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• Low grade saprolitic laterites are col-
umn leached for the extraction of Ni
and Co.

• The presence of Na2SO3 has a beneficial
effect on Ni and Co extraction.

• The selectivity of leaching is good con-
sidering the ratio Ni/Fe in the PLS.

• Leaching residues can be successfully al-
kali activated.

• The inorganic polymers produced have
low toxicity and high compressive
strength.
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Socio-economic data on nickel and cobalt show their importance throughout the entire metal value chain, from
mining to end use, disposal and recycling. Thus, the extraction of both metals from primary and secondary raw
materials as well as from wastes is currently considered strategically important for the industry and the society.
In this paper heap leaching of Greek low-grade saprolitic laterites, with Ni content 0.97%, was investigated. The
main parameters studied involved the strength of the H2SO4 solution used (49 and 147 g L−1) and the effect of
adding sodium sulfite (Na2SO3) in the leachingmedium. The pregnant leach solution (PLS) was recycled several
times during leaching in order tominimize acid consumption. The experimental results showed that within a pe-
riod of 25 days, and under the optimum conditions (147 g L−1 H2SO4 and 20 g L−1 Na2SO3), i) Ni and Co extrac-
tions were 72.5% and 47.4%, respectively and ii) Fe and Al co-extractions were 8.7% and 31.3%, respectively.
Furthermore, valorization of the leaching residues through alkali activation using NaOH and Na2SiO3 and the ad-
dition ofmetakaolin (MK) for the production of inorganic polymers (IPs)was explored. X-rayfluorescence (XRF),
X-ray diffraction (XRD), Fourier-transform infrared (FTIR) spectroscopy, Differential scanning calorimetry (DSC/
TG) and Scanning electronmicroscopy (SEM-EDS)wereused to characterize the ore, its leaching residues and the
IPs. The IPs produced demonstrated high compressive strength, almost 40MPa and are suitable for a wide range
of applications in the construction sector.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Nickel and cobalt have excellent physical and chemical properties
and thus they are essential for thousands of products. Both metals are
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Table 1
Column experimental conditions.

Test no. H2SO4 solution (g L−1) Na2SO3 concentration (g L−1)

1 49 –
2 147 –
3 147 20
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also necessary for the most common types of lithium-ion batteries
which power electric vehicles. The annual production and consumption
of nickel exceeds two million tonnes. On the other hand, the annual
European Union (EU) cobalt production is almost 2300 t, while its de-
mand is about nine times higher and is met by imports from third coun-
tries (EU Science Hub, 2019; Nickel Institute, 2019).

Nickel laterites are formed throughweathering of underlying parent
rocks and the resulting main zones of mineralization include limonites
(with high iron and low magnesium content) and saprolites (with
high magnesium and low iron content). Saprolites, which are more re-
active compared to limonites, are located at the bottom of the deposit
and contain nickel-rich serpentines and hydrous magnesium silicates
(Luo et al., 2009; Myagkiy et al., 2017). Due to the complexity of the lat-
erite ores and the presence of nickel in several mineral phases, their
beneficiation with the use of traditional mineral processing techniques,
including gravity-, electrostatic-, magnetic-, and density separation, as
well as flotation, is quite inefficient. Selective grinding aiming at separa-
tion of the coarse fraction, which normally has a lower Ni content, is
rarely successful (Petrakis et al., 2018; Quast et al., 2015).

The continuous depletion of higher grade nickel sulfides and the in-
creasing demand for nickel, which is used in many industrial products
including Li-ion battery cathodes in electric vehicles, requires the eco-
nomical treatment of the huge reserves of nickel laterites (MacCarthy
et al., 2015).

Today, most nickel laterites, which represent almost 70% of the
global reserves, are low grade (b1.5%) and account for almost 40% of
nickel production. These ores are mainly treated pyrometallurgically
to produce ferronickel (FeNi) (Pickles and Anthony, 2018). However,
due to the high environmental footprint of pyrometallurgical treatment
(Bartzas and Komnitsas, 2015; Eckelman, 2010), research efforts are fo-
cusing on the development ofmore economical and eco-friendly hydro-
metallurgical approaches (Khoo et al., 2017; Norgate and Jahanshahi,
2011; Quast et al., 2013).

The main hydrometallurgical techniques include atmospheric
leaching (McDonald and Whittington, 2008), heap leaching (Oxley
et al., 2016), high pressure acid leaching (HPAL) (Loveday, 2008;
Zhang et al., 2015) and bioleaching (du Plessis et al., 2011; Le et al.,
2006). Other alternatives including pre-roasting and acid leaching
have been also investigated (Li et al., 2018a, 2018b; Li et al., 2009).

