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Abstract

Engineering the permanent storage of CO; in earth-abundant Ca- and Mg-bearing silicate and alumino-
silicate rocks and minerals as carbonates requires a fundamental understanding of the extents of carbonate
conversion that can be achieved at conditions relevant to geologic formations. While many studies have
reported the reaction rates and the carbonation extents of specific minerals, the data is limited in terms of
reaction conditions and the mineral samples were relatively pure to start with. Thus, understanding of the
effect of the chemical and mineralogical heterogeneity on the carbon mineralization behaviors of various
minerals and rocks in geologic conditions is lacking. Therefore, this study investigated the reactivities of a
selection of minerals and rocks such as (a) Mg-rich olivine (Mg 74Fe026S104) as previously reported by
Gadikota and co-workers (2014),' labradorite (plagioclase feldspar with Cags3Nag47Al;53Si Os), (b)
anorthosite (a mixture of plagioclase (CaoosNao.02Al1.98512.020s), olivine (Mg1.32Fe0.6sS104) and magnetite
(Fes04)), and (c) basalt (a fine-grained volcanic rock containing a mixture of plagioclase
(Cao.6Nao.4Al;6S12.403), calcic pyroxene (~Mgo.as, Feo.52CaSi1206) and low Ca pyroxene (~Mgo4sFeo.52S103)),
that are relevant to CO, storage. The reaction conditions were also selected to mimic the conditions relevant
to geologic CO, storage sites (Tmax = 185°C, Pmax = 164 bar, 0 - 1 M NaHCO3, 0 - 1 M NacCl, 1.0 M NaCl
+ 0.64 M NaHCO3). Our studies show that the extents of carbonation of olivine, labradorite, anorthosite,
and basalt are 85, 35, 19 and 9%, respectively, when reacted for three hours at 185 °C, Pcoz of 139 atm in
1.0 M NaCl + 0.64 M NaHCOs with 15 wt% solid reactant and a stirring rate of 800 rpm. Further, our
results indicate that increasing the reaction temperature over the range of 90 to 185 °C, and increasing the
concentration of NaHCO; over the range of 0 to 1 M, both enhance the extent of carbon mineralization. On
the other hand, increasing the partial pressure of CO- from 64 atm to 169 atm and raising the concentration
of NaCl to 1.0 M have no significant effects within the time-scale of these experimental studies. Comparison
of our results with previous studies suggests that the reactivity of Ca- and Mg-bearing alumino-silicates is
lower compared to Ca- and Mg-bearing silicates.

Keywords: carbon mineralization, alumino-silicates, silicates, calcium carbonate; magnesium

carbonate
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1. Introduction

Global reliance on fossil energy resources has spurred an increase in CO, emissions. The need to sustainably
produce and use our energy resources has motivated us to explore the potential storage of CO, in geologic
formations. Further, the conversion of CO, to water insoluble calcium and magnesium carbonates in the
subsurface environments may reduce the potential cost of monitoring the fate of mobile CO,. However,
there is a limited understanding of the reactivity of CO, with calcium and magnesium-bearing materials to
directly form calcium and magnesium carbonates in the subsurface environments. The conversion of CO,
to calcium or magnesium carbonates is a thermodynamically downhill pathway for permanently storing
CO,. Estimates have shown that more than 10,000 - 1,000,000 gigatons of carbon can be sequestered by
converting CO; to carbonates,” which is also known as carbon mineralization. One of the key advantages
of forming calcium and/or magnesium carbonates is that they are relatively insoluble in water and

thermodynamically stable at Earth’s surface conditions,''*74!!

While natural, rock-forming calcium and magnesium silicates and alumino-silicates are abundant and

2318 the kinetics of direct

available for the conversion of CO; to calcium and magnesium carbonates,
conversion to carbonates in an environment characterized by CO; - reaction fluid - calcium and magnesium-
bearing silicates and alumino-silicates are not very well understood. A fundamental understanding of these
kinetics is essential for developing subsurface technologies for accelerated carbon storage in geologic
environments and for designing engineered processes to convert Ca- and Mg-bearing materials to their
respective carbonates. The Ca- and Mg-bearing materials of interest include minerals such as olivine
((Mg,Fe),Si04)), wollastonite (CaSiOs3), pyroxenes (Mg,Fe,Ca),Si,Os, and plagioclase feldspar (solid
solution from albite, NaAlSizOs to anorthite, CaAl,Si,Os). These minerals and their amorphous equivalents
are abundant in rocks such as peridotite (> 40% olivine), gabbros and anorthosites (mixtures of plagioclase.

olivine and pyroxenes) and basalt (volcanic equivalent of gabbro, rich in Mg and Ca), and industrial residues

such as asbestos, mining wastes, steel slags, and cement kiln dust.
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Various studies have shown that industrial residues such as fly as , asbestos, , steel slags, and

3637 can be converted to calcium and/or magnesium bearing carbonates within a few hours.

cement kiln dust
However, the time scales for the conversion of more abundant, rock-forming minerals have not been
systematically investigated. Further, the reactivities of heterogeneous natural Ca- and/or Mg-alumino-
silicate or silicate-bearing materials such as labradorite, anorthosite, and basalt have not been benchmarked
against more reactive materials such as olivine. Laboratory-scale studies have shown that carbonate
conversions above 80% are achieved when olivine or wollastonite are reacted in an environment comprising

supercritical CO; (Pco2 ~ 150 atm), reaction fluid (water in case of wollastonite, and 1.0 M NaCl + 0.64 M

NaHCO:s), and at temperatures greater than 90 °C.”

Another challenge in determining the reactivities of Ca- and Mg-bearing silicates and alumino-silicates is
the determination of the appropriate rate law for estimating the conversion of CO; to carbonates. In coupled
CO; - reaction fluid — mineral or rock environments, the conversion of CO; to carbonates proceeds through
the dissolution of CO; in the fluid***° (Reactions 1-3), followed by the dissolution of the mineral or rock

4041,50-5942.60-62:43-49 Reactions 4-5) and the formation of Ca-or Mg-carbonates (Reactions 6-7).6%

CO; hydration: 2C0; (g) = 2C0; (qq) (Reaction 1)
2C0; (qq) + 2H,0 & 2H;C03 (gq) © ZH(J;W) + 2HCO5 (44 (Reaction 2)
2HCO5 (qq) © ZCO§an) + ZH&q) (Reaction 3)

Olivine Dissolution: (Mg, Fe);SiOu) + 4Hq) = 2Mglyy + 2Felyy + SiOs (aq) + 2H,0
(Reaction 4)
Anorthite Dissolution: CaAl,Si;Og(sy + 8H(,y = Caflyy + 24151 + 25i05qq) + 4H,0
(Reaction 5)

Carbonate Formation: M g(zgq) + C 0§an) - MgCO3 (s (Reaction 6)

Ca?;q) + Co'gzaq) - Cal0s ) (Reaction 7)
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The rate-limiting step in carbon mineralization is typically assumed to be the dissolution reaction. More
recent studies have indicated that coupling the dissolution and carbonation steps while tuning the pH
conditions enhances the mineralization behavior.'! Laboratory scale studies by Gadikota et al., (2014)" and
NETL-Albany”* % have shown that carbon mineralization of the ground powders of magnesium and
calcium bearing silicates and alumino-silicates can be achieved over a time-scale of a few hours, while

6970 showed that basalt grains can be converted to carbonates over the course of a

Schaef and co-workers
few days. These observations are supported by field-scale evidence of basalt carbonation through the
CarbFix Project in Icelend.”! Other factors that impact carbon mineralization behavior include the
morphological changes and the resulting feedbacks on the reactivity of the mineral or rock. The formation
of diffusion limiting passivation layers of silica and iron oxide during the conversion of olivine to
magnesium carbonate has been reported.'”> " Crystallization of other diffusion limiting phases such as
gibbsite (Al(OH);) and kaolinite (Al,Si,0Os(OH)s) has been reported during the carbonation of plagioclase
(Ca1xNaxAl«Si»«x0s).” More recently, Hellevang and co-workers reported the formation of smectite

during basalt carbonation.”® Extensive carbonate growth on olivine grains has been shown to reduce the
g g g

porosity by an order of magnitude.’

