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SUMMARY 

In the scope of the GECO project, WP3 is devoted to develop efficient, environmentally safe and 

economically viable methods to purify the geothermal emissions and to turn captured emissions into 

commercial products allowing for cost reductions through increased revenues. The task 3.2 “Modelling 

of CO2 mineralisation for construction materials” is aimed to develop an efficient ex-situ CO2 mineral 

sequestration process for making building materials taking into account different minerals and feed 

material (olivine, serpentine, brucite).  

Here, we report a series of laboratory experiments to test the conversion rate of olivine to magnesite 

with the aim of sequestering CO2. Olivine crystals were placed in a reactor together with CO2-rich water 

at different P-T conditions. Our experiments showed 25% conversion of olivine to magnesite and 

amorphous silica. New magnesite and amorphous silica precipitated on the olivine surface preventing 

higher conversion rates. This coating of reaction products on the olivine surface could not be removed 

applying current methods. Further work is needed to develop separation techniques enabling recovery 

of the formation products and eventual commercialisation.  
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1. INTRODUCTION 

Since several years, scientists considered the CO2 sequestration in minerals on the most promising and 

safe method to capture and store industrial emissions of CO2. This method was first suggested by Seifritz 

(1990), based on the natural phenomena of silicate weathering into carbonates, during which CO2 reacts 

with Mg-Ca-rich silicates precipitating thermodynamically stable solid carbonates. 

Among the minerals which consist of divalent Ca, Mg or Fe in their structure, olivine ((Mg,Fe)2SiO4) 

is considered the most favorable for carbonation due to several reasons. Firstly, olivine is abundant in 

nature in mafic and ultramafic environments (e.g. basalt, peridotites, and dunites). Secondly, it's one of 

the fastest dissolving silicates. 

The carbonation of olivine can be achieve by in situ and ex situ approaches. The first is a part of GECO 

project as it is applied in the Iceland field site. The ex-situ approach is here investigated. Ex-situ 

approach consists of an engineered processes where alkaline minerals and CO2 are enhanced to react in 

a chemical reactor, under controlled P-T conditions [1]. 

This report will describe advantages of using ex-situ mineralisation which allows for simple 

monitoring of the process and has the potential to enable utilisation of the formed carbonate products.  

 

1.1 Chemical reaction 

Carbonation is the reaction between alkaline minerals as olivine and CO2 where carbonates and silica 

are produced. As the energy state of the formed carbonates is lower than of the reactants, the products 

are stable. The CO2 is converted to carbonates and will not be released to the atmosphere.  

 

 

 

Figure 1 Energy states of relevant carbon species 
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The advantage is the permanent CO2 sequestration (as the energy state is lower) and the option to 

produce solid, re-useable products. 

 

Chemical reaction: 

 

The reaction requires water, so the gaseous CO2 dissolves in the water and forms (carbonic) acid. 

4 CO2(g) + 2 H2O =>  4 HCO3
- + 4 H+    Equation 1 

 

This acidic solution reacts with the alkaline olivine: 

 

Mg2SiO4 +  4 H+  => 2Mg2+ + 2 H2O  +  SiO2   Equation 2 

 

And (depending on the solubility) the Magnesium ions react with the bi-carbonates to form magnesite 

 

2 Mg2+ + 4 HCO3
-  => 2 MgCO3(s) [2] + 2 CO2 + 2 H2O  Equation 3 

 

 

In total the reaction is: 

 

Olivine reacts with CO2 to form crystalline magnesite and amorphous silica 

Mg2SiO4 + 2 CO2 => 2 MgCO3 + SiO2    Equation 4 

 

The formed products are magnesium-carbonate (magnesite) and silica (amorphous silica). 

 

 

2. MATERIALS AND SETUP 

2.1 Materials used 

The material uses for these tests were commercially available olivine from a two suppliers and 

magnesia from one supplier. The choice was based on a combination of availability (this material is 

currently mined, processed and can easily be obtained), composition and consistency. 

 

Olivine originates from: 

- Steinsvik: https://steinsvikolivin.no 

- Nuova Cives: http://www.nuovacives.com/azienda.php 

Magnesia from: 

- Nedmag 99: https://www.nedmag.nl 

 

The material is analysed  (see Table 2-1). [2] & [3] 

 

 

https://steinsvikolivin.no/
http://www.nuovacives.com/azienda.php
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Table 2-1: Characterization of olivine and magnesia 

Component Olivine 

Steinsvik 

[%] 

Olivine 

Nuova Cives  

[%] 

Magnesia 

Nedmag 99 

[%] 

SiO2 48.67 46.43 0.32 

MgO 40.95 35.57 97.56 

Fe2O3 7.78 10.88 0.58 

Al2O3 0.48 2.55 0.20 

CaO 0.19 2.16 0.75 

NiO 1.18 0.89 0.09 

Cr2O3 0.41 0.45 0.00 

LOI 0.8 1.78 n.a. 

