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The exothermic carbonation reaction includes the degradation of alkaline earth metal (mainly Mg-, Ca-) oxides,
hydroxides or silicates under participation of carbon dioxide under aqueous conditions and the formation of stable
carbonates with long-term storage of carbon dioxide. The extent of reaction depends on different influencing fac-
tors, which significantly affect the economic and ecological feasibility of this technology. With special regard to the

possibilities of upscaling and balancing in the context of life cycle analyses for the carbon capture and usage
approach, various material-specific and process-related parameters and also combinations of these have been tested
experimentally and evaluated. Hereby, significant differences in the carbonation extent were identified with ach-
ieved carbonation degrees from below 5 up to 60%, corresponding to 305 kgcoz/tfeed- This study is a comprehensive
investigation of those material-specific and process-related parameters and their combination and aims to ensure
the economic viability of enhanced weathering by increasing the degree of carbonation.

1. Introduction

The issue of anthropogenic CO; emissions is a major challenge
nowadays and for the immediate future. To meet the objectives set out in
the Paris agreement [1], with the aim of keeping the global average
temperature increase below 2 K, preferably below 1.5 K above
pre-industrial levels, it is no longer sufficient to reduce the carbon di-
oxide emissions, but negative emissions must be generated. One possible
approach for carbon dioxide reduction is carbon capture and utilisation
by mineralisation (CCUM). This method of CO, sequestration by mineral
trapping is a safe method to store carbon permanently in a geological
sense [2,3]. Despite worldwide large resources of natural feedstock
material being available for CO, sequestration, representing mainly
magnesium and calcium silicates, and the technically feasible process,
the costs for large-scale carbonation applications are currently too high.
Therefore, the challenges of ex-situ carbonation must be overcome by
means of improving the process energy economics, the materials
handling and the utilisation of reaction products as substitution material
and especially the process conditions to enhance both the carbonation
degree and the extent of stored carbon to a maximum [4].
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In the last 20 years, research on carbonation and ex-situ minerali-
sation has advanced considerably. The main focus of most studies has
been on the highest degree of carbonation without taking into account
the costs, required energy, and emissions of the respective processes.
This parameter study presents results gathered within the CO2MIN
project, which aims at investigating carbonation as a whole. This project
considers the achievable carbonation degree of various mineral re-
sources, including their subsequent separation and usage as substitute
materials, which also affects the balancing of the entire process
regarding ecological and economical considerations [5]. The present
study does not cover the balancing of the entire process, which is shown
in detail by Strunge et al. [6] but contributes possible process outcomes
when using different experimental parameters. However, the chosen
process parameters might not necessarily lead to the theoretically
achievable carbonation degrees of the mineral resources. The results
serve as a basis for carrying out the carbonation process on an industrial
scale, possibly even as a continuous process in the future. To contribute
to these goals, e.g., test run durations are limited in time.

The degradation of silicates under formation of carbonates can be
described by the carbonation process, which in this study takes places in an

Received 14 October 2021; Received in revised form 25 January 2022; Accepted 6 February 2022

Available online 15 February 2022

2212-9820/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:kremer@amr.rwth-aachen.de
www.sciencedirect.com/science/journal/22129820
https://www.elsevier.com/locate/jcou
https://doi.org/10.1016/j.jcou.2022.101928
https://doi.org/10.1016/j.jcou.2022.101928
https://doi.org/10.1016/j.jcou.2022.101928
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcou.2022.101928&domain=pdf
http://creativecommons.org/licenses/by/4.0/

D. Kremer et al.

agitated autoclave with defined pressure, temperature and stirring speed.
The use of an autoclave, or pressure reactor, is necessary to counteract the
evaporation and lower COs solubility that occurs in an open system due to
the increased process temperature. The carbonation process is quite com-
plex because numerous reactions are involved. The reactions are inde-
pendently influenced by a wide range of process parameters such as
temperature, pH value and pressure, but also influence one another in order
to form carbonates from CO2 and a solid input material. As a first step CO2
needs to dissolve in water, then react with the solvent to generate carbonic
acid (HoCO3) which subsequently dissociates into a hydrogen ion and
hydrogen carbonate (HCOj3’) according to the following Eq. (1) [7]:

CO, +H,0 < H,CO; < H"+HCO; (@]

Each of these three intermediate reactions must be influenced to-
wards the product side for a successful carbonation process. Considering
all dependencies of these reversible intermediate reactions, a successful
supply of a sufficient amount of HCO3’ is directly dependent on the CO,
partial pressure of the system and the pH value of the solution [8].

In addition to the carbon source, a divalent metal cation is necessary
for the formation of the solid carbonates. Hydrolysis of a solid input
material transfers the required cations into solution making them avail-
able for the carbonation reaction. This reaction is given in Eq. (2) with
forsterite (Mg2SiO4) as a solid, which is one end-member of the olivine
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solid solution series (Mg,Fe),SiO4, and abundant natural mineral [9-11].
Mg,SiO, +4H"—2Mg*" +Si0, +2  H,0 (2

In Eq. (2) the intermediate formation of silicic acid is omitted for
simplification. Finally, depending on the pH value, the hydrogen car-
bonate deprotonates according to Eq. (3) [12], whereby the released
metal cation can react with the new generated carbonate anion to form a
carbonate, which precipitates as a solid at a corresponding supersatu-
ration (Eq. 4) [3].

HCO; < COy +H" 3)

Mg +C0* < MgCO; 4

Although hydrogen carbonate is consumed in this reaction, new
HCO3/CO3% is constantly generated if the CO, partial pressure is suf-
ficient and, thus, the net carbonation reaction (Eq. 5) is maintained [13].