Atmospheric leaching is carried out at ambient temperature in
stirred reactors and is often characterized by low selectivity. It involves
the use of sulfuric (Luo et al., 2010; Thubakgale et al., 2013), hydrochlo-
ric (Guo et al., 2015; Mystrioti et al., 2018) or ammonium chloride-
hydrochloric acid mixtures (Li et al., 2018a, 2018b). Bioleaching still re-
quires process optimization in order to improve its efficiency and eco-
nomics (Chaerun et al., 2017; Jang and Marjorie Valix, 2017).

HPAL, which is carried out with the use of sulfuric acid, nitric acid or
ferric chloride, is characterized by high recoveries of Ni and Co, low re-
coveries of Fe and Al, short leaching times but high operating costs (Liu
et al., 2012; Ma et al., 2015; Zhang et al., 2016). An excellent continuous
model for sulfuric acid pressure leaching of laterites has been proposed
by Rubisov and Papangelakis (2000).

Heap leaching, which is considered a feasible alternative for the
treatment of low grade laterite ores, has been intensively investigated
over the last years. It is characterized by slower kinetics, longer leaching
times, which normally vary between 60 and 100 days, and higher selec-
tivity compared to leaching in stirred reactors (Elliot et al., 2009;
Quaicoe et al., 2014; Quast et al., 2013; Watling et al., 2011).

Laterites are treated for N50 years at the pyrometallurgical plant of
Larymna, in central Greece, to produce FeNi (Zevgolis et al., 2010). The
atmospheric and pressure leaching of Greek laterites was first studied
in the '80s (Komnitsas, 1983; Komnitsas, 1988; Kontopoulos and
Komnitsas, 1988; Panagiotopoulos et al., 1986). Later, heap leaching
was intensively investigated in laboratory and pilot tests (Agatzini-
Leonardou and Dimaki, 1994; Agatzini-Leonardou and Zafiratos, 2004;
Agatzini-Leonardou et al., 2004; Agatzini-Leonardou et al., 2009).
Recently, by taking into account the gradual depletion of the ore grade
and the increased demand for nickel, research efforts have been again
initiated (Komnitsas et al., 2018; Mystrioti et al., 2018).

In this context, the main aim of this study was to investigate the ef-
ficiency of column leachingwith the use of sulfuric acid (H2SO4) for the
treatment of low-grade Greek saprolitic laterites as well as to study the
effect of the addition of sodium sulfite (Na2SO3) in the leaching solution
on the overall efficiency of the process. The study also aimed to explore
the potential of alkali activation for the valorization of leaching residues
in order to improve process economics and reduce environmental im-
pacts associated with their disposal.

2. Materials and methods

2.1. Ore

The ore used in this study is a saprolitic laterite (b30 mm, 0.97%wt
Ni) which was obtained from Larco S.A mines in Kastoria (Northern
Greece). The ore (100 kg)was homogenized by the cone and quartering
method and a representative sample of about 1 kg was crushed below
4 mm for the determination of the particle size distribution.

2.2. Leaching tests

Three leaching tests were carried out in laboratory Plexiglas col-
umns, with 5 cm inner diameter and 50 cm height, to study the effect
of (i) H2SO4 concentration and (ii) the addition of Na2SO3 in the
leaching solution on Ni, Co and other elements extraction. The column
experimental conditions are presented in Table 1. 1000 g of laterite
ore (LK) were added in the main column zone so that a bed of 40 cm
height was formed. Two 4 cm layers of silica sand were placed at both
ends of each column to act as filters. Cotton glass was also added at
the bottom of each column to prevent losses of ultra-fine particles and
avoid clogging of the columns. The experimental configuration is
shown in Fig. 1.

It is important to note that the experimental conditions used were
carefully selected based on the results of earlier tests investigating
leaching of other Greek saprolitic and limonitic ores (Komnitsas et al.,
2018).

Upflow transport of the leaching mediumwith the use of peristaltic
pumps (Masterflex L/S economy variable-speed drive, Cole-Parmer In-
strument Co) was considered to enable full contact of the leaching me-
dium with the ore. The leaching solution was pumped from 5 L plastic
vesselswith a flow-rate of 3 L day−1 and collected in the outflow in sim-
ilar vessels. The duration of each leaching test, which involved daily
recycling of the PLS, was 25 days, while at the end of the tests, columns
were flushed with distilled water so that the final PLS volumewas ~3 L.
10 mL samples from the outflow were initially collected daily and at
later stages every 2 or 3 days to measure pH and Eh with the use of a
WTW pH 7110 inoLab pH/Eh meter and determine the concentration
of Ni, Co, Fe, Ca, Al, Mg andMn in the PLS by atomic absorption spectros-
copy (AAS). Acid consumption was calculated using the titrimetric
method proposed by Quaicoe et al. (2014). The efficiency of leaching
was determined by taking into account the extraction percentage of
the useful elements Ni and Co as well as by calculating the ratios Ni/
Fe, Ni/Mg, Ni/Ca and Ni/Al in the PLS, given that Fe, Mg, Ca and Al are
the undesirable elements. All leaching tests were carried out in dupli-
cate and mean values are given for all parameters analysed; it is



Fig. 1. Experimental configuration of column leaching tests.