Another challenge in this research area is the lack of systematic studies investigating the effect of
temperature on plagioclase-bearing rocks and minerals, in contrast to studies of more reactive minerals such
as olivine, serpentine, and wollastonite.” """ Increasing the temperature aids faster dissolution of

4041.59.61.7943.4749.3438 and reduces the solubility of calcite and magnesite,*

olivine, plagioclase, and basalt
82 thereby aiding the overall extents of carbon mineralization. However, a comparison of the effect of

temperature on the direct carbon mineralization behaviors of labradorite, and basalt has not yet been

reported.

Other parameters that influence carbon mineralization behaviors are the partial pressure of CO, and the
composition of the reaction fluid, particularly the pH of the system. In deionized water and in the absence
of a pH buffer, pressurized CO, dissolves in water to produce a pH around 3,* which causes rapid

5
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dissolution of the alkaline calcium and magnesium bearing silicate and aluminum silicate minerals. The
resulting depletion of H' ions and increasing concentration of alkaline species in solution increases the pH
of the CO»-water-mineral system to aid the formation of carbonates."* However, the presence of additives
such as NaHCOs that serve as a carbon carrier and buffer the solution pH in the range of 6-8 has been shown
to aid the direct carbonation of olivine, serpentine, and wollastonite.”*”””# The role of NaHCO3 on the
carbon mineralization of plagioclase-bearing minerals and rocks such as labradorite, anorthosite, and basalt
has not been reported in the literature. Non-buftfering additives such as NaCl have been shown to aid mineral
dissolution®’ through the complexation of CI" with the cations, but do not have a significant effect on the
overall mineralization behavior of olivine."™ The effect of varying NaCl concentrations on the extents of

carbonation of plagioclase, and plagioclase-bearing rocks, has not been reported.

As discussed here, there are large gaps between available experimental data and information that are needed
to better predict the in-situ carbon mineralization behaviors during the geologic injection and storage of
COs. Thus, the aim of this study is to obtain and present experimental data relating the reactivity and
morphological behaviors of plagioclase (Caj.xNaxAl.xSi2+xOsg) bearing minerals and rocks such as
labradorite (plagioclase feldspar with Caos3Nao47Al153S12.4705), anorthosite (a mixture of plagioclase
(Cag.osNag 02Al1.98S12.020s), olivine (Mg 32Feo63Si0s) and magnetite (FesO4)) and basalt (a fine-grained
volcanic rock containing a mixture of plagioclase (CaosNagsAl;6S1240s), calcic pyroxene (~Mgo.as,
Feo52CaSi,0¢) and low Ca pyroxene (~MgosFeo52S103)) at elevated reaction temperatures (90-185 °C)
and partial pressures of CO; (64-164 atm), with fluids containing NaHCOs3 (0.0 - 1.0 M), and NaCl (0.0 -
1.0 M). These results are compared to previously published reactivities of minerals and rocks under similar

1,77,85

experimental conditions to quantitatively constrain the choice of minerals and rocks for natural and

accelerated conversion of CO» to solid carbonates in geologic formations.

2. Experimental Methods

2.1 Procurement and Characterization of Materials
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Labradorite from the Norcross-Madagascar Mine in the south of Madagascar and procured from the
Madagascar Mineral Company as a fine powder. The anorthosite sample obtained from the DOE Albany
Research Center is originally from Grass Valley, California. Columbia River Basalt, also from the Albany
Research Center, is a light gray, fine grained basalt from a vesicular core from a depth of 2263.3 feet. The
studies reported here are compared with results of experiments performed on Twin Sisters olivine at the
same conditions, reported in a previous publication. Freshly ground mineral and rock samples were used
since our previous studies'™ and those reported by Eggleston and co-workers® showed that aging the

ground mineral powders reduces their reactivity.

The mineral and rock samples are ground such that more than 90% of the material is smaller than 37 um.
The mean particle diameters of labradorite, anorthosite, and basalt, determined using laser diffraction
(Beckman Coulter, Inc., LS 13 320 MW) are 8.44, 11.94, and 7.81 pum, respectively. The specific surface
areas determined using the BET technique (Quantachrome NovaWin BET Analyzer) are 4.46, 2.92, and
4.48 m?*/g, respectively. The BET technique is based on multilayer adsorption in which the non-reactive
gases are used to adsorbates to quantify the specific surface area and porosity of materials. The elemental
compositions in rocks and minerals are determined using Wavelength Dispersion X-Ray Fluorescence
(WD-XRF, Pananalytical Axios). CaO content in anorthosite (14.10 wt%) is the highest followed by
labradorite (10.2 wt%), basalt (8.15 wt%) and olivine (0.16 wt%). MgO content in olivine (47.3 wt%,)" is
the highest, followed by anorthosite (8.74 wt%), basalt (4.82 wt%), and labradorite (0.24 wt%) (Table 1).
On the basis of a CIPW norm calculation, we estimate that the anorthosite sample contains about 66 wt%
plagioclase feldspar (96 mol% anorthite, CaAl,Si,0g + 4 mol% albite, NaAlSi3Os, abbreviated An96), 24%
olivine (66 mol% forsterite, Mg>SiOs + 34 mol% fayalite, Fe.SiOs), 5% calcic pyroxene and 3% iron-
titanium oxide minerals. Similarly, the basalt used in this study contains about 55% plagioclase (An61),
16% calcic pyroxene, 22% Ca-lean pyroxene (both pyroxenes with molar Mg/(Mg+Fe) ~ 0.49), and 7%

iron-titanium oxides.
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2.2.  Carbonation of Minerals and Rocks and Analyses of Reaction Products

The carbonation experiments are performed in a high temperature, high pressure batch reactor (Autoclave
Engineers, 100 ml EZE-Seal) as discussed in our previous publication.'" To summarize, a high pressure
syringe pump (Teledyne Isco, 500D, NE) for delivering pressurized CO; is connected to the reactor. The
slurry is composed of 15 wt% solids suspended in the reaction fluid containing deionized water and/or
aqueous fluids with varying concentrations of NaCl (0.0 - 1.0 M) and NaHCO; (0.0 - 1.0 M). Once the
reactor is sealed and the set-point of the reaction temperature is reached after about 40 minutes, the reactor
pressure is increased to the desired partial pressure of CO,, which marks the start of the experiment. At the
end of the experiment, the reactor is cooled to temperatures below 70 °C, which takes about 75 minutes.
The reactor is then depressurized, the interior is cleaned to collect all the solid material, and the fluid
contents are filtered. The filtered liquid samples are diluted in 2% HNO; and the concentrations are
measured using Inductively Coupled Plasma - Atomic Emission Spectroscopy (ICP-AES, Activa S model,

Horiba Jobin Yvon).

