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2 Introduction 

2.1 General context  

Carbon capture and storage (CCS) is essential for adhering to the 2015 Paris agreement1 and 
achieving a breakthrough in our societal goals of reducing CO2 emissions, but very few success 
stories exist. One notable example of successful CCS is the CarbFix2 process taking place at 
the Hellisheiði field site in Iceland, where CO2 and other acid gases are captured in water, 
which is then injected into the subsurface for the gases to be stored as stable minerals. In 
order to extend the applicability of such process it is essential to develop a better 
understanding of the CO2 carbonation mechanism and the geochemical interactions with host 
rocks, groundwater, etc. That is precisely the goal of Task 5.2 – Development of models for 
CO2 carbonation, resulting in this current Deliverable 5.8. 

The S4CE consortium benefits from both access to the relevant field sites, which is essential 
for ensuring the experimental constrains are known, and to world-leading groups expert in 
the development of advanced models and algorithms which can be used to better understand 
the mechanisms responsible for CO2 mineralisation. 

2.2 Deliverable objectives 

One of the goals within Work Package 5 is to develop a theoretical understanding of the 
molecular mechanisms for CO2 fixation in sub-surface formations. In order to achieve that 
objective, we set out to implement the ReaxFF approach, which requires: 

1. A drastic acceleration of the ReaxFF algorithm, to allow simulations at sufficiently long 
time scales to be experimentally relevant. 

2. The parameterisation of all relevant reactive pathways encountered by CO2 as it 
carbonates at contact with a mineral substrate. 

Once implemented, these developments are to be used towards the following goal: 

3. Start the study of CO2 carbonation focusing on a relatively tractable but relevant 
system. Namely, analysing the effect of Ca2+ Ions on CO2 hydration. 

 

The long-term goal is to be able to apply such developments to explore different rocks and 
different geological situations that could allow for the carbonation of CO2. The results 
described in this deliverable will serve as a foundation for achieving this goal in the future. 

3 Methodological approach 

In order to accomplish our goals, S4CE’s efforts, led by partner SCM, focused on a number of 
challenging methodological developments, followed by their application to specific systems. 

                                                      
 
1 http://unfccc.int/paris_agreement/items/9485.php  
2 https://www.carbfix.com/  

http://unfccc.int/paris_agreement/items/9485.php
https://www.carbfix.com/
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3.1 Acceleration of molecular dynamics simulations 

ReaxFF is a reactive force field method that employs a series of empirical relations to describe 
the energy and forces acting between molecules and atoms forming various materials, also 
describing bond-breaking reactions. ReaxFF is arguably the most transferable reactive 
empirical force field methodi (it has been applied to virtually all classes of materials and its 
current development covers most of the elements in the periodic table) and its balance of 
accuracy and speed makes it the computational method of choice for atomistic-scale 
dynamical simulations of chemical reactions.ii ReaxFF allows the study of the dynamics of 
complex and huge systems over time scales of up to nanoseconds. This is nonetheless several 
orders of magnitude shorter than the time scales typical of the geological process we are 
interested in witin the S4CE consortium, so the first phase of this task has been devoted to 
the acceleration of ReaxFF by means of a combination of different approaches. 

3.2 Parameterization of reactive pathways 

ReaxFF relies on specific parameters to describe the interactions between atoms in a given 
system. In order to accurately describe any system, a set of corresponding parameters needs 
to be available, or generated as needed, often using ab initio density functional theory 
calculations. The process of generating parameters for a new system is usually quite 
demanding, requiring deep familiarity with ReaxFF and chemical intuition. In order to help 
generate the force fields required to model CO2 carbonation processes, we have implemented 
a new tool for force-field parameter fitting. 

3.3 Application  

In the injection of CO2 into deep geological formations, one of the main components of the 
CO2 environment is a solvated Ca2+ ion. We have therefore focussed our modelling work on 
an effort to provide fundamental insights into the effect of the calcium ion on the hydration 
reaction of solvated CO2, which has been achieved by performing reactive force field 
simulations of the reaction under different conditions. 

