the use of the same volume of leaching solution; this is an issue that is currently under study.

Leaching results of the present and earlier studies indicated that the variability in the efficiency of
column leaching of limonitic laterites depends on the complexity of the ore and the strong bonding
of Ni with iron minerals, compared with clay-like and high-magnesium ores (i.e., saprolitic) [52,53].
As mentioned in an excellent recent study [54], a full and comprehensive mineralogical characterization
of the ore is necessary, especially at the mineral grain scale, in order to fully understand the overall
leach behavior. The same authors also proved that the experimental scale noticeably affects the leaching
behavior of ores at ambient conditions and proposed that the use of synchrotron methods is required
to ascertain the coordination chemistry of key elements within both the fresh ore and leaching residues,
in order to elucidate mineral formation and identify the major leaching mechanisms.

Other crucial factors that affect the economics of the process are the efficient control of Fe and
other secondary elements’ co-extraction and the possibility to recover saleable byproducts, such as
MgO and MnO,, during PLS purification. Finally, in order to minimize the environmental impacts
and improve the environmental footprint of the process, the leaching residues may be alkali activated
for the production of inorganic polymers. By taking into account that the residues contain sufficient
amounts of SiO, and Al O3, the residues may be transformed into solid matrices comprising a Si-O-Al
network and exhibiting beneficial physical and chemical properties, including high early strength, low
shrinkage and porosity, as well as high fire and corrosion resistance. These new materials may find
several applications, mainly in the construction sector [55,56].

4. Conclusions

The results of the present study are considered very promising and confirm the potential of
column leaching of very low-grade Greek limonitic laterites with the use of 1.5 M H,SO4 and the
addition of 20 g/L NaySOs3. These types of laterites cannot be treated economically with the use of
pyrometallurgical techniques due to the extremely high energy requirements. The experimental results
indicated high extractions of Ni and Co, namely, 73.5 and 84.1%, respectively, while the extractions of
Fe, Mg, Al, and Ca were quite low, namely, 7.9, 40.2, 23.3, and 51.0%, respectively. The low extractions
of the unwanted elements are the result of the ore granulometry and the low temperature used.

Further studies are required though to optimize leaching efficiency with the use of larger columns
and ore quantities in order to enrich the quality of the PLS, improve selectivity, and reduce acid
consumption. The use of agglomerates and the presence of catalysts to accelerate the leaching rate
are also issues which are currently under study. In addition, a full and comprehensive mineralogical
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characterization of the ore and the leaching residues is necessary in order to fully elucidate the overall
leach behavior and identify the major leaching mechanisms.

In order to minimize the environmental impacts and improve the environmental footprint of the
process, the leaching residues can be alkali activated for the production of inorganic polymers and
their potential use in the construction sector. This subject is also under study.
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