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Materials

High-surface area (26.7+0.1 m?/g) synthetic forsterite powder, previously described by Miller et al. 12,
was used in this study. The forsterite, which has an average crystallite size of ~31 nm, matches the
International Centre for Diffraction Data powder diffraction file (PDF) #034-0189 and contains trace (<2
wt %) periclase (MgO, PDF #045-0946).

In Operando X-ray Diffraction

Time-resolved XRD experiments were conducted at 90 °C and 65 °C at 90+1 bar in a pressurized static
reactor with a beryllium cap. The in operando X-ray diffraction (XRD) experimental apparatus has been
described in detail **°. For all the experiments, 10 pl of deionized distilled (DDI) water was placed in the
reactor. This mass of water ensured that the CO, was always fully saturated with respect to water, based
on the mutual solubility CO.-H,O model of Spycher et al. ® and the sensitivity analysis of Miller et al. *
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specific to the in operando XRD reactor. The forsterite powder (4.5 mg) was lightly packed into the XRD
sample holder that was not in contact with the solution reservoir below.

The in operando XRD reactor was housed in an X-ray diffractometer capable of analyzing crystalline
phase evolution at elevated pressure and temperatures. The diffractometer scanned the sample every 210
seconds; area detector images and background-subtracted intensity vs. °26 diffractograms were visually
examined to detect any transitory phases (Figure S1 and Figure S2). Quantitative analysis of selected
time-resolved patterns at ~2 hour intervals allowed the evolving phase abundances of the carbonating
sample to be determined with estimated uncertainties of +5 wt % 2. Reproducibility was demonstrated
by replicate in operando XRD experiments in Miller et al. 12 and this work (two 90 °C experiments).
Additional information about the quantitative in operando XRD analysis methods, including sample
loading, reactor pressurization, data acquisition, pattern refinement procedures, and determination of
uncertainties can be found in Miller et al. 2,

Carbonation Kinetics Calculations

Phase abundances determined from refinements of time-resolved in operando XRD patterns were
corrected to account for amorphous silica and facilitate direct comparisons with TGA-MS results.
Quantitative in operando XRD results are reported in wt % relative to the total amount of crystalline
material, as amorphous phases were not detectable or quantifiable in this study. We assumed that the
forsterite carbonation reactions proceeded in accordance with the stoichiometry of Reaction 1 which
enabled us to calculate amorphous phase-corrected wt %. The initial mass of forsterite in the experiments
was then used to calculate absolute phase abundances in moles. The uncertainty for the mole abundances
was estimated to be £10% of the initial moles of forsterite and is consistent with the £5 wt % XRD
uncertainty, as described in Miller et al. 2,

Kinetic models were fit to the time series of calculated mole abundances from this study and from the 50
°C and 90 bar forsterite carbonation dataset from Miller et al. 2. The 50 °C rate constant from that study
was determined after an extended ~20 hr induction time, due to citrate inhibiting nucleation, was removed
2, The mineral abundance results were successfully fit in SigmaPlot 12.5 (Systat Software Inc.) to
exponential rise to maximum expressions:

Q=a(1-e™) )

where Q is the amount (moles) of magnesite at time t (seconds), a is a constant, and k is Kwgs, the
magnesite precipitation rate constant (s). The uncertainty of the rate constant, as calculated in SigmaPlot
12.5, ranged from 12-23%. The rate constants from the four 50-90 °C experiments were then used to
calculate the apparent activation energy (Ea) of nanoconfined magnesite precipitation using the Arrhenius
relationship given by:

-Eq

k=Agerr 3)

where R is the gas constant, T is the absolute temperature, and A, designates a pre-exponential factor.
Magnesite precipitation rate constants were plotted on an Arrhenius plot with the 50 °C and 90 bar
forsterite carbonation rate constant from Miller et al. 2. The Arrhenius plot depicts the natural logarithm of
the rate constants as a function of 1000 times the inverse absolute temperature. Lines of best fit were
determined with simple linear regression and the negative slopes divided by R resulted in the apparent
activation energy of forsterite carbonation in kJ/mol. The activation energy has a conservative uncertainty
of £17% (6 kJ/mol), three times the propagated uncertainty of the Arrhenius plot slope. The activation
energy is an apparent activation energy because it describes the complex series of all elementary reactions



that compose the mineral dissolution and precipitation reactions of forsterite to magnesite carbonation
reaction. The number of rates (four) and temperatures (three) used to calculate the activation energy is
standard for carbonate precipitation studies "2,

Lastly, in order to evaluate the relationship between kwvgs and Mg?* dehydration kinetics, we calculated the
water exchange rates around an agueous magnesium ion at 50, 65, and 90 °C using the procedures
previously described in Bracco et al. 3. Briefly, we parametrized the Eyring equation ** with the enthalpy
(42.6 kd/mol) and entropy (8.4 J mol* K1) of activation ° to extrapolate the room temperature water
exchange rate (kw20) to our experimental conditions. Our experimentally-determined kwmgs results correlate
exceptionally well (R?>0.99) with calculated water exchange rates around aqueous magnesium cations
(Figure S4), and this supports the idea that magnesite growth rates are limited by the dehydration of
magnesium cations prior to incorporation into the magnesite lattice. This correlation is consistent with the
idea that ligand exchange reactions control rates of mineral dissolution 617 and growth 2,

