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Abstract: Rising levels of greenhouse gases (GHG) in our atmosphere make it necessary to find
pathways to reduce the amount of GHG, especially emissions of CO2. One approach is carbon capture
and utilization by mineralization (CCUM). With this technology, it is possible to bind CO2 chemically
from exhaust gas streams in magnesium or calcium silicates. Stable products of this exothermic
reaction are carbonates and amorphous silica. Being amongst the biggest emitters of CO2, the cement
industry has to find ways to reduce emissions. Geological mapping in Europe has been carried out to
find suitable feedstock material, mainly olivines but also slags, to perform lab-scale carbonation tests.
These tests, conducted in a 1.5 L autoclave with increased pressure and temperature, have been scaled
up to a 10 L and a 1000 L autoclave. The outcomes of the carbonation are unreacted feed material,
carbonate, and amorphous silica, which have to be separated to produce substitutes for the cement
industry as pozzolanic material (amorphous silica) or a value-added product for other applications
like paper or plastics (magnesite/calcite with bound anthropogenic CO2). Therefore, a process for
the separation of ultrafine carbonation product was developed, consisting mainly of classification
and flotation.

Keywords: carbon capture and utilization; mineral sequestration of CO2; mineral processing; global
warming; carbon dioxide; olivine

1. Introduction

The emissions of GHG into our atmosphere, especially carbon dioxide are increasing rapidly.
In 2019, global carbon dioxide concentration was 409.8 ppm with an annual increase of 2.4 ppm
from 2018, whereas in the 1960s the increase of CO2 emissions was about 0.6 ppm per year [1,2].

This fact leads to research efforts in the field of reduction of CO2 emissions by means of storing
or utilization. One approach is carbon capture and utilization by mineralization (CCUM), an accelerated
carbonation process with increased temperature and pressure. Carbon dioxide reacts with calcium and
magnesium oxide in an exothermic reaction forming stable carbonates [3]. Natural raw materials for
this reaction could be ores with a high content of magnesium or calcium silicates such as serpentinite,
peridotite, wollastonite and also secondary materials like fly ashes and metallurgical slags [4–6].
For simplicity, the primary input material for the process is named olivine in the following study,
although it is a peridotite with ~80 wt.% olivine content [7].

The CO2MIN project investigates the process of chemically binding carbon dioxide (see Formula (1))
from flue gas emissions in primary and secondary raw materials with the objective of generating a
value-added additive for the production of building materials. Therefore, suitable feed material is
pretreated and carbonated in a pressurized reactor, followed by separation of the reaction products
to generate a marketable product. The main focus of this study is the development of a separation
process for the carbonation products. The interdisciplinary consortium of the CO2MIN project
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consists of HeidelbergCement AG (coordination, analyses, application tests), RWTH Aachen University
with five departments (analysis of potential feedstock, sample preparation, carbonation process,
process modelling, analyses, separation of products, Life Cycle Assessment) and the Potsdam Institute
for Advanced Sustainability Studies (IASS Potsdam) (analysis of economic factors and social acceptance),
supported by the Dutch start-up Green Minerals (consulting) [6,8].

The process flowsheet (Figure 1) shows lab-scale carbonation tests (1.5 L and 10 L) as
well as upscaling test work in a 1000 L autoclave to transfer the gained knowledge into more
application-oriented procedures with higher throughputs and to receive sufficient carbonated product
for application tests as substitute material for cement and as filler in paper and rubber.

Minerals 2020, 10, x FOR PEER REVIEW 2 of 14 

 

University with five departments (analysis of potential feedstock, sample preparation, carbonation 
process, process modelling, analyses, separation of products, Life Cycle Assessment) and the 
Potsdam Institute for Advanced Sustainability Studies (IASS Potsdam) (analysis of economic factors 
and social acceptance), supported by the Dutch start-up Green Minerals (consulting) [6,8]. 

The process flowsheet (Figure 1) shows lab-scale carbonation tests (1.5 L and 10 L) as well as 
upscaling test work in a 1000 L autoclave to transfer the gained knowledge into more application-
oriented procedures with higher throughputs and to receive sufficient carbonated product for 
application tests as substitute material for cement and as filler in paper and rubber. 

