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Abstract: In this work, we explore a novel mineral processing approach using carbon
dioxide to promote mineral alterations that lead to improved extractability of nickel from
olivine ((Mg,Fe)2SiOa). The precept is that by altering the morphology and the mineralogy
of the ore via mineral carbonation, the comminution requirements and the acid consumption
during hydrometallurgical processing can be reduced. Furthermore, carbonation pre-treatment
can lead to mineral liberation and concentration of metals in physically separable phases.
In a first processing step, olivine is fully carbonated at high CO2 partial pressures (35 bar)
and optimal temperature (200 <C) with the addition of pH buffering agents. This leads to a
powdery product containing high carbonate content. The main products of the carbonation
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reaction include quasi-amorphous colloidal silica, chromium-rich metallic particles, and
ferro-magnesite ((Mgi—x,Fex)COs). Carbonated olivine was subsequently leached using an
array of inorganic and organic acids to test their leaching efficiency. Compared to leaching
from untreated olivine, the percentage of nickel extracted from carbonated olivine by acid
leaching was significantly increased. It is anticipated that the mineral carbonation
pre-treatment approach may also be applicable to other ultrabasic and lateritic ores.

Keywords: nickel; olivine; mineral carbonation; leaching; ferro-magnesite; colloidal silica

1. Introduction

In the last few decades, traditional nickel resources have become scarcer because of ramping global
production and growing demand [1]. Nickel is more abundantly present in the Earth’s crust than copper
and lead, but the availability of high-grade ores is rather limited [2]. The current strong demand for
nickel is expected to carry into the future, and the scarcity of high-grade recoverable ores will inevitably
call for the exploitation of low-grade ores as a source for nickel. Therefore, increasingly more research
IS underway investigating the feasibility of recovering nickel from low-grade ores [3-5].
Magnesium-iron silicates, minerals that are widely distributed on the Earth’s crust and that contain
relatively dilute, yet considerable amounts, of nickel arise as one possible, yet challenging, opportunity.

The main objective of this study was to investigate the possibility of processing olivine
((Mg,Fe)2Si0s) for the production of nickel. Olivine is solid-solution of iron- and magnesium-silicates
containing relatively small amounts of nickel and chromium, and is the precursor of weathered lateritic
ores. Olivine (also known as dunite, an ore containing at least 90% olivine [6]) is abundantly present in
the Earth’s upper mantle [7], and intrudes in some locations into the Earth’s crust, most notably in the
Fjordane Complex of Norway, which contains the largest ore body (approx. two billion metric tons)
under commercial exploitation [6]. The use of olivine as a nickel source could, thus, possibly solve the
scarcity problem of high-grade ores. Due to its small nickel content, conventional extraction and
recovery methods (e.g., high pressure acid leaching, agitation leaching or heap leaching [3]) are not
viable, as reagent and processing costs become too high [8]. In this work a novel approach was
investigated, whereby the mineral is first carbonated in a pre-treatment step before the nickel is extracted
by leaching. Carbonation may allow for an easier recovery due to a better accessibility of the nickel
during leaching as a result of morphological and mineralogical changes. Recently, considerable research
has focused on the carbonation of olivine and other alkaline silicates as an option for sustainable carbon
dioxide sequestration [9,10]. In the present work, however, COz2 is utilized primarily as a processing
agent; such an approach can be termed “carbon utilization” (more specifically turning CO2 from a waste
into an acid).

Nickel is able to replace magnesium in olivine’s magnesium silicate matrix forming a
magnesium-nickel silicate (Mg,Ni)2SiO4 called liebenbergite or nickel-olivine. This replacement is
possible due to certain similarities of nickel and magnesium in the silicate structure. Their ionic radii are
similar (Mg = 0.66 A; Ni = 0.69 A), their valences are the same (Mg?*, Ni?*), and they both belong to
the same orthorhombic system [11]. The amount of nickel in olivine is variable and depends on the ore’s
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origin, varying between <0.1 and 0.5 wt. % Ni [12]. These concentrations are rather low compared to
the grade of nickel deposits presently used in industrial processes, which ranges from 0.7 to
2.7 wt. % Ni [11].

Olivine is highly susceptible to weathering processes and alterations by hydrothermal fluids. These
alteration reactions involve hydration, silicification, oxidation, and carbonation; common alteration
products are serpentine, chlorite, amphibole, carbonates, iron oxides, and talc [11]. The fact that olivine
is highly susceptible to weathering also makes it suitable for intensified carbonation. Due to this
suitability and its high abundance, olivine has been the subject of intensive research for carbon dioxide
sequestration using mineral carbonation, whereby the formation of stable magnesium carbonates act as
carbon sinks [13-17].

Carbonating olivine converts the silicates (mainly forsterite (Mg2SiO4) and fayalite (Fe2SiO4) [6])
into carbonates and silica. This reaction is exothermic and is, thus, thermodynamically favored.
The reaction mechanism contains three main steps: the dissolution of CO2 in the aqueous solution to
form carbonic acid; the dissolution of magnesium in the aqueous solution, and the precipitation of
magnesium carbonate. The overall reaction schemes for carbonation of forsterite and fayalite are given
in Equations (1) and (2):

Mg,Si0, + 2C0, = 2MgCO; + Si0, + 89/ Co, ()
Fe,Si0, + 2C0, = 2FeCO5 + Si0, + 79 k]/mol co, ()

The formed magnesite (MgCOs) and siderite (FeCOs), as well as the residual silica (SiO2),
are thermodynamically stable products that are environmentally friendly. These reaction products can,
thus, be readily disposed of in the environment or reutilized as commercial products.

