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ABSTRACT 
 
Understanding the chemical/geochemical mechanisms and phenomena that occur during above-ground 
mineral sequestration and below-ground geological sequestration under the pressure, temperature and 
activities present during sequestration are central to process understanding and development.  We have 
developed two novel reaction cells that are being utilized to investigate the associated phenomena and 
mechanisms under in situ sequestration conditions in the laboratory. These observations are being 
synergistically integrated with advanced atomistic modeling (e.g., carbonate phase formation, 
fluid/solution behavior) to better understand the associated processes and phenomena.  Our microreactor 
(X-ray synchrotron diffraction, Raman Spectroscopy, etc.) and nuclear magnetic resonance (NMR) probe 
provide sequestration process environments with controlled temperature, pressure, and reactant activity.  
We have recently enhanced the capabilities of the NMR probe to enable direct observation of 
fluid/solution diffusivities, as well as speciation and activities, for the associated 13C and 1H containing 
species under sequestration conditions. 
 
Enhancing the mechanistic understanding of aqueous serpentine and olivine mineral carbonation is of 
substantial interest for reducing above-ground sequestration process costs and in exploring the potential 
that Mg-bearing mineral additives offer to engineer enhanced reservoir seals (e.g., well-bore seals) for 
geological sequestration.  To this end, aqueous mineral carbonation of a variety of activated serpentine 
and olivine feedstock materials has been investigated in situ to better understand (i) the mechanisms that 
enhance above-ground carbonation reactivity and (ii) the hydrothermal phase space that controls the 
hydrous/hydroxyhydrous/anhydrous carbonates that form during above- and below-ground sequestration 
(e.g., nesquehonite, hydromagnesite and magnesite).  As solution/fluid behavior is critical to both above 
and below-ground sequestration process understanding, the associated fluid speciation, activity and 
diffusion behavior is being explored in parallel.  Initial speciation, activity and diffusivity observations 
using the NMR probe indicate it offers an important tool for investigating solution/fluid behavior central 
to sequestration process development.  The above experimental observations are being integrated with 
advanced atomistic modeling to deepen process understanding.  Current results and their implication for 
furthering process understanding are discussed.  
 
 

INTRODUCTION 
 
The economics of fossil fuel energy generation has led to its dominance of the global energy portfolio, 
with over 80% of world energy needs being met by fossil fuels.1 The consumption of carbon-based fuels 
is projected to grow at an annual rate of ~1.4 to 2.4% for coal, oil and gas, resulting in the annual 
emission of 38 billion tons of CO2 by 2030.2  With global coal reserves predicted to last well into the next 
century, accelerating atmospheric CO2 emissions have drawn substantial environmental concern. 1-4   
 



A portfolio of carbon sequestration candidate technologies is being explored in an effort to mitigate these 
emissions in the near and long term.  Although its sequestration capacity is modest compared with the 
potential magnitude and duration of global CO2 emissions, terrestrial sequestration is drawing substantial 
attention for its ability to mitigate emissions in the near term.1-4  In combination with other technologies, 
including carbon-free energy generation (e.g., solar, nuclear, etc.), enhancing fossil-fuel energy generation 
efficiency, and switching to less carbon intense fuels, terrestrial sequestration contributes to a portfolio 
that can mitigate emissions in the near term, as long-term, large scale technologies are developed.  As a 
candidate large-scale technology, geological sequestration has gained substantial interest, due to its 
substantial sequestration capacity (1,000 to 10,000 Gt CO2) and relatively low cost.5-8  Another large-scale 
option is above-ground mineral sequestration, which offers the attractive benefit of permanent carbon 
disposal in environmentally benign form (i.e., geologically stable carbonate minerals).9-19  Widely 
available global deposits of Mg-rich minerals, such as serpentine and olivine, can be mined and milled at 
reasonable cost (e.g., $4-5/ton),10,11,13 providing complementary large-scale mineral sequestration 
potential.   
 
Geological sequestration is the leading large-scale technology for near-term implementation.2,5-8   As each 
candidate sequestration reservoir is unique, individual site characterization (e.g., capacity, porosity, 
integrity, and stability) is critical.  Understanding the geochemical reactions that impact the porosity, 
integrity, and sequestration stability of individual reservoirs is key.  The primary reservoir types under 
consideration are oil & gas, coal beds and saline aquifers, all of which contain aqueous phases.20  
Sequestration reservoir modeling requires a detailed understanding of (i) the interaction of the CO2 plume 
and the aqueous-phase present and (ii) the geochemical impact the fluid phase(s) have on the associated 
reservoir mineralogy (as it impacts porosity, seal-integrity, and sequestration stability).8,20  In situ 
observations of fluid/fluid and fluid/solid interactions and reactions under actual below-ground conditions 
(P, T, and activity) are of particular interest, as they avoid the uncertainty introduced by sample quenching 
to ambient conditions and can provide important empirical insight into below ground sequestration 
behavior to enhance the reliability of long-term reservoir models.    
 
