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ABSTRACT: The global ambition of reducing the carbon
dioxide emission makes sequestration reactions attractive as an
option of storing CO,. One promising environmentally benign
technology is based on forming thermodynamically stable
carbonated minerals, with the drawback that these reactions
usually have low conversion rates. In this work, the
carbonation reaction of Mg rich olivine, Mg,SiO,, under
supercritical conditions has been studied. The reaction
produces MgCO; at elevated temperature and pressure, with
the addition of NaHCO; and NaCl to improve the reaction
rates. A sequestration rate of 70% was achieved within 2 h,
using olivine particles of sub-10 ym, whereas 100% conversion
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was achieved in 4 h. This is one of the fastest complete conversions for this reaction reported to date. The CO, sequestration rate
is found to be highly dependent on the applied temperature and pressure, as well as the addition of NaHCOj;. In contrast, adding
NaCl was found to have limited effect on the reaction rate. The roles of NaHCO; and NaCl as catalysts are discussed and
especially how their effect changes with increased olivine particle size. The products have been characterized by Rietveld
refinement of powder X-ray diffraction, scanning electron microscopy (SEM), and energy-dispersive X-ray (EDX) spectroscopy
revealing the formation of amorphous silica and micrometer-sized magnesium carbonate crystals.

KEYWORDS: CO, capture, storage and utilization, CSU, sequestration, carbonation, reducing CO, emission, magnesium silicates

B INTRODUCTION

Atmospheric CO, levels are increasing, and at a progressively
faster rate each decade since the industrial revolution. Even
with a stable global CO, emission in the next decades, the
atmospheric concentration will have doubled by 2050,
compared with the preindustrial CO, level of ca. 280
ppm.l_3 Despite recent advances in renewable energy sources,
e.g, solar and wind power, fossil fuels will remain the
dominating energy source in the coming decades, at present
responsible for more than 70% of anthropogenic CO,
emission.* The predicted environmental impact of elevated
atmospheric CO, levels has in recent years resulted in
worldwide efforts in developing new technologies for CO,
capture, storage, and utilization (CSU).>~” The majority of new
technologies are based on either physical or chemical
adsorption. Physical adsorbents in general, e.g, zeolites, are
porous and have high surface areas, and materials such as
MOFs and carbon-based compounds also have high gas
selectivity with tunable pore size and chemical functionaliza-
tion.>® ™' Their main disadvantage is low thermal, chemical,
and mechanical stabilities, and as a result they are not ideal as
permanent storage materials. CO, sequestration by chemical
adsorption (often carbonation) on the other hand binds the gas
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molecules and is therefore more stable. A number of these
compounds have been studied including Mg,;Si,O5(OH),,
CaSiO;, Li,ZrO;, and Ca0,"™ " where the last two materials
are important as high-temperature solid adsorbents (>400 °C).°
For permanent large scale CO, storage a cheap, and readily
available mineral would be desirable. Mineral carbonation
mimics the natural process of mineral weathering and is one of
the safest, permanent alternatives for CO, storage, with the
general drawback of slow reaction rates.'® The most abundant
minerals with carbonation potential are the magnesium silicates,
where olivine (Mg,SiO,) has been found to have improved
reaction kinetics compared to serpentine (Mg;Si,Os (OH),)."”
The chemical formulas are here idealized since naturally
occurring magnesium silicates often contains Ca®* and Fe®"
impurities. Overall carbonation of olivine is promising owing to
its worldwide availability, reflected in the low price of 4—5
$/ton,"® its reactivity'® and exothermic carbonation (1) along
with its high sequestration potential of ca. 0.6 ton CO, per. ton
of Mg,Si0,.>°~*’ Furthermore, the reaction is also of interest to
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cement manufactures, because the end product of olivine
carbonation is magnesium carbonate (MgCO;), found in
limestone. CO, released during limestone calcination may be
captured and recycled by silicate mineral carbonation earlier in
the process, producing additional limestone.?