MgZSi04 + 2C02 +H20—>2MgC03 +SlOz + H20 (5)

Previous research can be divided into theoretical modelling and as-
sumptions as reported by Bremen et al. [14] and Rimstidt et al. [15] but
also into experimental observations consisting of investigations of the
different parameters on direct mineral carbonation (see Table 1). The

Table 1

Literature review on the effect of parameter variations on the carbonation.

Process conditions

Results

Ref.

Pressure, pH, dissolution

Pressure, temperature, retention time, pH, additives, particle size,
surface activation, passivation layer, dissolution, precipitation,

Pressure, temperature, retention time, pH, additives, particle size,
dissolution, nucleation

Pressure, temperature, retention time, additives, particle size,

passivation layer

Pressure, pH, additives

Temperature, pH, particle size, surface activation, amorphisation,
dissolution

Temperature, dissolution, precipitation

Retention time, additives, particle size, passivation layer, dissolution

PH, dissolution

pH, additives, dissolution

Particle size, surface activation, amorphisation

Passivation layer, in-situ milling

Dissolution

The pH value in contact with the mineral surfaces is the major faction controlling the dissolution
rates.

Proposed direct carbonation process:

185 °C, 150 bar, addition of 0.64 M NaHCO3 and 1 M NacCl in aq.

Decrease in particle size enhances the dissolution of the silicate and the carbonation efficiency.
Increasing pressure leads to higher RX. Residence time of 2 h and a neutral pH is proposed.
Mechanical activation is not recommended due to the high energy demand.

The precipitation of magnesite is apparently limited by the process of nucleation. Magnesite
precipitation occurs most rapidly in the presence of initial magnesite nuclei. A sufficient
supersaturation of conditions is necessary to initiate nucleation, which is the rate-limiting step
before precipitation occurs.

Pcoz has a minor effect on efficiency than variation of temperature, particle size,

HCO3 concentration and ionic strength in solution. With high addition of sodium salts and high
Pcog the rate of carbonation was controlled by chemical reaction between H' and olivine, but at
low Pcop the carbonation was controlled by diffusion through the carbonate layer. Addition of
sodium bicarbonate can increase the ionic strength and aid the dissolution of Si followed by
decomposition to amorphous silica with a removal of the Si-rich layer.

Olivine minerals dissolve more rapidly in the presence of organic ligands. The silica dissolution
reaction occurs at the mineral surface.

Mechanical activation increases the specific reaction rate by a factor of three compared to
inactivated samples. No correlation was found between the particle size and the rate of
dissolution.

A direct relation of the reaction mechanism to the stoichiometry was assumed, deriving a simple
equation for dissolution and precipitation of silica phases with the result of a direct
proportionality of the reaction rate to the interfacial area between the solid and aqueous phases
and an inverse proportionality to the mass of water in which the silica is dissolving, indicating
that the reaction rates are limited by the breaking of the strong Si-O bonds.

Different solutions have been proposed to increase the carbonation extent, like the use of
additives, the use of ultrafine particles (below 10 pm) or the application of strong turbulence
intensity to avoid the formation of the passivation layer.

Temperature has no influence on the enthalpie of activation. The variation of forsterite
dissolution changes with pH. At high pH, detachment of silicon controls silicate dissolution rates.
At low pH, detachment of other cations than silica controls dissolution rates of silicates.
Olivine minerals dissolve more rapidly with declining pH. At low pH, olivine minerals release
cations more rapidly than silica and produce a silica-enriched surface.

Reactivity increased most significantly as a result of size reduction. But it is suggested that
structural disordering (amorphisation) through intensive (attrition-type mill) and long milling
increases the reactivity over-proportionally. This indicates an activation of olivine by lattice
defects. A mechanically-induced increase of the dislocation density is related to an increase in
elastically stored energy in the crystal.

A silica-rich passivation layer inhibits the carbonation reactivity. Importance of particle-particle
interactions (abrasion) for generation of fresh olivine reaction surfaces and for extent of
carbonation is described. Addition of abrasive particles (e.g. quartz) leads to an increase in
carbonation.

The olivine content in the impure samples is proportional to the mineral carbonation (MC)
efficiency. The carbonation is kinetically controlled by the chemical reaction of the dissolution of
olivine.

[16]

[19]

[17].

[23]

[24]

[14,
26-28]

[29,30].

[31-34]

[35-41]

[18]

[42]
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dissolution of forsterite is mainly controlled by the pH value in contact
with the mineral surfaces [16]. Various studies show a strong influence
of the pH value, pressure, temperature, presence of additives, particle
size, or the reactive surface on the extent of carbonation. Also, the
amorphisation of silicate feed material by intensive milling shows pos-
itive effects on the carbonation degree. The precipitation of the reaction
product magnesite is limited by the process of nucleation [17]. Another
reaction-limiting obstacle is the reaction product amorphous silica on
the silicate particles, which inhibits further dissolution and, therefore,
acts as a passivation layer. Béarat et al. [18] describe the idea of
particle-particle interaction for the generation of fresh olivine reaction
surface by addition of abrasive particles (e.g. quartz) to enhance the
degree of carbonation by reactivating the surface during carbonation.
O’Connor et al. [19] conducted extensive research and proposed pa-
rameters for a direct carbonation process, which formed the basis for
further studies.

Oelkers et al. [20] describe increasing surface area or extremely
acidic conditions as the only pathways to significantly accelerate for-
sterite dissolution, which is necessary to enhance the carbonation re-
action in aqueous solution.

To further improve the process of mineral carbonation, this study
examines and compares the effects of parameter variations on the
carbonation degree of olivine. A basis is provided for parameters such as
temperature, pressure, additives, stirring speed and other parameters
that are part of various examinations in literature.