 

The olivine was used for the most experiments, but in order to test the equipment and the procedures 

magnesia was also used. 

 

2.2 Chemicals used 

In order to increase the reaction rate are additives used, which are known to increase the reaction rate. 

This is described in [4].  

 

- CO2 (standard industrial grade) 

- Sodium-bi-Carbonate NaHCO3 

- Oxalic acid (C2H2O4) 

- Ascorbic acid (C6H8O6) 

 

All of these chemicals were obtained from conventional suppliers and their standard grade. 

2.3 Reactors used 

The tests were foreseen to be performed in a Rocking Autoclave (as described in [5]). This reactor 

was developed by Green Minerals during previous tests, but unfortunately not available for running 

the experiments. The tests were carried out at the University of Achen in their CSTR Kiloclave Type 

3E, Switzerland  ( [3] [4]).  
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Figure 3 Rocking Autoclave 

 

 

3. METHODS 

The reaction was performed in the autoclave at high temperature and pressure according to the 

procedure described below. 

3.1 Preparation 

The reactor was inspected, cleaned and consequentially filled with: 

- Water (demi-water), 1000 ml 

- Olivine, 100 to 300 gram 

- Additives:  

o NaHCO3 0.64 Molar 

o Oxalic acid 0.5% (w/w) 

o Ascorbic acid 0.01% (w/w) 

 

From previous experience and literature [6] [3] it was known that these additives increased the reaction 

rate. In particular, the mixture of sodium hydrogen carbonate at 0.64 M, oxalic acid at 0.5 M and 

ascorbic acid at 0.01 M was successfully applied in order to obtain maximal carbonation “ [4] & [6]. 

The reactor was closed, the mixer started, and the heating switched on. 

3.2 Running the test 

Temperature during the process was kept as constant as possible at 175 °C (by a temperature controller). 

The pressure was 117 bar-g, CO2. 

Reaction time was 2 to 4 hours. 

The mixing speed was kept at 600 rpm during the experiment. 

Figure 2 Conventional CSTR 
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3.3 Finalising the test 

After the runs, the reactor was cooled down and CO2 was released slowly. This release needs to be 

performed rather slowly, as otherwise the degassing liquid and solids are leaving the reactor with the 

CO2 leading to blockage of the gas lines, and the risk of loss of liquid and solids is present. 

When the reactor is completely depressurized and cooled down, the slurry (the mix of water, olivine 

and reaction products) can be extracted.  

The solids are separated from the liquid by filtration. The solids are used for analyses. 

 

4. RESULTS & DISCUSSION 

The captured solids were analysed. The reaction products are a combination of the un-reacted material 

and the reaction products of magnesite and silica. This description of the reactants and products as 

characterised by XRF, SEM and weight loss is shown below. 

4.1 XRF results 

The XRF results shows the decrease of forsterite and the increase of magnesite. Please note the absence 

of quartz. The reaction forms amorphous silica, but not the conventional crystalline quartz form. As this 

is amorphous it won’t show up by the XRF detection. 

 

Table 4-1: Characterization of olivine before and after carbonation 

Mineralogical 

phase 

Olivine Steinsvik (20 – 63 um) 

Semi quantitive composition in wt% 

 Before 

carbonation 

[%] 

After carbonation 

[%] 

Enstatite 5-10 5-10 

Forsterite 40.95 35.57 

Lizardite  <5 <5 

Kaolite <5 - 

Talc <5 <5 

Magnesite - 20-25 

 

The XRF measurement confirms the formation of magnesite and gives a value for the conversion 

degree. 
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4.2 SEM results 

In addition to XRF also SEM pictures were taken. These are showing clearly the formation of “cornery” 

cristals. When the conversion of olivine (forsterite) to magnesite was low, only a limited number of 

formed magnesite is visible. The formed silica are much smaller particles. 

 

 

 

Figure 4 SEM picture of slightly converted olivine 

 

Figure 5 shows the typical conversion products. The background is the un-reacted olivine. The Formed 

crystalline magnesium-carbonate is visible. The amorphous silica is too small for appearing on this 

picture. The picture is from [6] 
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Figure 5 Typical SEM picture of reaction products 

 

The SEM measurements can’t be used to calculate the conversion degree. But it is a very powerful tool 

to determine the physical behaviour of the formed particles. In Figure 5 the magnesite crystals are 

clearly visible (and this can be confirmed with SEM-EDX measurements). The crystalline behaviour 

can be also be identified by the “cornery/ square” crystals. The silica is present as smaller spherical 

particles on the original olivine. It is also visible that all of the formed reaction products are “sticking” 

to the original olivine. And thereby lowering the reaction rate (as the carbonic acid can hardly reach the 

olivine). 