Fig. 2. Particle size distribution of Kastoria laterite (LK) ore.

349K. Komnitsas et al. / Science of the Total Environment 665 (2019) 347–357
mentioned though that the variation of measurements was in all cases
around ±1%.

2.3. Valorization of leaching residues

The valorization of the leaching residues (LKr) was investigated
through alkali activation. Τhe residues were first dried at 80 °C for
1 day, then pulverized using a FRITSCH BICO pulverizer (d90 = 52.4
μm)and added under continuous slowmixing to the activating solution,
consisting of NaOH and sodium silicate (Na2O = 7.5–8.5%, SiO2 =
25.5–28.5%, Merck). The NaOH solution was prepared by dissolving so-
dium hydroxide anhydrous pellets (Sigma Aldrich) in distilled water,
until the required molarity was obtained. The effect of the addition of
metakaolin in the startingmixture (5 and 10%wt) as filler, for the supply
of Al3+ ions in the inorganic polymer paste, as well as the calcination of
the LKr at 800 and 1000 °C in order to increase its reactivity were also
examined. Metakaolin was produced after calcining kaolin, Al2Si2O5

(OH)4, (Fluka) at 750 °C for 2 h in a SNOL 8,2/1100 oven. Calcination
of LKr was carried out for 1 h in the same oven. Loss on ignition (LOI)
was determined by heating the materials at 1050 °C for 4 h.

The liquid to solid (L/S) ratio was adjusted in order to improve the
flowability of the paste before casting. A typical indicative composition
of the mixture included (in %wt): leaching residue 69%, metakaolin
7%, 8 M NaOH solution 12% and Na2SiO3 12%. The fresh paste was cast
in cubic metal moulds of 5 cm edge, which were vibrated for a fewmi-
nutes to eliminate the presence of air voids in the reactive mass. The
moulds remained at room temperature for 2 h to allow early initiation
of the alkali activating reactions, development of structural bonds and
early solidification of the paste. Then the specimens were demoulded,
sealed in plastic bags to prevent fast evaporation of water, cured at 80
°C in a laboratory oven (Jeio Tech ON-02G) for 24 h and then allowed
to cool. This configuration was based on the results obtained from pre-
vious studies investigating the alkali activation potential of severalmet-
allurgical wastes (Komnitsas et al., 2007; Zaharaki et al., 2016). After
ageing at room temperature for 7 days, the compressive strength of
the specimens was determined with the use of a MATEST C123N load
frame. All tests were carried out in triplicate.

Finally, the toxicity of the leaching residues as well as of the speci-
mens produced after alkali activation was assessed by using the EN
12457-3 test (EN12457-3:2002; van der Sloot et al., 2001), which
involves leaching of material in distilled water (8 L kg−1) for 24 h. The
obtained solutions were filtered using 0.45 μm membrane filters and
the concentration of the metals in the eluate was expressed as
mg kg−1 of dry sample and compared with existing limits for disposal
of wastes in different landfills (European Commission, 2002). Apart
from distilled water a more severe leaching agent, namely an HCl solu-
tion with pH 4, was used.

2.4. Use of analytical techniques

After grinding with the use of a FRITSCH-BICO pulverizer, the ore
(LK) and the leaching residues (LKr) were chemically and mineralogi-
cally characterized using (i) a Bruker-AXS S2 Range type X-ray fluores-
cence energy dispersive spectrometer (XRF–EDS) and (ii) an X-ray
diffractometer (XRD), D8 ADVANCE type (BRUKER-AXS). Chemical
analysis of the ore and each leaching residue was also carried out after
digestion of 2 g of each sample in aqua regia followed by AAS, with a
Perkin Elmer AAnalyst 100 Flame Atomic Absorption Spectrometer.
Since the differences observed between XRF and AAS results were
minor (±1%), those obtained by XRF are presented in this study. Τhe
functional groups in each solid sample were identified by Fourier trans-
form infrared (FTIR) spectroscopy, using a Perkin Elmer Spectrum 1000
spectrometer, while a Setaram LabSys Evo analyzer was used for Differ-
ential Scanning Calorimetry and Thermogravimetry (DSC/TG).

Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS) were used to evaluate the morphology of the ore
and the solid leaching residues. A JEOL-6380LV scanning microscope
(Tokyo, Japan) operating at an accelerating voltage of 20 kV was used.
Back-scattered electron (BSE) examinations were carried out on
polished sections of the samples embedded in epoxy resin to ensure co-
hesion of the solid residues.