The primary challenge for above-ground mineral sequestration is reducing process cost.10  As the overall 
mineral carbonation process is inherently exothermic for both serpentine and olivine,  
 

Olivine (forsterite) carbonation:            Mg2SiO4  +  2CO2  →  2MgCO3  +  SiO2                                  (1) 
 

       Serpentine carbonation:       Mg3Si2O5(OH)4  +  3CO2  →  3MgCO3  +  2SiO2  +  2H2O            (2) 
 
rapid carbonation and low-cost process development are thermodynamically feasible.  The key to 
reducing process cost lies in enhancing the associated kinetics and reducing the activation energy 
barrier(s) for carbonate formation.  The aqueous process developed by the Albany Research Center (ARC) 
is currently the closest to economic viability, reaching near completion in under an hour.18,19   However, 
the associated cost of mineral pretreatment (i.e., heat and mechanical activation), is too high.10,13  
Understanding the mechanisms that control mineral carbonation is critical, as it can facilitate the 
engineering of lower cost processes by design.  As with below-ground sequestration, investigating the 
mechanisms that control above-ground mineral carbonation under in situ reaction conditions is of 
particular interest to avoid any artifacts associated with quenching.  
 
Mineral carbonation is also an important factor associated with below-ground sequestration, as it can be 
utilized to enhance reservoir seal integrity and the carbonates that form can provide the long-term stability 
essential for effective sequestration.  Investigating and evaluating candidate technologies that incorporate 
mineral sequestration, both above and below ground, is the primary focus of the CO2 Mineral 
Sequestration Working Group, which is managed by DOE (Fossil Energy), with members from the 
Albany Research Center, Argonne National Laboratory, Arizona State University, Los Alamos National  



Laboratory, the National Energy Technology Laboratory, and Science Applications International 
Corporation.   
 
We recently developed the novel microreaction system shown in Figure 1a in order to investigate 
fluid/solid mineral sequestration reaction processes under in situ pressure, temperature and activity 
conditions.15,16,21-23  The system enables the exploration of both above and below ground sequestration 
 

 
 

Figure 1  a) The microreaction system used for in situ studies, including synchrotron X-ray diffraction (patent 
pending).15,16,21,22  The example configuration shows the system after the sample has been loaded, the cell evacuated, 
the aqueous solution injected and the cell pressurized with CO2. b) The NMR probe for investigating the aqueous-
rich and CO2-rich fluid behavior under in situ above- and below-ground sequestration conditions. 
 
processes via synchrotron X-ray diffraction and radiographic imaging, Raman spectroscopy, and optical 
microscopy.  We have also developed a specially designed NMR probe (Figure 1b) to enable in situ 
exploration of aqueous-rich and CO2-rich fluid phase speciation and activities.24  We have just finished 
developing the additional capability of being able to monitor the diffusivity of key species (e.g., CO2(aq) 
and HCO3

-(aq) under in situ sequestration conditions using the probe.  Herein, we describe our recent in 
situ sequestration investigations using the microreaction system, as well as our initial exploration of the 
capability of our NMR probe to monitor aqueous CO2 and bicarbonate self diffusion rates, as well as 
activities, under sequestration conditions.  Together with thermodynamic and atomistic modeling these 
studies (i) indicate that the enhanced carbonation reactivity induced by mechanical and heat pretreatment 
of serpentine/olivine is primarily associated with the structural disorder induced via feedstock activation, 
(ii) demonstrate the microreactor is well-suited for exploring the phase space associated with carbonation 
during above and below ground sequestration (e.g., regions of nesquehonite, hydromagnesite and 
magnesite formation and stability), and (iii) provide, to our knowledge, the first observations of        
HCO3

- (aq) and CO2(aq) diffusion rates under above/below-ground sequestration conditions.   
 

EXPERIMENTAL 
 
Chrysotile was collected from the Philips Mine in Arizona and had the characteristic fibrous morphology 
shown previously.24   The total hydroxide content was 13.2%.  Microprobe analysis of the fibers  



gave 42.7 wt% SiO2 (vs. 43.4% theoretical) and 40.12 wt% MgO (vs. 43.6% theoretical), suggesting a 
small amount of silica-rich material may be present.  The major elemental impurities observed were 0.65 
wt% FeO and 0.49 wt% Al2O3.  X-ray diffraction indicates the material is clino-chrysotile-2Mc1, with a 
trace of calcite (which apparently exists in fine particles irregularly adhered to the chrysotile fibers).  
Olivine was obtained from San Carlos, Arizona, with an elemental composition of (Mg0.92Fe0.08)2SiO4, as 
described previously.25  Elemental impurities observed were well below 1%, with Ca being the principle 
trace impurity.  Antigorite was obtained from the Royal Ontario Museum, Ontario, Canada, with a 
composition based on microprobe analysis of 43.1 wt% SiO2 (vs. 43.4% theoretical) and 39.7wt% MgO 
(vs. 43.6% theoretical), and 3.4 wt% FeO, suggesting that Fe2+ has substituted for Mg2+.26  Southwest 
Oregon lizardite was obtained from the Albany Research Center,13,18,19,24 with a composition (based on 
particle induced X-ray emission analysis and thermogravimetric analysis of total water content) of  42.6 
wt% SiO2  (vs. 43.4% theoretical) and 37.5 wt% MgO (vs. 43.6% theoretical), and 4.2 wt% FeO, 
suggesting that Fe2+ has substituted for Mg2+.  A small amount of chrysotile (~10%) was present, as 
identified via FESEM analysis (see below). Samples were mechanically activated using a Fritsch 
Pulverisette ball milling system.  Hardened chrome steel was used to mechanically activate the chrysotile, 
lizardite and antigorite serpentine phases, whereas corundum was used for olivine activation.   
 