4.3 Weight- loss 

The reaction products are containing a mixture of unreacted olivine, formed magnesite and silica. 

When this is heated, the magnesite will decompose (and release the CO2) according to the formula 

 

MgCO3 + heat => MgO + CO2      Equation 5 

 

This weight loss can be used to calculate the conversion. When taking the molecular mass (and the non-

reaction olivine and silica) into consideration the conversion degree can be calculated to be about 25%. 
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5. CONCLUSIONS 

The work describes the high pressure, high temperature experiments to simulate the CO2 mineral 

sequestration on olivine. Our results showed that CO2 reacts with olivine to forms solid carbonates.  

In particular, our reaction products - magnesite and silica - are formed over the original olivine crystals. 

This hinders the reaction rate as these particles are forming a passivating layer on the olivine. The fact 

that the particles are precipitated on the olivine hinders possible re-uses of these products. As the end-

product of the reaction is a agglomerate of non-separable olivine, magnesite and silica. 

Originally, it was thought that these products could be separated, and consequentially beneficial uses of 

these separated products could be sought. In summary: 

 

- It is shown that olivine reacts with CO2 

- Magnesite and amorphous silica are produced. 

- These products can’t be separated from the original material. 

 

The working mechanism of these additives is still subject to scientific discussions. The current line of 

thought is that these are causing a chelating effect, which increases the reaction rate. In addition, if it 

could prevented that magnesite and silica particles are ‘sticking’ to the olivine that would increase the 

reaction rate and facilitate the beneficial use of these formed products. 

 

CO2 mineral sequestration can be performed both in-situ (re-injecting CO2 into the formation) and ex-

situ (letting CO2 and alkaline minerals react in an autoclave). Unfortunately, the original idea of using 

these ex-situ experiments as analogue for in-situ is not feasible. As the in-situ experiments are requiring 

additives (in order to increase the reaction rate). These additives can’t be injected into the geological 

formation. Without the used additives (with only CO2 and water) the reaction degree is slower than that 

achieved in ex situ experiments. Therefore mineralisation projects relying on in situ mineralisation tend 

to rely on storage formation much larger in scale than can be used for ex situ reactions. This allows a 

longer reaction times to reach near 100% conversion of CO2 to solid carbonates [7]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Document:               D3.4: Report on the CO2 mineral sequestration of olivines 

Version:  03    

Date:  25 November 2020 

 

  14  

 

6. BIBLIOGRAPHY 

 

[1]  G. Gadikota, “Commentary: Ex Situ aqueous mineral Carbonation,” Frontiers in Energy Research, 

vol. 4, no. 21, 2016.  

[2]  K. Dario, E. Simon, J. Boldt, P. Blaum, K. M. Hahn, H. Wotruba and R. Telle, “Geological 

Mapping and Characterization of Possible Primary Input Materials for the Mineral Sequestration 

of Carbon Dioxide in Europe,” Minerals, vol. 9, no. 485, 2019.  

[3]  S. Stopic, C. Dertmann, M. Sievers, I. Koiwa and P. Knops, “High Pressure Carbonation of 

Olivine,” in European Metallurgic Conference, Düsseldorf, Germany, 2019.  

[4]  S. Stopic, C. Dertmannn, I. Koiwa, D. Kremer, H. Wotruba, S. Etzold, R. Telle, P. Knops and B. 

Friedrich, “Synthesis of Nanosilica via Olivine Mineral Carbonation under High Pressure in an 

Autoclave,” Metals, vol. 708, no. 9, 2019.  

[5]  L. Turri, H. Muhr, K.-J. Rijnsburger, P. Knops and F. Lapicque, “CO2 sequestration by high 

pressure reaction with olivine in a rocking batch autoclave,” Chemical Engineering Science, vol. 

171, pp. 27-31, 2017.  

[6]  C. Matus, S. Stopic, S. Etzold, D. Kremer, H. Wotruba, C. Dertmann, R. Telle, B. Friedrich and P. 

Knops, “Mechanism of Nickel, Magnesium, and Iron Recovery from Olivine Bearing Ore during 

Leaching with Hydrochloric Acid Including a Carbonation Pre-Treatment,” Metals, vol. 811, no. 

10, 2020.  
 
[7] Matter, J, Stute, M., Snæbjörnsdóttir et al., "Rapid carbon mineralization for permanent disposal of 

anthropogenic carbon dioxide emissions," Science, vol 352, issue 6291, 1213-1314, 2016. 

 

 