3. Results and discussion

3.1. Characterization of the ore

The cumulative particle size distribution of the−4mmLKore is pre-
sented in Fig. 2. The results show that the 80% passing size (d80) is
2.1 mm. The chemical composition (Table 2) confirms that the ore is a
saprolitic low grade laterite, with high magnesia and low iron content.

3.2. Leaching efficiency

Fig. 3(a–g) show the percent extraction of Ni, Co, Fe, Mg, Al, Mn and
Ca as a function of time. As shown in Fig. (3a) Ni extraction obtained
after 25 days of leaching with the use of 49 g L−1 H2SO4 solution
(0.5 M) is low and does not exceed 14% whereas, the increase of acid



Table 2
Chemical composition (%wt) of LK ore.

Ni Co Fe2O3 SiO2 Al2O3 MgO MnO CaO Cr2O3 LOIa

0.97 0.031 21.79 34.44 0.35 17.14 0.33 7.16 0.86 16.8

a LOI: loss on ignition.
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strength to 147 g L−1 H2SO4 (1.5 M) improves Ni extraction to 47%. Co-
balt extraction follows a similar trend (Fig. 3b) and increases from11.3%
to 27.9% with the increase in acid strength. Higher extractions of 72.5%
and 47.4% for Ni and Co respectively, were obtained when Na2SO3 was
added to the leaching solution. It is noteworthy that the increase of Ni
Fig. 3. Evolution of % metal extraction vs. time during LK leaching, : 49 g L−1 H
and Co extractions in the presence of Na2SO3 was very fast within
2–4 days (Komnitsas et al., 2018; Luo et al., 2015). In the presence of
higher concentrations of Na2SO3 (30 g L−1), the increase of Ni and Co
extractions was only marginal (~1%, data not shown). In the presence
of H2SO4, Na2SO3 reacts with H+ ions to form the intermediate H2SO3

which dissociates to SO2 (Reaction (1):

Na2SO3 þH2SO4 ¼ Na2SO4 þH2Oþ SO2 aqð Þ ð1Þ

The SO2(aq) from Reaction (1) reacts with iron-based phases (e.g.
goethite), as shown in Reaction (2), accelerates Fe extraction and subse-
quently Ni release from the iron phases (Das and de Lange, 2011). The
generation of SO2 is clearly visible in the first days of leaching through
2SO4, : 147 g L−1 H2SO4, : 147 g L−1 H2SO4 containing 20 g L−1 Na2SO3.



Table 3
PLS composition and selectivity of leaching.

Test no. Ni Co Fe Mg Ca Al Ni/Fe Ni/Mg Ni/Ca Ni/Al

mg L−1

1 501 12.9 563 7005 267 61 0.89 0.07 1.88 8.21
2 1600 30.3 3423 14,002 269 186 0.47 0.11 5.95 8.60
3 2825 59.3 5328 24,001 260 233 0.53 0.12 10.87 12.12

Table 5
Comparative results obtained after leaching of a Greek limonitic and saprolitic laterite ore.

Ore
typea

Ni
(%)

H2SO4 (g
L−1)

Duration
(days)

Extraction (%) Ni/Fe
in
PLS

Reference

Ni Fe Co

L 0.58 147 33 60.2 3.9 59.0 0.26 Komnitsas
et al., 2018L 0.58 147b 33 73.5 7.9 84.1 0.15

S 0.97 147 25 47.0 6.4 27.9 0.47 This study
S 0.97 147b 25 72.5 8.7 47.4 0.53

a L: limonitic ore, S: saprolitic ore.
b Addition of sodium sulfite.
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the production of bubbleswithin the columnbed. It ismentioned that in
other tests carried out in our laboratory using higher solution flowrates,
a synergistic effect of flowrate and bubbles was noted and the ore bed
was split in several parts and lifted

2FeOOH sð Þ þ 2Ηþ þ SO2 aqð Þ ¼ 2Fe2þ þ SO2‐
4 þ 2H2O ð2Þ

Reaction (2) requires less acid for the dissolution of goethite than
Reaction (3) which involves direct leaching of iron-based phases
(Georgiou and Papangelakis, 1998)

FeOOH sð Þ þ 3Ηþ ¼ Fe3þ þ 2H2O ð3Þ

Fig. 3(c) shows that the extraction of Fe increases in all testswith the
increase of acid strength or the addition of Na2SO3 but it remains in gen-
eral very low (b9%) and thus the selectivity of leaching is improved. The
low Fe extraction obtained in these column tests is due to the milder
conditions used, namely low temperature and coarser feed size, com-
pared to stirred reactor leaching (Mystrioti et al., 2018).

The maximum co-extraction of other elements, namely Mg, Al, Mn
and Ca, which also assesses the selectivity of leaching, was 58%, 31.3%,
29.1% and 1.3%, respectively, as seen in Fig. 3(d–g).