 
Figure 1. CO2MIN flowsheet of carbonation with associated processes. (PSD—particle size 
distribution). 

The exothermic reaction (Formula 1) shows the sequestration of carbon dioxide [9,10]. 

MexSiO2+x (s) + x CO2 (g) → x MeCO3 (s) + SiO2 (s) (1) 

The input material must contain magnesium or calcium silicate to bind the carbon dioxide. 
Products of the sum of partial reactions are amorphous silica and magnesite—respectively calcite—
in which the CO2 is bound stable since it possesses the lowest free energy of formation in comparison 
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carbon dioxide. The reaction naturally takes place in geological periods, but can be accelerated by 
increasing temperature and pressure, which is done in an autoclave, but also with suitable 
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Figure 1. CO2MIN flowsheet of carbonation with associated processes. (PSD—particle size distribution).

The exothermic reaction (Formula 1) shows the sequestration of carbon dioxide [9,10].

MexSiO2+x (s) + x CO2 (g)→ x MeCO3 (s) + SiO2 (s) (1)

The input material must contain magnesium or calcium silicate to bind the carbon dioxide.
Products of the sum of partial reactions are amorphous silica and magnesite—respectively calcite—in
which the CO2 is bound stable since it possesses the lowest free energy of formation in comparison
to other carbon compounds [5]. In the CO2MIN project, olivines from different deposits in Europe
have been used with contents of 55–80% forsterite as magnesium silicate, which reacts with the
carbon dioxide. The reaction naturally takes place in geological periods, but can be accelerated by
increasing temperature and pressure, which is done in an autoclave, but also with suitable pretreatment
by increasing the particle surface.
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Due to its pozzolanic properties, the amorphous silica could serve as clinker replacement material,
significantly decreasing anthropogenic CO2 emissions, as ~500 kg CO2 are emitted for each ton of
cement clinker produced [11,12]. Further applications are, amongst others, refractory materials and
deoxidizers in steel making ceramic matrix composites [13]. Magnesite and calcite can be used as
a filler, e.g., in the production of synthetic rubber [14,15]. The focus of the following paper is the
carbonation of olivine with focus on the product separation, but the results for secondary raw materials
as slags are also described.

2. Materials and Methods

2.1. Examination of Possible Input Material

Possible feedstock for the carbonation process are alkaline earth metal oxides that occur but are not
limited to minerals like olivine (Mg1.6Fe2+0.4(SiO4)), serpentine (Mg3Si2O5(OH)4) and wollastonite
(CaSiO3), as well as steel slag and fly ash [16–20]. The main subjects of the investigation for CO2MIN
project are olivines with mainly forsterite as reactive component. Basalt from Germany, olivine
from Japan and steel slag, fly ash and red mud from European deposits have also been investigated.
The investigated deposits for basalts and ultramafic rocks are shown in Figure 2. Olivine-bearing rocks
occur in several different geological settings throughout Europe. The big deposits are normally part of
ophiolite complexes and ultramafic intrusions like the largest deposit in Norway, the Almklovdalen
peridotite massif, where Steinsvik Olivine AS is producing [7].
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Figure 2. Origin and producer of samples tested for the use in the carbonation process [7].

Samples of the highlighted deposits were analyzed via XRF, XRD, LOI, partly QEMSCAN,
and SEM and assessed in terms of potential for the carbonation process.