In addition to the liquid analyses, a host of tests are conducted on the solids which include the determination
of the porosity and the specific surface area using BET (Brunauer—-Emmett-Teller, Quantachrome
NovaWin BET Analyzer), the particle size via laser diffraction (Beckman Coulter, Inc., LS 13 320 MW),
and changes in the surface morphological features using Scanning Electron Microscopy (SEM, Tescan
Vega II). These tests provide insight into the morphological changes in the solids before and after
carbonation. In addition, the crystalline phases in the unreacted and reacted minerals and rocks are identified
using X-Ray Diffraction (XRD 3000, Inel Inc.) in the range of 20° and 80° with CuKa radiation (A = 1.5406

A).

2.3.  Quantification of Mineralized CO;

The determination of the carbon content in the reacted samples is complicated by the relatively low content

of carbon in reacted labradorite, anorthosite and basalt. The carbon content is measured using
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Thermogravimetric Analysis (TGA, Setaram SETSYS) and Total Carbon Analysis (TCA, UIC CM150)
with a heating rate of 5°C per minute. Total Inorganic Carbon (TIC) analysis using acid digestion is not
used to measure the carbon content in the samples because the samples do not contain any organic carbon,
and TIC is much slower than TCA." While the TGA can be used to determine the presence of various phases
(e.g., hydroxides, carbonates) based on their decomposition temperature, the presence of overlapping
weight drop curves makes it challenging to accurately determine phase proportions, especially for
experiments in which the carbonate content is low. In the TCA where the samples were combusted to
convert all organic and inorganic carbon to CO and CO,, the detection of small amounts of carbon is more
accurate (see Table S1 for CO; content in the reacted minerals and rocks). The following equation is used

to estimate the extent of carbonation using TCA:

3.67 XTCA

(1- 3.67><TCA)) x 100% (Eq. 1)

Yeo,rca = Rco, X (
where Yo, , the yield or the extent of carbonation is then defined as the measured amount of CO; stored in

. . . . 1 .
the mineral as solid carbonate relative to the CO; storage capacity, P the theoretical carbon storage
CO;

capacity is the mass of CO; that can be trapped in a unit mass of the unreacted mineral, and 7CA represents

Weight of carbon

the weight fraction of carbon in the carbonated sample with a unit of [ ] The coefficient

Weight of solid sample
3.67 is the ratio of the molecular weights of CO, to C. The extents of carbonation are reported assuming
that the magnesium and calcium content in the minerals and rocks reacts with CO2 to form magnesium and

calcium carbonates. The role of iron and sodium are not considered.

Wco 1 y
2 — = ( Mg + Yca ) X MW, (Eq. 2)
Wmineral Rco, MWymg MWcq 2

The possible formation of Na, K and Al carbonates is not considered in our estimates of carbon storage
capacity since Na and K form soluble carbonates and the formation of aluminum carbonates is not evident
in the carbonated samples, as expected for these highly soluble minerals in our experiments at high
water/rock ratio. In natural systems with Na-rich plagioclase, the carbon storage capacity could be

substantially increased if Na- and K-carbonate saturation was achieved.
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3. Results and Discussion
3.1 Effect of Reaction Time

Insights into the kinetics of the carbonation of olivine and plagioclase-bearing minerals and rocks can be
obtained by determining the effect of reaction time which was investigated at 1, 3, and 5 hours, at a reaction
temperature of 185 °C, Pcoz of 139 atm (Piow = 150 atm) in 1.0 M NaCl + 0.64 M NaHCO; with 15 wt%
solid and a stirring rate of 800 rpm (Figure 1 (a)).These conditions are the same as those reported for our
previous carbon mineralization studies with olivine ' and similar to those of NETL-Albany.”*’” The extents
of carbonation are calculated based on the formation of calcium and magnesium carbonates. For olivine
and labradorite, the extent of carbonation continues to increase with reaction time, up to five hours. The
extents of olivine carbonation are 57, 85 and 90% for reaction times of 1, 3 and 5 hours, respectively. With
the same time increments, the extents of labradorite conversion are 11, 35, and 46 %. Despite some
expectations that reaction rates might decrease over time, due to early consumption of the smallest grains
and/or passivation of reactive surfaces, our experimental data for both of these minerals can be
approximately fit with a constant rate of consumption, = 35% per hour for olivine, and about 12% per hour
for labradorite (Figure 1(b-1) and 1(b-2)). Moreover, our data for olivine are supported by data from other

labs, using similar experimental conditions.*”**

In contrast, anorthosite and basalt conversion to carbonates slow down significantly after three hours of
reaction. Anorthosite and basalt conversions in the first hour are 7% and 8%, respectively. Anorthosite
conversion is 20% at both 3 and 5 hours. Basalt conversion increases very slightly from 9% to 10% on
increasing the reaction time from 3 to 5 hours. These data support the hypothesis that consumption of the
smallest, most reactive grains, and passivation, yield incomplete carbonation of some materials. The
observation that pure minerals (olivine, plagioclase) do not exhibit this behavior, while mixtures do,
suggests a role for Mg- and Al-bearing clay minerals in the passivation process, with Mg derived from

olivine and pyroxenes, and Al derived from plagioclase feldspar.

10
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Liquid analyses for labradorite experiments showed that the Ca concentrations in the solution are 10.5, 8.2,
and 4.4 ppm at the end of 1, 3, and 5 hours, respectively. Similarly, the liquid analyses for anorthosite
showed that the concentrations of Ca and Mg were 7.6, 5.1, 2.7 ppm and 2.5, 1.8, 0.9 ppm, respectively at
the end of 1, 3, and 5 hours. The Ca and Mg concentrations for basalt are 3.4, 1.6, 0.7 ppm and 1.2, 0.7, 0.3
ppm, respectively at the end of 1, 3, and 5 hours. In dissolution only cases, the concentrations of Ca and
Mg are expected to increase over time. However, the decrease in the concentrations of Ca and Mg over
time indicates that as the minerals and rocks dissolve, Ca and Mg are readily precipitated in carbonate
minerals. These data suggest that the dissolution of the minerals is the rate-limiting step in the direct
carbonation of olivine- and plagioclase-bearing minerals and rocks to form carbonates. Together with
carbonate precipitation, a contributing factor in the progressive decrease in the concentrations of Ca and

Mg could be formation of passivation layers that reduce the reactivity of these minerals and rocks.

3.3 Effects of Partial Pressure of CO;

Carbon mineralization of plagioclase-bearing minerals and rocks is important to investigate since high CO;
partial pressures in the range of 100-150 atm are injected into plagioclase-rich geologic storage sites after
CO; capture and compression. Therefore, many studies have focused on understanding high pressure CO»-
mineral-reaction fluid interactions'*¢757"#7 In this study, the extents of carbon mineralization are
investigated at CO, partial pressures of 64, 89, 139 and 164 atm, while other reaction parameters are held

constant (185 °C, 1.0 M NaCl + 0.64 M NaHCO3, 3 hours, 15 wt% solid, 800 rpm stirring).