The focus of this work was to investigate the leaching behavior of carbonated olivine. When carbonated
olivine is leached, the acid will have to dissolve a carbonate structure instead of a silicate structure.
These reactions can be seen in Equations (3) and (4):

MgCO5 + 2H* = Mg?* + C0,(g) + H,0 (3)
MgCO5 + 2H* = Mg?* + C0,(g) + H,0 4)

Through these alterations of the olivine mineral, which may increase specific surface area, nickel
might become more accessible to leaching. Secondly, the C-O (360 kJ/mol) bonds are weaker than their
Si—O (466 kJ/mol) counterparts [18], which can lead to an easier leaching of the carbonated olivine
compared to natural olivine.

This paper reports the results of a series of tests that aimed to: (i) find the optimal carbonation
conditions that maximize the desired mineral and morphological alterations; (ii) characterize the
carbonated products with a focus on the fate of nickel; (iii) compare the leaching performance of an
array of organic and inorganic acids, and assess the efficiency and extent of nickel extraction from
carbonated olivine compared to natural olivine; and (iv) provide the proof-of-concept of using
carbonation as a pre-treatment step for nickel recovery from low-grade silicate ores and elucidate
directions for future research.
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2. Experimental Section
2.1. Olivine Characterization

Olivine was supplied by Eurogrit B.V. (a subsidiary of Sibelco, Antwerp, Belgium) and originated
from Aheim, Norway. The material obtained, classified as GL30, had the following properties described
by the supplier: sub-angular to angular shape, pale green color, hardness of 6.5 to 7 Mohs, specific
density of 3.25 kg/dm?3, and a grain size between 0.063 and 0.125 mm. The olivine was milled before
any further use to increase the reactivity of the material to carbonation and leaching by increasing the
specific surface area. The milling was performed using a centrifugal mill (Retsch ZM100, Haan,
Germany) operated at 1400 rpm with an 80 um sieve mesh. After milling, a total of 86 vol. % of the
material had a particle size below 80 um, and the average mean diameter D{4,3}, determined by Laser
Diffraction Analysis (LDA, Malvern Mastersizer 3000, Worcestershire, UK), was equal to 34.8 um. The
particle size distribution is shown in Figure S1. The morphology of the particles was imaged by Scanning
Electron Microscopy (SEM, Philips XL30 FEG, Eindhoven, The Netherlands), and is shown in
Figure S2. For SEM analysis, particles were gold-coated and mounted on conductive carbon tape.

The material was extensively analyzed to obtain the chemical and mineralogical composition. Table 1
presents the elemental composition results obtained by digestion followed by Inductively-Coupled
Plasma Mass Spectrometry (ICP-MS, Thermo Electron X Series, Waltham, MA, USA) analysis;
Co, Mg, Mn, and Si content were determined by Wavelength Dispersive X-ray Fluorescence
(XRF, Panalytical PW2400, Almelo, The Netherlands).

Table 1. Elemental composition of fresh olivine, in decreasing order, determined by
ICP-MS (Al, Ca, Cr, Fe, Ni) and XRF * (Co, Mg, Mn, Si).

Element Mass %
Mg 27.2
Si 20.7
Fe 3.7
Ni 0.27
Cr 0.24
Al 0.17
Ca 0.17
Mn 0.09
Co 0.02

* XRF was used for Si and Mg analysis as it is a more accurate method for determination of these elements.
Data for Co and Mn is not available by ICP-MS, so XRF data is presented; it should be noted that due to their
low concentration, these data are to be considered semi-quantitative.

The mineralogy of the fresh olivine was analyzed by powder X-ray Diffraction (XRD, Philips
PW1830, Almelo, The Netherlands) with quantification by Rietveld refinement; the diffractogram is
shown in Figure 1. As can be expected, the material contains mostly forsterite (84.5 wt. %; in fact
ferroan-forsterite, which is forsterite with iron substitution) as well as a smaller amount of fayalite
(25 wt. %). Other minor components present include some hydrated silicates (clinochlore
((Mg,Fe?")sAl(SisAl)O10(OH)g, 2.1 wt. %), lizardite (Mg3Si20s(OH)4, 2.7 wt. %), talc (MgsSizO10(OH)2,
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0.5 wt. %), and tirodite (Na(Na,Mn?")(Mgas,Fe?")Sig022(0H)2, 3.1 wt. %)), carbonates (magnesian
calcite (Cao.ssMgo.15COs, 1.0 wt. %), and magnesite (MgCOs, 0.2 wt. %)), magnesium (hydr)oxides
(periclase (MgO, 0.1 wt. %), and brucite (Mg(OH)z2, 0.7 wt. %)), chromite (FeCr20a, 1.1 wt. %) and quartz
(SiO2, 0.2 wt. %).
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Figure 1. XRD diffractograms of fresh olivine, fully carbonated olivine and fully
carbonated olivine after leaching in 1.28 N H2SOs4 for 24 h; major mineral peaks are
indicated: F = ferroan-forsterite ((Mg,Fe)2SiO4); M = magnesite/ferro-magnesite
((Mg1-x,Fex)COs3); A = quasi-amorphous phase.

The olivine was also analyzed with a Jeol Hyperprobe JXA-8530F Field Emission Gun Electron
Probe Micro-Analyzer (FEG EPMA, Akishima, Japan), equipped with five wavelength dispersive
spectrometers, to map the concentration of each element within the particles. The EPMA was capable of
detecting elements down to a concentration of 100 ppm and map them down to a spatial resolution of
0.1 um. A small representative surface area (80 %100 um) of a polished sample (pelletized and embedded
in resin) was fully mapped to give the distribution of elements in the material. The EPMA was operated
at 15 kV, a probe current of 100 nA, and dwell time of 30 ms per 0.3 < 0.3 um pixel. Both peak and
background were measured under these conditions. Nickel was found to be dispersed in the material, as
can be seen in Figure 2. This would indicate that it replaces magnesium in the magnesium silicate
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structure to form a magnesium-nickel silicate ((Mg,Ni)2SiOas). There are also small particles that are
highly concentrated (shown as white) in nickel, chromium and iron. Figure S3 shows the elemental
distribution of other elements (Al, C, Ca, Co, Cr, Fe, Mg, Mn, Si). Figure S4 helps to visualize that
nickel-rich regions exist; in some, nickel is associated with iron (cyan color in composite map), and in
some nickel is not associated with iron nor chromium (green color in composite map). In the case of
chromium, it is present mainly in select regions, and those regions are highly concentrated in iron as
well (suggestive of chromite), but not in nickel.
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Figure 2. Fresh olivine backscattered scanning electron image (top) and EPMA mapping of
nickel concentrations (bottom); concentration scale is relative to max/min levels.