4 Summary of activities and research findings 

4.1 Acceleration of molecular dynamics simulations 

To achieve results relevant for practical CO2 mineralisation processes, the first hurdle to 
overcome is the time limitations that are typically encountered by the ReaxFF approach. 
Hence, we have implemented a combination of acceleration techniques, in order to allow 
molecular dynamics (MD) simulations at the long timescales required to model the 
carbonation process envisaged by the S4CE consortium: 

Č Hybrid parallelization: There are two principal methods of parallel computing: 
distributed memory computing and shared memory computing. We have combined 
both approaches into a so-called hybrid parallel setup, implementing a Message 
Passing Interface (MPI, a parallelization standard for distributed memory systems) as 
well as an OpenMP API (for shared-memory systems). 
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Figure 1: Scheme for hybrid parallelism. MPI is used to spawn multiple parallel processes, which in turn use OpenMI to 

spawn multiple threads in each of their respective shared-memory nodes. 

 
Č Parallel replica dynamics (PRD) and collective variable-driven hyperdynamics (CVHD): 

The CVHD approach is a metadynamics method that can yield speedup factors of up 
to several orders of magnitude, potentially reaching a time scale of seconds while still 
accurately reproducing correct dynamics.iii One attractive feature of this approach is 
that such scheme requires almost no user input, thanks to its self-learning nature, 
which makes it especially accessible for non-experts. We have implemented a CVHD 
extension onto already available hyperdynamics methods, coupling statistical 
mechanics with molecular dynamics as illustrated in Figure 2: the system is replicated 
on N processors in a parallel replica framework. On each of these processors, the 
system evolves on a collective-variable-driven-hyperdynamics PES by displacing atoms 
according to the force-bias Monte Carlo (fbMC) algorithm. 

 

 
Figure 2: CVHD coupled scheme. The system is replicated on a number of processors and allowed to evolve on a CVHD PES 

according to fbMC. 
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Č Additionally, we have built an interface to PLUMED library of MD methods, which 
include metadynamics, path metadynamics and steered MD algorithms. This will 
support the implementation of the approach, via a user-friendly interface. 

 

Crucially, the speed-ups obtained from the different techniques are independent from each 
other, resulting in a multiplicative boost effectively extending the time scale of the 
simulations from nanoseconds to the seconds range. While this remains far from the 
geological times, it can allow us to extract the fundamental molecular mechanisms 
responsible for some of the geological processes involved in CO2 mineralisation.  

4.2 Parameterization of reactive pathways 

We have developed a tool for force-field parameter fitting, which intends to facilitate the 
handling of the training data sets and the force fields in a graphical environment. Even with 
the help of such a tool, the generation of force field parameters in general, and specifically 
for ReaxFF simulations, is notoriously complex. To overcome this known limitation, we 
focused on a relatively approachable yet relevant case as starting point: C-S-H in CO2-H2O. 
This required a force field able to describe CO2-H2O-Ca-SiO systems, for which we have been 
following two parallel approaches: 

Å The combination of a CO2-H2O force field (successfully tested by S4CE partner 
ARMINES) with another one for CaH/CaSiO materials, providing a CO2-H2O-SiO 
extension already available (using parameters trained for CO2 hydration). However, 
Ca would still need to be included. 

Å Using a Ca/C/O/H force field obtained with the help of the van Duin group at Penn 
State University (creator and main developer of the ReaxFF approach). This force field 
would need to be extended to SiO systems for our practical applications. 

 

A decision was made to start simulations using this second force field, as that would allow to 
already study the effect of the solvated Ca2+ ions - one of the main components of the CO2 
carbonation environment - on the hydration reaction of solvated CO2. 