The extents of carbon mineralization of labradorite, anorthosite, and basalt are in the range of 33-39%, 18-
20%, and 8-10% respectively, independent of Pco, (Figure 2(a) and Table 2). These results suggest that
varying CO, partial pressures in the range of 64-164 atm is not the rate-limiting step in the mineralization
process. Unlike plagioclase, and plagioclase-bearing rocks, olivine is more sensitive to the changes in the
CO; partial pressure. At CO; partial pressures of 64, 89, 139 and 164 atm, extents of olivine carbonation

are 39, 60, 85, and 84%, respectively.1 At 64 atm and 185°C, the vapor density of CO> is 80 kg/m3 . At the

11
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same temperature of 185°C and higher pressures of 89, 139, and 164 atm, the density of supercritical CO;
is 110, 180, and 220 kg/m’, respectively. While CO, partial pressures and densities in the range of 89-164
atm is well-correlated with the higher reactivity of olivine up to 139 atm (Figure 2(b)), the corresponding

effects on the mineralization of plagioclase-bearing minerals and rocks is not very significant.

In contrast with our experimental results, plagioclase carbonation studies performed by Munz and co-
workers’® show greater sensitivity of mineralization to pressure. Their experiments were performed with an
average grain size of 10 um in deionized water over 24 hours at 200 °C, and resulted in 16% carbonation at
Pcoz of 100 bar and 7% carbonation at Pcoz of 40 bar.”” In contrast, we achieve extents of labradorite
mineralization as high as 35% and 46% within 3 and 5 hours of reaction time, respectively. One significant
point of difference between the results reported and those reported by Munz and co-workers”” is the solution
chemistry. Our experiments are performed in 1.0 M NaCl + 0.64 M NaHCO3, while the experiments
reported by Munz and co-workers’ used deionized water. In the absence of a buffer such as NaHCO3, high
Pco2 in water leads to a low pH which favors dissolution as opposed to the formation of carbonates. In our
experiments, the pH is buffered by dissolving NaHCQ3, and there is little change in pH with changing Pco

based on PhreeqC simulations.

In order to determine the effect of the partial pressure of CO- on the in-situ pH of the solution over the
course of the reaction, PhreeqC simulations were performed for anorthite (CaAl»Si»Og). The equilibrium
pH values of the solution are 6.69, 6.55, 6.35, and 6.27 respectively at partial pressures of CO, of 64, 89,
139, and 164 atm, respectively. Since the pH is not too high or low and the changes in the pH are small
over CO, partial pressures in the range of 64-164 atm, dissolution of reactants and precipitation of
carbonates are both favored in our experiments. PhreeqC simulations with olivine reported in a previous

study also showed that the pH is in the range of 6-7.!

12
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3.4  Effects of Reaction Temperature

While holding the partial pressure of CO, constant at 139 atm, the effect of temperature on the
mineralization behavior of plagioclase-bearing minerals is investigated. As reviewed by Palandri &

Kharaka (2004), and confirmed by more recent work,**-0-62

studies have shown that increasing the
reaction temperature enhances the dissolution rates of olivine and plagioclase. Another factor that aids the
formation of magnesium and calcium carbonates at higher temperatures, is the reduced carbonate solubility
with temperature.®® However, the effects of temperature on coupled dissolution and carbonation behavior
of anorthosite, labradorite, and basalt have not been reported extensively. As in our previous olivine
carbonation studies', our experiments with anorthosite, labradorite, and basalt are performed in a solution

of 1.0 M NaCl + 0.64 M NaHCO; at Pcoz = 139 atm for 3 hours with 15 wt% solid and at a stirring rate of

800 rpm.

The extents of carbonation of labradorite and anorthosite carbonation are 13.9, 14.1, 25.6, 35.3% and 5.9,
6.9, 10.3, 19.3% at 90, 125, 150 and 185 °C, respectively (Figure 3). The correlation between temperature
and the extent of carbonation at temperatures is similar to olivine carbonation behavior."” However,
increasing the reaction temperature from 90°C to 185°C has a much smaller effect on the extent of basalt
carbonation. The extents of basalt carbonation are 5.5, 7.1, 7.7, 8.6% at 90, 125, 150 and 185 °C,
respectively. The slower reactivity of the plagioclase-bearing minerals and rocks relative to ultramafic
minerals such as olivine is attributed to the slower dissolution rates of plagioclase (see data compiled by
Kelemen and co-workers®!) and passivation from the precipitation of secondary phases such as smectite

757687 1imiting mass transfer.

3.5 Effect of NaHCO3 and NaCl

In addition to the effect of temperature, the composition of the reaction fluid is another important factor

that impacts carbon mineralization behavior. Various studies have engineered the chemistry of these

2781667 49 reviewed

13

solutions to tune the ex-sifu conversion of Ca- and Mg-bearing materials to carbonates
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by Kelemen and co-workers.* In in-situ environments, the fundamental effect of pH and salinity on the
direct mineralization of plagioclase-bearing minerals is not as well understood, unlike other minerals such

1677783 and wollastonite.'® Previous experimental studies of the effect of NaHCO; on the carbon

as olivine
mineralization behavior of olivine established that NaHCOs is a pH buffer and a carbon carrier during direct
mineralization."”-""#3 A similar experimental methodology is applied to investigate the effect of NaHCOs
on the carbon mineralization behavior of plagioclase-bearing minerals and rocks. In this study, the

experiments are performed at 185 °C, Pcoz of 139 atm for 3 hours, with 15 wt% solid and a stirring rate of

800 rpm, the same conditions as in our previously published olivine carbonation experiments.’

The extents of labradorite, anorthosite and basalt carbonation are 4.8, 8.4, 11.6, 22.9%; 7.7, 8.2, 10.4, 25.8
% and 3.5, 7.8, 10.4, and 14.5% in deionized water, 0.48, 0.64, and 1.0 M NaHCOs, respectively, all
increasing by a factor of 3 to 5 over this range of fluid composition (Figure 4(a)). Unlike these plagioclase-
bearing minerals and rocks, the extents of olivine carbonation are much more sensitive to changes in
NaHCO; concentration. In deionized water, 0.48 M, 0.64 M, and 1.0 M NaHCO;, the extents of olivine
carbonation are 5.8, 56.0, 82.7, and 85.0%, respectively, increasing by a factor of ~ 15." Higher extents of
olivine carbonation with increasing concentration of sodium bicarbonate are consistent with the data

reported by Chizmeshya and co-workers.”’

To investigate the differences in the extents of carbonation of olivine vs. the other alumino-silicate bearing
minerals and rocks, we used PhreeqC” to predict the equilibrium solution pH and the carbonate
concentration in varying NaHCO3 concentrations at 185°C and Pcoz = 139 atm in pure minerals: forsterite
(Mg>S104) and anorthite (CaAl>SiOs) as a proxy for the other mineral phases. PhreeqC simulations showed
significant differences in the pH and dissolved carbonate concentration of anorthite-CO»-reaction fluid
system with and without NaHCOs. The equilibrium pH for an anorthite-CO»-reaction fluid system increased
from 4.03 in deionized water to 6.36, 6.49 and 6.69, and that of dissolved carbonate concentrations from
5.7x 10" mol/kgto2.5x 10*,5x 10* and 1.5 x 10~ mol/kg in 0.48, 0.64 and 1.0 M NaHCOs, respectively.
In comparison, the equilibrium pH for an olivine-CO;-reaction fluid system increased from 5.42 to 6.37,
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6.49, 6.69 in deionized water, 0.48 M, 0.64 M, and 1.0 M NaHCO;. These data suggest that the
concentration of carbonate ions, particularly at high concentrations of NaHCOs3, is not the limiting factor
on the carbon mineralization of plagioclase-bearing rocks and minerals. Other factors, such as slower
dissolution kinetics of plagioclase and plagioclase-bearing rocks, and passivation via precipitation of

75,76

secondary mineral phases such as clay minerals”’® may be the reasons why the extent of carbonation of

plagioclase-bearing minerals or rocks is not as high as that of olivine.