The hydrothermal model proposed for carbonation of the
Mg-rich olivine end-member, forsterite, is described schemati-
cally as*®*

Mg _SiO,(s) + 2CO,(g)

p,T,t,H,0,NaHCO,,NaCl

2MgCO,(s) + SiO,(s) (1)
Where p, T, and t are pressure, temperature and reaction time,
respectively. The model implies injection of CO, and water
under elevated levels of temperature and pressure. Previous
results have shown that the degree of carbonation is sensitive
not only to the CO, conditions but also to the presence of
water.*>*! The CO, is dissolved in water to form carbonic acid
according to the following equilibria:*

CO,(g) + H0(1)

g H2C03(aq)

(3)

>

4

>

H+(aq) + HCO; (aq)
2H+(aq) + Cog_(aq)

The acid reacts with the olivine releasing Mg2+ ions, which
further reacts with carbonate ions forming magnesite

Mg SiO,(s) + 4H*(aq) — 2Mg**(aq) + H,SiO,(aq)
(8)

(6)

High, or supercritical, CO, pressures ensure that carbonic acid
is continuously generated when consumed by the reaction
above. O’Connor et al. found that addition of NaHCO; and
NaCl to the process leads to a significant increase in
sequestration rates, although the individual roles of the
additives were not well established.*® To remedy this the effect
of both additives are investigated separately in the present
study, together with how reaction time, temperature and
pressure influences the conversion of smaller, <10 ym, and
bigger, ~100 pm, olivine particles. Our study concludes with a
thorough comparison with earlier work, discussing the role of
NaCl and NaHCOj; and how they are affected by the size of the
olivine particles.

All products have been characterized by powder X-ray
diffraction (PXRD) with carbonation rates determined by
quantitative phase analysis using Rietveld refinement. The
elemental composition of selected reaction products were
determined by scanning electron microscopy (SEM) and
simultaneous energy-dispersive X-ray (EDX) analysis. The
size distributions of the two different olivine samples were
determined by SEM.

Mg**(aq) + CO3 (aq) < MgCO,(s)

B EXPERIMENTAL SECTION

Synthesis. NaCl (>99%, Sigma-Aldrich) and NaHCO; (>99%,
Sigma-Aldrich) were used without further purification. The Mg rich
olivine/forsterite (Mg,SiO,) sample was provided by SIBELCO and
originating from their Aheim Plant, Norway, and ground to particle
sizes of <10 ym and ~100 ym. Two grams of olivine were mixed with
10 mL water and different amounts of NaCl and NaHCO; to form a
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slurry. The slurry was then transferred, along with a stirring magnet to
an in-house designed Teflon lined autoclave. In all experiments the
stirring rate was set to 1500 rpm. Figure 1 shows a flow diagram over

—<— CO,

< Compressor
PSV
a

5 C fﬁﬁﬂgv

PRV  Gas reservoir

Autoclave

Figure 1. Mineral carbonation process flow diagram. The CO,
pressure is generated by an air driven, double acting, reciprocating
compressor ensuring a stable outlet flow. Compressed CO, is then
pumped into the gas reservoir, and then continues through a manual
valve and into the autoclave reaction chamber. The pressure inside the
gas reservoir and the autoclave is regulated by the valve and pressure
release valves (PRVs), and displayed by pressure gauges. An additional
pressure safety valve is placed next to the gas reservoir, together with a
drain valve (not indicated in figure). The reaction temperature is
regulated using a cylindrical heater shaped to fit the autoclave while a
magnetic stirrer ensures mixing.

the specially designed setup used to heat and pressurize the autoclave.
The majority of experiments were conducted at conditions above the
critical point of pure CO, (P = 73 bar, T.; = 31 °C). When the
desired synthesis durations were reached, the autoclave was cooled in
water baths to rapidly stop the reaction. Thereby, a clear duration of
synthesis was determined. The products were subsequently dried in an
oven at 100 °C for 24 h.

Sample Characterization. Powder X-ray diffraction of dried
products was measured on a Rigaku SmartLab diffractometer equipped
with a Cu K, source, parallel beam optics and a D/tex Ultra 1D
detector. Powder patterns were analyzed by Rietveld refinement using
the Fullprof software suite to obtain quantitative phase fractions of the
final crystalline products.®® Carbonation rates were calculated from the
molar ratio between Mg,SiO, and MgCO;. A selected fully converted
sample was heated in situ to 600 °C (in air) on the Rigaku
diffractometer with an Anton Paar DHS 1100 domed hot stage
equipped with a tungsten knife edge. SEM and EDX micrographs were
obtained using a FEI NOVA SEM equipped with a TLD detector in
secondary electron mode, and all images were taken under high
vacuum. SEM, together with automated software, was used to
determine size distributions for the two olivine samples.**