The mechanically activated and feedstock materials were analyzed by thermogravimetric analysis using a 
Setaram TG92 system.  X-ray powder diffraction of the associated materials was obtained using a Rigaku 
D/MAX-IIB X-ray diffractometer with CuKα radiation.  A Hitachi S-4700 field-emission scanning 
electron microscope (FESEM) was used for serpentine, olivine and activated feedstock sample imaging.   
 
In situ synchrotron X-ray diffraction observations of the aqueous mineral carbonation process were made 
using our recently developed microreaction system, which offers temperature, pressure and activity 
control.16,21,22  Samples were loaded into the microreactor as previously described.  The cell was then 
sealed, evacuated to ~10-3 torr and filled with enough of the aqueous solution (0.64M NaHCO3 + 1.00M 
NaCl) to just immerse the activated serpentine sample (~60% full) and reproduce process reaction 
conditions as closely as possible.13   The cell was then brought to the desired CO2 pressure using a large 
volume ballast, which remained connected throughout the study to maintain constant reaction pressure.16  
After an equilibration period, the cell was slowly heated. The ensuing reaction process was monitored via 
synchrotron X-ray diffraction (XRD) using the GeoSoilEnviroCARS bending magnet beamline at the 
Advanced Photon Source at Argonne National Laboratory.  The reagents used were AR grade sodium 
bicarbonate (Mallinckrodt) and sodium chloride (EM Science) and electronic grade CO2 (99.998%) from 
Air Liquide. 99% 13C enriched sodium bicarbonate was obtained from Cambridge Isotope Laboratories.   
 
Carbon-13 spectra continue to be the primary focus of our efforts in NMR. We have in addition 
incorporated the ability to make 1H, as well as 13C, measurements in the NMR probe, by incorporating 
electronic circuitry to detect NMR signals at both the 75 MHz frequency of 13C and the 300 MHz 
frequency of 1H (“double tuning,” which is widely used for obtaining NMR spectra of samples that 
contain more than one nucleus of interest.).  The capability to measure the diffusivity of both 13C and 1H 
containing species under controlled pressure, temperature and fluid activities has also been developed. 
Magnetic field gradient coils similar to those used for MRI were wound around the main axis of the probe 
(see below), which is parallel to the spectrometer’s large DC magnetic field (~ 7 Tesla).  Calibration of 
the magnetic field gradient produced by these coils is achieved via water diffusivity measurements using 
the probe’s new proton NMR capability and the known diffusivity value of water 2.3 x 10-5 cm2/s.27 All 
work was done on our 300 MHz Varian Infinity Solids NMR spectrometer, equipped with a wide-bore 
superconducting magnet. Standard acquisition conditions for spin echo signals included an r.f. pulse 
length of 52.5 microseconds for a 90° pulse, a 120 s pulse delay, a receiver bandwidth of 65 kHz and 
accumulations of at least 16 sweeps. All spectra are referenced to TMS. 
 

 



RESULTS AND DISCUSSION 
 
Exploring the Mechanisms that Govern the Enhanced Aqueous Carbonation Reactivity of 

Mechanically Activated Serpentine and Olivine 
 
The carbonation reactivity of mechanically-activated serpentine (antigorite, chrysotile and lizardite) and 
olivine materials and their carbonation reaction mechanisms were explored via in situ synchrotron X-ray 
diffraction at the GeoSoilEnvironCARS beamline at the Advanced Photon Source at Argonne National 
Laboratory.  Each of the serpentine materials responded similarly to the mechanical-activation process, 
evolving from the original crystalline feedstock material to a highly disordered material that exhibited 
little to no structural order as observed by X-ray diffraction (XRD), as shown for antigorite in Figure 2.   
 

 
 

Figure 2)  X-ray powder diffraction of antigorite mechanically activated via ball milling for various times, as 
shown.  Note the progressively greater structural disorder induced with increasing activation time.  The OH plus 
adsorbed H2O content of the original and activated feedstock materials are given to the right.  
 
For each of the serpentine materials a trace of crystalline order is observed by XRD after 2 hours of ball 
milling, with virtually no order visible after 4 hours of milling.  Thermogravimetric analysis shows the 
original antigorite feedstock material contains 12.3 wt% hydroxyl groups, as judged by weight loss on 
heating to 1,100 oC (Figure 2).  This is consistent with the 13.0 wt% weight loss expected for the ideal 
formula for serpentine Mg3Si2O5(OH)4.  It is interesting to note the small, but significant increase in 
weight loss for longer extents of activation, which may be associated with slight water adsorption from 
the atmosphere, as the activated material becomes finer in size, as seen in Figure 3.  Close examination of 
the activated antigorite as a function of activation time shows decreasing particle size with increasing 
grinding time, as well as evidence for the cold welding of the smaller particles that are formed during ball 
milling.  This results in the composite particles observed in Figures 3d and e, which are largely comprised 
of many smaller particles that possess little crystalline order as indicated in Figure 2. 
 