Investigations have been carried out for parameters that have not yet
been sufficiently considered. Very narrow particle size distributions
with six fractions in the range between 0 and 63 um are tested to
determine the effect of increased surface area on the carbonation. The
residence time in the batch autoclave is examined to investigate the
effect of time on the crystal growth of the reaction products by means of
SEM. The nucleation is assessed by the addition of magnesite into the
reactor. The increase in reactivity by continuous liberation of the reac-
tive surface area and the abrasion of the passivation layer is tested by
adding ceramic beads to the feed. The carbonation tests are continuously
monitored for pressure and temperature and the reaction products —
after filtration and drying — are characterised with X-ray fluorescence
(XRF), X-ray diffraction (XRD), Differential thermal analysis (DTA)/
Thermogravimetric analysis (TG) and Scanning electron microscope
(SEM) to determine the reacted phases, the morphology, the degraded
silicates and the carbonation degree.

There are various ways of calculating the degree of carbonation by
taking into account either the amount of reactive metal oxides of magne-
sium, calcium and iron, or simply of magnesium oxide or the amount of
forsterite resulting in different carbonation degrees. In the following study,
the carbonation degree in wt% is calculated by considering the amount of
Mg, Ca and Fe oxides. Additionally, the amount of stored CO5 per tonne of
olivine is presented which is independent of the calculation method.

The aim of this study is to provide the optimum parameters for
achieving the maximum yield of reaction products. Subsequently, the
reaction products are to be used as substitutes in order to improve the
overall CO, balance through the substitution credit. The amorphoussilica
can be used as a pozzolanic material in a blended cement. The magnesium
carbonate can be used as a filler for paper or polymers [21,22].

In order to achieve the maximum reaction yield, we conducted several
series of experiments with adjusting only one parameter respectively. After
evaluating and calculating the results, further experiments with combi-
nations of promising parameters were carried out. The selected parameter
settings are examined in more detail for the first time in this study.

2. Materials and methods
2.1. Material and sample preparation

The feed material for this parameter study is a peridotite from Aheim
Gusdal Mine in Norway [43], the most important deposit of olivine in
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Table 2
Mineral composition of olivine feed material based on semi-
quantitative XRD determination.

Mineral Phase Fraction Feed material [%]

Forsterite 75 - 80
Enstatite 10-15
Lizardite <5

the world with the producers Sibelco and Steinsvik Olivine AS, which is
used for this work. The following phase composition of this material
(Table 2), which is commonly named olivine — and is therefore herein-
after referred to as olivine — results in mineralogical classification as
peridotite as it is described by Kremer et al. [44-46] Also more infor-
mation about the geological settings of the deposit are given.

The feed material was procured with an initial particle size of
< 8mm. In order to obtain different particle size fractions for the
carbonation tests, the feed material has been milled with a vertical roller
mill (LM3, 6/4, Loesche GmbH, Diisseldorf, Germany) followed by
direct classification in the milling chamber by an air classifier (LSKS6,
Loesche GmbH, Diisseldorf, Germany) into the two particle size fractions
< 20 pm and < 63 pm. A vertical roller mill was used as it is a common
aggregate in cement plants and its throughput is high enough to produce
sufficient material for later large-scale carbonation tests. The milled
olivine material < 20 um was subsequently sieved wet (AS 200, Retsch
GmbH, Haan, Germany) to generate the particle size fractions < 5 ym, 5
— 11 pm, 11 - 20 pm and the olivine material < 63 pm was sieved to
produce the particle size fractions 20 — 32 um, 32 — 45 yum and 45 -
63 pm. The different particle size fractions showed no significant change
in composition.

2.2. Experimental procedure — carbonation in autoclave

The carbonation tests have been performed in a 1.5 L autoclave
(Type 3E Biichi Kiloclave, Biichi AG, Uster, Switzerland) at defined basic
parameters as presented in Table 3.

For each tests 1 L of deionised water was filled into the autoclave
(Fig. 1), followed by 125 g of the olivine sample and the additives
(53.76 g sodium bicarbonate, 5.04 g oxalic acid (dihydrate), 1.76 g
ascorbic acid). The autoclave was closed and the stirrer was set to
600 rpm. CO2 was injected until an initial pressure of 30 bar was
reached. As a part of the CO5 is going into solution, the pressure was
stabilised by repeated injection of CO5 until no losses of pressure could
be detected. The autoclave was heated up to 175 °C at a rate of 10 K/min
and kept at this temperature for 2 h, followed by cooling down to 25 °C,
which was close to the ambient temperature of the plant in the labora-
tory. The cooling down took about 1.5 h with decreasing cooling rate.

Table 3
Basic parameters for carbonation tests.

Experimental parameters

Temperature: 175°C

Pressure: Po = 30 bar, pmax = ~60 bar
Stirring speed: 600 rpm

Heating rate: 10 K/min

Cooling rate: 50 K/min (max.), decreases exponentially

Retention time: 2h
Solid/liquid ratio: 1: 8
Particle Size: < 20 pm
Additives: 0.64 M sodium bicarbonate

0.04 M oxalic acid
0.01 M ascorbic acid

PH of solution: 8-85
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Fig. 1. Biichi Kiloclave in operation.

Subsequently, the remaining pressure was released and the autoclave
was opened. The solution was pumped out of the autoclave and filtered
with a vacuum filter before drying of the solids, whereas a sample of the
solution was taken for ICP analysis.

After drying of the solid carbonation product, it was weighed and
split to samples for analyses (XRD, XRF, DTA/TG, SEM). The following
parameters have been investigated during the carbonation tests
(Table 4).

Table 4
Investigated parameters during the carbonation tests.