4.3 Application  

4.3.1 Methodology 

All simulations were performed using the AMS modeling suite,iv with the PLUMED interfacev 
for all free energy and constrained simulations conducted within this project. To validate the 
methodology, the CO2 hydration reaction was computed in the gas phase using geometry 
optimizations to find minima, and nudged elastic band followed by a transition state search 
to locate the saddle point on the potential energy surface. These static computations were 
performed with both the GFN1-xTBvi and the ReaxFF model.vii The ReaxFF parameters used 
are novel parameters developed with the help of the van Duin group within the context of 
this project. Chloride parameters were simply extracted from the CHOAlSi.ff force field.viii Gas 
phase MD and metadynamics simulations were performed at 300K, with a half harmonic 
constraint keeping the water molecules near the CO2 molecules. The constraint was centered 
at a distance of 5 Å from the CO2 carbon atom. 
 
Four aqueous systems were simulated: 
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(i) CO2 in a periodic box containing 110 water molecules, 
(ii) CO2 in a periodic box containing CaCl2 and 104 water molecules; 
(iii) CO2 in a periodic box containing NaOH and 108 water molecules; 
(iv) CO2 in a periodic box containing CaClOH and 105 water molecules.  

The periodic box is cubic, with a diameter of 15 Å. Both systems (iii) and (iv) contain a single 
OH- ion in the simulation box, corresponding to a pH of 13.1. All densities are approximately 
1 kg/L, which corresponds to a pressure of approximately 200 MPa.ix The simulations were 
performed at 523 K, which is the upper temperature limit for carbon storage via the mineral 
carbonation of basalts.x Both reactants and products were equilibrated for 10 ps. A time step 
of 0.25 fs was used. 
To induce the reactions, the metadynamics simulations were biased along two collective 
variables. The reaction at neutral pH involves coordination of a water oxygen to the CO2 
carbon atom, immediately followed by proton transfer to the CO2 oxygen along a water chain. 
The two collective variables used to describe this process are (s1) the coordination number of 
the carbon atom to oxygen atoms, and (s2) the coordination number to hydrogen atoms of 
the oxygen atoms that are bound to carbon:xi 
 

, (1) 
 

, (2) 
 
In Eqs. (1) and (2), r0 and r1 are parameters set at 1.2 and 1.8 Å respectively, nO is the number 
of oxygen atoms, nC is the number of carbon atoms (one in this case). 
The alkaline reaction involves only addition of a hydroxide ion to the CO2 carbon. As the two 
collective variables to describe this process we used (s1) the coordination number of the 
carbon atom to oxygen atoms, and (s3) the distance of the CO2 carbon to the hydroxide ion 
(which is defined as the water oxygen atom bound to the smallest number of hydrogen 
atoms):xii 
 

. (3) 
 

In Eq. (3), ri is the distance from oxygen i to the carbon atom, and l is a large parameter set 
at a value of 250. The Gaussians placed along the three collective variables have a width of 
0.02, 0,02, and 0.02 Å in the three directions s1, s2, s3 respectively. The Gaussians have a height 
of 1 kcal/mol and were placed every 100 steps (25 fs).xiii,xiv 

Each reaction was then modeled by 10 parallel metadynamics simulations of 62 ps in both the 
forward and the backward direction. Afterwards, for each system all potential energies were 
collected and placed on the 2D grid of the selected collective variables (Figure 3). A path was 
fitted from reactant to product on the obtained potential energy surface, and the location of 
the barrier (in terms of collective variables was determined). 
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Figure 3: Example of collected potential energy values on a grid, with an estimated minimum energy reaction path (blue 

dotted line). 

The location of the potential energy barrier was used to extract free energy data from the 
metadynamics simulations. For all 10 simulations in each direction, the obtained sum of 
Gaussians (which is known not to converge with simulation time)xv was truncated as soon as 
the pre-determined barrier was crossed. A nudged elastic band schemexvi was then 
implemented and used to fit a path on the truncated sum of Gaussians from reactant (or 
product) to transition state, and the resulting energy difference between the two is 
considered the reaction barrier. The backward barriers were compared to the forward 
barriers, to determine the reaction free energy. The ten barriers in each direction were 
averaged, and the standard deviations are used as a measure for the spread of the barriers 
across the ten simulations. A similar approach was followed in recent work by Boereboom et 
al.xvii The theoretical formulations of the approaches implemented in this development are 
available from the literature. For comprehensive reviews of the metadynamics approach the 
interested reader is referred to references xiii and xiv. The novelty of our approach lies in its 
reliance on exploration of the underlying potential energy surface to determine the location 
of the barrier. 

