
Proceeding Paper

Heap Leaching of Greek Low-Grade Nickel Oxide Ores by
Dilute Sulphuric Acid at a Pilot-Plant Scale †

Styliani Agatzini-Leonardou 1,*, Paschalis Oustadakis 1,*, Dimitra Dimaki 1, John Zafiratos 2, Petros Tsakiridis 1 ,
Theodore Karidakis 3, Emmanouel Frogoudakis 4 and Jacob Drougas 5,‡

����������
�������

Citation: Agatzini-Leonardou, S.;

Oustadakis, P.; Dimaki, D.; Zafiratos,

J.; Tsakiridis, P.; Karidakis, T.;

Frogoudakis, E.; Drougas, J. Heap

Leaching of Greek Low-Grade Nickel

Oxide Ores by Dilute Sulphuric Acid

at a Pilot-Plant Scale. Mater. Proc.

2021, 5, 65. https://doi.org/10.3390/

materproc2021005065

Academic Editor: Anthimos Xenidis

Published: 7 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Mining and Metallurgical Engineering, National Technical University of Athens, 9,
Polytechniou Str., 15780 Zografos, Greece; dstasi@teemeil.gr (D.D.); ptsakiri@central.ntua.gr (P.T.)

2 Ministry of Environment and Energy, 119 Mesogeion Av., 11526 Athens, Greece; zafiratos.j@prv.ypeka.gr
3 Imerys Industrial Minerals Greece S.A., 15 Andrea Metaxa Str., 14564 Kifisia, Greece;

theodore.karidakis@imerys.com
4 LARCO S.A., Head Quarters, 27 Fragkokklisias Str., 15125 Maroussi, Greece; efrogoudakis@yahoo.com
5 Institute of Geology and Mineral Exploration, 1 Spyrou Louis, 13677 Acharnai, Greece
* Correspondence: lina.agatzini@gmail.com or agatzi@metal.ntua.gr (S.A.-L.); oustadak@metal.ntua.gr (P.O.)
† Presented at International Conference on Raw Materials and Circular Economy, Athens, Greece,

5–9 September 2021.
‡ The author passed away.

Abstract: The present paper gives the thus far unpublished results of a pilot-scale heap leaching
test of a Greek low-grade nickel oxide ore, aiming at verifying, at a large scale, the amenability of
Greek laterites to heap leaching by the HELLAS (Heap Leaching LAteriteS) process, developed at
the National Technical University of Athens for the first time worldwide and patented by some
of the authors as early as in 1991. The test was conducted at the site of Aghios Ioannis mine of
G.M.M.S.A. LARCO in 2006–2008 and was financed and supervised by the Institute of Geology and
Mineral Exploration (I.G.M.E). The ore sample, 800 t, was from the “Triada” deposit of LARCO, in
Euboea, and contained 0.73% nickel, 0.06% cobalt, 35.6% iron and 15% silicon. The ore was ground to
−18 mm and the leaching agent was 2N (100 g/L) sulphuric acid solution. The nickel and cobalt
recoveries obtained at the time of termination but not completion of the test, after four leaching
cycles and 114 days of irrigation, were 60 and 36%, respectively. The corresponding nickel and
cobalt concentrations in the produced leach liquor were 3.4 and 0.17 g/L, respectively. The value
of the ratio Fe/Ni in the leach liquor was 10/1, much lower than the value 45/1 in the ore, thus
showing the selectivity of the leaching of nickel over iron in the Greek ores by the above method.
The consumption of sulphuric acid was 66 kg H2SO4/kg Ni recovered. The preliminary feasibility
study, that followed the test, confirmed the economic viability of the integrated HELLAS process for
the low-grade nickel oxide ores of Greece.

Keywords: heap leaching; laterites; nickel oxide ores; nickel; cobalt; sulphuric acid

1. Introduction

An innovative integrated hydrometallurgical process for the efficient and economic
nickel and cobalt extraction from Greek low-grade nickel oxide ores has been developed
and patented as a result of many years of work at the Laboratory of Metallurgy of the
National Technical University of Athens, Greece.

The “Heap Leach LAteriteS” (HELLAS) process comprises heap leaching of the ore
with dilute sulphuric acid at ambient temperature, purification of the leach liquor by
chemical precipitation at atmospheric pressure and recovery of nickel and cobalt from
the purified leach liquor either by solvent extraction and electrowinning or by chemical
precipitation [1–24].

A research project, financed by the Institute of Geology and Mineral Exploration
(I.G.M.E.) in the period 2006–2008, was undertaken to verify the leaching stage of the
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HELLAS process at a pilot plant scale. The test was conducted at the site of Aghios Ioannis
mine of the General Mining and Metallurgical S.A. LARCO of Greece, which acted as an
earthwork contractor of I.G.M.E. under the instructions of the scientific team.