The role of salinity on the carbon mineralization behavior of plagioclase-bearing minerals is another
important consideration since most proposed sites for geologic storage of CO, contain saline aqueous fluids
(“brine™) in pore space. These experiments are performed at 185 °C, Pcoz of 139 atm for 3 hours, with 15
wt% solid and a stirring rate of 800 rpm, for direct comparison with our results using olivine." The extents
of anorthosite carbonation in deionized water and NaCl are greater than those of labradorite and basalt. This
may be due to the content of more reactive minerals such as olivine in anorthosite compared to basalt or
labradorite. The extents of anorthosite and basalt carbonation are 7.7, 7.2, 8.5 % and 3.5, 4.2, 5.7% in
deionized water, 0.5 M and 1.0 M NaCl, respectively (Figure 4(b)). The extents of labradorite carbonation
are 4.8, 3.9, and 3.4% in deionized water, 0.5 M, and 1.0 M NaCl (Figure 4(b)). In contrast, the extent of

carbon mineralization in olivine increased from 6% in deionized water to 14% in 1.0 M NaCl.'

Many studies have investigating the effect of NaCl on mineral carbonation. While some studies suggest
that C1" enhances dissolution by binding to cations such as Mg or Ca,*” others suggest that NaCl increases
the ionic strength and reduces the solubility of CO,,”" which in turn limits the carbonate ions available to
form CaCOs or MgCO:s. Olivine dissolution studies have shown that adding salt changes the pH, which in
turn may affect dissolution®® and that changing the ionic strength alters the crystal structure of magnesite.”
Thermodynamic calculations using PhreeqC have shown that the equilibrium pH of the anorthite - CO, -
NaCl system at the reaction conditions is 3.94 for NaCl concentrations in the range of 0 - 1.0 M NaCl,
which aids silicate dissolution but not carbonate precipitation. In the presence of a pH buffer and carbon
carrier such as NaHCOs, the pH is in the range of 6-7, which aids both dissolution and carbonation.
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As reported in our previous studies,' the presence of NaCl alone, and the absence of NaHCO; prompts the
precipitation of iron oxide on reacting olivine surfaces. The formation of an iron oxide layer is evident in
experiments on iron-rich minerals or rocks such as anorthosite, basalt and olivine. The precipitation of iron
oxide during carbon mineralization was also reported in previous studies.”>** While the precipitation of iron
oxide is often visible in minerals and rocks that have a high content of iron and when reacted in the absence
of a pH buffer such as NaHCOs, often it is difficult to determine this phase using XRD alone due to the
amorphous character of these materials. In addition to the precipitation of passivating phases such as iron
oxide, other factors such as the reduced solubility of CO,, limited availability of the carbonate ions, and
lower equilibrium pH values in saline environments may contribute to the lower extents of carbonation in

plagioclase and plagioclase-bearing rocks, compared to olivine.

3.6  Morphological and Phase Changes due to Mineral Carbonation

In natural geologic environments, the feedbacks between the phase changes from carbon mineralization
and the morphological changes have important implications for the changes in the porosity and surface
area. To investigate changes in morphology, particle size, surface area, and porosity of the unreacted
material were compared with the properties of reaction products, after reaction for 3 hours at 185 °C, Pco2
=139 atm in 1.0 M NaCl + 0.64 M NaHCO; with 15 wt% solid and a stirring speed of 800 rpm. At these
experimental conditions, the extents of labradorite, anorthosite, and basalt carbonation are 35.3, 19.3, and
8.6%, respectively compared to 85% of olivine conversion.! For these extents of carbonation, the average
particle diameter was found to increase by 25% in labradorite, anorthosite, and basalt (Table 3). At similar
experimental conditions, the particle diameter of olivine increased by 28%. This increase in the average
particle diameter is attributed to consumption of smaller reactant grains, growth of carbonates, and
precipitation of secondary phases such as clays. Further, the surface areas of labradorite, anorthosite, and
basalt decreased by 38, 38, and 19%, respectively, during carbon mineralization (Table 3). These reductions

in the surface area are much smaller than the four-fold reduction in surface area of olivine on carbonation.'

16



10
11

12

13
14
15
16
17
18
19
20
21
22
23
24

25

The changes in surface area are closely related to the changes in the cumulative pore volume. For example,
Figure 5 shows that in the case of olivine, which has the highest extent of carbonation, an order of
magnitude reduction in the cumulative pore volume is noted after carbonation. Pore volume profiles of
anorthosite and labradorite are similar in that there is a significant reduction in the micro and mesopores
but not in the macropores. The cumulative pore volume of reacted basalt is virtually unchanged compared
to the unreacted solid. This is presumably due to the low extent of basalt carbonation compared to the other
minerals and rocks. The lower extents of carbonation in plagioclase and plagioclase-bearing rocks relative
to olivine are also captured in the SEM images. The extensive growth of magnesite in olivine is clearly
evident in Figure 6 (a), compared to the sparse growth of carbonates in the plagioclase-bearing minerals
and rocks (Figures 6 (b), (¢), and (d)). These data are supported by the observations of various phases in
X-Ray Diffraction (XRD) (Figures S1 (a), (b) and (c)). However, the calcite and magnesite phases are not

very prominent given the relatively low abundance of these phases in the reacted materials.

The reduced reactivity of plagioclase-bearing minerals and rocks during carbonation has been attributed to
precipitation of clay minerals such as smectite ((Na,Ca)(Al,Mg)s(Si4010)3(OH)snH,O) and kaolinite
(ALLSi;05(OH),).”>7% Equilibrium simulations, using the PhreeqC software’ with the LLNL database,
also predict precipitation of magnesium-bearing clay minerals such as sepiolite during the carbonation of
anorthite (CaAl>Si»Os) and forsterite (Mg>SiO4) mixtures to represent anorthosite. Our results also suggest
the precipitation of clays such as smectite ((Na, Ca)o3(Al, Mg)2(Si4010)(OH),. nH>O) during labradorite
and basalt carbonation and Mg-based clays such as sepiolite (MgsAl>Si10027.15H,0) during anorthosite
carbonation. Smectite precipitation in reacted labradorite and basalt are consistent with the results reported
by Hangx and co-workers®” and Hellevang and co-workers,”® respectively. These precipitated clays may be
potentially diffusion limiting, which could be attributed to the reduced reactivity of plagioclase and
plagioclase-bearing rocks. Another factor that potentially contributes to the low reactivity of basalt is the
crystalline nature of the basalt sample we used. Glassy basalts are farther from equilibrium with water, and

have much higher experimental dissolution rates than crystalline basalts (e.g., data of Gislason & Oelkers,
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2003, plotted in Kelemen et al., 2011, Figure 5*). Glassy basalts are thus expected to have higher

carbonation rates compared to crystalline basalt.