Elemental composition was determined by X-ray fluorescence (XRF) technique using a PW2404
device by Malvern PANalytical B.V. (Eindhoven, Netherlands). X-ray diffraction (XRD) method
was applied using a Bruker D8 Advance device in Bragg–Brentano geometry by Bruker AXS
(Karlsruhe, Germany), equipped with LynxEye detector, CuKα tube and nickel filter. The chosen XRD
parameters included a measurement range from 5–90◦ 2θ in 0.02◦ steps at 2s per step. To enable a
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comparison of the present mineral phases as indicated by the components detected via XRF technique,
XRD analysis was combined with semiquantitative evaluation of the mineral phase fractions. As this
study focusses on natural resources, which are subject to fluctuations, this semiquantitative approach
is considered sufficient for the aimed comparison. [7] A quantitative QEMSCAN analysis of different
olivines has been performed previously by Kremer et al. [7] by applying a Quanta 650-F QEMSCAN
(FEI/Thermo Fischer, Hillsboro, OR, USA) scanning electron microscope (SEM). The measurements
were conducted with an acceleration voltage of 25 kV and a fixed sample current of 10 nA. The surface
of each sample section was scanned with a spatial resolution of 5 µm. Back scatter (BSE) intensities
and individual X-ray spectra were recorded for each pixel with a 4-quadrant BSE detector and two
DualXFlash 5030 SDD (Bruker AXS, Karlsruhe, Germany) energy dispersive x-ray spectrometers (EDX).
SEM analysis was performed with a ZEISS GeminiSEM500 (Carl Zeiss AG, Oberkochen, Germany).

With the investigated European olivine deposits plus the Horoman Mine in Japan, which was
also analyzed, CO2MIN covers over 50% of the annual global olivine production of between 7800 and
9000 ktpa [7,21].

The mineralogical and chemical composition of the investigated samples showed similar results.
The olivines mainly consisted of forsterite (55–80%) and enstatite (10–30%) with small amounts of
lizardite (≤5%). In one sample 10–15% tremolite was detected. Besides 10–15% forsterite, basalt mainly
consisted of albite, anorthite and quartz. XRF analysis of one olivine sample (Table 1) showed high SiO2

and MgO contents and minor amounts of other oxides like Fe2O3, Al2O3, NiO and CaO. Basalt had
lower contents of MgO (9%), but higher contents of CaO with 9.8% [7].

Table 1. XRF analyses of the feed material for the carbonation.

Component [wt.%]
Olivine Ferrochrome Slag

Norway Germany

SiO2 48.6 32.7
Al2O3 0.5 6.3
Fe2O3 7.8 0.2
TiO2 0.0 0.2
CaO 0.2 43.9
MgO 41.1 11.6
K2O 0.1 0.1

Na2O 0.0 0.0
NiO 1.2 0.0

Cr2O3 0.4 4.7

According to analyses, availability and results from the carbonation tests it was decided to use
the olivine from Steinsvik Olivine AS for further investigations, which are part of the following
description [7,22].

As secondary feed material for the carbonation process different slags, fly ashes and red mud
have been investigated for their potential binding of CO2. These secondary materials are far more
heterogeneous in composition than primary feed material, mainly consisting of calcium, magnesium
and iron silicates and oxides, namely merwinite, bredigite, monticellite, akermanite, wuestite, larnite,
mayenite and spinel. According to analyses, availability and results from the carbonation tests, it was
decided to use a ferrochrome slag from Germany for further large-scale carbonation experiments and
for separation tests. The elemental composition of this slag is listed in Table 1 with high amounts of
CaO and SiO2 and minor contents of MgO, Al2O3 and Cr2O3.

2.2. Pretreatment

Pretreatment of the feed material is necessary to enhance reactivity by increasing the reactive
surface through grinding and milling. The milling and classification of the feedstock material for the
lab-scale carbonation tests in 1.5 L and 10 L autoclave were performed in the technical laboratory of
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the Unit of Mineral Processing (AMR) of RWTH Aachen University with a roller mill (Type LWBP 2/2,
Karl Merz Maschinenfabrik GmbH, Heschingen, Germany) and screens (Prüf 86, Siebtechnik GmbH,
Mühlheim an der Ruhr, Germany) to obtain the three particle size fractions 100–200 µm, 63–100 µm and
20–63 µm. The fraction <20 µm was obtained by milling in a planetary ball mill (PM 4, Retsch GmbH,
Haan, Germany) followed by wet screening. Feedstock for large-scale carbonation tests in a 1000 L
autoclave was milled with a vertical roller mill (LM3, 6/4, Loesche GmbH, Düsseldorf, Germany)
followed by direct classification within the milling chamber by an air classifier (LSKS 6, Loesche GmbH,
Düsseldorf, Germany). For the large-scale carbonation tests of the olivine only the fractions 0–20 µm
and 0–63 µm were prepared and the slag was milled below 63 µm.