2.2. Carbonation

Carbonation experiments were conducted in a Bithi Ecoclave continuously-stirred tank reactor
(CSTR, Uster, Switzerland). The reactor has a volume of 1.1 liters and is capable of withstanding
pressures up to 60 bar and temperatures up to 250 <C. Carbon dioxide gas (99.5% purity) was
continuously injected from a compressed cylinder. It should be noted that for industrial implementation,
gases with lower CO2 purity (e.g., combustion flue gases) may be used for mineral carbonation so long
as the desired CO: partial pressure is met by gas compression. All experiments in this study were
conducted with 35 bar CO2 partial pressure; steam made up the balance pressure up to 55 bar total,
depending on the temperature. The reactor was equipped with a Rushton turbine stirrer and a baffle to
ensure adequate mixing of the reactor contents; 1000 rpm stirring rate was used. The liquid volume in
the reactor was kept constant at 800 mL.

The experimental parameters varied are detailed in Table 2; these were temperature, solids loading,
residence time, and additive concentrations. Increasing the temperature influences the equilibrium
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constants. An increase in the dissociation constants of carbonic acid leads to a decrease in pH (higher
acidity) and an increase in both bicarbonate and carbonate ion concentrations; this enhances the
dissolution of magnesium as well as the precipitation of magnesium carbonate (under suitable pH, i.e.,
not excessively acidic). These effects are counteracted by an increase of Henry’s constant, which leads
to a lower solubility of COz in the solution. Lastly, a decrease of the solubility product of magnesium
carbonate stimulates its precipitation. These opposing effects indicate that an optimal temperature exists.
Increasing the solids loading in the reaction process has been reported to increase the extent of
carbonation due to an increase in particle-particle collisions that remove passivating layers and increase
the surface area available for carbonation [19]. The use of additives aims at enhancing the dissolution of
magnesium, the dissociation of carbonic acid, and/or the precipitation of magnesium carbonate. Sodium
chloride (NaCl) and sodium bicarbonate (NaHCOs3) were tested as carbonation enhancing additives as
suggested by Chen et al. [20].

After completion, the reacted slurry content was filtered to recover the liquid and solid portions; solids
were dried at 105 <C for 24 h. Most experiments were conducted in duplicate, and data presented are
average values.

Table 2. Parameter values used in the carbonation experiments.

Parameters Tested Values
Temperature 150-185-200 <C
Solids loading 50-100-200 g/800 mL
Residence time 4-24-48-72 h
NaCl concentration 0-1-2M
NaHCO3 concentration 0-0.64-25M

2.3. Leaching

Leaching experiments were conducted by atmospheric agitation methodology. A certain amount
of olivine (typically two grams), either fresh or carbonated, was added to plastic flasks together with
100 mL of a solution containing various concentrations of a certain acid. The flasks were shaken at
25 <C for the desired reaction time (typically 24 h). When finished, solids and liquids were separated
using a centrifuge. The supernatant liquids and the dried solids were further analyzed. Leaching
experiments were conducted in duplicate, and data presented are average values. A low leaching
temperature was used as this study’s main aim was to investigate mineralogical effects on chemical
equilibrium rather than leaching kinetics. Low temperature leaching (i.e., ambient) is typical in heap
leaching operations [3].

For the leaching with inorganic acids, sulfuric acid (H2S0a), nitric acid (HNOs) and hydrochloric acid
(HCI) were chosen. A preliminary test was performed using a large variety of organic acids: citric acid
(HOC(COOH)(CH2COOH)2), oxalic acid (HOOCCOOH), succinic acid (HOOC(CH2).COOH),
lactic acid (CH3CH(OH)COOH), acetic acid (CH3COOH), formic acid (HCOOH) and butyric acid
(CsH7COOH). These organic acids were chosen as they are reportedly produced by microorganisms
utilized in bioleaching of silicate minerals [21,22]. Based on preliminary experimental results
(Figure S5) the three most promising organic acids, citric acid, formic acid, and lactic acid were selected
for further use in the experiments discussed hereon.
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2.4. Analytical Methods

The concentrations of soluble elements in aqueous solutions were determined by ICP-MS. The
mineralogical, morphological, and microstructural properties of carbonated solids were characterized by
XRD, SEM, nitrogen adsorption (BET, Micromeritics TriStar 3000, Norcross, GA, USA), LDA, and
EPMA. The CO: uptake of the carbonated solids was determined by thermogravimetric analysis
(TGA, TA Instruments Q500, New Castle, DE, USA), conducted in duplicate. The weight loss between
250 and 900 <C was attributed to the decomposition of carbonates (XRD results suggest minimal
formation of hydration products that could interfere in this range, and there is good agreement between
quantitative XRD and TGA determination of magnesite content (Figure S6)). The maximal theoretical
CO:z2 uptake (Mo, max) Of natural olivine, 0.521 g, CO2/g, olivine, was estimated based on its magnesium

and iron content. Extent of carbonation (&) is expressed as the percentage ratio of actual to maximal
uptake values: § = MCOZ,actual/MCOZ,max-

3. Results and Discussion
3.1. Influence of Carbonation Parameters

The dependencies of the temperature, residence time, solids loading, and NaCl and NaHCOs
concentrations on the carbonation extent are given in Figure 3.