Investigated parameters during carbonation

Particle size: < 5um

5-11um

11 - 20 um

20 - 32 ym

32 -45um

45 - 63 um

0.5 h[[parms resize(1),pos(50,50),size
(200,200),bgcol(156)114 h

Addition of 50 g ceramic balls (2 2.2 mm)
Basic carbonation conditions

Addition of 12.5 g pure magnesite in two
different fractions (15 - 20 pm, 45 — 63 pm)
Basic carbonation conditions

Addition of ceramic beads, 4 h

Addition of magnesite seed crystals 15 — 20 pm,
4h

Addition of ceramic beads and magnesite seed
crystals 15 — 20 um, 4 h

Retention time:

Addition of ceramic
beads:
Nucleation:

Combination of
parameters:
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2.3. Characterisation

2.3.1. Determination of surface area (AREA-meter)

The measurement of the specific surface area was performed with the
single-point differential method according to Haul and Diimpgen using
AREA-Meter according to DIN 66132. It is a simplified form of the
method (BET) developed by Brunauer, Emmet and Teller to measure the
amount of nitrogen adsorbed on the inner surface of a powder by the
pressure difference of the gas at room temperatures and at — 196 °C
(liquid nitrogen).

2.3.2. Scanning Electron Microscopy (SEM)

The documentation of the input materials’ initial state, examination
of the products’ microstructure for any abnormalities due to the varied
experimental parameters and visual validation of further chemical and
mineralogical analysis steps, Scanning Electron Microscopy (SEM) was
carried out by a ZEISS GeminiSEM500 by Carl Zeiss AG (Oberkochen,
Germany). Additionally, Energy Dispersive X-ray Spectroscopy (EDS)
was carried out by an X-Max 80 detector and AZtec software by Oxford
Instruments (Oxon, England) to reveal local chemical variations and to
selectively analyse the element composition of the formed products.

2.3.3. XRF characterisation and loss of ignition determination

To determine the loss on ignition (L.O.1.) values of both the input and
output materials of all carbonation trials presented in this study, 2 g of
each sample is annealed for 2 h at 1050 °C and balanced after cooling.
Especially with regard to the samples having passed the autoclave
treatment, the L.0.I. may provide additional information about the
carbonation success.

To prepare glass disks for the subsequent chemical analysis via X-ray
fluorescence (XRF), 1 g of each sample is transferred to a platinum
crucible and fused by a Claisse LeNeo fusion instrument by Malvern
PANalytical B.V. (Eindhoven, Netherlands). Eventually, the received
glass disks are analysed via XRF utilising a PW2404 device by Malvern
PANalytical B.V. (Eindhoven, Netherlands) to obtain the chemical
composition.

2.3.4. XRD characterisation

To analyse the present mineral phases of the input materials as well
as the carbonation products, X-ray diffraction (XRD) technique was
conducted in Bragg-Brentano geometry employing a Bruker D8 Advance
device by Bruker AXS (Karlsruhe, Germany) equipped with LynxEye
detector, CuKa tube and nickel filter. The chosen measuring range from
5° to 90° 20 was scanned in 0.02° steps at a rate of 2s per step. As this
study also aims at a quantitative comparison of the present and formed
mineral phases respectively, a subsequent semiquantitative evaluation
of the mineral phase composition was executed.

2.3.5. TG/DTA determination

Thermal gravimetric and differential thermal analysis were per-
formed using STA 449 F3 Jupiter® and Proteus Thermal Analysis 8.0.2
software by NETZSCH-Geratebau GmbH, Selb, Germany. Analysis runs
were carried out using Al,O3 crucibles, in a temperature range from
23 °C to 1000 °C with a heating rate of 10 K/min and were performed
under argon with a gas flow of 50 ml/min each.

2.3.6. Calculation of carbonation degree

Calculation of carbonation degree is based on the Mg, Ca and Fe
content of the used olivine and where necessary of single particle size
fractions. The element contents are considered independent of the
mineralogical phase. The carbonation efficiency is then determined
using the following Eq. (6).

_ I’l(C02 stored)
Carb. Eff. [%] = (W) * 100 (6)
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The mass of stored CO,, for all calculations is based on the L.O.I. of
XRF analyses of fully dried samples and are verified over TG/DTA
analyses.

For all trials with addition of magnesite crystals the CO, content of
the material is excluded, where the CO; amount is based on Mg content
of the used magnesite and therefore on the maximum amount of MgCO3
in the seed crystals.

2.3.7. Determination of amorphous silica

The amorphous silica content cannot be analysed directly and is
therefore determined indirectly and in duplicate. First, arithmetically by
means of stoichiometry and secondly by means of a combination of the
existing analyses. The calculated results are subject to inaccuracies in
the analyses and can therefore vary by a few percent.

The carbonation reaction (Eq. 5) of forsterite as a reactive phase in
olivine results in the reaction products magnesium carbonate (two
moles) and amorphous silica (1 mol) [47-51].

The magnesium carbonate content is determined by semi-
quantitative XRD analysis and DTA/TG. By calculating the molar masses
of the reaction products of the stoichiometric Eq. (5), the proportion of
amorphous silica in relation to the magnesium carbonate can be
approximately calculated. This calculation shows that the content of
amorphous silica is about 35.6% of the magnesium carbonate, which
means that a total of 73.7% of the reaction products consist of magnesite
and about 26.3% of amorphous silica.

The second method carried out for the double determination of the
amorphous silica consists of the silicon content from XRF analyses and
the phase composition given by semiquantitative XRD analyses. The
silicon content of the minerals contained is calculated via the structural
formula and the molar masses. By multiplying the quantified and
therefore crystalline phases with the respective silicon content, the
crystalline silicon content can be determined. This is now subtracted
from the total silicon content from the XRF, resulting in the theoretical
amorphous silicon content.

The results of these two calculating methods are compared with each
other, resulting in differences of total amorphous silica value of
maximum 2%.

3. Results and discussion

The carbonation of olivine results in the formation of magnesite and
amorphous silica (Fig. 2) as it can be described by the sum of partial
reactions (Eq. 5), which contains the magnesium silicate — here forsterite
— as the reactive component under addition of carbon dioxide to form
magnesium carbonate and amorphous silica [3,49].