Thermogravimetric analysis was used to provide additional insight into the bonding of the hydroxyl 
groups within the activated antigorite vs. the extent of activation, as seen in Figure 4.  The weight loss is 
associated with decomposition of the antigorite hydroxyl groups and loss of the water that is formed from 
the sample.   Increasing activation times progressively lowers the onset temperature for dehydroxylation, 
and to a lesser extent the temperature for major completion of the dehydroxylation process.  This is 
consistent with the substantial amount of energy that is absorbed by antigorite during mechanical 



activation, which reduces the activation energy needed for dehydroxylation to occur on heating.  Hence, 
ball milling induces (i) increasing levels of structural disorder with increased milling time, (ii) increased 
energy absorption by the feedstock with increasing milling time, but (iii) appears to leave the chemical 
(e.g., hydroxyl) composition of the activated antigorite largely unchanged during activation.  The 
carbonation onset temperatures for the mechanically activated serpentine minerals were often found to be 
lower than those previously observed for heat-activated serpentine.16  As both types of materials are 
highly disordered and only the heat-activated feedstock has substantially changed compositionally (OH 
loss), it appears crystalline disorder is a critical parameter for enhancing aqueous carbonation reactivity.  
 

 
 

Figure 3)  FESEM images of the antigorite feedstock. a) prior to ball milling activation; b) after ½ hr of activation; 
c) after 1 hr of activation; d) after 2 hr of activation; e) after 4 hr of activation. 
 

 
Figure 4)  Thermogravimetric analysis of the mechanically activated antigorite, showing the curves for the original 
feedstock and antigorite that was activated for ½, 1, 2, and 4 hours via ball milling. 



In Situ Exploration of Carbonate Phase Formation and Stability as a Function of PCO2, 
Temperature and Aqueous Activity 

 
Magnesium carbonate (magnesite) was generally found to form at mineral carbonation temperatures at or 
above ~100 oC under 150 atm CO2, as previously observed for heat-activated serpentine materials.15,16,23   
No intermediate materials were observed to form in this case, indicating magnesite is the stable phase 
under these reaction conditions.  For mechanically activated meta-serpentine and meta-olivine materials 
that reacted at lower temperatures (i.e., carbonation onset 40-70 oC), nesquehonite [Mg(CO3).3H2O]  was 
observed to form at carbonation onset, independent of the feedstock mineral type.  Figure 5 shows the in 
situ carbonation process for carbonation onset via nesquehonite formation at 40 oC.  Nesquehonite was 
generally observed to decompose with increasing reaction temperature, yielding to magnesite formation at 
90 ±10 oC, as seen in Figure 5.  This underscores the potential that the microreaction system offers for  

 
 
Figure 5)  In situ X-ray synchrotron diffraction of the mineral carbonation of antigorite activated for 2 hours reacted 
under 150 atm CO2 in the standard aqueous solution: 0.64 M NaHCO3 + 1.00 M NaCl.   The onset of carbonation is 
observed at 40 oC as nesquehonite begins to form.  Nesquehonite is observed to remain stable until ~90 oC, when it 
begins to decompose together with magnesite formation. The X-ray wavelength is 0.3344 Å. 
 
investigating the formation and phase stability of magnesite and the hydrous/hydroxy magnesium 
carbonate phases over a broad range of controlled pressures (≤ 300 atm), temperatures (≤ 400 oC), and 
activities, which are directly applicable to geological, as well as mineral, sequestration.     
 
Under the conditions of relatively high H2O thermodynamic activity widely applicable to below as well as 
above ground sequestration, additional hydrous and hydroxy-hydrous carbonate phases may form in lieu 
of or in addition to nesquehonite and magnesite.  For example, we have observed the simultaneous 
formation of hydromagnesite [Mg5(CO3)4(OH)2(H2O)4] and magnesite [MgCO3] at carbonation onset 
temperatures between those associated with nesquehonite (40-70 oC) and magnesite (at 



or above ~100 oC) formation under similar reaction activities (PCO2 = 150 atm CO2 and aqueous activity: 
0.64 M NaHCO3 + 1.00 M NaCl), as seen in Figure 6.24  In this case, hydromagnesite and magnesite 
formed at 90-95 oC, with both hydromagnesite and magnesite levels increasing with increasing 
temperature until 120 oC, after which hydromagnesite decomposed with additional magnesite formation.  
This indicates that nesquehonite, hydromagnesite, and magnesite can all form over the relatively small 
region of phase space explored herein.  Under what conditions these and other hydrous/hydrated 
magnesium carbonate phases form and are stable is of substantial interest for both geological and mineral 
sequestration.  In the case of above ground sequestration, which phases form directly impacts long-term 
sequestration stability.  In the case of geological sequestration, Mg-rich minerals are being considered as 
potential reservoir (e.g., well bore) sealing agents, as they inherently swell on carbonation.28   A detailed 
understanding of the associated carbonate phase space is central to enhancing reservoir seals by design.   
 