The influence of the reactor temperature on the carbonation is shown in Figure 3a. The extent of
carbonation increases with increasing temperature between 150 <C and 200 <C, both for 4 h and 24 h
residence times. This is due to the increase in both acid dissociation constants of carbonic acid, which
contributes to magnesium silicate dissolution, as well as the decrease in the solubility product of
magnesium carbonate, which promotes magnesium carbonate precipitation. These two effects are
mutually beneficial, since as more magnesium precipitates as carbonate, more magnesium can leach
from the silicate, propagating the reaction. Increasing the temperature also increases Henry’s constant
for the dissolution of COz2 in the water, which can have a negative impact on the carbonation [20],
but this was not observed here. O’Connor et al. [23] found that these counteracting temperature effects
lead to an optimal olivine carbonation temperature of 185 <C. In our experiments, no maximum
was reached between 150 <C and 200 <C. The difference in results can be explained because
O’Connor et al. [23] use other parameter values in their experiments; most importantly, they operated at
CO2 pressures of 150 bar, whereas our experiments operated at 35 bar. At higher CO2 pressure,
the solubility limit of CO2 will be reached at a lower temperature.

The extent of carbonation increases linearly with an increase in residence time, as can be seen in
Figure 3b. There seems to be an initially fast carbonation rate due to parts of the olivine that are more
easily carbonated (fines, particle surfaces, and more reactive minerals (e.g., periclase, brucite)), after
which the carbonation continues linearly with time. Due to this linear increase with time, there is either
no limitation by the formation of a passivating layer, or the passivating layer is broken down sufficiently
by particle collisions. This was confirmed by SEM analysis of partially carbonated olivine. Figure S7
shows that the residual silica and precipitated magnesite form separate particles, rather than forming a
passivating layer around unreacted olivine. More discussion on this is presented in the Section 3.2. The
residence times used in this study are relatively long, which was necessary because of the relatively low
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COg2 partial pressure utilized (35 bar), as restricted by the reactor’s pressure rating. Higher CO2 partial
pressures should accelerate the processes, from the order of days to the order of hours, as indicated by
other studies conducted at higher pressures (e.g., 139 atm [14]) and modeling work [13].
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Figure 3. Influence of carbonation process parameters (temperature (a); residence time (b);
solids loading (c); NaCl concentration (d); and NaHCOz3 concentration (€)) on extent of
olivine carbonation; Table S1 provides detailed data values and statistics on replicates.

As can be seen from Figure 3c, increasing the solids loading greatly enhances carbonation. A solids
loading increase from 50 g (5.9 wt. %) to 200 g (20 wt. %) almost doubles the carbonation extent for
both the 24 h and 72 h experiments at 200 <T with the addition of 1 M NaCl. These results confirm
previous results from Bérat et al. [19] who also noticed a substantial increase in carbonation,
proportional to (wt. %)3, when increasing the solids loading from 5 to 20 wt. %. The higher amount of
solids in the reactor will lead to more collisions of the olivine particles, promoting the removal of
passivating layers and the breakage of unreacted particles. Julcour et al. [16] emphasized the importance
of attrition/exfoliation, conducting olivine carbonation reactor in a stirred bead mill and achieving 80%
conversion in 24 h at 180 <C, 800 rpm and 20 bar COz.

The addition of NaCl does not seem to enhance the extent of carbonation. As can be seen in
Figure 3d, using one or two molar solutions of NaCl has a very limited impact on the extent of
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carbonation. O’Connor et al. [23] proposed the addition of both 1 M NaCl and 0.64 M NaHCOs, although
they also remarked that the addition of sodium bicarbonate has a much larger impact than sodium
chloride on the carbonation extent. It can be concluded that, in view of minimizing processing cost or
complexity, NaCl addition can be omitted. However, ionic strength can play a role in surface charges
and particle aggregation, and should, thus, be investigated in view of product properties such as particle
size distribution, specific surface area, and mineral separation. An economical source of saline solution,
if desired, would be seawater.

The addition of NaHCOs, on the other hand, has a substantial impact on the carbonation reaction.
As can be seen from Figure 3e, the extent of carbonation is highest when 0.64 M of NaHCOs is added.
The substantial impact of NaHCOs on the carbonation is due to its dissolution into Na* and HCOs™ ions.
Chen et al. [20] state that adding sodium bicarbonate reduces the concentration of magnesium ions
required to exceed the solubility product for magnesium carbonate and, thus, promotes the precipitation
of magnesite. They explain that this is because in solutions with a large amount of NaHCOs3, the
concentration of CO3?" is inversely proportional to CO2 pressure and proportional to the square of the
concentration of NaHCOs. A reversal of this effect occurs at higher concentrations of NaHCO3 possibly
because the solution pH increases excessively, slowing the dissolution of the silicate minerals.

3.2. Characterization of Fully-Carbonated Olivine

Full conversion (0.515 g, CO2/g, olivine = 99.0% *3.9%) of olivine was achieved by carbonating it
for 72 h at 200 <C and 35 bar CO:2 partial pressure with the addition of 1 M NaCl and using a solids
loading of 200 g/800 mL. This fully carbonated olivine was the only carbonated material used in the
acid leaching experiments presented in Section 3.3. The chemical and mineralogical compositions as
well as the microstructural characteristics of the carbonated olivine are very important for interpretation
of the leaching results.

The chemical composition of the fully carbonated olivine was determined by digestion followed by
ICP-MS (for Al, Ca, Cr, Fe, and Ni) and by XRF (for Co, Mg, Mn, and Si). The obtained results,
in decreasing order, were: 18.1 wt. % Mg; 13.8 wt. % Si; 2.5 wt. % Fe; 0.19 wt. % Ni; 0.17 wt. % Cr;
0.13 wt. % Ca; 0.11 wt. % Al; 0.06 wt. % Mn; 0.01 wt. % Co. The respective weight percentages are
lower compared to fresh olivine (Table 1) due to the conversion of magnesium silicate to magnesium
carbonate; the addition of CO2 increases the total mass of the olivine by roughly 50%, thus reducing the
elemental concentrations.