The similar profiles of Ni andMg extraction indicate that Ni is loosely
bound in Ni-containing phases such as lizardite and thus both elements
can be leached simultaneously (Luo et al., 2010). On the other hand, the
extraction of Ni which is associated to magnetite/maghemite and chro-
mite is difficult since these phases remain practically unleached
(Canterford, 1986).

The pH of the leaching solutions was very low in all tests, increased
slowly with time but did not exceed the value of 1.5.When the leaching
solution contained 147 g L−1 H2SO4 and 20 g L−1 Na2SO3. Eh values de-
creased gradually with time from 385 to 282 mV (Komnitsas et al.,
2018). The beneficial effect of the reducing agent Na2SO3 in lowering
the potential of the leaching reactions and increasing the extraction of
nickel contained in the iron phases has been also noticed during atmo-
spheric sulfuric acid leaching of limonitic laterites at temperatures be-
tween 30 and 90 °C (Luo et al., 2015). The weight loss recorded during
leaching was quite similar in all tests and varied between 16.1%
(when a solution with 49 g L−1 H2SO4 was used) and 18.8% (when a so-
lution containing 147 g L−1 H2SO4 and 20 g L−1 Na2SO3 was used).
Table 4
Results of various column leaching studies for saprolitic ores.

Ni content (%) Particle size (mm) H2SO4

(g L−1)
Duration
(days)

Flow rate
(L day−1)

Extraction

Ni Fe

1.94 b15a 98 10 4.0 60.0 12
1.20 b20 100 122 31.4 83.9 55
0.92 b15a 200 101 2.3 97.0 –
0.92 b2a 200 100 2.3 90.0 60
0.97 b4 147 25 2.5 47.0 6.
0.97 b4 147b 25 2.5 72.5 8.

a Agglomerated feed ore.
b + Addition of sodium sulfite.
The concentrations of the main elements (mg L−1) in the PLS are
presented in Table 3. This table also compares the selectivity of leaching
as defined by the concentration ratios of Ni/Fe, Ni/Mg, Ni/Ca, and Ni/Al.
Because low Ni and Co extractions are obtained when 49 g L−1 H2SO4

solution is used as leaching medium, the comparison does not include
the results of this test. The results indicate that the addition of Na2SO3

in the leaching medium, apart from the fast extraction of Ni, improves
also the selectivity of leaching since the ratios Ni/Fe, Ni/Mg, Ni/Ca, and
Ni/Al increase by 13%, 9%, 83% and 41%, respectively.

Table 4 presents comparative results of various studies involving col-
umn leaching of saprolitic ores, as derived from the related literature. It
is seen that the efficiency of leaching depends on Ni grade, ore size, ag-
glomeration of feed, concentration of acid, flowrate of leaching solution
and duration of column tests. Apart from these factors, the type of later-
ite is also crucial during leaching (MacCarthy et al., 2016;McDonald and
Whittington, 2008). Table 5 presents the results of the this and a recent
similar study that involved column leaching of a Greek limonitic ore (L),
with a much lower Ni grade (Komnitsas et al., 2018). These data show
that despite the higher extraction of Ni and the lower extraction of Fe
from the limonitic ore, amuch lower (45–72%) Ni/Fe ratio was recorded
in the PLS due to its much lower Ni grade. Also, much higher Co extrac-
tions were obtained during leaching of the limonitic ore in all cases
studied. The results of earlier laterite column leaching studies showed
that for limonitic ores, dissolution of the refractory iron minerals, such
as goethite, is required to obtain high Ni and Co extractions, whereas
for saprolitic ores the Ni and Co bearing silicate minerals are weakly
bound and hence the extraction of both elements contained in them is
much easier (Quaicoe et al., 2014;Watling et al., 2011). However, as in-
dicated in an excellent recent study, given the intrinsic mineral hetero-
geneity of Ni-laterites, a comprehensive mineralogical characterization
at the mineral grain scale is required in order to assess the overall
leaching behavior of the ore. In the same study it is mentioned that
the scale of leaching tests may also affect Ni and Fe selectivity (Hunter
et al., 2013).

3.3. Alkali-activation of residues

After heap leaching, the residues are normally transferred to a lined
facility, which is called spent ore repository and are reclaimed with the
(%) Ni/Fe
in PLS

Acid consumption
(kg t−1 ore)

Reference

Co

.6 45.0 0.7–1.0 510 Agatzini-Leonardou and Zafiratos, 2004

.8 55.2 0.11 462 Büyükakinci, 2008
75.0 – 502 Nosrati et al., 2014

.0 72.8 0.06 641 Quaicoe et al., 2014
4 27.9 0.47 626.2 This study
7 47.4 0.53 576.8



Table 6
Typical composition of LKr obtained after leaching of laterite orewith 147 g L−1 H2SO4 and
20 g L−1 Na2SO3.