4. Implications for Engineered CQO; Storage via in-situ and ex-situ Mineralization

One of the challenges in deploying carbon mineralization at scale is the identification of the appropriate
minerals or rocks for ex-situ and in-situ conversion of CO; to carbonates. By compiling the results of this
study with those reported by O'Connor and co-workers at NETL — Albany,* it is now possible to determine
the relative reactivity of various Ca- and Mg-bearing rocks and minerals. In evaluating materials for ex-situ
carbon storage, the important criteria are fast reaction kinetics, relatively homogeneous mineralogy,
flexibility in tuning the reaction conditions, and possible formation of high purity value-added products. In
in-situ carbon storage, where the earth is used as a reactor system, other CO, immobilization mechanisms
such as capillary and solubility trapping complement carbon mineralization and larger spatial scales are
available for CO; - reaction fluid - mineral or rock interactions. Unlike ex-situ mineralization, where faster
time scales of reactivity are preferred, in in-situ mineralization the time-scales of reactivity can be slower
with the source rock or mineral having a smaller composition of Ca, Mg, or Fe content compared to the
feedstocks for ex-sifu mineralization. Therefore, a quantitative comparison of the reactivities of various Ca-

and Mg-bearing rocks and minerals is important in this context.

Compilation of the reactivities of minerals and rocks at comparable conditions of temperature, pressure,
and reaction fluid conditions shows that minerals or rocks containing abundant Ca- or Mg alumino-silicates
have slower direct carbon mineralization extents compared to silicates (e.g., wollastonite, forsterite, olivine,
and fayalite). Further, the reactivity of Ca-bearing minerals (wollastonite, CaSiOs) is greater compared to
Mg-silicates (forsterite, Mg>SiO4), Mg and Fe-bearing silicates (olivine (Mg, Fe),Si04) and iron-silicate
(fayalite, Fe>SiO4) (Figure 7). The reactivity of serpentine minerals is low, except for very fine-grained,
fibrous chrysotile.”” However, the reactivity of serpentine minerals can be enhanced through heat

treatment.®*® These data suggest that Ca- or Mg-rich silicate minerals such as wollastonite, forsterite, or
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olivine, and heat-treated serpentine minerals are suitable for conversion of CO; to carbonates. We note, in
addition, that global reserves of wollastonite are on the order of 10® tons,”” whereas the mass of olivine-rich
peridotite within a few km of the Earth’s land surface is on the order of 10" to 10" tons, with an additional,
even larger mass at and near the seafloor.* For long-term CO, storage, beginning with solution trapping
and extending to in situ carbon mineralization,”® in which reactivity is less important, basalt, gabbro and
anorthosite resources are even larger than those of peridotite, and are often closer to population centers and

point sources of CO, emissions.

Another benchmark for determining the relative reactivities of the minerals and rocks is through the
comparison of the direct carbon mineralization reaction rates per unit area. However, the determination of
the representative mineralization rates is complicated by the changes in the surface area as materials are
converted to carbonates (Table 3). Moreover, while these changes in surface area are measured in some
experimental studies, including ours, the average surface area of remaining reactants, products, and grains
including both phases after some reaction time is not known. In this study, the mineralization rates are
normalized to the average surface area of the bulk material at the beginning and the end of reaction. The
experimental conditions at which the mineralization rates are determined are 185 °C, Pco, =139 atm in 1.0

M NaCl + 0.64 M NaHCO:s in 15 wt% solid for a reaction time of 3 hours.

The carbon mineralization rates of olivine, labradorite, anorthosite, and basalt at these conditions are 3.3
(+4.9/-12)x 10%, 1.7 (+0.5/-0.3) x 10°, 3.8 (+1.1 /-0.7) x 10”°, and 4.8 (+0.1/-0.1) x 10" mol m? 5™/,
respectively (Figure 8). The numbers in the parentheses represent the upper and lower bounds of the
reaction rates normalized to the surface area after and before the reaction. These rates show that the direct
carbon mineralization rates of olivine are one to two orders of magnitude higher than that of labradorite,
anorthosite, and basalt. Further, the surface areas of these materials before and after carbonation do not
impact the mineralization rates by orders of magnitude. Instead, at most, changes in surface area during
olivine carbonation — interpreted as equivalent to the change in the surface area of olivine grains — changes
the inferred reaction rate per unit area by a factor of 2.5. These data suggest that precipitation of silica in

19



10
11
12
13
14
15
16
17
18
19
20
21

22

23

during the carbon mineralization of olivine is not rate limiting, while the precipitation of secondary phases
and comparatively slower dissolution rates in alumino-silicate minerals can limit the extent of carbon

mineralization (Figure 9).

5. Conclusions

The investigations reported in this study quantify the reactivities of various silicate and aluminum silicate
bearing minerals and rocks such as olivine, plagioclase (labradorite), and plagioclase-rich rocks such
(anorthosite and basalt). The extent of carbonation ranges from as high as 85% in olivine to as low as 9%
in basalt at 185 °C, Pco2 = 139 atm in aqueous fluids with 1.0 M NaCl + 0.64 M NaHCO:s for a reaction
time of 3 hours. The order of reactivity is: olivine > anorthosite > labradorite > basalt, as could be
anticipated based on data for dissolution rates at high dilution in water with pH ~ 6 at more than 125°C as
reviewed by Kelemen and co-workers.* The carbon mineralization behavior of plagioclase and plagioclase-
bearing rocks is sensitive to temperature and NaHCO; concentration, and less sensitive to increasing the
partial pressure of CO; from 64 to 164 atm and raising the concentration of NaCl. It is inferred from our
studies and published literature that the passivation in plagioclase-rich compositions is caused by the
precipitation of clay minerals and iron oxide. Significant morphological changes in the reacted minerals
and rocks are also observed. Higher extents of carbonation increase the particle size and reduce the pore
volume and surface area. These results suggest that a comprehensive understanding of the coupled chemical
and morphological changes in magnesium and calcium silicate bearing minerals and rocks, when reacted
with CO», is essential to predict the long-term fate of CO; injected into geologic reservoirs. The findings
from this study also provide valuable insights into developing engineered pathways for accelerated
conversion of other Ca and Mg-bearing materials (e.g., mine tailings and alkaline industrial wastes) to solid

carbonates.
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List of Minerals

Mineral Name

Approximate Chemical Formula

Albite

Anorthite

Calcic pyroxene
Calcite

Ca-lean pyroxenes
Diopside

Enstatite

Fayalite

Forsterite
Labradorite
Magnesite
Magnetite
Montmorillonite
Olivine
Plagioclase
Sepiolite (Al-bearing)
Serpentine

NaAlISi;0g

CaALSi,0s

(Mg,Fe)CaSi205

CaCO;

(Mg,Fe)SiOs

MgCaSi,Os

MgSiO3

FesSi04

MngiO4

(Ca,Na)(ALSi),Os

MgCOs

Fes;04

(Na, Ca)o.33(A1, Mg)z(Si401o)(OH)z. nH,O
(Mg,Fe),Si0O,

Caj.xNaxAlSi>xOs

Mg4AIQSi10027. 15H,0

Mg3Si205(OH)4 or (Mg,Fe)3Si205(OH)4
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capacity
Weight of carbon

Weight of solid sample

)

Nomenclature

m alkaline metal (e.g., Mg, Ca, Fe)

Weco: weight of CO;

W mineral weight of mineral

Rco: mass of raw mineral/rock needed to store a unit mass of CO»

1/Rco> mass of CO, stored in a unit mass of mineral/rock

Vim weight fraction of alkaline metal in mineral/rock that can react with CO; to form carbonates

MW, molecular weight of alkaline metal, m

MWeco: molecular weight of CO» (44 g/mol)

Ycoz,rca yield or extent of carbonation: mass of CO; stored in the mineral/rock as solid carbonate
measured via Total Carbon Analysis, relative to the CO; storage

e the weight fraction of inorganic carbon in the solid sample (= [

Pco> partial pressure of CO, (atm)
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Table 1. Compositions of labradorite, anorthosite and basalt used in this study. Olivine
composition noted in this table is based on the data reported in !