The mineralogy of the fully-carbonated olivine was analyzed using XRD; the diffractogram is shown
in Figure 1. The magnesium silicate (ferroan-forsterite) that was predominant in fresh olivine
(84.5 wt. %) is now converted nearly completely (0.5 wt. % remaining) to magnesium carbonate
(magnesite (MgCQOs), 87.0 wt. %). Periclase and brucite are absent, since they easily carbonate and are
also converted to magnesite. The various other minerals that were found in fresh olivine are still present
in the carbonated olivine, as they either did not react during carbonation or were formed as hydrated
by-products of the reaction: clinochlore (3.7 wt. %), talc (3.1 wt. %), lizardite (2.3 wt. %), tirodite
(1.4 wt. %), fayalite (0.9 wt. %), quartz (0.9 wt. %), magnesian calcite (0.3 wt. %), and chromite
(0.2 wt. %). Hydrated silicates are known to require dehydroxylation to enable accelerated
carbonation [24], and fayalite is known to require elevated pressures to convert into siderite [25].
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The particle size distribution of the fully-carbonated olivine can be seen in Figure 4. The average
particle size is considerably lower after carbonation as 90 vol. % of the carbonated olivine has a particle
size below 42 um. The BET specific surface area increased from 0.49 m?/g to 16.1 m?/g. This confirms
that carbonation can act as a substitute to more intense comminution of fresh olivine. Two distinctive
peaks can clearly be identified in the particle size distribution, with one peak around 5 um and one peak
around 30 um. The SEM and EDX analyses presented in Figure 5 provide insight into their occurrence.
The carbonated olivine consists of small particles that are clusters of small spheres, and larger crystalline
particles. The small particles are analyzed to be silica (SiO2) rich (Figure 5c), whereas the crystalline
particles are primarily magnesium carbonate (MgCOs), seemingly in solid-solution with iron carbonate
(FeCOgs) (Figure 5b). The appearance of clustered silica particles is likely due to the aggregation of
smaller polymerized silica particles. Surface silica will polymerize setting free a water molecule. The
polymerized silica will break off from the surface of the olivine particle forming small silica particles
free in solution. These small particles can either grow by further condensation or by aggregating together
forming the clusters that are shown in Figure 5c. This reaction mechanism was proposed for the
preparation of silica from olivine by Lieftink and Geus [26] and was confirmed by Lazaro et al. [27].

The fully carbonated olivine was analyzed using EPMA to map the concentration of each element
within the particles. The concentrations of chromium, iron, magnesium and nickel are shown in Figure 6.
Chromium is concentrated in iron-rich particles, in agreement with chromite composition. Iron distribution
largely coincides with that of magnesium, confirming the solid-solution carbonate formation
((Mg1-x,Fex)COs). Nickel appears to be more dispersed throughout the material, although the outline
of the carbonate particles can be seen in its map, which would suggest a preference for the
carbonate phase. Highly concentrated nickel is also found in a few small particles and the few
chromium-rich particles.
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Figure 4. Particle size distribution of fully carbonated olivine, determined by LDA.
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Figure 5. SEM and EDX analyses of individual fully carbonated olivine particles: (a) fully
carbonated olivine at low magnification; (b) ferro-magnesite crystal; (c) colloidal silica
cluster. Note that Au and C signals are also attributable to gold coating and carbon tape.
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Figure 6. Backscattered scanning electron image and elemental concentration mapping
(carbon, chromium, magnesium, iron and nickel) of fully carbonated olivine, captured by
EPMA,; concentration scale is relative to max/min levels; color gradient in Mg map is due to
curvature artifact that occurs at these relatively low magnifications.

Additional elemental distributions are mapped in Figures 7 and S8, taken at slightly lower
magnification of another area of the embedded sample. In Figure 7 it is seen that silicon is present in
regions poor in magnesium and iron, which supports the EDX results (Figure 5) in that silicon forms
distinct particles separate from the carbonate phase. The few calcium-rich particles have magnesium,
silicon, and aluminum co-present (Figure 7), and low levels of carbon (Figure S8), which could indicate
a calcium-magnesium-aluminum silicate originally present in the olivine or formed during the reaction.
A possible natural analogue would be alumo&ermanite ((Ca,Na)2(Al,Mg,Fe?")(Si207)) [28].
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Figure 7. Backscattered scanning electron image and elemental concentration mapping
(silicon, iron, magnesium, calcium and aluminum) of fully carbonated olivine, captured by
EPMA,; color scale indicates max/min levels.

Spot EPMA analysis on certain regions of the polished sample is shown in Figure 8, with their
chemical compositions given in Table 3. The four analyzed spot areas are very distinctive. Area 001 is
a chromium- and iron-concentrated chromite particle. Area 002 contains mainly a combination of
magnesium and silicon, meaning it is a rare grain of unreacted ferroan-forsterite. Area 003 contains
magnesium, iron and carbon, indicative of ferro-magnesite ((Mgi—x,Fex)COs). Area 004 is a polymerized
silica cluster, as it contains high concentrations of silicon, low concentrations of magnesium and carbon
that originates from the embedding resin that penetrates the gaps between the small agglomerated silica
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particles. These results reaffirm the EDX analysis presented in Figure 5, indicating that carbonate and
silica phases (as well as unreacted mineral grains) form distinct particles in the product powder. This
means that these particles may be separable by physical means, in view of producing high-value
product streams.

15.0kV COMPO

Figure 8. Backscattered scanning electron image of fully carbonated olivine and EPMA
scanning of selected areas; mounted sample was coated with platinum and palladium for
the analysis.