 

4.3.2 Results 

In this section, the ReaxFF model, as well as the strategy used to obtain the free energy results 
are first validated. Then, the computed free energy results of the reactions in aqueous 
solution, and the effect of the presence of a Ca2+ ion are presented and discussed, first in 
neutral environment, and then in the presence of base. 

 

4.3.2.1 Validation of results 

To validate the ReaxFF model it is compared to an electronic structure model (GFN1-xTB) as 
reference. To test the limits of our approach to compute activation free energies, the 
metadynamics free energies are compared to the potential energies for the gas phase system. 
Due to the small number of degrees of freedom in this test system, the difference between 
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potential energy and free energy results is expected to be minimal, so that the two can be 
readily compared. 

 

 
Figure 4: Mechanism of gas phase CO2 hydration, obtained with ReaxFF. 

The gas phase reaction is modelled in the presence of three water molecules. This allows the 
proton transfer from the attacking water molecule to the CO2 oxygen to occur along a chain 
of two water molecules (Figure 4), which strongly stabilizes the reaction barrier compared to 
the uncatalyzed reaction. Reducing the number of water molecules participating in the proton 
transfer from two to zero is known to increase the barrier by approximately 5 and 22 kcal/mol 
for each water molecule removed.xviii,xix 

 
Table I: Activation and reaction energies for gas phase CO2 hydration obtained in different ways. 

  DE‡ / DG‡ (kcal/mol) DE (kcal/mol) 

GFN1-xTB DE (0 K) 20.50  0.22 

ReaxFF DE (0 K) 20.82  0.03 

ReaxFF DE (300 K) 19.64  0.31 

ReaxFF DG (300 K) 28.00 ±3.76  

* Values preceded by ± are standard deviations 

 

In fact, the two models produce very similar barriers, of 20.5 and 20.8 kcal/mol for GFN1-xTB 
and ReaxFF respectively (Table I) for the optimal pathway involving a chain of two water 
molecules. These barriers are in reasonable agreement with literature CCSD(T) and PBE values 
of 28 and 17 kcal/mol respectively.xviii The reaction energies computed with the two models 
are also in good agreement, with values of 0.2 and 0.0 kcal/mol respectively. Previously 
published CCSD(T) and PBE values have the reaction energy a little higher, at -5.7 and -6.0 
kcal/mol respectively.xviii 

A ReaxFF potential energy barrier at 300 K was obtained by using the potential energies on a 
grid (see Section 2). The minimum potential energy on the highest energy grid point along the 
reactive path is 19.6 kcal/mol (Table I), and this potential energy again corresponds well with 
the static results. This result suggests that the metadynamics simulations are able to model 
the reaction properly. 
The free energy barrier produced by the metadynamics simulation (29.2 kcal/mol) is 
significantly higher than the potential energy results, which suggests that the metadynamics 
bias is not able to induce the most favorable reaction pathway. Indeed, the formation of a 
proton transfer chain of two water molecules is not specifically biased by our selected 
collective variables. With the gas phase water molecules free to diffuse within a sphere of 5 
Å radius around the carbon center, the probability of spontaneous formation of such a chain 
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is relatively low, despite its favorable energetics. This will most likely force the system to 
undergo the reaction via a higher energy pathway involving a reduced number of directly 
involved water molecules. Indeed, analysis of the trajectories shows that frequently the two 
additional water molecules to not participate in the reaction. In accordance with expectation, 
this drives up the barrier, though not with the predicted 27 kcal/mol. This can be explained 
by the fact that a stepwise mechanism is followed, along which intermediate hydronium ions 
(Figure 5) and even hydroxide ions are formed. In the condensed phase the probability of 
water chain formation is expected to be highly improved, and the resulting free energies are 
expected to be more reliable. 
 