Previous studies showed specific particle sizes for the reaction
products of < 25 pm for magnesite and ~20 nm for amorphous silica
[52,53]. The SEM images for the obtained carbonation products in this
study show different specific particle size fractions of 3 — 5 um for
magnesite and 100 — 200 nm for amorphous silica [5].

These specific particle sizes are constant, regardless of the process
conditions. The precipitation of magnesite and silica, which is depen-
dent on pH and temperature, results in the formation of euhedral
magnesite crystals and a passivation silica layer on the surface of the
unreacted olivine slowing down the dissolution and, therefore, also the
carbonate formation while reducing the carbonation efficiency [4,18].

It was observed that the magnesite forms on the surface of the
unreacted olivine particles and the amorphous silica mainly forms as a
passivation layer on the olivine but some silica particles can also be
found around the outer edges of the magnesite crystals. The amount of
amorphous silica was calculated for the carbonation products ranging
from 1.75% to 19.4%. All carbonation tests described below were car-
ried out in duplicate to ensure the results’ consistency. The presented
figures are average values.

Journal of CO2 Utilization 58 (2022) 101928

-y v Magnesite
-

gl
i Amorphous

Silica

L

EHT= 1.00 kV Signal A = SE2
WD= 65mm FF-08

Date: 18 Jul 2019
Photo No. = 779

Fig. 2. SEM image of carbonation product for olivine < 20 um under previ-
ously defined basic carbonation conditions. The reaction products magnesite
and amorphous silica are indicated [5].

3.1. Particle size

The BET measurements of the six initial particle size fractions before
carbonation show an exponential dependence of the specific reaction
surface on the particle size fraction used. The fractions from 45 - 63 pm
to 11 — 20 um exhibit no relevant increase in specific reaction area and
vary between 0.4 and 0.5 m?/g. Only in the fractions 5 — 11 um and
< 5 um the specific surface area increases significantly, corresponding
to a relative increase by a factor of 2.6 and 3.7, respectively. The degree
of carbonation of the tests with varying particle size fraction also shows
an exponential dependence on the used size fraction, resulting in higher
carbonation degrees with decreasing particle size. Thus, a maximum
carbonation degree of an average of 21.6% could be achieved within the
fraction < 5 pm, whereas only 2 — 3% was achieved with all other
fractions. Both the specific surface area and the degree of carbonation as
a function of the grain size fraction are displayed in Fig. 3.

From these results it can be deduced that the carbonation efficiency
increases with increasing specific reaction surface area, which is
consistent with literature. Contrary to initial assumptions, however,
there is no linear correlation between these two parameters, but an
exponential dependence of the carbonation efficiency on the specific
surface. Furthermore, it has been reported that an increased amorphised
fraction of mechanically agitated material to the feed stock has a posi-
tive influence on carbonation, which can neither be confirmed nor

g L =8 Specific Surface Sm [m2/g]
== Carbonation Degree [%a] F 30
T <20} pm =
[n}

Surface

n
T

Specific

05 +

0.0 0
<5 5-11 11-20 20-32 32-45 45-63
Particle Size Fraction

Fig. 3. Effect of differing particle size or specific surface area on carbonation
degree. The six consistent particle size fractions are presented and linked in
relation to the degree of carbonation and the specific surface area. The fraction
< 20 pm is stated separately.
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Fig. 4. Effect of varying residence time on
phase composition and carbonation degree.
Phase composition plotted as functions of time.
Loss of ignition does not belong to the phase
composition but serves as an indicator for the
carbonation success. The carbonation degree is
drawn in dots. The composition at 0 h is the
initial olivine < 20 um prior to carbonation
experiments. Four experiments have been
examined at the residence times 0.5h, 1 h, 2h
and 4 h. Trend lines are added to aid data
visualization.

2 3
Residence Time [h]

Enstatite
« » o » Carbonation Degree

Forsterite
—— | 0ss of Ignition (1050 °C)

refuted in the context of this study due to a lack of data in this regard
[25,35-41].

In the context of particle size influence, it was noticed that with the
fraction < 20 um a higher carbonation efficiency of 32.2% was achieved
than with the fraction < 5 um, despite a lower specific reaction surface.
From this result it can be concluded that in the fraction < 20 ym a
stronger particle-particle interaction takes place, which keeps the re-
action surface of the olivine active due to the impact of larger or heavier
particles and therefore enhancing the carbonation reaction. Béarat et al.
[18] reported similar observations in this regard.

3.2. Retention time

The effect of varying retention time was examined by carbonation of
the particle size fraction < 20 um for four different times. The carbon-
ation degree increased with a longer residence time in the reactor. Fig. 4
shows the behaviour of the carbonation degree as a function of the
retention time, which is very steep in the first hour of the carbonation
and then flattens out to a quasi-linear progression up to 4 h. Longer
retention times were dispensed with due to economic efficiency and
because of the subsequent planning of continuous operation. At the
maximum retention time of 4 h, a relative increase of 44.1% was ach-
ieved compared to the standard of 2 h, with an absolute degree of
carbonation of 46.4%.

At the beginning of the carbonation the whole reactive surface of the
olivine is free, which allows the dissolution of the magnesium silicate
and therefore a comparatively high reactivity. After some time, a
passivation layer has been built upon the reactive surface inhibiting the
reaction. This passivation layer is continuously destroyed by the impact
of coarser particles in the fraction < 20 pm, regenerating reactive sur-
face, which results in a nearly linear progression of the carbonation
degree for a longer retention time.

g Magnesite

Due to the nature of orthosilicates, the SiO4 tetrahedra are not linked
to each other. Depending on the pH regime, the addition to an aqueous
solution causes a reaction to Si(OH)4 or, in case of more basic milieus, to
Si(OH)30". Due to polycondensation of the beforementioned monomers,
accompanied by splitting off a water molecule, monosilicic acid forms
disilicic acid. Via various intermediates, silica eventually occurs in an
amorphous state [54-56].