2.3. Lab-Scale Carbonation

The first carbonation tests were performed in a 1.5 L autoclave (Type 3E Büchi Kiloclave, Büchi
AG, Uster, Switzerland). The carbonation process was first tested with a reference material, a
high-grade dead burned magnesia with 97.56 wt.% MgO. The results, visible in the XRD pattern [23],
showed a complete conversion of the periclase to magnesite which underlined the effectiveness of
the process for the selected parameters regarding pressure, temperature, particle size and stirring
speed (see Section 2.4). Carbonation tests were performed in this autoclave for all investigated
samples (see Figure 2). Olivine from Steinsvik Olivine AS has been used for further test work to find
best parameters for maximum CO2 uptake. More experiments with the specified parameters were
performed with a 10 L autoclave, which resulted in larger product volumes for the first separation tests.
As the next step, experiments were up-scaled to a 1000 L reactor, which was necessary to generate
sufficient amounts of carbonated product in order to perform application tests to determine the
potential suitability as a clinker substitute and further separation tests on larger scale. The carbonation
products of the 1.5 L and 10 L autoclave products were filtered by vacuum filtration and the large-scale
products were filtered with a filter press. The liquid fraction was analyzed via ICP-OES, while the solid
fraction was also analyzed. The solid products of the large-scale carbonation tests of olivine and slag
were split into two samples each. One sample was directly used for application tests and the other one
was further processed to separate the unreacted input material from magnesite, respectively calcite,
and amorphous silica.

2.4. Experimental Conditions and Procedures

Numerous experiments have been carried out to determine the process conditions for maximum
carbonation degree. Stopic et al. [23,24] conducted research on temperature, pressure, stirring speed,
retention time, additives and solid liquid ratio based on literature data to determine standard
experimental parameters for the carbonation [25,26].

The research on experimental parameters for the carbonation reaction in the 1.5 L and 10 L
autoclaves resulted in the following process conditions for the large-scale test work (Table 2).

Table 2. Process conditions for 1000 L autoclave carbonation tests.

Experimental Parameters

Temperature: 175 ◦C
Pressure: p0 = 17.5 bar, pmax = 30 bar (limitation of 1000 L autoclave)

Stirring Speed: 600 rpm
Retention Time: 4 h

Solid/Liquid Ratio: 1:8

Additives:
0.64 M sodium bicarbonate

0.05 M oxalic acid
0.01 M ascorbic acid
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2.5. Separation of Carbonation Products

Previous studies showed different specific particle sizes for the reaction products magnesite
(<25 µm) and amorphous silica (~20 nm) [27,28]. Figure 3 shows SEM pictures of the carbonation
products of olivine from Aheim Gusdal pit in different feed particle size fractions with particle sizes of
3–5 µm for magnesite and around 100–200 nm for amorphous silica.

Minerals 2020, 10, x FOR PEER REVIEW 6 of 14 

 

2.5. Separation of Carbonation Products 

Previous studies showed different specific particle sizes for the reaction products magnesite (<25 
µm) and amorphous silica (~20 nm) [27,28]. Figure 3 shows SEM pictures of the carbonation products 
of olivine from Aheim Gusdal pit in different feed particle size fractions with particle sizes of 3–5 µm 
for magnesite and around 100–200 nm for amorphous silica. 

 
Figure 3. SEM images of reaction products of Norwegian feedstock material, magnified 5000×. Initial 
particle size 20–63 µm (left picture) and 0–20 µm (right picture). 

The reaction products magnesite and amorphous silica have the same particle size regardless of 
the particle size of the feed material (Figure 3). The recovery of nickel, magnesium and iron from the 
product during leaching with hydrochloric acid has been studied by Matus et al. [29]. 