Fe2O3 SiO2 Al2O3 MgO MnO CaO Cr2O3 TiO2 LOIa Total

16.43 39.71 0.54 4.45 0.11 7.96 2.35 0.84 27.11 99.5

a LOI: loss on ignition.
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construction of a vegetative soil cover (Zanbak, 2012). Thus, valoriza-
tion of the residues and production of added valuematerials will reduce
the overall cost of the process andminimize its environmental impacts.

The chemical analysis of the residues obtained after LK leaching is
presented in Table 6. It is seen that while the residues contain sufficient
SiO2, the content of Al2O3 remains low.

It is known that alkali activation of Al-Si wastes and residues in rel-
atively low temperature (40–90 °C) results in the formation of dense IPs
with chemical composition similar to zeolites and amorphous to semi-
crystalline three-dimensional alumino-silicate microstructure. The pro-
duced materials are mainly called IPs (also known as geopolymers)
(Komnitsas and Zaharaki, 2007). Fig. 4 shows the compressive strength
of the IPs produced after alkali activation of the residues (LKr) obtained
after LK leaching. The effect of the addition of 5 and 10%wt metakaolin
as well as the calcination of the residues at 800 and 1000 °C is also pre-
sented. These results indicate that (i) the residues obtained after laterite
leaching cannot be alkali activated and the compressive strength of the
produced specimens merely reaches 1.3 MPa, (ii) mixing with 10%wt
metakaolin results in a noticeable increase of the compressive strength
of the specimens, to 39 MPa, (iii) calcination of LKr at 800 °C (LKr800)
and 1000 °C (LKr1000) has adverse effect on the compressive strength.

LKr have low content of Al (Table 6) and therefore cannot be alkali
activated. There is no specific rule about the ratio SiO2:Al2O3 in the
starting mixture but this has to be quite high provided that the content
of both oxides is sufficient. For example, ferronickel slag produced after
pyrometallurgical treatment of the same laterites is well alkali activated
since the aforementioned ratio is ~4 (SiO2 32.74%, Al2O3 8.32%)
(Komnitsas and Zaharaki, 2007). Thus, in order to increase the alkali ac-
tivation potential of LKr (SiO2:Al2O3 = 73.5, Al2O3 content only 0.54%)
anAl source is required. The results show that the addition of 5% and es-
pecially 10%wt MK, with an Al2O3 content of ~30% (Kwon et al., 2017;
Fig. 4. Effect of the addition of metakaolin (MK) (5 and 10%wt) and calcination on the
compressive strength of specimens produced by alkali activation of LKr. Conditions
were: 8 M NaOH, heating at 80 °C for 24 h, curing for 7 days. LKr: Kastoria laterite
leaching residue, LKr800: leaching residue calcined at 800 °C, LKr1000: leaching residue
calcined at 1000 °C).
Sullivan et al., 2018), improves greatly their alkali activation potential,
because calcination of kaolin changes its original crystalline structure.
The dehydration starts at about 100–120 °C, then dehydroxylation of
the structure takes place and finally metakaolin is produced. The loss
of crystallinity weakens the bonds between crystals and the produced
metakaolin has sufficient amorphous content and thus exhibits in-
creased reactivity during alkali activation. It is also known that calcina-
tion of kaolin transforms the octahedral coordinated Al layers into the
more reactive tetrahedral form. It is thus anticipated that Al ions may
dissolve more rapidly from metakaolin than from un-calcined kaolin
(Komnitsas et al., 2009). The percentage of Na2SiO3 used in the present
study was carefully selected after a number of tests in order to balance
the SiO2:Al2O3 ratio.

3.4. Characterization of the leaching residues

Fig. 5 presents the XRDpatterns of LK ore and selected LKr. Themain
mineralogical phases present in the ore are: quartz (SiO2), goethite (FeO
(OH)) and magnesium-bearing silicates, such as lizardite [(Mg,Fe)
3Si2O5(OH)4], (clino)chrysotile [Mg3Si2O5(OH)4] and saponite [Ca0.5
(Mg,Fe)3(Si,Al)4O10(O,H)2·4H2O], while the main Ni-bearing phases
are nepouite [(Ni,Mg)3Si2O5(OH)4] and chromite (FeCr2O4) as also
mentioned in earlier studies (Brand et al., 1998; Proenza et al., 2008).
Willemseite [(Ni,Mg)3Si4O10(OH)2] and other garnierite minerals may
be also sources of Ni in saprolitic ores (Tauler et al., 2009; Villanova-
De-Benavent et al., 2017; Zhu et al., 2012). Hematite (Fe2O3) and Talc
[Mg3Si2O10(OH)2] are also present in the ore as minor mineral phases.