Table 3. Chemical composition (%), determined by EPMA, of spot areas in Figure 8; carbon
as elemental C and other elements as oxides.

Chemical Formula 001 002 003 004
Cc 05 1.2 19.8 37.7
MgO 4.8 35.3 68.6 2.6
SiO; 0 57.6 0 59.8
Al,03 3.3 0 0 0
Cr203 55.5 5.8 0 0

Fe.0s 35.9 0 11.6 0
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3.3. Acid Leaching of Fresh and Carbonated Olivine
3.3.1. Inorganic Acids

Limited research mentions the acid leaching of nickel from olivine. Our own experiments have
two main objectives. The first objective is to look at the leaching behavior of various inorganic
and organic acids for olivine. The second objective is to investigate the impact of carbonation as a
pre-treatment step to leaching.

The metal extractions for the leaching from fresh and carbonated olivine with the three inorganic
acids tested can be seen in Figure 9. Sanemasa et al. [29] found that there is no preferential leaching of
the silicate structure in olivine of one metal over the other. Our results, both for fresh as well as
carbonated olivine, confirm these findings: for each acid, at the various concentrations, there is no
preferential leaching of magnesium, iron or nickel. In all cases, chromium leaching was minimal,
which confirms that it is located in different particles than the ones containing nickel, and that those
chromium-containing particles do not undergo dissolution during leaching, while the ones containing
nickel do.

Terry et al. [30] noted that olivine dissolves congruently, meaning a complete breakdown of the
silicate structure to give, percentage-wise, the same amount of silica and metal cation leached. The leaching
results for fresh olivine in Figure 9 do not entirely confirm these findings. It seems that less silica is
solubilized than would be expected based on a congruent dissolution. This indicates that dissolved
silica will precipitate, possibly by forming a silica gel. Notably, the results for carbonated olivine
(Figure 9b,d,f) show substantially less leaching of silica compared to fresh olivine. This occurs because
the metal silicates in the fresh olivine are transformed to metal carbonates in carbonated olivine. Carbon
dioxide will now be released instead of silica during the acid leaching. The polymerized silica in the
carbonated olivine does not significantly partake in the dissolution reactions of the acid attack.

Increasing the acid concentration enhances the leaching of most elements. The leaching of Mg, Fe
and Ni from fresh olivine increased from below 10% at 0.02 N to above 60% at 2.56 N for all inorganic
acids tested. This impact was even more apparent for the leaching of carbonated olivine with HCI and
HNOs, where Mg, Fe, and Ni extractions increased from below 10% at 0.02 N to nearly 100% at
2.56 N. Most notably, the leaching of nickel from carbonated olivine is substantially better than from
fresh olivine when using hydrochloric and nitric acids. A concentration of 2.56 N of either acid leaches,
respectively, 100% and 91% of nickel from carbonated olivine. For fresh olivine these values are only
66% and 64%, respectively.

In terms of the differences between the three acids, all three inorganic acids show similar leaching
behavior of fresh olivine for the same acid normalities. Between 60% and 70% of Mg, Fe and Ni is
leached with 2.56 N of either HCI, H2SO4 or HNOs. At intermediate normalities, sulfuric acid performed
better; Sanemasa et al. [29] explain that sulfate is better at stabilizing the metal cations than the chloride
anions. For carbonated olivine, however, there is a clear and opposite distinction between the leaching
behaviors of nitric and hydrochloric acid compared to sulfuric acid. H2SO4 leaches substantially less
Mg, Fe and Ni than HCI and HNOs. Whereas H2SO4 leaches only about 30% Mg, Fe and Ni at 2.56 N,
for HCI and HNO:s this is equal to about 90% to 100%. Additional leaching tests, discussed later on,
were performed to investigate this phenomenon.
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Figure 9. Leaching extent from fresh (a,c,e) and carbonated (b,d,f) olivine with hydrochloric
(a,b), sulfuric (c,d) and nitric (e,f) acids; Tables S2 and S3 provide statistical data
on replicates.

The leaching enhancement ratio of nickel from carbonated olivine compared to fresh olivine can be
seen in Table 4; the enhancement ratio (o) is calculated as the percent of nickel leached from carbonated
olivine (ynicarb) over the percent of nickel leached from fresh olivine (ynifresh): @ = yNicarb/yNi fresh.
For HCI and HNQOsg, the leaching ratio increases with increasing acid concentration, peaking at 0.64 N,
where carbonated olivine leaches, respectively, 1.77 and 1.72 times better than fresh olivine. The slight
decrease at even higher concentrations can be attributed to the fact that the leaching of carbonated olivine
is approaching completion, while fresh olivine still benefits significantly from higher acid concentrations
(Figure 9). For H2SO4, the leaching of carbonated olivine compared to fresh olivine follows the opposite
path, decreasing with increasing acid concentrations. This indicates that the inhibiting effect of H2SO4
is dependent on the sulfate ion concentration. The leaching ratio for H2SO4 reaches a minimum at 0.32 N
with only 0.42 times the percentage of nickel extracted from carbonated olivine compared to fresh olivine.
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Table 4. Nickel leaching enhancement ratios of carbonated olivine over fresh olivine for
inorganic and organic acids.