Based on this differing particle size of the reaction products and the different hydrophobic and 
surface properties, the following options for separation are examined in the CO2MIN project: 

Separation by flocculation: selective flocculation of the (magnesium-) carbonates with fatty acids 
and separation of the flocculated agglomerates by classification (e.g., up-current-classifier). 

Separation by flotation: unreacted silicates might be separated by flotation with amines as 
collectors. Another option could be the classification of the product prior to flotation to separate 
magnesite and microsilica from coarse unreacted olivine. In the next step, magnesite can be separated 
in the foam product with fatty acids as collectors. A problem might be the fine particle size of the 
magnesite. To determine the reagents regime, limits of particle size, pH value and other parameters, 
monomineral flotation has been tested for single phase olivine, magnesite and amorphous 
microsilica. This resulted in further investigations with artificial mixtures of the different phases, 
followed by flotation of carbonation products. 

Separation by classification: The reaction products agglomerate or precipitate on the olivine 
particles, but do not interact with each other [30]. Particle liberation is necessary to provide successful 
separation tests. Therefore, different options for de-agglomeration have been tested, namely attrition 
with or without dispersant (sodium silicate), ultrasonic treatment (UP400St, Hielscher Ultrasound 
Technology, Teltow, Germany) with a frequency of 24 kHz, 10 g of sample in 1 L water and a retention 
time of 5–20 min, as well as further comminution with mortar mill and disc mill. Agglomeration 
could be a consequence of drying prior to SEM analysis or precipitation kinetics. The unreacted 
olivine is present in the particle size range of the respective feed material. The separation of the 
unreacted material from the reaction products was tested. Tests have been performed at lab-scale 
with fine sieves (5 µm, 11 µm, 15 µm, 20 µm). For higher throughput other options have to be tested, 
e.g., a 10 mm hydrocyclone or a classification centrifuge. 

  

Figure 3. SEM images of reaction products of Norwegian feedstock material, magnified 5000×.
Initial particle size 20–63 µm (left picture) and 0–20 µm (right picture).

The reaction products magnesite and amorphous silica have the same particle size regardless of
the particle size of the feed material (Figure 3). The recovery of nickel, magnesium and iron from the
product during leaching with hydrochloric acid has been studied by Matus et al. [29].

Based on this differing particle size of the reaction products and the different hydrophobic and
surface properties, the following options for separation are examined in the CO2MIN project:

Separation by flocculation: selective flocculation of the (magnesium-) carbonates with fatty acids
and separation of the flocculated agglomerates by classification (e.g., up-current-classifier).

Separation by flotation: unreacted silicates might be separated by flotation with amines as collectors.
Another option could be the classification of the product prior to flotation to separate magnesite and
microsilica from coarse unreacted olivine. In the next step, magnesite can be separated in the foam
product with fatty acids as collectors. A problem might be the fine particle size of the magnesite.
To determine the reagents regime, limits of particle size, pH value and other parameters, monomineral
flotation has been tested for single phase olivine, magnesite and amorphous microsilica. This resulted
in further investigations with artificial mixtures of the different phases, followed by flotation of
carbonation products.

Separation by classification: The reaction products agglomerate or precipitate on the
olivine particles, but do not interact with each other [30]. Particle liberation is necessary to provide
successful separation tests. Therefore, different options for de-agglomeration have been tested,
namely attrition with or without dispersant (sodium silicate), ultrasonic treatment (UP400St, Hielscher
Ultrasound Technology, Teltow, Germany) with a frequency of 24 kHz, 10 g of sample in 1 L water
and a retention time of 5–20 min, as well as further comminution with mortar mill and disc mill.
Agglomeration could be a consequence of drying prior to SEM analysis or precipitation kinetics.
The unreacted olivine is present in the particle size range of the respective feed material. The separation
of the unreacted material from the reaction products was tested. Tests have been performed at lab-scale
with fine sieves (5 µm, 11 µm, 15 µm, 20 µm). For higher throughput other options have to be tested,
e.g., a 10 mm hydrocyclone or a classification centrifuge.
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3. Results

3.1. Results of Flocculation

Flocculation of magnesite from the carbonation product was examined in a stirring tank with a
volume of 300 mL and a solid liquid ratio (s/L) of 1:30 with addition of oleic acid (200–700 g/t) and
retention time of 10 min, followed by classification in an up-current classifier. Another approach was
the coating of polyethylene beads with oleic acid and addition into the stirring tank to agglomerate
with the magnesite and serve as a carrier for the carbonates, followed by separation of the coated beads
from the tank and subsequent rinsing of the carbonates from the beads.

