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 Anomalously-low activation energy of nanoconfined MgCO3 

precipitation†
Quin R.S. Miller ab*, John P. Kaszuba ac, Herbert T. Schaef b, Mark E. Bowden d, Bernard P. McGrail e 
and Kevin M. Rosso b

Magnesite (MgCO3) precipitation within the nanoconfined space of 
adsorbed H2O films (~5 monolayers) was determined to have an 
apparent activation energy of only 36±6 kJ/mol, suggesting that 
Mg2+ under nanoconfinement adopts a hydration configuration 
that mimics that of aqueous Ca2+, at least energetically, if not also 
specifically in hydration structure.

The continued use of fossil fuels in a climate-responding world 
requires development of efficient carbon capture and 
sequestration (CCS) technologies, including permanent storage 
of CO2 in geologic formations via in situ mineralization.1, 2 
Current models of mineral carbonation reactions in the 
subsurface are based on bulk thermodynamic equilibria and 
reaction kinetics.  However, the dominant reactive surface area 
in many host lithologies (e.g. basalt, sandstone, and shale) often 
derives from nanoporosity,3-6 where the properties of fluids and 
chemical reactivity may differ significantly due to the impact of 
geometric constraints on molecular structure and speciation.  
Hence, to accurately predict and gain control over subsurface 
carbon, carbonation mechanisms and kinetics in these unique 
settings must be better understood.  This avenue of inquiry is 
also relevant across a variety of environmental and engineering 
topics, such as sustainable hydrocarbon recovery from 
nanoporous unconventional reservoirs, and potentially the 
formation of Mg-carbonate biominerals or hydrocarbon 

reservoirs. Indeed, understanding ion transport and desolvation 
and other nanoconfined processes is vital to the design and 
optimization of functional nanomaterials7, catalysts8, 9 and 
energy storage materials.10-12

In this study, we determined the kinetics of magnesite 
precipitation in nanoscale (~1 nm)13 interfacial water films by 
conducting in operando X-ray diffraction (XRD) experiments at 
90 and 65 °C, using previously-reported procedures (Fig. S1 and 
Fig. S2).14, 15 Synthetic Mg-silicate (forsterite, Mg2SiO4) 
nanoparticles were reacted with water-saturated supercritical 
CO2 at 9.0 MPa, which because of the hydrophilicity of the 
forsterite (and nascent magnesite14, 16) surfaces induce 
formation of nanoscale interfacial water films. When added to 
a previously-reported 50 °C dataset at equivalent conditions14, 
Arrhenius fits to the temperature dependence revealed a 
systematic trend with an apparent activation energy of 
precipitation (AAEP) for magnesite in nanoconfinement that is 
much lower than expected from bulk system kinetics. The result 
enables new insights into the hydration kinetics and 
configurations of nanoconfined Mg2+ cations, and suggests that 
carbonation in nanoconfinement could have faster kinetics than 
expectations based on bulk kinetics. 

Specifically, it is notoriously difficult to produce anhydrous 
Mg-carbonates at low temperatures (~<65 °C) due to the large 
amount of energy needed to dehydrate Mg2+, as it tightly binds 
six inner sphere waters.17-19 The associated sluggish water 
exchange rate creates a high activation energy for the ligand 
exchange reactions that enable formation of Mg-O(-C) bonds 
and crystallization of magnesite. For example, previous bulk 
crystallization experiments (Table S1) show that the AAEP of 
CaCO3 (calcite) is ~44 kJ/mol whereas for magnesite it is ~103 
kJ/mol.  This difference may be attributed to the 53.6 kJ/mol 
difference in relative hydration energetics of Mg2+ and Ca2+, as 
presciently suggested by Lippmann18. Although low-
temperature (<40 °C)19-21 magnesite synthesis has been 
reported, this study marks the first time a <90 °C magnesite 
precipitation kinetics have been determined (Table S1).
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The overall carbonation reaction for MgCO3 precipitation is 
(with the implied presence of H2O and aqueous species):

                              (1)                                                            𝑀𝑔2𝑆𝑖𝑂4 +2𝐶𝑂2 = 2𝑀𝑔𝐶𝑂3 +𝑆𝑖𝑂2(𝑎𝑚)
In the absence of a passivating Si-rich layer on forsterite, 
magnesite precipitation is the rate-limiting process for this 
reaction.14