Analyte Labradorite | Anorthosite Basalt Olivine
(Wt%) (Wt%) (Wt%) (Wt%)
CaO 10.20 14.10 8.15 0.16
MgO 0.24 8.74 4.82 47.30
Fe2Os 0.97 10.60 14.60 13.90
SiO2 54.30 41.80 51.90 39.70
ALOs 28.00 24.20 13.40 0.20
Na;O 5.05 0.59 291 0.01
K>O 0.59 0.03 1.09 <0.01
TiO2 0.14 0.04 1.74 <0.01
P>0s 0.04 <0.01 0.32 <0.01
MnO 0.01 0.13 0.21 0.15
Cr203 0.10 0.08 0.10 0.78
V205 <0.01 <0.01 0.06 <0.01
LOI* 0.32 0.12 0.27 -0.70
Weco
Carbonation Potential, —'Z'ma’l‘
(assuming that Fe does ncr)nt”;galllct to 0.105 0.171 0.076 0.343
form FeCOs3)
Weco
Carbonation Potential, —'Z'ma’l‘
(assuming that Fe reacts tn(l)”%i)rram 0.206 0.157 0.081 0.374
FeCO3)
Mg#! - 66 49 87
An#? 53 98 61 -

*LOI: Loss of Ignition; Material is heated to 1000 °C until there is no change in the weight of

the sample.
Mg
Mg+Fe

'Mg# = molar

2An# = molar

Ca
Ca+Na

relative abundances of elements in mineral solid solutions.

; Mg# and An# are molar ratios that represent
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Table 2. Summary of the extents of carbonation of olivine, labradorite, anorthosite and basalt reacted at varying reaction times, temperatures, and CO»
partial pressures, and in the presence of various chemical additives. The solid (mineral/rock) to liquid ratio was 15 wt% and a stirring speed of 800 rpm
was maintained. Extents of carbonation are reported as an average of TCA estimates for labradorite, anorthosite and basalt, and as an average of both
TCA and TGA for olivine. (Reported values are the average and standard deviation (1 sigma) for three runs of Total Carbon Analysis (TCA))

Extent of Carbonation (%)

Labradorite Anorthosite ‘ Basalt Olivine
Effect of Reaction Time (185 °C, Pco> =139 atm, 1.0 M NaCl+0.64 M NaHCO3)
1 hour 10.8+0.6 6.6+0.5 84+0.6 56.6+ 1.5
3 hours 353+£04 19.4+0.5 8.6x0.1 85.3+3.1
5 hours 46.0 £ 0.1 20.1+£04 9.9+0.6 90.5+5.6
Effect of Partial Pressure of CO; (185 °C, 3 hours, 1.0 M NaCIl+0.64 M NaHCO3)
64 atm 33.8+0.4 18.4+0.2 82+0.3 39.3+0.9
89 atm 349+ 1.0 19.1 £ 0.6 8.1+£0.2 59.9+2.1
139 atm 353+04 19.8 £0.5 8.6+0.1 85.3+3.1
164 atm 38.6 0.8 18.9+0.2 9.6+0.8 83.9+2.38
Effect of Temperature ( Pco: = 139 atm, 3 hours, 1.0 M NaCIl+0.64 M NaHCO3)
90 °C 13.9+0.3 59+0.3 55+£0.2 3.0+0.3
125°C 14.1+0.1 6.9+0.3 7.1+0.3 28.2+0.4
150 °C 25.6+£0.2 10.3+04 7.7+0.3 70.5+1.8
185 °C 353+04 19.3+0.5 8.6+0.1 85.3+3.1
Effect of [NaHCOs] (185 °C, Pco2 = 139 atm, 3 hours)
Deionized Water 48+0.2 7.7£0.1 35+03 5.8+0.3
0.48 M NaHCO; 8.4+0.1 82+0.3 7.8+04 56.0+0.5
0.64 M NaHCO; 11.6+ 04 10.4+0.4 10.4+£0.0 82.7+3.6
1.0 M NaHCO;3 33.8+£0.7 25.8+0.1 145+ 0.6 85.0+1.9
Effect of [NaCl] (185 °C, Pco> = 139 atm, 3 hours)
Deionized Water 48+0.2 7.7£0.1 35+03 5.8+0.3
0.5 M NaCl 39+0.7 72+0.2 4.2+0.1 6.8+0.3
1.0 M NaCl 34+04 85+0.5 5.7+0.1 144+0.9
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Table 3. Changes in the mean particle diameter and specific surface area of olivine, labradorite,
anorthosite and basalt due to carbonation reaction. Experiments were conducted at 185 °C and Pco2
=139 atm in 1.0 M NaCl + 0.64 M NaHCOs for 3 hours, with 15 wt% slurry concentration and a

stirring speed of 800 rpm. Olivine data shown in this table is based on measurements reported by
Gadikota et al.!

Materials Mean Particle Diameter Surface Area +
+ Standard Deviation Standard Deviation
(pm) (m*/g)
Olivine 21.41 £0.23 3.77+0.17
Carbonated Olivine 27.34+£0.31 0.96 +0.29
Labradorite 8.20+£0.21 446 +0.01
Carbonated Labradorite 10.23 £ 0.33 2.74 £0.35
Anorthosite 9.68 £0.17 2.92 £0.05
Carbonated Anorthosite 12.07 £ 0.26 1.82+0.16
Basalt 7.46 +£0.08 4.48 +£0.09
Carbonated Basalt 9.36 £ 0.07 4.32+0.40
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Captions for figures

Figure 1. Effect of reaction time on (a) the extent of carbonation of labradorite, anorthosite, and
basalt. Experiments were conducted at 185 °C, Pcoz = 139 atm in 1.0 M NaCl + 0.64 M NaHCOs3
with slurry concentration of 15 wt% and a stirring speed of 800 rpm. The conversion of (b) olivine
and (c) labradorite are compared to literature values as well as the exhaustion model predictions.

Figure 2. (a) Effect of CO; partial pressure on the extent of carbonation of labradorite, anorthosite,
and basalt as well as previously reported olivine . Experiments performed at 185 °C in 1.0 M NaCl
+ 0.64 M NaHCOs for 3 hours, with slurry density of 15 wt% and a stirring speed of 800 rpm. (b)
Relationship between the partial pressure of CO> and CO; density with the extent of olivine
carbonation.

Figure 3. Effect of temperature on the extent of carbonation of labradorite, anorthosite and basalt
compared to previously reported olivine carbonation data !. Experiments performed at Pcoz = 139
atm in 1.0 M NaCl + 0.64 M NaHCOs for 3 hours, with slurry density of 15 wt% and a stirring
speed of 800 rpm.