This treatment lead to a visible agglomeration in the tank, which was not selective, as the
following analysis revealed. The flocculation product contained magnesite, amorphous silica and
unreacted olivine, hence no separation was detectable. An issue of the usage of fatty acids is the
limited selectivity, as all available carbonates interact with this flocculant. Fatty acids produce insoluble
complexes with all divalent cations in solution and hydrophobicize them [31].

3.2. Results of Flotation

Flotation tests were conducted for the carbonated olivines. The carbonation product to be
processed contained 65–75% unreacted material, 20–25% magnesite and 5–10% amorphous silica,
which was stoichiometrically calculated by the ratio to the reaction product magnesite (Table 3).

Therefore, the separation of the unreacted olivine is an important step, also with regards
to circulation of this mass flow back to the carbonation reactor. The flotation scheme consisted
of monomineral flotation of olivine, magnesite and microsilica to determine the floatability of the
single minerals, followed by flotation of an artificial mixture of magnesite and microsilica, which resulted
in the final step of flotation of the actual carbonation product.

The flotation of the unreacted olivine was tested as a first flotation step, which was simulated by
flotation of raw input material, the pure Norwegian olivine <20 µm with dodecylamine as collector,
MIBC as frother and at neutral pH. This flotation test resulted in a recovery of up to 94.5%. To determine
the effect of dodecylamine on the reaction products magnesite and amorphous silica, monomineral
flotation tests for these two minerals have also been carried out. Magnesite and silica were not affected
by the collector and stayed in the hydrophilic fraction during monomineral flotation with dodecylamine.

Table 3. Semiquantitative XRD examination of the present mineral phase fractions in Norwegian
olivine before and after carbonation and one flotation product. Amorphous silica was determined
arithmetically by stoichiometry.

Mineral Phase Fraction [%]
Olivine (Steinsvik)

Input Material Carbonation Product Flotation Product

Forsterite 75–80 50–55 45–50
Enstatite 10–15 10–15 5–10
Lizardite ≤5 ≤5 ≤5

Clinochlore ≤5 ≤5 ≤5
Talc ≤5 ≤5 ≤5

Magnesite - 20–25 30–35

Amorphous Silica - 5–10 indeterminable

As a next step, the monomineral flotation of magnesite with fatty acids as collector was tested
in different concentrations resulting in a recovery of >90% for the fraction 20–63 µm, demonstrating
the applicability for magnesite separation in general and providing results for the reagents regime
for further examinations. Amorphous silica is not affected by the collector. Highest recovery was
obtained by using oleic acid as collector, MIBC as frother and no depressant. Reducing the particle size
of magnesite to below 20 µm resulted in a significant drop in recovery to 16%. Yao et al. recommended
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an increase in pH value for the flotation of magnesite. The experiments with a pH value of 12 enhanced
the recovery for magnesite <20 µm to ~90% [32].

Subsequently, artificial mixtures for simulation of the reaction products without unreacted
material—consisting of 65% magnesite and 35% microsilica—were part of flotation test work. The best
results were achieved for oleic acid without depressor at pH 12 with a recovery of 76% MgO in flotation
product (~88% in used magnesite) at a purity of >75%.

As final test, a flotation experiment with the previous results was conducted for the actual
carbonated product and can be seen in Table 3, resulting in an increase of magnesite of 10% to 30–35%,
which meant a recovery of 72.2% at a yield of 50%.

Further flotation investigations (monomineral flotation at particle sizes below 5 µm, the effect of
stirring speed, agitation and flotation time) and the combination of different processes (classification
prior to flotation) are part of current research.