B RESULTS & DISCUSSION

Olivine Size Distributions. Figure 2a, b shows the size
distributions of the <10 gm and ~100 ym samples, whereas
Figure 2¢, d shows SEM images of the two samples. For the
normal size distributions (red), particle areas were converted to
a diameter equivalent to a spherical particle with the same area.
Volume weighted distributions (blue) are also given together
with the cumulative size distributions for both distributions. For
the ~100 pm sample a flat distribution can be found centered
at 100 pm together with a large peak at small diameters,
corresponding to tiny grains that break of during handling of
the sand. The large number of tiny grains shifts the mean
particle size all the way down to around 50 pm. A better
indicator of this distribution is the volume or mass distribution,
resulting in a mean weight of 3.8 ug assuming a spherical
particle with a diameter of 130 ym. From SEM images of the
<10 pm sample, Figure 2¢, a number of 2—10 pm particles are
observed covered in a larger amount of smaller submicrometer
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Figure 2. Size distribution for (a) the <10 ym sample and (b) the ~100 ym sample. The normal size distributions are given in red, whereas the
volume or mass weighted distributions are given in blue. SEM images of (c) the <10 ym sample and (d) the ~100 ym sample.
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Figure 3. (a) Powder X-ray diffraction data from a fully converted olivine sample. Only crystalline phases of MgCO; and NaCl are present. (b)
Rietveld refinement of PXRD pattern for the calcination product. PXRD patterns have been cut below 30° because of the presence of a large
scattering signal from the carbon dome encasing the sample during heating.

sized particles. The automated software used was not able to
include these submicrometer particles resulting in a cut off at
2.5 um in the size distribution of the <10 ym sample. Although
the large amounts of submicrometer sized particles are highly
reactive, their contribution to the total mass of the sample is
estimated to be less than a few percent. Using the mass
weighted distribution, and accounting for the estimated
submicrometer grain size contribution, the average weight of
a grain is 0.0004 ug with a diameter of 6 pm.

Product Characterization, Calcination, and Amor-
phous Silica. Three distinct crystalline phases were observed
in the PXRD diffractograms, namely MgCO;, together with
unreacted Mg,SiO, and NaCl. No NaHCO; or Si-containing
phases were observed. In Figure 3, a PXRD diffractogram of a
fully converted sample is presented together with a sample
heated to 600 °C (in air) in order to investigate the conversion
from MgCO; to MgO during calcination. Profile analysis of the
PXRD pattern suggests that the MgO powder has nano-
structuring with individual crystalline particle sizes of around
12(3) nm determined by the Scherrer equation. Even after
calcination of the product at 600 °C, no crystalline silica phases

were observed. To confirm the formation of amorphous silica
when carbonating olivine, SEM and simultaneously EDX
measurements were performed on selected fully carbonated
samples. In Figure 4, a representative SEM micrograph shows
two clearly distinguishable phases, and the resulting relative

Figure 4. SEM image of a fully carbonated olivine sample. Energy-
dispersive X-ray spectroscopy measurements reveal micrometer-sized
MgCO; crystals and smaller amorphous silica particles.
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atomic percentages of different metals at the two measuring
points are (Mg 65.2%, Ca 0.3%, Fe 5.9%, Si 16.1%, Al 7.1%, Na
5.4%) for the point centered on the large crystal, and (Mg
14.5%, Ca 0.1%, Fe 1.0%, Si 40.7%, Al 2.6%, Na 41.1%) for the
point centered on small rounded particles. In an attempt to
quantify the phases the following approximation is used: Mg,
Ca and Fe originates from Mg,_,(Ca,Fe),CO;, Si and Al from
the amorphous alumina silicate phases, and Na from NaCl
Under this assumption, the measuring point on the large crystal
contains 71% MgCOs3, 23% silica, and 5% NaCl confirming that
the micrometre sized crystals are MgCO;. The significant
amount of silica observed is most likely originating from the
particles sticking to the crystal surface. The second measuring
point contains 43% silica, 41% NaCl, and 16% MgCO;
indicating that an amorphous silica phase is formed and that
it sticks to the surface of the NaCl and MgCO; crystals.
According to the work of Béarat et al, the formation of
amorphous silica is thought to hinder CO, sequestration by
covering the surface of olivine particles. Stirring the solution or
adding abrasives can therefore increase carbonation yield by
mechanically breaking the silica layers, exposing reactive olivine
surface.'® Additional information concerning the EDX measure-
ments can be found in the Supporting Information.

Effect of Temperature and Particle Size on the
Reaction Rate. On the basis of simple equilibrium
thermodynamics, increasing the temperature from ambient
conditions will lower the amount of dissolved CO, in the water
phase (2), shift the carbonic acid equilibriums (3, 4) toward the
carbonate ion, and lower the solubility of MgCO; (6). Adding
these different contributions together, a temperature increase of
~100 °C should improve carbonation yield, even without
accounting for kinetics.