Here, magnesite precipitation kinetics were quantified at 
9.0 MPa with an in operando powder XRD technique optimized 
to interrogate reactions taking place in ~1 nm13 (~5 monolayers) 
H2O films at the CO2-H2O-mineral interface, environments that 
facilitate carbonic acid equilibira13, 22 and subsequent silicate 
mineral dissolution14, 15, 23, 24. By fitting time-resolved mineral 
abundances (Fig. 1) to a first order growth model, 90 °C 
magnesite precipitation rate constants (kMgs) were calculated to 
be 2.9x10-5 (±14%) and 2.6x10-5 (±12%) s-1 (Table S2). The 65 °C 
and 50 °C kMgs values were calculated to be 1.1x10-5 s-1 (±23%) 
and 6.5x10-6 s-1 (±12%), respectively. The kMgs values correlated 
well with calculated water exchange rates around aqueous 
magnesium cations (Fig. S3). Carbonation reaction extents, 
when corrected for co-precipitated amorphous silica14 
(Reaction 1), were in agreement with ex situ 
thermogravimetric-mass spectrometry measurements (Fig. S4).

A least-squares fit of the Arrhenius expression to the rate 
constants exhibited a regression coefficient of >0.99, yielding an 
apparent activation energy of 36±6 kJ/mol for magnesite 

precipitation in ~1 nm H2O films from 50-90 °C (Fig. 2). This 
value is in close registry with the ~44 kJ/mol bulk system AAEP 
of calcite (Table S1). This drop in the AAEP of magnesite 
precipitation when nanoconfined suggests that the nominally 
large dehydration barrier for Mg2+ is substantially reduced in 
the thin water film, rendering the high AAEP of bulk magnesite 
irrelevant.  At the molecular-scale, the similar AAEP values for 
nanoconfined Mg2+ and bulk Ca2+ suggest that nanoconfined 
Mg2+ may adopt a hydration configuration that mimics that of 
aqueous Ca2+, at least energetically, if not also specifically in 
hydration structure. 

More specifically, the reduction in magnesite AAEP is likely 
due to properties of the virtually two-dimensional reaction 
environment. Nanoscale water films on mineral surfaces are 
often highly structured22  and may have dielectric constants up 
to an order of magnitude less than those of a bulk water (~80), 
sometimes decreasing to single digits in the first few 
monolayers of adsorbed water25. Increased structuring of water 
limits the ability of water to reorient and solvate ions, 
encouraging cation dehydration15, 26-28. A similar lack of water 
conformational degrees of freedom arises in low-water 
hypersaline environments, in which natural magnesite 
precipitation is known to occur15, 18. The greater salinity and 
reduced water activity in this natural analogue system likely 
leads to a greater proportion of less-strongly hydrated Mg2+ 
cations, lowering the barrier of cation desolvation and 
precipitation of magnesite, just like in the ~1 nm adsorbed 
water films. We suggest that nanoconfined Mg2+ is coordinated 
by fewer than six inner sphere waters, consistent with other 

Fig. 1. Quantitative in operando X-ray diffraction results. Panels A-D 
show the time-resolved absolute mineral abundances (moles) for 
forsterite (Fo, red squares), and magnesite (Mgs, blue triangles). 
Panel D shows the new kinetic fit to magnesite precipitation temporal 
trends determined by Miller et al.14. Black solid lines denote the fit of 
the magnesite precipitation kinetic model. The coefficients of 
determination (R2) for the model are given, and the dashed black 
lines indicate the 95% confidence intervals.
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Fig. 2. The variation of the natural logarithm of the in operando XRD-
determined magnesite precipitation rate constants (kMgs) as a 
function of 1000 times the reciprocal absolute temperature (T) of 
the experiments. Temperature (°C) is labelled on the upper x-axis 
for reference. The calculated apparent activation energy of 
magnesite precipitation (50-90 °C and 9.0 MPa), along with the 
uncertainty, is given next to the trend line.
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studies that indicate reductions in coordinating waters around 
confined ions.28-30

In conclusion, experimentally-determined magnesite 
precipitation kinetics in nanoscale water films are 
fundamentally faster than those in bulk aqueous fluids. The 
measurements are strongly suggestive of the key role of Mg2+ 
hydration energetics. The results provide insight into 
phenomena that are likely relevant across a range of 
engineered and natural nanoscale environments relevant to 
sustainable low-carbon energy production. The new knowledge 
may aid the development of strategies to enhance permanent 
storage of anthropogenic carbon and help mitigate emissions 
associated with energy-intense industries. Delineating the 
dependence of reaction kinetics on the degree of 
nanoconfinement, the specific hydration structure of 
nanoconfined ions, and further validating mechanistic 
interpretations with molecular dynamics simulations are the 
subjects of our ongoing work. 
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