Fig. 5 illustrates the independent formation of silica and magnesite
depending on the retention time. In the lower right corner of the SEM
picture detail after 0.5 h (a), not only magnesite growth is visible but
also silica formation on the edges of the just evolved magnesite. After
2 h, the independent formation of silica and magnesite is emphasized: If
the magnesite crystals are of sufficient size, they begin growing around
the silica particles or even enclose them after 4 h of retention time, as
depicted in Fig. 5¢), which presents a major challenge for the subsequent
separation process. However, the reverse case was also observed: After
4 h, magnesite surfaces were also almost completely covered with silica
particles (Fig. 5d)).

3.3. Addition of magnesite seed crystals

Since, in addition to the amorphous silicon, the forming magnesite
crystallises on the input material and thus inhibits further carbonation,
seed crystals of pure magnesite were used to offer the newly forming
crystals an energetically more favourable surface and to keep the surface
of the olivine clean. This could also lead to positive results for the sub-
sequent separation of the carbonation products as preparation for
application. The magnesite crystals that form during carbonation, which
typically have a size of 3 — 5 um, crystallise on the coarser seed crystals
and can thus be separated from the amorphous silica (100 — 200 nm) by
means of classification [5,57]. The influence of two seed crystals
differing in grain size on carbonation were tested, 45 — 63 ym and 15 —
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Fig. 5. SEM images (30,000 x magnification) of the reaction products sorted according to the retention time. The magnesite particles can be identified by their
rhombohedral crystal faces. The amorphous silica is characterised by spherical particles. The magnesite crystals and the amorphous silica are mainly located on the
surface of unreacted olivine particles, but are also visible as intergrown particles, which makes subsequent separation challenging.

20 um, respectively. All other parameters were kept constant as shown
in Table 3. The resulting carbonation degree compared to the 2 h basic
trial without using seed crystals is visible in Fig. 6. By using seed crystals
with particle sizes of 45 — 63 um and 15 — 20 um, a relative increase in
carbonation degree of 19% and 37.9%, respectively, was achieved,
resulting in a total carbonation degree of 38.3% and 44.3%, accordingly.

When determining the carbonation degrees, it should be noted that
the amount of added magnesite was excluded in order to include only
newly formed carbonate phases. Therefore, a direct confirmation of the
carbonation degree by means of DTA/TG is not possible. However, the

Carbonation Degree [%]

Without seed crvstals  Magnesite 45 - 63 pm  Magnesite 15 - 20 ym

Fig. 6. Influence of magnesite seed crystals. The left column presents the
carbonation degree at a retention time of 2 h without seed crystals, and the
others with the addition of magnesite in two different particle size fractions.

values of the total magnesite degradation are in agreement, taking the
added magnesite into account. The aim of improving the carbonation
degree by adding magnesite as seed crystals could therefore be achieved.
Parts of the newly formed magnesite crystallised on the surface of the
seed crystals, as confirmed by the SEM analysis shown in Fig. 7b).
However, crystallisation on the olivine could not be avoided completely
(see Fig. 7c)), but according to the results, a strong passivation of the
material could be avoided, so that an unhindered reaction of the olivine
was possible for a longer period of time. This assumption is based on a
work of Stockmann et al. [58] regarding calcite crystallisation on seed
crystals. Following earlier publications by Rodriguez-Blanco et al. [59],
Huetal. [60], and Teng [61], Stockmann et al. [58] assumed that calcite
nucleation proceeds according to the classical nucleation theory.
Therefore, the nucleation proceeds by attaching single ions and not
through an accumulation of previously formed clusters in solution [62].
Considering the formation of magnesite in this study comparable to that
of calcite and that both minerals are chemically and mineralogically
similar, this should allow the assumption that the classical nucleation
theory is also applicable here. In addition to supersaturation, this type of
nucleation is determined by interfacial energy [63]. The interfacial free
energy, in turn, becomes low when the crystal structure of the crystal-
lisation surface is fairly similar to one of the crystal plane of the nucleus
[64]. This seems to be the case with olivine, so that the thermodynamic
barrier for magnesite nucleation on the olivine surface is relatively low.
Thus, a complete avoidance of a magnesite deposition on the olivine by
adding magnesite as seed crystals is not possible. However, magnesite
deposition will take place on the seed crystals before crystallisation on
olivine, as it is energetically more favourable because of matching
crystal planes. Subsequent primary grain growth takes place, which
requires even less energy than magnesite nucleation. This circumstance
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Fig. 7. SEM images (10,000 x magnification) of the effect of nucleation with magnesite; (a) unreacted magnesite seed crystal 45 — 63 pm; (b) Carbonation of olivine
< 20 ym with addition of magnesite seed crystals (45 — 63 um) at basic parameters — fraction > 45 um; (c) Carbonation of olivine < 20 um with addition of magnesite

seed crystals (45 — 63 um) at basic parameters — fraction < 20 um.

results in the deceleration of the strong olivine passivation by magnesite
crystallisation due to a lower overall supersaturation and therefore in a
higher carbonation degree. This assumption also corresponds to the
results regarding the use of different particle sizes of the seed crystals. By
using smaller seed crystals, a larger specific surface area is available for
the energetically lower nucleation and primary magnesite growth, so
that greater supersaturation and associated crystal formation on the
olivine can be better prevented, which in turn also leads to increased
carbonation degree.

Fig. 7c¢) shows the fraction < 20 pm after carbonation for 2 h with
addition of coarse magnesite crystals. In contrast to previous SEM im-
ages the clear edges of the magnesite crystals are covered with a
magnesite layer, as are the spherical silica particles. This could be a
result of post-processing parameters as cooling rate or subsequent
filtration and drying with a high amount of magnesium still in solution
as precipitation has not been completed.