In Figure S, the conversion of <10 ym olivine particles at
three different temperatures are plotted together with
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Figure S. Conversion rate versus reaction time at different
temperatures for the <10 um olivine sample plotted (open symbols)
together with conversion rates for the ~100 gm sample at 190 °C
(filled symbols). Pcg, = 100 bar, Cyancos = 0.5 M, Cyacr = 0.75 M.

conversion rates for the ~100 um olivine particles at the
highest temperature of 190 °C. A substantial increase in
conversion rates at higher temperatures was found for the <10
pum sized sample. At 190 °C, full conversion could be achieved

within 4 h, whereas lowering the temperature 15° resulted in a
conversion rate of 90%. Looking at the size effects, the
liberation of Mg®" is most likely to take place from the olivine
surface.*>® The carbonation rate should therefore correlate
with the available olivine surface area, leading to faster reactions
for smaller particles. This was validated experimentally as small
particles <10 pm could be readily converted, whereas larger
particles of ~100 ym could not be converted in the given time
span of 6 h. This clearly indicates that olivine grains should be
ground below a certain size before the carbonation reaction
effectively can proceed to completion, under the present
conditions.

Effect of pressure, NaHCO;, and NaCl on the Reaction
Rate. In contrast to temperature, higher CO, pressure
increases the amount of dissolved carbonic acid (2) in the
water phase. With no other acids in the solution, this will
significantly lower the pH without any noticeable increase in
the CO5*~ concentration since to the equilibrium in equation
(4) lies to the far left (K, = 4.7 X 107'"). Decreasing the pH is
desirable since it contributes to the liberation of Mg*" ions from
olivine, although an extremely high Mg** concentration is
needed to precipitate MgCOj; because of the low carbonate ion
concentration. To increase the CO;*~ concentration, NaHCO,
is added to the solution. Adding 0.5 M NaHCO; increases the
carbonate ion concentration by more than S orders of
magnitude and should therefore greatly enhance conversion
rates because MgCO; will precipitate at a lower Mg**
concentration.>> Increasing the CO, pressure in a solution
containing 0.5 M NaHCO; decreases the carbonate ion
concentration by lowering the pH value, countering the pH
increase from adding NaHCO;. At p = 1 bar, T = 150 °C, and
Craticos = 0.5 M NaHCO;, the water solution has a pH value
of 8.1, while raising the partial CO, pressure to 100 bar lowers
the pH to around 6.1, based on equilibrium thermodynamic
calculations.” In Figure 3a, conversion rates are plotted with
varying concentration of NaHCO; while keeping a constant
NaCl concentration and vice versa. The effect of pressure on
the conversion rate is plotted in Figure 3b. Experimentally,
NaHCOj addition greatly enhances the sequestration rate, with
the carbonation yield jumping from below 5 to 100% upon
increasing the NaHCO; concentration from 0 to 0.5 M. The
CO, pressure is also found to have a big impact on the
conversion rate, going from 22% conversion at 40 bar to
complete conversion at 100 bar. Experimentally, the NaCl
concentration was found to have minimal influence on the
reaction rate, with a conversion rate of more than 90% in the
absence of NaCl. In summary, to achieve efficient reaction
rates, the olivine particles needs to be ground to a proper size
well below 100 um, the temperature increased to 190 °C, the
pressure raised to 100 bar, and 0.5 M NaHCOj; added to the
solution. Under these conditions, olivine can readily be
converted into MgCOj in less than 4 h with a yield of 100%.
The simplicity of the studied reaction setup should enable a
large scale CCS process.

Table 1. Overview of Previous Olivine Carbonation Studies

O’Connor'**° (2001, 2005),
Gerdemann'” (2007)

McKelvy37 (2006),
Béarat'® (2006)

Gadikota®® (2014)

Investigation of olivine carbonation varying temperature and CO, pressure with the important addition of NaHCO; and NaCl as
catalysts. Also include an economic and energy analysis.

Further study of the effect of high NaHCO, and KHCO, concentrations, including on bigger particles (<150 ym). Investigation of
the role of the passivating amorphous silica layer, and attempts to counter its formation by adding quartz as abrasive.

Focus on chemical and morphological changes during the reaction also with respect to NaHCO; and NaCl additives.
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Figure 6. (a) Conversion rate versus additive concentration, P¢g, = 100 bar, T = 190 °C, particle size <10 ym, t = 4 h. Filled symbols indicate that
the NaCl concentration is being varied at constant NaHCO; concentration (0.5 M), while the open symbols indicate a varying NaHCO,
concentration at constant NaCl concentration (0.75 M). (b) Conversion rate dependence on applied pressure. T = 190 °C, particle <10 ym, t = 4 h,
Cranicos = 0.5 M, Cyuc = 0.75 M. The black line indicates the transition to supercritical CO, (P = 73 bar).