 

Figure 5: Example of intermediate hydronium formation in a reactive event in the metadynamics simulations. 

 

4.3.2.2 CO2 hydration at neutral pH 

In pure aqueous liquid solution, an average free energy barrier of 16.2 kcal/mol is obtained 
from our metadynamics simulations. This value is significantly lower than the gas phase result, 
indicating that the condensed phase significantly catalyzes the reaction. The low barrier also 
suggests that unlike the gas phase system, the condensed phase system has less trouble 
assuming low energy transition state geometries. Analysis of the trajectories shows at least 
one example of a reactive event involving fast proton transfer along a chain of three water 
molecules (Figure 6a). However, in most cases, the attacking water molecules injects a proton 
into the solution, creating a hydronium ion that remains stable for several ps (Figure 6b). 
Ultimately, the hydronium ion decomposes as it donates its proton to the carboxylate ion. 
 

Table II: ReaxFF activation and reaction free energies for aqueous CO2 hydration under neutral pH, in the absence and 
presence of a Ca2+ ion. 

 DG‡ (kcal/mol) DG (kcal/mol) 

pure aqueous solution 16.16 ±1.52 -5.02 ±2.07 

CaCl2 (aq) 15.21 ±2.70 -0.37 ±6.34 

* Values preceded by ± are standard deviations 
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Figure 6: CO2 hydration in aqueous solution; (a) Optimal reactive event involving a chain of two water molecules to assist in 
proton transfer; (b) Proton transfer into the solution in which a hydronium ion shuttles along all yellow water molecules for 

25 ps before it finally transfers the proton to the bicarbonate ion. 

Since the energy barriers of the different types of reactive events do not vary greatly, we 
expect that the average value presented is a good representation of the realistic free energy 
barriers, within the constraints of the model used. The reaction is more exothermic than the 
gas phase analogue, with a reaction free energy of -5.0 kcal/mol, indicating that the solvation 
free energy of the H2CO3 molecule should be greater than that of the reactants. 
 

 

Figure 7: Protonation of the intermediate bicarbonate ion by a calcium coordinated water molecule (orange). 

In the presence of a Ca2+ ion, the reaction barrier of 15.2 kcal/mol appears to have been 
reduced slightly with respect to the reaction occurring in pure water, although the difference 
is within the spread of values (Table II). Analysis of the results shows that all reactive events 
involve formation of a hydronium ion. In the majority of events a hydroxide ion is formed as 
well, once the bicarbonate ion is protonated (Figure 7). In some reactive simulations, the two 
ions remain stable in the solution within the simulation time. Once formed, the OH- ion is 
always coordinated to the Ca2+ ion. We expect that the Ca2+ ion (possibly in combination with 
the Cl- ions) slightly increases the stability of a co-existing hydronium and hydroxide ion. The 
stabilization of the hydronium and hydroxide ions has a minor catalyzing effect on the 
reaction, since the formation of a short water chain between the attacking water molecule 
and the CO2 oxygen is no longer a requirement for reaction. This preliminary finding does 
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necessitate thorough testing of the novel parameters for calcium and chloride ions under 
acidic and basic conditions. 
The product seems to be less stabilized in the presence of calcium, although this difference 
of 4.6 kcal/mol is within the standard deviation of the results. Analysis shows that the Ca2+ 
ion does not coordinate to the H2CO3 product. 

 

4.3.2.3 CO2 hydration at high pH 

At high pH, the reaction of CO2 with the solution is simpler than the analogue reaction at 
neutral pH, since no proton transfer is required. The hydroxide ion attacks the CO2 carbon 
atom to directly form the bicarbonate product HCO3

- (Figure 8). 
 

 

Figure 8: Schematic depiction of CO2 conversion to bicarbonate in the presence of a hydroxide ion. 

Table III: ReaxFF activation and reaction free energies for CO2 conversion under alkaline aqueous conditions, in the absence 
and presence of a Ca2+ ion. 