3.4. Addition of ceramic beads

Literature research showed the presence of a passivation silica-rich
layer on the reactive surface of the olivine, inhibiting the carbonation
reaction. Béarat et al. [18] describe the generation of fresh reaction
surface due to particle-particle interaction by addition of abrasive par-
ticle like quartz into the reactor. Within the framework of this study, it
was decided to add ceramic beads into the autoclave. Yttrium stabilised
zirconia grinding elements (Netzsch ZetaBeads®) with a diameter of
2.2 mm were used. These inert beads of the chosen size do not them-
selves participate in the reaction, but should contribute sufficient energy
to destroy the passivation layer on the magnesium silicate and generate

reactive surface to increase the degree of carbonation. Due to the dif-
ferences in particle size, the ceramic beads can be removed from the
carbonation products by screening. Carbonation tests with addition of
ceramic beads have been conducted with basic carbonation parameters
with a retention time of 2 h. Fig. 8 shows the carbonation degree of the
used olivine at the basic parameters but with varying retention time. In
the column depicted for 2 h, the influence of the addition of ceramic
beads to the reaction is visible with a rise in reaction rate from 32.2% to
43.2%, which is close to the carbonation degree at basic conditions
without ceramic beads for 4 h with 46.4% and corresponds to an in-
crease of 34.1%.

50
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Fig. 8. Effect of addition of ceramic beads. The slope in the degree of
carbonation is plotted and compared with the different residence times.
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3.5. Combination of investigated parameters

The parameters studied with regard to the influence on the carbon-
ation degree showed a positive impact of the increase in surface area,
respectively increase of the degree of amorphisation. The effect of
particle-particle interaction has a significant influence on the reaction
and therefore a wider particle size distribution is proposed consisting of
very small particles with a large reactive surface area and of coarser
particle, which generate a sufficient impact force to break up the
passivation layer on the olivine particles and generate fresh reactive
surface enhancing the carbonation.

This effect can be supported by the addition of ceramic beads into the
reactor. These ceramic beads are inert additives, which do not them-
selves participate in the reaction, but promote it by generating free
reactive surface.

A prolonged retention time has a positive effect on the degree of
reaction, which is visible in the almost linear progression of the degree
of carbonation with respect to time in Fig. 4.

The highest degree of carbonation that could be achieved in the
previously described experiments was 46.4%. The carbonation of olivine
< 20 um with a residence time of 4 h showed this maximum reaction
rate of 46.4% and the experiment with the addition of ceramic beads for
2 hresulted in a carbonation degree of 43.2%, the addition of magnesite
seed crystals led to a reaction yield of 44.3%, respectively. Therefore, to
optimise the carbonation and to achieve higher carbonation degrees,
further experiments were carried out with the following combinations of
parameters:

1. Fraction: < 20 um, 4 h reaction time, addition of ceramic beads

2. Fraction: < 20 um, 4 h reaction time, addition of magnesite seed
crystals 15 — 20 ym

3. Fraction: < 20 um, 4 h reaction time, addition of ceramic beads and
magnesite seed crystals 15 — 20 um

The parameter-optimised experiment 1 results in a carbonation de-
gree of ~51% and a CO4 uptake of 259 kgcoz/tolivines Which represents a
relative increase of ~18% related to the addition of ceramic beads for a
reaction time of 2 h or an increase of 10% compared to the reaction for
4 h without ceramic beads. The addition of ceramic beads for 4 h ex-
poses small areas in the surface of the silica passivation layer (see Fig. 9).
Thin sharp-edged lamellae are located on the olivine particle surface, on
top of which the amorphous silica particles form. SEM images of other
carbonation tests showed comparable effects, but to a lesser extent. This
could be a result of the dissolution kinetics during the carbonation

Date: 20 Apr 2021
Photo No. = 20
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Fig. 9. Amorphous silica particles on the tips of the poorly soluble iron min-
eral lamellae.
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process. Olivine, especially forsterite-rich olivine is among the fastest
dissolving silicate minerals [20,65].

Differences in solubility can lead to the retention of poorly soluble
crystal structures if the dissolution of the silicates is not complete. Under
the conditions in the reactor (slightly basic pH, T =175°C,
Pmax~60 bar) it is assumed that the lamellae are insoluble. EDS mea-
surements prove a higher iron content for these lamellae compared the
average feed material. It is assumed that the feed material contains iron-
rich pyroxenic layers that have a lower solubility under the present
conditions and therefore remain stable, while the iron poorer material
(e.g. forsterite) dissolves and reacts with the CO,. The texture of this
lamellae can be a result of the genesis of olivine-containing rocks. This
common constituent of altered ultramafic rocks can also occur as a
primary mineral in certain metamorphic rocks [66]. During the forma-
tion of igneous and metamorphic rocks exsolution textures or lamellae
can be induced by cooling. At high temperatures and high pressures
these exsolution lamellae, which were entirely dissolved in their host
mineral structures which are mainly ortho- and clinopyroxenes, form
fine crystals. Many pyroxenes from terrestrial and extra-terrestrial
igneous or mantle rocks show these exsolution textures of thin ortho-
or clinopyroxene lamellae [44,67-71]. The content of ortho- and cli-
nopyroxenes in the examined olivine for this study is ~ 13 vol% [44].
During dissolution in the reactor, it is assumed that these lamellae are
insoluble under the prevailing conditions, whereas the forsteritic phases
dissolve and react with the carbon dioxide as described by the carbon-
ation reaction. As shown in Fig. 9 the amorphous silica particles settle on
the edges of the iron-rich lamellae and not on the smooth surface.