 
 

Figure 6) Simultaneous hydromagnesite (H) and magnesite (M) formation observed for carbonation onset at            
~ 90-95 oC during the carbonation of a heat-activated lizardite with 1% residual OH reacted under 150 atm CO2 in 
the standard aqueous solution: 0.64 M NaHCO3 + 1.00 M NaCl.   The hydromagnesite reflections vanish at the 
expense of increasingly intense magnesite reflections with increasing temperature. Note the small reflections labeled 
(F), which correspond to a trace of forsterite that had nucleated during heat activation.16  The intensity of these 
reflections remains essentially constant during carbonation, indicating relatively low carbonation reactivity for 
forsterite compared with the disordered meta-serpentine materials.  The X-ray wavelength is 0.3311 Å. 

 
Initial calculations of the thermodynamic stability of phases in the MgO-CO2-H2O system are shown in 
Figure 7, where we have plotted the stability fields of magnesite, brucite, hydromagnesite, nesquehonite 
and artinite as a function of H2O and CO2 activity at temperatures between 40 ºC and 140 ºC under a total 
pressure of 150 atm.  The black dot in each plot is used to mark the activity conditions at representative 
carbonation temperatures observed in situ.  The CO2 and H2O activity values for these reaction conditions 
were calculated from Spycher et al.’s equation of state for the CO2/H2O system, corrections for NaCl and 
NaHCO3 components in the aqueous phase were not included.29  At 40 ºC, under saturated aqueous 
conditions and a total CO2/H2O pressure of 150 atm, the equilibrium calculations predict that the 
nesquehonite phase would precipitate from a Mg saturated aqueous solution.  As the temperature is raised 
to 90 ºC, at fixed pressure, the activity conditions of the aqueous solution approach the nesquehonite-
hydromagnesite-magnesite triple point.  From 90-120 ºC the reaction conditions observed are very near 
the magnesite/hydromagnesite phase boundary.  Above 120 ºC magnesite would precipitate from a Mg 
saturated aqueous solution.  Under these conditions we reproducibly observe nesquehonite formation in 
situ from 40-70 oC (e.g., Figure 5) in good agreement with Figure 7.  The nesquehonite formed in situ 



is observed to decompose to magnesite on heating above ~90 oC, consistent with the reaction conditions 
being in the vicinity of the magnesite/hydromagnesite phase boundary in Figure 7.  The observation that 
our reaction conditions straddle the hydromagnesite/magnesite phase boundary from ~90-120 oC is also 
intriguingly consistent with our in situ observation of simultaneous hydromagnesite and magnesite 
formation at 90-95 oC and growth until 120 oC, which is followed by simultaneous hydromagnesite 
decomposition and magnesite formation above 120 oC in Figure 6.   
 

 
 

-6 -4 -2 0 2 4 6
Log aCO2

-6

-4

-2

0

2

goL
a

O2H

Brucite

Magnesite

Hydromag

Nesquehonite

90. °C

Art

-6 -4 -2 0 2 4 6
Log aCO2

-6

-4

-2

0

2

goL
a

O2H

Brucite

Magnesite

Hydromag

Nesquehonite

140. °C

Art

-6 -4 -2 0 2 4 6
Log aCO2

-6

-4

-2

0

2

goL
a

O2H Brucite

Magnesite

Hydromag

Nesquehonite

60. °C

Art

-6 -4 -2 0 2 4 6
Log aCO2

-6

-4

-2

0

2
goL

a
O2H

Brucite

Magnesite

Hydromag

Nesquehonite

120. °C

Art

-6 -4 -2 0 2 4 6
Log aCO2

-6

-4

-2

0

2

goL
a

O2H Brucite

Magnesite

Hydromag

Nesquehonite

40. °C

Art

-6 -4 -2 0 2 4 6
Log aCO2

-6

-4

-2

0

2

goL
a

O2H

Brucite

Magnesite

Hydromag

Nesquehonite

100. °C

Art

 
 

Figure 7)  Calculated phase stability field for the MgO-CO2-H2O system at 150 atm (total CO2 + H2O pressure) and 
40, 60, 90, 100, 120, and 140 oC.  The black dot on each plot indicates the CO2 and H2O activity conditions (relative 
to the ideal gas standard states) for the in situ mineral carbonation reactions observed.  CO2 and H2O activity values 
for these reaction conditions were calculated from Spycher et al.’s equation of state for the  CO2/H2O system.29  
“Art” and “Hydromag” indicate the artinite and hydromagnesite phase regions, respectively. 
 