2. Experimental Work
2.1. Materials

The ore used for the experiment was from the “Triada” deposit of LARCO and is very
representative of the Greek laterites. The chemical analysis of the ore is shown in Table 1
and its particle size analysis in Table 2.

Table 1. Chemical analysis of the ore.

Component Content (%)

Ni (NiO) 0.73 (0.93)
Fe (Fe2O3) 35.58 (50.89)
Co (CoO) 0.06 (0.07)
Mg (MgO) 0.91 (1.51)
Ca (CaO) 0.21 (0.29)

Mn (MnO) 0.27 (0.35)
Cr (Cr2O3) 1.76 (2.57)

Si (SiO2) 15.01 (32.11)
Al (Al2O3) 3.52 (6.65)

LOI (1000 ◦C) 2.44

Table 2. Particle size analysis of the ore.

Grain Size (mm) Weight (%)

−18.0 + 9.5 13.7
−9.5 + 5.0 25.6
−5.0 + 2.8 19.2
−2.8 + 1.0 23.0
−1.0 + 0.5 9.0
−0.5 + 0.3 2.9
−0.3 + 0.1 3.3

−0.1 3.3

The ore was mineralogically analysed using optical microscopy, X-ray diffraction and
electron microprobe analysis. The main mineralogical constituents of the ore were found
to be haematite, quartz and chlorite. Chromite and illite were present in lesser amounts.
Small amounts of calcite and dolomite were also determined. The chemical compositions
of chlorite, illite, haematite and chromite were determined by microprobe analysis. The
analysis clearly showed that the main nickeliferous mineral in the ore was chlorite, rich in
iron. Based on the chemical analysis of the ore and the chemical composition of the various
mineralogical phases, the percent weight of each mineral was calculated and is presented
in Table 3.

Table 3. Mineralogical composition of the “Triada” ore.

Mineral Weight (%)

Haematite 46.0
Quartz 34.0

Chlorite 10.0
Illite 7.0

Chromite 2.5
Calcite 0.5
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From the above data, nickel was found to be distributed 69% in chlorite, 25.4% in
haematite and 5.6% in illite. Iron was distributed 89% in haematite, 8% in chlorite, 1.7% in
illite and 1.3% in chromite.

2.2. Heap Leaching Prodecure

First, 800 t of ore were stacked into a heap, 3.0 m high. The impermeable pad under-
neath, from bottom to top, consisted of:

(a) a layer of clay material, 30 cm thick;
(b) a layer of fine silica sand, 5 cm thick;
(c) a HDPE liner, 2 mm thick;
(d) a layer of coarse (5 mm–40 mm) waste ore, 33 cm thick.

The heap leach installation also included two ponds, of around 1500 m3 each, for the
pregnant solution and the barren solution, properly lined with HDPE geomembrane, and
two tanks, of 21 m3 volume each, for the storage of concentrated sulphuric acid. Drip
irrigation was used. Schemes 1 and 2 show the pre-semi-industrial installation of the heap.
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Prior to placement onto the pad, the ore was sprayed with water in the bucket of a
loader to raise total moisture from 8% (natural moisture) to about 10% and achieve a rough
agglomeration by rocking the bucket.

The sulphuric acid solution, of a pre-determined concentration and at a pre-determined
flowrate, was pumped from the pond and distributed uniformly on the top surface of the
heap. After the whole volume of the leach solution had percolated through the heap, thus
completing one full leach cycle, its free acid concentration was measured and adjusted to
the initial pre-determined value. It was then recirculated to the top of the heap for another
leach cycle to start. A number of leach cycles was performed aiming at achieving the
maximum nickel extraction.

The experimental conditions were:

(a) Sulphuric acid concentration in the leach solution: 2 N;
(b) Leach solution volume to ore weight ratio (S/O): 1 m3/t;
(c) Leach solution flowrate: 500 L/m2 × day.

3. Results

The heap leaching results are shown in Tables 4 and 5 as well as in Figures 1 and 2.

Table 4. Analysis of the pregnant solution and percent extraction of metal cations.

No. of
Leach
Cycles

Leach
Cycle Time

(Days)

Elements

Fe/Ni Ratio in the
Pregnant Solution

Ni Co Fe

Conc.
(g/L)

Recovery
(%)

Conc.
(g/L)

Recovery
(%)

Conc.
(g/L)

Recovery
(%)

0 0 0 0 0 0 0 0 0
1 28 1.69 21.08 0.070 10.63 11.50 2.94 6.51
2 21 2.99 31.09 0.139 17.59 26.16 5.58 8.75
3 35 2.58 40.24 0.118 22.41 24.80 7.94 9.61
4 30 3.41 51.42 0.170 31.20 35.80 11.07 10.50

* Total recovery (%) 59.34 35.67 12.87

* after wash of the heap.