Van den Heuvel et al. [72] investigated the precipitation of silica on
different surfaces showing that the deposition of silica is mainly
controlled by surface morphology. Guha [73] describes the favourable
particle deposition along edges resulting in natural obstacles causing a
turbulent flow [72,73]. Along surface defects nucleation is also pro-
moted compared to the rest of the surface as it is energetically more
favourable [74]. Over time the formed nuclei grow as a result of further
silica precipitation leading to the formation of a botryoidal silica layer
[72,75,76].

The parameter-optimised experiment 2 results in a carbonation de-
gree of ~60% and a CO5 uptake of 305 kgcoa/tolivine, Which represents a
relative increase of 35.4% related to the addition of magnesite seed
crystals 15 — 20 um for a reaction time of 2 h or a relative increase of
29% compared to the reaction for 4 h without magnesite crystals. As it is
visible in Fig. 10 two different things can be observed. The typical image
of the carbonation products magnesite and amorphous silica nearly
completely enclosing the olivine (Fig. 10b) and the added coarse
magnesite particles at 15 — 20 um with newly formed magnesite crystals
as carbonation products. In contrast to Fig. 7c), which displays experi-
ments with a retention time of only 2 h, there are clear crystal surfaces
and edges.

The parameter-optimised experiment 3 with a combination of all
positive parameters results in a carbonation degree of 48.7% and a CO,
uptake of 248 kgcoa/tolivine, Which is a slight increase in comparison to
the carbonation for 4 h without additives. Nevertheless, the combina-
tion of both parameters having proved to be positively affecting the
carbonation efficiency in experiments 1 and 2, namely the addition of
magnesite and ceramic beads, with a retention time of 4 h results in a
lower carbonation degree than both previously described parameter
variations. These results do not meet the initial expectations for this set
of parameters but should not be disregarded because of its reproduc-
ibility. Two possible explanations lie in the solid content present in the
reactor chamber on the one hand and the magnesite formation on the
other. Adding magnesite for nucleation and simultaneously maintaining
the amount of feedstock to be carbonated increases the particle volume
in the reactor chamber. This not only allows collisions between the
ceramic beads, whose amount also remains unchanged, and the reaction
surface of the olivine gradually covered with formed magnesite as well
as amorphous silica. It also evokes interaction between the additional



D. Kremer et al.

B,

EMT= 1.00kV

Signal A = inLens

WO= 4.1 mm FF-13 Photo No. =

EMT= 1.00 kV
o= 7.0mm

Signal A = SE2
FF-13

Date: 20 Apr 2021

Journal of CO2 Utilization 58 (2022) 101928

EMT= 1.00 k¥
WD = 6.0 mm

Signal A = inLens
FF-13

EHT= 1.00 4V
__WO=3omm

Signal A= inLens
R

Date: 20 Apr 2021
Photo No. = 11 i

Fig. 10. SEM images of reaction products produced by a combination of retention time of 4 h with addition of magnesite seed crystals at 15 — 20 um. a) Magnesite
crystals added before carbonation (magnified by 1000); b) Agglomerate of reaction products magnesite and amorphous silica on the surface of initial olivine particles
(x5000); ¢) Added magnesite crystals after carbonation with only the reaction product magnesite growing on the surface (x2500); d) Added magnesite crystals after
carbonation with only the reaction product magnesite growing on the surface (x5000).

magnesite (15 — 20 um) and the magnesite crystals or silica particles
formed on its surface during the corresponding reaction time. This may
result in less regeneration of olivine reaction surface compared to
experiment 1 due to less probable collisions of ceramic beads and
olivine. Furthermore, no interaction between ceramic beads and
magnesite was present in experiment 2 and thus, there was no possibility
to influence the formation of magnesite on the added seed crystals. As a
result of the collisions, a negative influence by also destroying new
nuclei on seed crystal surfaces cannot be completely excluded and is
assumed to be a partial cause of the significantly reduced carbonation
efficiency.

4. Summary and conclusions

This study investigated the effect of material and process related
parameters on the reaction efficiency for the carbonation reaction. A
reaction yield of 60% was achieved, which corresponds to nearly twice
the carbonation degree of the previously used basic parameters. The
following findings could be made within this parameter study:

(i) The reactivity of the single particles increases with lower particle
size or higher surface are. Nevertheless, the overall reaction yield
is enhanced by a combination of more parameters. The
amorphisation of the particles as a result of mechanical activation
and the regeneration of fresh reactive surfaces area are important
factors for a high degree of carbonation. Therefore, a broader
range for the particle size distribution or the addition of inert
beads can have a positive effect to enhance the carbonation
reaction.

10

(i) The degree of carbonation is increased with higher residence
time. However, as the curve flattens, the carbonation rate slows
down. Furthermore, the precipitation of the reaction products or
the growth of those changes with different reaction times by
means of firstly growing of amorphous silica and magnesite
mostly separately on the surface of the host material olivine and
with increasing retention time forming agglomerates with each
other.

(iii) The addition of magnesite as seed crystals enhances the carbon-
ation reaction. The magnesite deposition preferably takes place
on the seed crystals instead of crystallisation on the olivine, as it is
energetically more favourable and subsequent primary magnesite
growth takes place. This circumstance results in the deceleration
of the strong olivine passivation by magnesite crystallisation due
to a lower overall supersaturation and therefore in a higher
carbonation degree.

For the investigated olivine ore with 80% forsterite (magnesium
silicate), a theoretical maximum 100% carbonation degree with a COy
uptake of 508 kgco2/tolivine Was calculated. It was possible to increase
the practically achieved degree of carbonation with improved parame-
ters from 32% from previously defined basic parameters to 60%, which
corresponds to an increase in carbonation degree of 87.5%. The total
CO, uptake was increased from 166 kg carbon dioxide per tonne of
olivine to 305 kgcoz/tolivines Which represents an increase of 83.7% in
total mass of stored COs.
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