Leaching Ratio ¢ Leaching Ratio ¢

HCI HNO3 H,SO,4 Lactic Citric  Formic

(Carbonated/Fresh) (Carbonated/Fresh)
0.02N 0.99 0.85 1.11 0.25N 1.01 1.15 0.46
0.04 N 0.93 0.92 0.92 05N 1.18 1.25 0.46
0.08 N 1.23 1.01 0.72 10N 1.38 1.16 0.47
0.16 N 1.20 1.22 0.52 2.0N 1.48 1.00 0.57
0.32N 1.47 1.65 0.42 40N> 1.35 - 0.68
0.64 N 1.77 1.72 0.47
1.28N 1.58 1.62 0.45
2.56 N 1.52 1.43 0.49

* exceeds citric acid solubility.
3.3.2. Organic Acids

The metal extractions from fresh and carbonated olivine by the three organic acids tested are shown
in Figure 10. Some similar conclusions can be drawn as for inorganic acids. There is also essentially no
preferential dissolution of Mg, Fe and Ni both from fresh and carbonated olivine. Although there is also
less silica in solution as would be expected based on a congruent dissolution of the fresh olivine silicate
structure, this difference is less than for inorganic acids. Silica is, thus, less prone to precipitation in the
presence of organic acids, but is equally insoluble when already precipitated as colloidal silica in the
case of carbonated olivine.

The leaching enhancement ratio for lactic acid increases with increasing acid concentrations, reaching
amaximum of 1.48 at 2 N (Table 4). Contrary to lactic and formic acids, leaching with citric acid remains
constant (for fresh olivine), or decreases slightly (for carbonated olivine) with increasing acid
concentration (Figure 10). The enhancement ratio remains above one up to 1 N, with a maximum of 1.25
at 0.5 N (Table 4). Citrate ions act as chelating agents and will form strong metal-ligand complexes that
enhance leaching. It appears that due to these highly soluble complexes, citric acid already reaches its
maximum leaching potential at low concentrations. Tzeferis et al. [31] also found that increasing the
citric acid concentration from 0.5 M to 1.5 M did not increase the nickel or iron extraction from
nickeliferous ores at low pulp densities. At higher pulp densities, the percentages of nickel and iron
leached at 0.5 M were substantially lower than for low pulp densities, and they did increase when the
citric acid concentration was increased to 1.5 M. This confirms the idea that citric acid has an intrinsic
maximum for the leaching of metals or specific ores, which, once reached, will not increase further when
increasing the citric acid concentration.

Comparing the leaching results from fresh olivine with carbonated olivine, it can be seen that there is
also a large discrepancy among the organic acids (Table 4). Nickel leaching by citric and lactic acids is
enhanced when olivine is carbonated (i.e., enhancement ratios > 1). Leaching by formic acid, however,
just like with sulfuric acid, experiences a considerable decrease (—32% to —54%) in nickel extraction
from carbonated olivine compared to fresh olivine.
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Figure 10. Leaching extent from fresh (a,c,e) and carbonated (b,d,f) olivine with
formic (a,b), citric (c,d), and lactic (e,f) acids; Tables S4 and S5 provides statistical data
on replicates.

3.3.3. Sulfuric Acid Leaching Investigation

Aforementioned results for fresh olivine show a limited leaching of nickel, magnesium and
iron (the cationic components of ferroan-forsterite) with H2SOs compared to HCI and HNOs.
Terry et al. [30] noted that sulfate ions form stronger metal cation-acid anion complexes than chloride
ions, which would lead to an increased reactivity with sulfuric acid. For carbonated olivine, however,
this is completely reversed and thus does not follow the existing theory. One possibility is that the sulfate
ions form insoluble compounds with the components of carbonated olivine (carbonate and silica phases),
passivating the particles. To test this hypothesis, leaching tests were conducted using sulfuric acid and
mineral mixtures. The mineral mixtures consisted of one or more of the following components: pure
magnesite (MgCOs), pure fumed (amorphous) silica (SiOz), fresh olivine and fully carbonated olivine.
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If the carbonation products (magnesite and silica) had unexpected behavior in contact with sulfuric acid,
these tests would help uncover these effects. Since the pure phases did not contain nickel or iron, leaching
data for magnesium was collected.

Figure 11 presents the data on magnesium leaching from the pure components (Figure 11a) and from
the mineral mixtures (Figure 11c). Figure 1la presents the raw leaching data (expressed as g,
Mg/100 mL) and the data expressed as a percentage of the theoretical maximum leaching extent
(based on Mg content in the mineral: 0.577 g, Mg/100 mL for pure MgCOs, 0.543 g, Mg/100 mL for fresh
olivine, and 0.362 g, Mg/100 mL for fully carbonated olivine). It is found that pure MgCQOs leaches
completely in 1.28 N H2SO4, so there is no negative effect of sulfate anions, and no precipitation of
insoluble compound. In the case of olivine, leaching is much more extensive in the case of fresh olivine
(77%) compared to fully carbonated olivine (20%). This confirms the effects seen in previous results
(Figure 9). Figure 11b presents kinetic data on the leaching of fresh and fully carbonated olivine by
1.28 N H2SOs. Leaching of the latter is slower and stalls after two hours, while leaching of the former
continuously increases over time, although it is also relatively slow (leaching after 2 h is less than a third
that after 24 h).

Figure 11c presents the leaching results of four mineral mixtures. For each mixture, data is presented
in raw format (g, Mg/100 mL) and as a percentage of the theoretical maximum leaching based on the
mixture’s composition and the leaching results obtained for the singular components (Figure 11a). The
first mixture contains only the pure minerals, and shows that SiO2 does not prevent leaching of MgCOQOs,
as the leaching extent reaches 97% of the predicted value (i.e., within experimental uncertainty). The
second mixture shows that MgCOs does not alter the leaching of fresh olivine, as the leaching extent is
equal to the predicted value; hence, no insoluble precipitate forms. Likewise, the third mixture shows
that SiO2 does not alter the leaching of fresh olivine (the value greater than 100% is within experimental
uncertainty); again, no insoluble precipitate forms. Finally, the last mixture shows that carbonated
olivine still leaches poorly and that leaching of MgCOs is not affected by the presence of carbonated
olivine, since the leaching extent is approximately equal to the calculated prediction (97%). This last
mixture result shows that no component of carbonated olivine prevents the leaching of pure MgCOs,
although the ferro-magnesite present in carbonated olivine is affected.