3.3. Results of Deagglomeration and Classification

The separation tests for the carbonated material via flocculation have not been successful.
The results of flotation are promising, but SEM images still showed a silica layer and some magnesite
particles on the surfaces of the unreacted olivine. Therefore, it was decided to firstly set the focus
on deagglomeration. It seems that the magnesite and the amorphous silica do not precipitate on the
surface of the olivine but grow on the surface with a strong bond. Consequently, deagglomeration
was investigated by means of ultrasonic treatment in different intensities, attrition with or without
dispersant and varying s/L ratio and retention time as well as further comminution. Comminution
with mortar mill or disc mill showed good results under SEM regarding liberation but lead to negative
side effects by reducing the particle size of the unreacted olivine particles. Ultrasonic treatment and
attrition were conducted in liquid medium, followed by screening to classify the liberated particles
before drying, which is necessary for the analysis. Both deagglomeration options showed similar results
and usage of dispersant had no positive effect. Concerning availability and higher throughput attrition
was used for deagglomeration before the following separation tests. A higher retention time ensured
better separation. After evaluating the results, the parameters of the attrition were set to 25–30% water
content and stirring speed of 1100 rpm for 240 min to deagglomerate the carbonation products.

As the amorphous silica content cannot be analyzed directly, the magnesite serves as an indicator
for successful deagglomeration. In Figure 4, the XRD pattern for fraction 11–20 µm is shown before
and after attrition. Before attrition, magnesite could be found in the product sample. After attrition,
no more magnesite peaks were visible in the XRD spectrum, which stated a successful liberation.

Further attrition and classification tests were conducted for both the olivine and the ferrochrome
slag carbonation products to evaluate the successful separation via classification. Therefore, narrow
particle size fractions of the carbonation products were produced by sieving. The XRD patterns for the
olivine carbonation products can be found in Figure 5.

It is evident that the magnesite peaks are the highest in the 0–5 µm fraction with less enstatite
and chlinochlore peaks, whereas in the fraction 11–15 µm there is only one small peak for magnesite.
This qualitative statement can be confirmed with Table 4, which gives a semiquantitative determination
of the contained minerals phases.

The fraction 0–5 µm, which—based on an optimal attrition—is supposed to contain the whole
magnesite (2–5 µm) and amorphous silica (100–200 nm) shows an increased amount of magnesite
of 30–35%, which means a recovery of 65% at a yield of 45%. In the other particle size fractions,
the amount of magnesite was reduced.
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Table 4. Semiquantitative determination (XRD pattern of Figure 5) and yield (in grey) of the olivine
(<20 µm) carbonation product and different product fractions after classification.

Mineral Phase Fraction
[%]

Carbonation
Product 0–20 µm 0–5 µm 5–11 µm 11–15 µm

Mass fraction 100 * ~45 ~40 ~12
Forsterite 50–55 45–50 65–70 70–75
Magnesite 20–25 30–35 10–15 5–10
Enstatite 10–15 5–10 10–15 10–15

Clinochlore 5–10 ≤5 ≤5 ≤5
Talc ≤5 ≤5 ≤5 ≤5

Lizardite ≤5 ≤5 ≤5 ≤5
Quartz ≤5 ≤5 ≤5 ≤5

* 3% of total mass belongs to fraction 15–20 µm.

The XRD patterns for the deagglomeration and classification of the ferrochrome slag can be
seen in Figure 6. All listed different particle size fractions show a high peak and some smaller peaks
for calcite. In the initial carbonation product of the investigated ferrochrome slag <63 µm (Figure 6a),
also chlinochlore, aragonite, enstatite and merwinite are visible. The pattern of fraction 0–5 µm
(Figure 6b), which is identical to the pattern for fraction 5–11 µm, only shows peaks for calcite and
a short peak for chromium oxalate hydrate, which is a result of the oxalic acid as an additive in the
carbonation process and its accumulation in the fine particle size fractions.
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(a) carbonation product prior to separation, (b) fraction 0–5 µm, (c) fraction 11–15 µm, (d) fraction
15–20 µm.