 DG‡ (kcal/mol) DG (kcal/mol) 

NaOH(aq) 5.71 ±3.24 -16.33 ±4.85 

CaClOH(aq) 9.52 ±4.90 -17.50 ±6.50 

* Values preceded by ± are standard deviations 

 
The average free energy barrier computed in the presence of NaOH is 5.7 kcal/mol, which is 
significantly lower than its analogue at neutral pH. The reaction always involves direct attack 
of the OH- ion to the CO2 molecule (Figure 9). This is in contrast to earlier findings using first 
principles MD at very high temperatures, where the mechanism was reported to involve a 
reactive water molecule that is deprotonated by a nearby hydroxide ion while a bond to the 
carbon atom is being formed.xx We cannot say whether this discrepancy is the result of our 
ReaxFF parameters or our metadynamics approach, but we do not expect the alternative 
mechanism to bring the already very low barrier down much further. Before attack, the OH- 
ion is only sporadically coordinated to the Na+ ion. The HCO3

- product is also significantly more 
stable than H2CO3. Analysis of the product reveals that the ion sometimes coordinates to the 
sodium ion, but the vast majority of the simulation time it is not. 
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Figure 9: Attack of the OH- ion at the CO2 carbon to form a bicarbonate ion; (a) the hydroxide ion nears the CO2 molecule; 
(b) the hydroxide ion starts coordination to the carbon atom; (c) the bicarbonate ion is formed. 

Perhaps surprisingly, the free energy barrier increases in the presence of one Ca2+ ion. 
Analysis of the trajectories shows that in most cases the OH- ion is first coordinated to the 
Ca2+ ion, and has to de-coordinate in order to react with the CO2 molecule. In 30% of the 
simulations, the next step observed in the simulated trajectories is the deprotonation of 
another water molecule coordinated to the calcium ion, which transfers its proton to the 
newly formed bicarbonate ion. In a single instance (out of 10 simulations) it is not the 
hydroxide ion that is involved in the initial attack, but a water molecule, which transfers its 
proton to the hydroxide ion during the reaction. All these results indicate that the hydroxide 
ion is so strongly coordinated to the calcium ion that the reaction is less likely to occur. Once 
formed, the bicarbonate ion coordinates the Ca2+ ion the majority of the simulation time 
(60.2% of the time), but it is bound less strongly than the hydroxide ion was initially (99% of 
the time). 

5 Conclusions and future steps 

In this work we provide novel insights into the effect of the calcium ion on the hydration 
reaction of solvated CO2, on a molecular level. We performed reactive force field (ReaxFF) 
simulations of the reaction under neutral and alkaline conditions. Our findings indicate that 
under neutral conditions the reaction of CO2 with water to form H2CO3 is modestly 
accelerated by the Ca2+ ion, which increases the stability of intermediate hydronium and 
hydroxide ions. Under alkaline conditions, the reaction of CO2 with a hydroxide ion to form 
HCO3

- is accelerated significantly with respect to its neutral analogue. In this case, the 
presence of a Ca2+ ion hampers the reaction rate, due to the strong coordination of the 
hydroxide reactant to the calcium ion. 
Although the simulation results achieved within this task could not be extended to the CO2 
mineralisation, the progress achieved with the acceleration of ReaxFF simulations has allowed 
S4CE to better understand the fundamental mechanisms responsible for the hydration of CO2 
in various conditions that can be found experimentally. For the time being, these insights 
allow us to understand how the composition of the sub-surface fluid systems affect the fate 
of dissolved CO2.  

In the long term, our results can be seen as a first step in the simulation and understanding 
of CO2 injected in rock formations. In particular, a next step will be the inclusion of Si to the 
force field parameters so as to continue with the modelling of C-S-H in CO2-H2O among other 
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substrate formations, with the long-term goal of exploring different rocks and different 
geological situations that could allow for optimal carbonation of CO2. 

Of note, the computational innovations achieved during this consortium have been 
implemented in the AMS modelling suite, which will promote the success of future scientists 
and the eventual implementation of CO2 mineralisation in several formations across the 
world, which is one of the long-term goals of the S4CE consortium. 
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