Comparison with Work by Others. An overview of
previous, similar work is shown in Table 1. The temperature
profile in Figure 5 agrees with the work of Gerdemann et al,,
who achieved optimal conversion rates around a temperature of
180 °C, followed by a decrease at higher temperatures, likely
due to reduced CO, solubility.'” Furthermore, their pressure
profile exhibits a plateau in the conversion rate around the
supercritical point of CO, (~73 bar), which is also observed in
the present work, although here based on a single pressure
point in Figure 6b. It would be interesting to study the
implications of the phase transition in greater detail.

The result presented in Figure 6a shows that adding
NaHCOj; to the reaction is vital to achieve high conversion
rates, even without the addition of NaCl. Addition of NaHCO,
increases the carbonate concentration while steadily raising the
pH of the solution. Because the leaching of Mg** ions from the
olivine particle surface is more efficient at low pH values we
would anticipate that the olivine carbonation rate will have a
maximum at a certain NaHCOj5 concentration. This is observed
in the work of McKelvy et al, where varying the NaHCO;
concentration resulted in a broad carbonation maximum
around 1.5—-3.5 M, with almost no conversion at concen-
trations below 0.6 M, and low conversion rate above 3.5 M due
to insufficient leaching of Mg®*.>” The data presented here on
the other hand shows a conversion of more than 90% using a
NaHCOj; concentration of 0.5 M, without adding NaCl. This
difference is most likely due to the difference in particle sizes
with McKelvy et al. using bigger olivine particles with particle
size <38 um. In addition, they show that increasing the
NaHCOj; concentration to 2.5 M enhances the carbonation of
bigger olivine particles (particle size <150 um) to a greater
extent than for the smaller particles (particle size <38 ym).
Together with the results presented here, this indicates that the
optimal NaHCO; concentration is highly dependent on the
particle size, and that the maximum is shifted to lower
NaHCO; concentrations for smaller particles. The low
conversion rates for the ~100 ym sized particles are therefore
most likely due to the relative low NaHCO; concentration.
Another reason could be insufficient agitation of the slurry
mixture caused by using bigger particles, although in this case
we should have observed some amount of MgCOj;. The limited
effect of adding NaCl was also found by Gadikota et al. using
particles with a mean size of 21.4 ym, and can be accounted for
by a slight pH lowering or reduction in the activity of water as
the ionic strength of the solution is increased.”® O’Connor et al.
found, using bigger particles, that NaCl positively influence the
conversion rate. * This indicates that higher ion concentration
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aids the conversion of bigger particles while having limited
effect on smaller ones. McKelvy et al. also exchanged different
amounts of Na* with the softer K" ion, resulting in lower
yields.”” This result cannot be explained by small pH changes,
but may be explained by the decrease in ionic strength when
exchanging Na* with K'. Although the role of Na" and K" is not
well understood, O’Connor et al. suggested that these cations
may facilitate the ion exchange across the solid/liquid
interphase by altering the surface charges of the magnesium
silicate particles."* This reaction could be more important for
the conversion of bigger particles, explaining why increased
ionic strength seems to have a more significant effect on larger
olivine particles.

H CONCLUSION

The influence of experimental parameters on the conversion
rate of Mg,SiO, to MgCOj; under hydrothermal conditions has
been investigated. It was shown that full conversion could be
achieved in less than 4 h, and that increased temperature had a
positive effect on the extent of conversion. Particle size had a
remarkable effect on the conversion rate suggesting that the
initial Mg,SiO, source should be ground to particle sizes well
below 100 um for effective conversion. Alternatively the
NaCHOj; concentration can be increased to carbonate larger
particles. Overall the conversion rate was greatly enhanced by
increased CO, pressure and the addition of NaHCO; whereas
adding NaCl did not appear to have any significant influence
when using <10 um sized particles. By comparing the data
presented here with earlier work, it has been found likely that
the optimal additive concentration vary with the chosen olivine
particle size with larger particles demanding higher concen-
trations. Further study of the correlation between optimal
additive concentrations and particle size will likely increase the
understanding of the different mechanisms during the
carbonation reaction. SEM micrographs and EDX measure-
ments revealed the formation of an amorphous silica phase
along with micrometer-sized MgCOj; particles. The relative
simple setup for the carbonation of olivine presented here
should enable a large-scale CCS process.

B ASSOCIATED CONTENT

© Supporting Information

Additional information concerning the size distribution
calculations, EDX measurements, and PXRD data. This
material is available free of charge via the Internet at http://
pubs.acs.org/.
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