The XRD patterns of the leaching residues, obtained after leaching
with H2SO4 solution containing Na2SO3, are shown in Fig. 5(b, c). It is
shown that the characteristic peaks of lizardite/nepouite at 2-theta =
12.108 which were present in the initial ore were not present in the
leaching residues, indicating that most of these minerals were leached,
at least to a degree that does not allow their identification through
XRD. On the other hand, the intensities of characteristic peaks of quartz
and goethite/hematite increased in the XRD patterns of the residues ob-
tained after H2SO4 leaching, especially in the presence of Na2SO3. H2SO4

leaching without or with the addition of Na2SO3 resulted in the forma-
tion in the LKr of bassanite (CaSO4·0.5H2O) or gypsum (CaSO4·2H2O)
respectively, due to the relatively high CaO content (7.16%) in the LK
ore.

The FTIR spectra of LK and LKr are shown in Fig. 6. In all samples,
bending and stretching vibrational bands of Si\\O\\Si and O\\Si\\O
can be observed at 450–460 cm−1 and ∼800 cm−1, respectively
(Andini et al., 2008). The next peaks, seen only in LKr, between 600
and 667 cm−1 are due to the formation of calcium-based sulfates.
These results are consistent with the data derived from the correspond-
ing XRD patterns (Fig. 5). Moreover, the characteristic asymmetric
stretching vibration of Si\\O\\T (T_Al or Si) in the LK at 1014 cm−1

is shifted toward higher wavenumbers (1092 and 1150 cm−1) in LKr.
This upward shift indicates that Si\\O bonds dominate LKr due to the
destruction/decomposition of the initial Mg-Al-silicate matrix
(Baščarević et al., 2013) and the subsequent formation andprecipitation
of Ca-sulfates. Two small shoulders at 876 cm−1 and 2512 cm−1 seen in
the LK ore along with a weak band at 1422 cm−1 can be attributed to
stretching vibrations of O\\C\\O bonds indicating the presence of cal-
cite, as shown in XRD patterns. Τhe decrease of the intensity of the
stretching vibration of the inner\\OH group at ~3680 cm−1 means
that most nickel has been extracted from the LK ore (Scholtzová et al.,
2003).

Fig. 7 shows the DSC/TG curves for LK and its residues during
heating. The low-temperature endothermic peaks seen at 110 °C and
140 °C (Fig. 7(a–c)) are associatedwith the loss of freewater. The endo-
thermic peaks seen between 300 and 315 °C in all samples are attrib-
uted to the dehydroxylation of goethite (FeOOH) to form hematite (α-
Fe2O3) or the decomposition of other hydroxyls (Elfiad et al., 2018).
The endothermic peak at 640 °C for LK (Fig. 7a) shows the



Fig. 5. XRD patterns of (a) LK ore, (b) LKr obtained after leaching with 147 g L−1 H2SO4 solution and (c) LKr obtained after leaching with 147 g L−1 H2SO4 solution containing 20 g L−1

Na2SO3.
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decomposition of nickeliferous lizardite which loses its crystal water
and transforms to olivine (Febriana et al., 2018; Mu et al., 2018); this
peak is not shown in LKr since most lizardite has been leached. The
peaks at 590 °C and 840 °C shown in the residues are due to recrystalli-
zation ofmagnesium silicates to forsterite (Mg2SiO4) (Tartaj et al., 2000;
Zevgolis et al., 2010).

BSE images of the LK ore and LKr obtained after leaching with H2SO4

solutionwithout andwith the addition ofNa2SO3 are shown in Fig. 8(a–d).
Fig. 6. FTIR spectra of (a) LK ore, (b) LKr obtained after leaching with 147 g L−1 H2SO4 solutio
Na2SO3.
SEM analysis of the LK ore along with EDS point analyses (Fig. 8(a,
b)) revealed that nepouite, chromite and vitreous goethite were the
main Ni-bearing mineral phases, containing up to 3.16%, 5.89% and
0.95% Ni, respectively. As shown in XRD patterns, the major mineralog-
ical phases, namely quartz, calcite, and hematite were also detected in
the LK ore; other silicates such as talc and clinochrysotile were also de-
tected in some places. Fig. 8(b) (zoom of rectangular area of Fig. 8(a))
shows in detail the presence of nepouite and lizardite along cracks
n, and (c) LKr obtained after leaching with 147 g L−1 H2SO4 solution containing 20 g L−1



Fig. 7.DSC/TG curves of (a) LK, (b) LKr obtainedafter leachingwith 147 g L−1 H2SO4 solution, and (c) LKr obtained after leachingwith 147 g L−1 H2SO4 solution containing20g L−1 Na2SO3.
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and grain boundaries. As can be seen in Fig. 8(b), nepouite (Ni-rich an-
alogue of lizardite) is observed as flaky-like infillings present at the
boundaries between geothite and quartz, while long tabular lizardite
crystals were found along shrinkage cracks at the internal space of goe-
thite (Zhu et al., 2012) or at the boundaries of calcite. Furthermore,
chromite crystals were usually severely cracked and the cracks were
filled with Ni-rich goethite.