Figure 4. Effect of (a) NaHCO3; and (b) NaCl on the extent of carbonation of labradorite,
anorthosite, and basalt compared to previously reported olivine carbonation data !. Experiments
performed at 185 °C, Pco2 = 139 atm for 3 hours, with slurry density of 15 wt% and a stirring
speed of 800 rpm.

Figure 5. Changes in the cumulative pore volume of (a) olivine, (b) labradorite, (¢) anorthosite,
and (d) basalt when reacted with COz at 185 °C, Pcoz = 139 atm in 1.0 M NaCl + 0.64 M NaHCOs3
for 3 hours, with slurry density of 15 wt% and a stirring speed of 800 rpm. Olivine pore volume
data was previously reported by Gadikota and co-workers ! and plotted here for comparison.

Figure 6. SEM images showing the formation of (a) magnesite in olivine, (b) calcite in labradorite,
(c) magnesite and calcite in anorthosite, and (d) magnesite and calcite in basalt. Carbonation
experiments performed at 185 °C, Pcoz = 139 atm in 1.0 M NaCl + 0.64 M NaHCO:s for 3 hours,
with slurry density of 15 wt% and a stirring speed of 800 rpm. Reacted olivine shown here for
comparison is based on the carbon mineralization studies reported by Gadikota et al. !.

Figure 7. Comparison of the reactivities of various Ca and Mg-bearing minerals and rocks and
their CO; storage potential. These comprehensive data are from this study (grey colored
minerals/rocks), olivine data reported by Gadikota et al. ! and other data reported by O' Connor
and co-workers at NETL-Albany . The experiments at NETL-Albany were performed at 185 °C
and Pcoz = 150 atm in 1.0 M NaCl + 0.64 M NaHCO3, 15 wt% slurry concentration and a stirring
rate of 1000 rpm. Our experiments were also performed under very similar reaction conditions
(185 °C, Pcoz2 = 139 atm in 1.0 M NaCl + 0.64 M NaHCO;3, 15 wt% slurry concentration and a
stirring rate of 800 rpm).

Figure 8. Comparison of the direct carbon mineralization rates of olivine, labradorite, anorthosite,
and basalt normalized to the surface area before and after the reaction (see Table 4) as represented
by the upper and lower limit bars. The rates reported here represent experiments performed at 185
°C and Pco2 = 139 atm in 1.0 M NaCl + 0.64 M NaHCOs3 for 3 hours, with 15 wt% slurry
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concentration and a stirring speed of 800 rpm. Rate data for olivine is based on the extent of carbon
mineralization reported by Gadikota et al. ! and plotted here for comparison.

Figure 9. Schematic representation of carbon mineralization with (a) anorthite, CaAl>Si2Og and

(b) forsterite, Mg>Si04 at similar experimental conditions of 185 °C, Pcoz =139 atm in 1.0 M NaCl
+ 0.64 M NaHCO3 in 15 wt% solid for a reaction time of 3 hours.
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Figure 1. Effect of reaction time on (a) the extent of carbonation of labradorite, anorthosite, and
basalt. Experiments were conducted at 185 °C, Pcoz = 139 atm in 1.0 M NaCl + 0.64 M NaHCOs3
with slurry concentration of 15 wt% and a stirring speed of 800 rpm. The conversion of (b) olivine
and (c) labradorite are compared to literature values as well as the exhaustion model predictions.
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Figure 2. (a) Effect of CO; partial pressure on the extent of carbonation of labradorite, anorthosite,
and basalt as well as previously reported olivine . Experiments performed at 185 °C in 1.0 M NaCl
+ 0.64 M NaHCOs for 3 hours, with slurry density of 15 wt% and a stirring speed of 800 rpm. (b)
Relationship between the partial pressure of CO> and CO; density with the extent of olivine
carbonation.
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compared to previously reported olivine carbonation data !. Experiments performed at Pcoz = 139
atm in 1.0 M NaCl + 0.64 M NaHCOs for 3 hours, with slurry density of 15 wt% and a stirring
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Figure 4. Effect of (a) NaHCO3; and (b) NaCl on the extent of carbonation of labradorite,
anorthosite, and basalt compared to previously reported olivine carbonation data !. Experiments
performed at 185 °C, Pco2 = 139 atm for 3 hours, with slurry density of 15 wt% and a stirring
speed of 800 rpm.
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Figure 5. Changes in the cumulative pore volume of (a) olivine, (b) anorthosite, (c) labradorite,
and (d) basalt when reacted with COz at 185 °C, Pcoz = 139 atm in 1.0 M NaCl + 0.64 M NaHCOs3
for 3 hours, with slurry density of 15 wt% and a stirring speed of 800 rpm. Olivine pore volume
data was previously reported by Gadikota and co-workers ! and plotted here for comparison.
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Figure 6. SEM images showing the formation of (a) magnesite in olivine, (b) calcite in labradorite,
(c) magnesite and calcite in anorthosite, and (d) magnesite and calcite in basalt. Carbonation
experiments performed at 185 °C, Pcoz = 139 atm in 1.0 M NaCl + 0.64 M NaHCO; for 3 hours,
with slurry density of 15 wt% and a stirring speed of 800 rpm. Reacted olivine shown here for
comparison is based on the carbon mineralization studies reported by Gadikota et al. !
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Figure 7. Comparison of the reactivities of various Ca and Mg-bearing minerals and rocks and
their CO; storage potential. These comprehensive data are from this study (grey colored
minerals/rocks), olivine data reported by Gadikota et al.! and other data reported by O' Connor and
co-workers at NETL-Albany *°. The experiments at NETL-Albany were performed at 185 °C and
Pcoz2 =150 atm in 1.0 M NaCl + 0.64 M NaHCOs, 15 wt% slurry concentration and a stirring rate
of 1000 rpm. Our experiments were also performed under very similar reaction conditions (185
°C, Pco2 = 139 atm in 1.0 M NaCl + 0.64 M NaHCOs, 15 wt% slurry concentration and a stirring
rate of 800 rpm). The grain sizes of these particles are in the range of 3 — 100 micrometers.
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Figure 8. Comparison of the direct carbon mineralization rates of olivine, labradorite, anorthosite,
and basalt normalized to the surface area before and after the reaction (see Table 4) as represented
by the upper and lower limit bars. The rates reported here represent experiments performed at 185
°C and Pco2 = 139 atm in 1.0 M NaCl + 0.64 M NaHCOs3 for 3 hours, with 15 wt% slurry
concentration and a stirring speed of 800 rpm. Rate data for olivine is based on the extent of carbon
mineralization reported by Gadikota et al. ! and plotted here for comparison.
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(A) Cation recovery from
alumino-silicate minerals
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silicate minerals

Mg,Si0, )+ 2H;0 0
> Si0; +2Mg(OH), > Mg?* +20H

Passivationand secondary |:> COu)+ H0 > H,COu .
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Figure 9. Schematic representation of carbon mineralization with (a) anorthite, CaAl>Si>Og and
(b) forsterite, Mg>Si04 at similar experimental conditions of 185 °C, Pcoz =139 atm in 1.0 M NaCl
+0.64 M NaHCO; in 15 wt% solid for a reaction time of 3 hours.
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