To better understand what happens with the sulfuric acid-leached carbonated olivine, the leaching
residue was characterized by XRD, and results are shown in Figure 1. The diffraction pattern of the
leaching residue is very similar to that of the pre-leaching fully carbonated olivine. No additional peaks
form after leaching, which indicates that no crystalline precipitates form. Additionally, all significant
peaks present in the pre-leaching mineral (attributable to magnesite) are still present after leaching,
meaning that magnesite leaching is not extensive, as the magnesium leaching data indicated
(Figure 11a). The main difference seen between the two diffractograms is that the leached residue has a
larger “bump”, which is attributable to a quasi-amorphous phase. Since this bump is near the theoretical
location for crystalline silica (i.e., quartz), it is possible to infer that it represents the colloidal silica
content of the material (and hence is also present in the pre-leached mineral). The reason why the bump
grows after leaching, is that the crystalline content is reduced, due to partial dissolution of magnesite.
These XRD results suggest that no precipitate forms after leaching, either crystalline or quasi-amorphous
in nature.



Metals 2015, 5 1640

B grams,Mg/100ml| % Theoretical

b) M 100% Fresh Olivine 100% Carbonated Olivine

77%

B grams,Mg/100m| % Calc. Mixture

97% 100% ? 97%

50% MgCO3 50% MgCO3 50% Fresh Olivine 50% MgCO3
+50% Si02 +50% Fresh Olivine +50% Si02 +50% Carb. Olivine

Figure 11. (a) leaching extent (in 1.28 N H2SO4, 2 g/100 mL, 24 h) from pure magnesium
carbonate, fresh olivine and carbonated olivine; (b) leaching extent (in 1.28 N H2SOQg,
2 9/100 mL) from fresh olivine and carbonated olivine as a function of time; (c) leaching
extent (in 1.28 N H2S0O4, 2 g/100 mL, 24 h) from mixtures of pure magnesium carbonate,
pure silica, fresh olivine and carbonated olivine.

Based on leaching and XRD results, it appears that the only explanation for the poor leaching
results of fully carbonated olivine in sulfuric acid is that the magnesite present in carbonated olivine is
a solid-solution of MgCOs and FeCOs. Since pure MgCOs leaches adequately in sulfuric acid, and
amorphous silica does not affect leaching, it could be that the iron content of the ferro-magnesite helps
to passivate the mineral particles after an initial limited leaching extent. Further research is needed to
characterize this mechanism.

4. Conclusions

The increasing demand and diminishing availability of raw materials requires us to look beyond
conventional sources. In the future, the importance of low-grade ores and waste streams as a source for
raw materials will only increase. The objective of this work was to look at the extraction of nickel from
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a low-grade silicate ore, namely olivine. This was achieved by combining conventional acid leaching
with a pre-treatment step in which the olivine underwent mineral carbonation. It is anticipated that the
mineral carbonation pre-treatment approach may also be applicable to other ultrabasic and lateritic ores.

In a first processing step, olivine was fully carbonated at high CO2 partial pressures (35 bar) and
optimal temperature (200 <C) with the addition of pH buffering agents. Although substantial research
has looked into the carbonation of olivine, reported extents of carbonation are usually lower than those
achieved in this work (i.e., full carbonation). The carbonation increased linearly with time, indicating
that carbonation is not limited by the formation of a passivating silica layer under the processing
conditions used. This was confirmed by SEM analysis of partially carbonated olivine, showing that after
carbonation distinct crystalline magnesium carbonate particles and clusters of nano-silica are formed.
High solids loading and mixing rate appear to enhance the carbonation reaction substantially due to the
olivine particles being eroded by increased particle collisions. Using electron probe micro analysis it
was possible to map the distribution of both major (C, Mg, Si) and minor (Al, Ca, Cr, Fe, Ni) elemental
components in this material. The main products of the carbonation reaction included quasi-amorphous
colloidal silica, chromium-rich metallic particles, and ferro-magnesite.

The second stage of this work looked at the extraction of nickel and other metals by leaching fresh as
well as carbonated olivine with an array of inorganic and organic acids to test their leaching efficiency.
Compared to leaching from untreated olivine, the percentage of nickel extracted from carbonated olivine
by acid leaching was significantly increased. For example, using 2.6 N HCIl and HNOs, 100% and 91%
of nickel was respectively leached from carbonated olivine. This compares to only 66% and 64% nickel
leached from untreated olivine using the same acids. Similar trends were observed with the organic acids
used, where the leaching enhancement reached a factor of 1.25 using 0.5 N citric acid, and a factor of
1.48 using 2 N lactic acid. It was found that two acids, sulfuric and formic, are unsuitable for leaching
of carbonated olivine.

Looking at future developments, it should be pointed out that in the present work the metal extraction
was performed after carbonation. Selective metal recovery of the olivine during carbonation might
substantially enhance the leaching and reduce extractant consumption. During carbonation, the metals
dissolve due to the acidic aqueous solution as a result of carbonic acid formation. The residual solids
could then be separated at high temperatures and pressures prior to exiting the reactor, producing a
purified silica stream and a concentrated metal liquor or metal precipitate. Another option is to separate
the final products (i.e., silica-rich clusters, carbonate crystals, and metallic particles) prior to leaching,
and leach only the metal-rich fraction; this may reduce the amount of sequestered COz2 liberation. Lastly,
re-use of any CO:2 released during acidification can contribute to lowering processing costs associated
with CO2 concentration from industrial emission sources. These processes are presently in development
using the proprietary reactor technology of Innovation Concepts B.V. called the “CO:2 Energy
Reactor” [13]. This reactor makes use of a Gravity Pressure Vessel (GPV) that supports hydrostatically
built supercritical pressures, runs in autothermal regime by recycling the exothermic carbonation heat,
and operates under turbulent three-phase plug flow configuration. This reactor is expected to allow faster
carbonation conversion and more economical processing.
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