The calculated stability fields were derived from temperature-dependent standard state formation free 
energies and heat capacities.  The thermochemical data is taken largely from Wendt et al.,30 except we 
have used slightly refined values for the 298 K standard state formation free energies of magnesite, 



 

Nesquehonite                    Mg (CO3)               3H2O      
Hydromagnesite   Mg5(CO3)4 (OH)2   4H2O   
Giorgiosite       Mg5(CO3)4 (OH)2   4H2O  
Artinite                     Mg2(CO3)  (OH)2   3H2O      
Dypingite         Mg5(CO3)4 (OH)2  5H2O  
Lansfordite        Mg (CO3)                5H2O 
 
Table 1: Common hydrous and hydroxylated magnesium 
carbonate phases. 
 

hydromagnesite and nesquehonite as a best fit to our experimental observations of the phase behavior.  
The largest difference is for magnesite where we have used a formation free energy of -242.25 kcal/mol, a 
value that is intermediate between Wendt’s value  (-246.052 kcal/mol) and a recent value quoted by Rock 
et al. (-240.79 kcal/mol).31   The values we used for hydromagnesite and nesquehonite were -1402.5 
kcal/mol and -413.49 kcal/mol, respectively.  Both are within 0.4% of the corresponding values tabulated 
by Wendt (-1404.25 and -411.985, respectively).  For artinite, we use the thermochemical parameters in 
the Helgeson database (FactSage v5.4).  We note that variations in the carbonate phase formation free 
energies of this order have a very large effect on the calculated stability fields, even though they are likely 
within current experimental error.  For example, under the reaction conditions above, using Wendt’s 
value for the standard state formation free energy of magnesite at 298 K, the stability field of the 
magnesite phase is extended to a logaH2O value of about -0.5 at 40 ˚C, completely eliminating the 
equilibrium stability field of hydromagnesite and placing the predicted phase formation well into the 
magnesite field for all temperatures shown.  Using Rock’s value for the formation free energy of 
magnesite, the hydromagnesite stability field is extended and would predict formation of nesquehonite 
under our reaction conditions up to about 95 ˚C and formation of hydromagnesite at higher temperatures.  
Equilibrium magnesite formation would not occur under the complete range of reaction conditions 
presented in Figure 7. These results indicate the potential of using in situ empirical observations to clarify 
the regions of phase stability and help critically assess the thermochemical data.  The microreaction 
system offers the potential to directly monitor phase formation, stability and reactions in situ, which can 
better establish the region of phase space relevant to carbonate formation.  Such improved understanding 
is of substantial interest to both above and below ground sequestration.  
 

Ab initio Simulation Studies of Hydrous Carbonate Phases 
 
Hydrated and hydroxylated magnesium carbonate phases have generally been observed to form at the 
moderate/high H2O and CO2 activities encountered during mineral and geological sequestration, yet 
comparatively little is known about their 
reaction kinetics, as well as their 
thermodynamic stability. Table 1 shows several 
phases, including those observed herein, that 
might be able to form via the carbonation of 
Mg-rich minerals during above or below ground 
carbon sequestration. Thus far, we have 
observed the onset of carbonation via 
nesquehonite (MgCO3

.3H2O) formation at ~40-
70 oC. Then, on further heating near 90 oC the 
nesquehonite phase recedes in concert with the 
emergence of magnesite, indicating the traversal 
of a phase boundary. We have also observed the simultaneous formation of hydromagnesite and 
magnesite at ~ 90-95ºC for higher temperature carbonation onset. Here, however, the recession of 
hydromagnesite and emergence of magnesite upon further heating is not as sharp.  Nesquehonite 
formation has also been observed in the recent serpentine carbonation studies of Park et al. who formed 
MgCO3

.3H2O at 70 oC and 1 atm PCO2 in an ortho-phosphoric/ oxalic acid reactant solution.32  
 
The unequivocal appearance of a phase stability boundary between nesquehonite and magnesite and 
hydromagnesite and magnesite during our in situ mineral carbonation investigations prompted us to 
examine the structural relationship between these compounds at the molecular level.  Unfortunately, very 
few structure refinements have been reported for hydrous carbonates and a significant amount of 
controversy still surrounds the determination of hydrogen atom positions in the crystalline structures. To 
circumvent these difficulties, and arrive at realistic structures, we have adopted a combined approach in  



Figure 8) Monoclinic unit cells of nesquehonite 
(left) and hydromagnesite (right). Note the relative 
simplicity of the nesquehonite structure.  Red, grey, 
white and green objects correspond to oxygen, 
carbon, hydrogen and magnesium atoms.  

 
Figure 9) Extended view of the hydromagnesite crystal structure. 
Left panel: Green spheres -- Mg cations; trigonal propellers -- CO3

2-

anions.  This view emphasizes the non-magnesite-like packing of 
Mg2+ and CO3

2-. Right panel: view emphasizing the internal water 
structure. Red, grey, white and green objects correspond to oxygen, 
carbon, hydrogen and magnesium atoms.  

which the experimentally refined Mg, C and O atom 
positions are used as a starting point for first principles 
atomic level simulations,33,34 which then deliver the 
locations of hydrogen atoms on the basis of accurate 
quantum mechanical forces. Because of the presence 
of ionic, covalent and hydrogen bonds within the 
hydrous carbonates we employed the generalized 
gradient approximation (GGA) for the exchange and 
correlation energy, which is known to provide an 
excellent quantitative account for these types of bonds, 
as well as quantitative binding energies. Standard 
density functional theory (DFT) methods35 were used 
to calculate the stress on the crystallographic cell, as 
well as the net forces on all of the atoms within it. The 
lowest energy state, corresponding to a zero 
force/stress configuration, was obtained using well-
established minimization algorithms. The thermal 
energy contribution was estimated using a harmonic 
vibrational density of states. 
  