Table 5 shows the semiquantitative determination of the contained mineral phases for the different
particle size fractions of the carbonated ferrochrome slag. All fractions below 20 µm, which together
make up a mass of 53%, show good results for the enrichment of magnesite.
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Table 5. Semiquantitative determination (XRD pattern of Figure 6) of the ferrochrome slag (<63 µm)
carbonation product and different product fractions after classification.

Mineral Phase
Fraction [%]

Carbonation Product
0–63 µm 0–5 µm 5–11 µm 11–15 µm 15–20 µm

Mass Fraction 100 * ~10 ~25 ~10 ~8
Calcite 50–55 100 ** 100 ** 95–100 75–80

Merwinite 15–20 5–10 20–25
Magnesite 5–10

below
detection
limit (bdl)

bdl bdl bdl
Aragonite ≤5

Clinochlore 10–15
Forsterite 5–10
Enstatite ≤5
Quartz ≤5

* 47% of total mass belongs to fraction 20–63 µm, ** XRF show 20–22% SiO2, which is supposed to be amorphous as
it is not visible in the XRD pattern.

The XRD results of the fraction 0–11 µm with a purity of nearly 100%—not considering the phases
below the detection limit—show a recovery of 66.5% at a yield of 35%. Combining these XRD results
with XRF measurements for this carbonation product show a SiO2 content of ~21%. As silicon dioxide
is not contained in calcite it can be assumed that it is available as amorphous silica in this product.

4. Discussion

Regarding the main objective of the CO2MIN project to use mineral sequestration of carbon
dioxide for long-term storage of anthropogenic CO2, with a focus on generating replacement material
for the cement industry, continuous progress was made. For primary feedstock material, namely olivine,
a carbonation degree of up to 23% and for the secondary material, the ferrochrome slag, a carbonation
degree of 46% was achieved, which represented a CO2 uptake of 116.5 kgCO2/tfeed for olivine and
218.5 kgCO2/tfeed for the ferrochrome slag, respectively. The carbonation degree was related to the
reactive components of magnesium, calcium and iron.

The separation of single products, artificial mixtures and specific processing steps works in specific
conditions. However, the full separation of the three phases—unreacted material, magnesite/calcite
and amorphous silica—could not be obtained by now. The grinding process has a significant influence
on further separation and metallurgical treatment [33–36]. The effect of different aggregates for
comminution in lab-scale tests and scale-up carbonation test work, e.g., dry fine grinding with high
pressure grinding roll or vertical roller mill, will be part of future investigations. The liberation of the
phases has to be improved and some separation methods are facing their limits due to the very small
particle size of the phases to be separated.

The separation tests for attrition and classification as well as for flotation showed promising results,
regarding the separation of magnesite or calcite from unreacted feed material. A recovery of ~65% of
the carbonate was achieved for the fine particle size fraction via classification and even 72% by flotation.
The purity of the carbonated fine olivine product 0–5 µm with 30–35 µm magnesite iss still low, which is
a result of the carbonation degree of only 23%. The high amount (~50%) of initial olivine material below
5 µm that did not react during the carbonation process, resulted in fine unreacted olivine, which stays
in the fine fraction after the classification process. To achieve better results, the carbonation degree
needs to be improved but also the reason for the limited reaction of the finely ground olivine must be
further investigated.

The purity of the fine carbonated slag product is very high, due to higher initial particle size and
higher reactivity of the initial material. The carbonation degree is much higher at 46%.

However, the SEM images of coarser particle size fractions for both olivine and ferrochrome slag
after carbonation still show amorphous silica and magnesite on the surface of the unreacted material.
Therefore, the deagglomeration needs improvement to increase the recovery of the reaction products
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and to decrease the recirculating mass of those products back into the carbonation process with the
unreacted material.

A further step for the separation of the amorphous silica from the magnesite could be ultrafine
classification at 1 µm, which is part of the future work and also the usage of hydrocyclones and
classification centrifuges for higher throughput. A combination of the single separation processes will
be performed to obtain an enriched product, which can be used as a substitute in the cement industry
and application tests for the separation products will be performed.
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