Table 5. Analysis of the pregnant solution and percent extraction of metal cations.

No. of Leach
Cycles

Leach Cycle
Time

(Days)

Elements

Mg Mn Al Cr

Conc.
(g/L)

Recovery
(%)

Conc.
(g/L)

Recovery
(%)

Conc.
(g/L)

Recovery
(%)

Conc.
(g/L)

Recovery
(%)

0 0 0 0 0 0 0 0 0 0
1 28 1.20 12.01 0.94 31.69 3.65 9.44 0.23 1.19
2 21 4.44 37.03 1.17 32.89 6.23 13.43 0.71 3.06
3 35 4.20 52.54 0.94 39.63 5.51 17.82 0.69 4.46
4 30 5.00 60.47 1.12 45.65 7.31 22.86 0.94 5.88
* Total recovery (%) 69.94 52.19 26.34 6.88

* after wash of the heap.
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4. Discussion

After four leaching cycles, nickel and cobalt recoveries reached about 60 and 36%,
correspondingly, in 114 days (3.8 months). Higher recoveries might possibly have been
obtained if the trial had not been terminated before completion, due to a late start and
project time expiry. The fact that equilibrium had not been achieved is noticeable also
in Figure 1.

Besides, a high proportion of nickel, 25.4% in the laterite sample, occurred in the lattice
of haematite, which does not dissolve under the intentionally mild leach conditions of the
HELLAS process. Additionally, the data from the mineralogical analyses of both the ore
and the leach residue, unfortunately not included here due to space limitations, show that
the haematitic pissolites, present in the ore, also contained numerous inclusions of chlorite,
which is the main nickeliferous and the most leachable mineral of the Greek laterites.

The much lower (compared to nickel) cobalt recovery was attributed to the lower
kinetics of the cobalt leaching reaction because of the very low content of the metal in the
laterite ore.
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It can be seen that the highest extractions obtained were those for magnesium, nickel
and manganese. Their leach rate curves were similar and close to each other as all three
metals occur mainly in the same mineralogical phases, i.e., chlorite and illite.

Co-dissolution values of aluminium, iron and chromium were all much lower than
those of magnesium, nickel and manganese, with their curves lying further down in the
figure. It should be stressed, however, that the mineralogical analyses have shown that the
above metals were also leached out of the same mineralogical phases (chlorite and illite) as
magnesium, nickel, manganese and cobalt. The reason why their leach rate curves lie apart
from the nickel curve is due to the fact that these metals occur in a number of different
minerals of the laterite and their percent extractions were calculated on the basis of their
total contents in the ore and not on their contents in the leachable sheet-silicate minerals.

The apparent selectivity of nickel to iron resulted in the ratio of Fe/Ni in the pregnant
solution being approximately 10.5/1, compared to 49/1 in the ore.

The consumption of sulphuric acid was measured at around 66 kg H2SO4/kg Ni
extracted. This increased, relative to previous experiments, consumption was attributed to:

(a) high calcite content of the waste ore layer of the pad;
(b) high iron content (~23%) of the chlorite in the specific ore sample.

5. Conclusions

• This pre-semi-industrial trial confirmed the conclusion of the authors from previous
lab-scale and pilot-scale column leaching tests that the Greek low-grade laterites can
efficiently be leached by dilute sulphuric acid according to the HELLAS process of
heap leaching. The pre-feasibility study, performed both together and independently
by the inventors of the process and I.G.M.E. [23,24] but not included in this paper
due to space limitations, has shown that the integrated hydrometallurgical HELLAS
process is also economical.

• The main characteristic and advantage of the HELLAS process is the selectivity of
nickel and cobalt dissolution over iron at the proposed leaching conditions.

• Even though the ore was not properly agglomerated, due to the lack of suitable
equipment, the permeability of the heap was good and was not disturbed during the
trial. However, proper agglomeration would allow higher solution flowrates, and
therefore, shorter leach times.

• The most important factor that affects the leachability of a laterite ore by the heap
leaching technique, the recoveries of nickel and cobalt, the co-dissolution of all other
metal cations and, consequently, the sulphuric acid consumption is the mineralogy of
the ore. The higher the percent weight of the phyllosilicate minerals, and particularly
that of chlorite, in the ore and the higher the content of nickel and cobalt in the above
minerals, the higher the recoveries of the useful metals. Additionally, the lower the
content of iron and magnesium in the phyllosilicate minerals of the ore, the lower the
sulphuric acid consumption.

• Given that almost all laterite deposits in Greece have a mineralogical analysis favourable
for the application of the HELLAS process, its industrial use will allow the exploita-
tion of low-grade deposits that cannot be treated economically by pyrometallurgical
methods, thus prolonging the lifetime of the Greek nickel industry.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: This statement can be excluded because the study did not report
any data.
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