Figure 8 compares the unit cell structure of nesquehonite [MgCO3

.3H2O] and hydromagnesite 
[Mg5(CO3)4(OH)2(H2O)4]. The optimized unit cell parameters calculated using our method are 1-3% 
smaller than the corresponding experimental values (thermal expansion was not taken into account). Note 
the simplicity of the nesquehonite structure in comparison to that of hydromagnesite. In particular, CO3

2- 
“propellers” in the nesquehonite structure are all aligned, while those in the hydromagnesite structure 
have alternating orientations that follow a sheet-like arrangement. The predicted structure of 
hydromagnesite also suggests that the bound water adopts a chain-like hydrogen bonded structure along 
the [010] crystal direction, thus representing an interesting example of structurally confined water. This is 

illustrated in Figure 9 which shows 
two views of the hydromagnesite 
structure, emphasizing the 
“carbonate” and internal water 
sublattices. The structure of 
hydromagnesite shown in Figure 9 
also suggests that the removal of 
water should be facet dependent. 
Hydrogen bonding configurations 
between H2O and CO3

2- groups were 
not detected in the simulated 
structure. The O-O distance between 
individual hydrogen bonded H2O 
molecules along the one-dimensional 
chains ranges from 2.92-3.08 Å, 
which is similar to that found in 
water.  
 

A comparison similar to that shown 
for hydromagnesite in Figure 9 is 
made for nesquehonite in Figure 10, 
which reveals that nesquehonite 



 
Figure 10) Extended view of the nesquehonite crystal structure. Left 
panel emphasizes the magnesite-like packing of Mg and CO3. Right 
panel emphasizes the internal water structure. Red, grey, white and 
green objects correspond to oxygen, carbon, hydrogen and 
magnesium atoms.  

contains a distinct magnesite-like 
substructure. Based on this structure, 
it is easy to envision that the orderly 
removal of water from this lattice 
could lead to a straightforward 
decomposition to magnesite. In 
contrast, the phase transformation 
from nesquehonite to hydromagnesite 
is not expected to be as kinetically 
accessible, due to the considerable re-
arrangement of the internal structure 
that would be required (see Figures 9 
and 10).  Thus, the activation energy 
for the observed nesquehonite to 
magnesite transition is expected to be 
significantly lower, consistent with its 
routine observation during our 
synchrotron studies and the absence of 
a nesquehonite to hydromagnesite 
transition being observed.   
 
 
 

Enabling Diffusivity Measurements using the High Pressure NMR Probe to allow  
Detailed Studies of Fluid Phase Speciation, Structure, Transport and Reactivity  

 
The high pressure NMR probe (HP-NMR probe), as shown in Figures 10a-d, has been successfully 
utilized to explore CO2(aq) and HCO3

-(aq) activities under the temperature and pressure ranges associated 
with mineral/geological sequestration, as discussed previously.24  In order to provide an enhanced 
understanding of the transport behavior associated with these species, we have recently completed 
extending the probe’s capabilities to enable both 1H NMR and 13C and 1H diffusivity measurements.  
Diffusivity measurements were enabled by the installation of the magnetic field gradient coils shown in 
Figure 10e.  

 
The body of the HP-NMR probe is machined from the high performance polymer PEEK, which has high 
tensile strength and is capable of withstanding temperatures up to ~ 225 °C.  PEEK also has the added 
benefit of being relatively inexpensive compared to other polymers of similar strength and temperature 
rating. The HP-NMR probe employs a standard NMR rf saddle coil, with a sample volume of ~2.4 ml. 
The probe is filled from the top and is sealed using a PEEK cap with an integrated cone shaped seal, as 
seen in Figure 10. Connection to the exterior ballast tank is made using titanium HPLC tubing, as shown 
in Figure 10d.  The cell pressurization system utilizes a relatively large volume (100 ml) CO2 ballast to 
control the system’s pressure during data acquisition, similar to that employed with the microreaction 
system.15,16,21,24  The sample cell for the HP NMR probe is uniformly heated via forced air within the 
NMR probe.   

 
For most of our measurements the probe is tuned to the NMR frequency of 13C (75.447 MHz in our DC 
magnetic field). Since, as in all NMR spectra, the observed intensities of the individual lines arising from 
carbon-containing species are proportional to the numbers of those species in the sample,36 the probe can 
directly quantify the concentrations of each species, in particular dissolved CO2, bicarbonate and 
carbonate. This holds true independent of pressure, temperature and aqueous activities. 



 
 

Figure 10) The high pressure NMR probe. a) The NMR cell, b) cell with cap installed, c) the assembled NMR 
probe, d) the mounted high pressure cell showing the titanium high pressure connection to the external pressure 
ballast and the location of the NMR coils affixed to the outside of the cell with Torrseal, e) the gradient coils 
mounted on the high pressure cell, outside of the NMR coils.   

 
Following standard practice, all spectra are enhanced by the acquisition and averaging of multiple, 
repeated transient signals, which requires that the system return fully to equilibrium after every 
acquisition before initiating the next one. Since our samples are free of paramagnetic impurities that help 
speed relaxation of nuclear spin systems, a period of two minutes must be allowed in these pure solutions 
to insure full recovery.  A single data point with 32 acquisitions for good signal-to-noise ratios will 
typically require over an hour.  Good-quality data sets for determination of diffusivity at a single pressure 
and temperature are easily acquired in a day, as shown below.    
 