After LK leachingwith H2SO4without or with the addition of Na2SO3

(Fig. 8(c, d)), LKr displayed quite smooth edges and surfaces which
mostly comprised of newly formed aggregates formed by a large num-
ber of small particles of the LK ore that agglomerated (Çetintaş et al.,
2018). It is seen that Ni-rich nepouite and calcite were not observed in
LKr obtained after leaching, thus indicating that they were both de-
pleted after reacting with the leaching medium, while the more refrac-
tory particles of hematite, goethite and quartz reacted only partially.

It is important to note that bassanite formed an outer shell of fine
crystals often mixed with silicate aggregates adjacent to quartz or iron
(oxy)hydroxides surfaces, while gypsum almost dominated the whole
interlocking crystalline matrix of the solid residues. Finally, SEMmicro-
graphs and EDS analyses of LKr also revealed a porous structure for the
goethite and chromite particles as a result of the acid attack, which re-
sulted in partial or even complete leaching of the contained nickel
(Fig. 8(c, d)). The presence of these Ni-free phases and the absence of
nepouite indicate that most Ni was extracted from the LK ore during
leaching.

3.5. Assessment of toxicity

Table 7 presents the toxicity of LKr as well as of the IPs produced
after alkali activation of the leaching residues, as derived from the appli-
cation of the EN 12457-3 test.

Regarding LKr it is seen that the toxicity limits are exceeded by far
only for Ni, when both distilled water (pH 7.0) or HCl (pH 4.0) are
used as leaching solutions. In the second case, the degree of dissolution
rate of Ni is almost doubled to 447 mg kg−1. After alkali activation the
dissolution rate of Ni from the IPs decreases dramatically to values
well below the limits, 1.13mg kg−1. This indicates the potential of alkali
activation not only to result in the production of materials with benefi-
cial properties but also to bind or trap potentially hazardous elements in
a stable matrix and therefore reduce their solubilization potential
(Komnitsas et al., 2013). The results also show that the dissolution of
all other elements from the IPs is well below the lowest limits when
Table 7
Toxicity of LKr and IPs according to the EN 12457-3 (L/S = 10 L kg−1) co

Element LKr (mg kg−1)a IP (mg kg−1)a Toxicity limits (m

H2O 

(pH 7)

HCl (pH 

4)

H2O 

(pH 7)

HCl (pH 

4)
For waste accepte
at landfills for iner
wastec

Fe 11.53 52.72 9.69 0.04

Mn 24.16 41.16 0.18 0.50

Al 30.00 82.64 165.16 382.46

Ni 256.53 447.11 0.31 1.13 0.4

Cu 1.89 0.31 0.43 0.69 2

Zn 1.89 1.10 0.67 2.51 4

As 0.01 0.02 0.12 1.47 0.5

Mo 0.01 0.32 0.22 0.17 0.5

Cd <DL <DL <DL <DL 0.04

Crtotal 0.24 1.07 0.38 1.75 0.5

Pb <DL <DL 0.15 3.18 0.5

aDL: detection limit.
bCouncil Decision 19 Dec. 2002 (2003/33/EC).
cShaded parts indicate elements that exceed limits.
the leaching solution is water, thus the specimens present no toxicity
according to the EN 12457-3 test. When the leaching solution becomes
more aggressive (HCl solution, pH 4) the dissolution of Ni, As and Pb ex-
ceeds slightly the lowest limits, thus suggesting that the structural in-
tegrity of the produced specimens is very good.

4. Conclusions

This study confirms the potential of column leaching of a low-grade
Greek saprolitic laterite for the extraction of Ni and Co. Experimental re-
sults indicate thatwithin a very short period, 72.5% of Ni and 47.4% of Co
can be extracted from the ore, when leaching is carried out using a solu-
tion containing 147 g L−1 H2SO4 and 20 g L−1 Na2SO3. Furthermore, it is
mentioned that the obtained Fe and Al co-extractions are low, 8.7% and
31.3% respectively, thus indicating that the process is characterized by
good selectivity, as also confirmed by the ratios Ni/Fe and Ni/Al in the
PLS.

In addition, the beneficial effect of the presence of H2SO3 in the
leaching medium is due to the fact that the generated SO2 reacts with
iron-based phases, accelerates their dissolution and subsequently re-
sults in the extraction of the contained Ni.

Leaching residues can be alkali activated with the use of NaOH and
Na2SiO3 as activators and the addition of 10 wt% metakaolin so that
IPs with high strength, almost 40MPa, can be produced. These products
have very low toxicity and can be used as binders or building materials
in several applications in the construction sector.

The approach followed in this study is environment friendly since it
treats low grade nickel ores for the production of critical metals such as
Ni and Co and thus contributes to raw materials savings, while it valo-
rizes successfully the leaching residues and produces IPs with high
added value.
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