Ex Situ Characterization

Upon completion of magnesite precipitation experiments, reacted powders were removed from the sample
holder and analyzed using thermogravimetric analysis coupled to mass spectrometry (TGA-MS) to
complement and validate the in operando XRD results. > Sample weight changes during thermal
decomposition were measured with a precision microbalance and associated CO, and H.O releases were
observed through changes in ion currents (m/z) of mass 44 and 18, respectively (Figure S4). The mass
loss between 200 °C and 850 °C was used to calculate the magnesite abundance (£5 wt %) in the sample.
This temperature range was chosen to quantify the weight loss due to CO.. These ex situ analyses
determined the extent of carbonation and confirmed that no hydrated phases were present.



Sl Tables

Magnesite (MgCOs) precipitation apparent activation energies

Mean=103.0, median=93.3, n=7, SD=26.6

Activation Energy (kJ/mol) | Temperature (°C) | Reference

159 90-100 Saldi, et al. ’

122.62 120-180 Di Lorenzo, et al. 1*
1002 110-200 Zhang, et al. *°

93.3? 120-180 Di Lorenzo, et al. 1*
85.1 100-146 Gautier, et al. ®

812 110-200 Zhang, et al. *°

80.2 100-200 Saldi, et al. ®

Calcite (CaCO:s) precipitation activation energies

Mean=44.2, median=45.4, n=10, SD=3.3

Activation Energy (kJ/mol) | Temperature (°C) | Reference

48.1 10-40 Inskeep and Bloom %
46.9 25-90 Nagy %

45.8 5-30 Cassford, et al. %

46.0 10-40 Nancollas and Reddy %
46 20-70 Gutjahr, etal.

45 15-35 Takasaki, et al. %

44.8 10-50 Dromgoole and Walter %
43.1 10-40 Wiechers, et al. #
39.3° 15-35 Kazmierczak, et al. 28
37.2 10-50 Dromgoole and Walter

SD, standard deviation

2 In these studies, the activation energy is for the solution-mediated transformation reaction
of hydromagnesite [(Mgs(CO3)4(OH).-4H,QO] to magnesite.

b Arvidson and Mackenzie ° used the approach of Lippmann ¥ in conjunction with the
calcite activation energy of Kazmierczak, et al. % to calculate a magnesite precipitation
activation energy of 92.9 kJ/mol.

Table S1. Compiled apparent activation energies for magnesite and calcite precipitation.
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in operando XRD

Corrected in

calculated | crystalline phase kmgs, Magnesite
Pressure | Reaction | water abundance® (wt %) ;p:Jr?:S(:;)GXRD precipitation

Temperature? i -
0 (bar) time (hrs.) | exchange abundance® (wt Iate constant (s

rate of Forsterite | Magnesite | o) )

Mgz+ (S—l)
90 90 23.0 1.5x107 3 97 72 2.9x10°+14%
90 90 24.9 1.5x107 4 96 71 2.6x10°+12%
65 91 45.0 4.9x10° 13 87 67 1.1x10°+23%
50°¢ 90 71.5¢ 2.3x10° 10 90 68 6.5x10°+12%

Table S2. Experimental parameters and results.

Abbreviations: XRD - X-ray diffraction; TGA-MS - thermogravimetric mass spectrometry

2 All of the experiments were conducted with 10 pl of DDI water in the reactor fluid reservoir. The in

operando XRD reactor contained 0.45 g of CO; at 90 °C bar and 0.55 g of CO; at 65 °C.
b +5 wt % uncertainty
¢ This 50 °C and 90 bar experiment is from Miller et al. 2 and was used in this study to calculate a rate
constant for magnesite precipitation.

d As described in Miller et al. ? the reaction time and precipitation rate constant was calculated after

removing a ~20 hr induction (nucleation) time.




SI Figures

Figure S1. Time-resolved diffractograms for the three in operando experiments.
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Figure S2: Selected diffractograms from in operando XRD experiments with powder diffraction file
reference lines for forsterite and magnesite. The additional panel specifies the Miller Indices for the
powder diffraction file (PDF) reference lines. Where space is limited, the designations are stacked and

separated by a comma.
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Figure S3. Correlated magnesite precipitation rate constant (kmgs) and the calculated water exchange rate
(kiz20) around Mg?*(aq) ions. See Sl text above for more details.



Mass 18 & 44

35
s
100 - — 90 °C Salnp,le sample mass 65 °C Samp_]c
sample mass 70 wt % magnesite 68 wt % magnesite 30
N 12
—_ 90 Nﬂ
= ] 25
~ 80 ]
% —
] 20 *
g 70 =
] o
L ]
20k 15 g
& VR —— O
g mass 18 ] 10 =
v O =)
mass 18 —
40 ] 3
mass 44 mass 44
130 b . . , . . : : , : : ; == 0
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Temperature (°C) Temperature (°C)

Figure S4. Thermogravimetric mass spectrometry results that confirm the XRD-determined carbonation
extents presented in Table S2.
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