 

Initial Diffusivity Investigations Using the High Pressure NMR Probe 
 
A sample spectrum showing the 125 and 161 ppm shifts for the 13CO2 (aq) and H13CO3

-(aq) species in the 
aqueous-rich phase is shown in Figure 11.  NaHCO3 containing 99% 13C is used in the standard aqueous 
carbonation solution 0.64M NaHCO3 + 1.00 NaCl for our preliminary aqueous diffusivity measurements 
of the CO2(aq) and HCO3

-(aq) species associated with the mineral sequestration process.  These studies 
are also directly relevant to geological sequestration, as all the associated species CO2(aq), HCO3

-(aq), 
  

 
 

Figure 11)  A spectrum taken at pressure in the HP NMR probe showing the 125 and 161 ppm shifts observed for 
13CO2 (aq) and H13CO3

-(aq) species dissolved in the aqueous-rich phase.  Intensities for each line are obtained from 
such spectra.  



Na+(aq), Cl-(aq) apply to below ground sequestration as well.  Our initial studies have used CO2 with a 
natural 13C abundance of 1%.  After the aqueous solution is loaded, the system is pressurized with CO2 to 
125 atm and held at ambient temperature to allow full equilibration, which involves (i) CO2 dissolution 
into the aqueous-rich phase, (ii) exchange between the HCO3

-(aq) and CO2(aq) species, and (iii) exchange 
of dissolved 13CO2(aq) with the upper CO2(g) phase, which is outside of the probe’s NMR-sensitive area, 
as shown in Figure 1.  After such equilibrium is reached, the observed CO2(aq) concentration in a 0.64 M 
NaHCO3 aqueous solution, was found to be in good agreement with that expected for the CO2-H2O 
system.24,29  Spectra, like that shown in Figure 11, are taken in the presence of calibrated magnetic field 
gradient pulses of variable time duration, and the intensities for each line at each gradient pulse length 
constitute a data set that is analyzed following well-known procedures in NMR, to yield values of 
diffusivity for each aqueous species as a function of temperature and pressure.37  From the intensity data 
set plots like the one shown in Figure 12 are obtained, which show the linear dependence of each line’s  
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Figure 12.   Stejskal-Tanner plot of intensity as a function of gradient pulse length and interpulse spacing, showing 
the different slopes of HCO3

-(aq) and CO2(aq) at 125 atmospheres CO2 pressure and 60 °C.   
 
intensity upon a parameter essentially proportional to the square of the gradient pulse length δ.  The 
diffusivity of each species is calculated directly from the slope of the line for each species, the known 
value of the magnetic field gradient and the inter-pulse spacing τ of the NMR r.f. pulse sequence.  

 
Figure 13 shows our preliminary results for the self-diffusivities of HCO3

-(aq) and CO2(aq) under 125 atm 
CO2, which demonstrate the ability of the HP NMR probe to explore the diffusivity of the key carbon-  

 

 
 

Figure 13.  Diffusivity of CO2(aq) and HCO3
-(aq) as a function of temperature at 125 atm CO2.    

 



containing species under in situ sequestration conditions. These studies are ongoing, with isobaric 
measurements being taken after coming to thermal equilibrium and steady state species activities are 
observed.  Data is being acquired during both heating and cooling cycles to clarify any hysteresis that 
may be associated with CO2 exsolution/dissolution.  Future investigations will incorporate equally 13C-
enriched NaHCO3 and CO2 to simultaneously evaluate CO2(aq) and HCO3

-(aq) activities and self and 
interface diffusivities under in situ sequestration conditions.    
 

CONCLUSIONS 
 
We have begun extensive work with two novel reaction systems that enable a wide variety of in situ 
process observations. Our microreactor (patent pending) and nuclear magnetic resonance (NMR) probe 
create real-world process environments with controlled temperature, pressure, and reactant activity for 
reaction exploration. The sample chambers are in direct contact with manifolds, which provide external 
communication with gases, liquids or supercritical fluids, and individual reactant activity control during 
reaction observation (e.g., raising, lowering or holding activities constant to replicate real-world process 
conditions).  These systems enable a wide range of observations of solid/fluid and fluid/fluid reactions, 
interactions and phenomena under in situ mineral and geological sequestration conditions.  They can 
provide insight into a variety of sequestration phenomena, including fluid-solid and fluid-fluid reaction 
mechanisms and interactions, fluid speciation, dissolution, and diffusion, and sequestration product phase 
stability and behavior.  Investigations to date (i) indicate that the enhanced carbonation reactivity induced 
by mechanical and heat pretreatment of serpentine/olivine is primarily associated with the structural 
disorder induced via feedstock activation, (ii) demonstrate the microreactor is well-suited for exploring 
the phase space associated with carbonation during above and below ground sequestration (e.g., regions of 
nesquehonite, hydromagnesite and magnesite stability), as well as sequestration reaction mechanisms, and 
(iii) provide, to our knowledge, the first observations of HCO3

- (aq) and CO2(aq) self diffusion rates under 
above/below-ground sequestration conditions.   
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