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Definitions and acronyms  
 

Acronyms Definitions 

MD Molecular Dynamics 

NPT Isothermal isobaric statistical ensemble 

NVT Canonical statistical ensemble 

GHG Greenhouse gas  

NORM Naturally Occurring Radioactive Material 

NG Natural gas 

SG Shale gas 

vdW van der Waals 

HB Hydrogen bond 
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1. Introduction 

1.1 General context  

 
The recent developments of upstream sector technology has rendered possible the 

extraction of oil and gas from unconventional sources. The term “unconventional sources” 

refers to natural formations of low permeability that hold substantial quantities of oil 

and/or gas. Hydraulic fracturing and extended horizontal drilling are two such new 

technologies developed over the past couple of decades, that allow industry to access 

oil/and gas that was otherwise inaccessible. Shale gas is one of the most promising 

unconventional sources of energy. It is natural gas, which is found in shale formations, an 

unconventional energy source. Currently it is only being commercially exploited by a handful 

of countries, with USA being the major producer. Although shale gas is advantageous over 

other fossil fuels such as coal, there are a number of issues associated with both its 

environmental impact.  

 

During the hydraulic fracturing technique, fracturing fluid – which is essentially a water 

solution – is injected to the shale formation in order to fracture it. This is necessary in order 

to access the gas of the practically impermeable source rock. This process has been related 

to increased seismic activity in regions neighboring the shale gas extraction sites. The 

subject of other investigations has been the possibility of contamination of potable water 

with CH4. Lastly and more importantly, there is great concern about the possible migration 

of radioactive materials that are naturally trapped in the shale, the so-called NORMs.  

 

Molecular Dynamics (MD) simulation technique has been proven extremely useful in 

acquiring quantitative and qualitative (i.e. physical properties) information about 

phenomena happening in length and time scales inaccessible to experimental techniques. 

The phenomena occurring at the atomistic scale may have a determining effect on the 

macroscopically observed behavior of the systems of interest. In the context of shale gas 

technology, MD simulations can provide substantial information of the relevant fluid 

systems at subsurface conditions that can be used to optimize the extraction process with 

reduced environmental hazard. A prime example of use of MD in this context is the study of 

the transport properties of fracturing fluid in the shale rock, which can provide essential 

information that will allow the assessment of possible risks associated with the migration of 

unrecovered fracturing fluid and NORMs from the shale rock to nearby regions (that are not 

related to the shale gas extraction).  
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1.2 Deliverable objectives 

 
Given the importance of the adsorption and transport behavior of NORMs in clays, in the 

present work we extend our previous studies of the properties of typical water-based 

fracturing fluids in clay mesopores by including in the fluid under confinement NORMs. 

Extensive MD simulations are carried out in order to reveal the preferential adsorption 

behavior of the NORMs on the kaolinite surfaces. The model fluid consists of water, 

methanol or citric acid and either CsCl, SrCl2 and RaCl2. Citric acid was modeled in two 

forms, namely fully protonated (H3A) and deprotonated (A3-), the latter being prevalent in 

neutral pH conditions. The hydrogen bonds formed between the kaolinite surfaces and 

water molecules as well as the additives were also examined. Furthermore, we examined 

via cluster analysis the effect of the various salts on the cluster formation of citric acid, 

which exhibits the tendency for aggregation.  

 

In addition, we address the issue of the site-specific adsorption strength of NORMs at the 

basal surfaces and edge surfaces of typical clays and evaluate the energetics and 

mechanisms of exchange between NORMs and other common ions (Na+, K+, Ca2+) present in 

the model fracking fluid. For this purpose, the basal and edge surfaces of an uncharged clay 

(kaolinite), a moderate-charge smectite clay (montmorillonite), and higher charge illite clay 

(muscovite) are simulated in contact with a simplified fracking fluid compositions, 

containing only NORMs and NaCl.  

 

Finally, we provide information on the mobility of the various species inside the kaolinite 

pore by calculating lateral diffusion coefficients and mean residence times.  

 

2. Methodological approach 

2.1 Models 

 
A supercell kaolinite structure was obtained by merging 324 unit cells with parameters of a 

= 0.51535 nm, b = 0.89419 nm, c = 0.73906 nm, α = 91.926°, β = 105.046°, γ = 89.797° (Bish, 

1993) (9 × 9 × 4 respectively along a, b, and c, respectively). This gave rise to a total of four 

kaolinite layers, i.e. eight siloxane and gibbsite sheets. Following the protocol of previous 

simulation studies, the triclinic supercell produced was, in turn, transformed to 

orthorhombic (Vasconcelos et al., 2007; Zhang et al., 2016; Li et al., 2016). These four 

kaolinite layers were then separated by introducing a 4 nm vacuum layer between the 

hydroxyl and siloxane basal surfaces, which is representative of the nanopore sizes 

encountered in shales and mudstones (Zhang et al., 2016). The generation of the kaolinite 

slit pore system was performed by means of the Crystal Builder module integrated in 

Scienomics (2015) MAPS software package. Kaolinite slit pore was modelled by means of the 
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CLAYFF force field (Cygan et al., 2004), which has proven particularly successful in studies of 

hydrated mineral systems and their interfaces at ambient conditions.  

 

The kaolinite slit pore was then filled with water-based fracturing fluids, in concentrations 

satisfying the condition of maintaining a total density of 1.0 g cm-3. For the representation of 

water molecules the SPC/E (Berendsen et al., 1987) model was employed, as it is suitable for 

use in combination with CLAYFF (Moucka et al., 2017).  

 

Methanol and citric acid structures were initially optimized in the gas phase at the B3LYP/6-

31G* level of theory (Becke, 1993; Stephens et al., 1994; Hehre et al., 1972) by means of the 

Gaussian 09 (Frisch et al., 2009) suite of programs. As far as citric acid is concerned, given 

that kaolinite is considered under neutral pH conditions (i.e. gibbsite coverage with AlOH 

groups only and SiO2 coordinated siloxane surface), it was studied at its predominantly 

encountered fully deprotonated state (Kunze et al., 2007). However, for comparison 

reasons, the fully protonated citric acid was also examined. The atomic charges were 

obtained from the optimized geometry at the HF/6-31G* level of theory according to the 

Mertz-Kollman population analysis scheme (Besler et al., 1990; Singh and Kollman, 1984). 

GAFF parameters (Li et al., 2015)  were then assigned to both molecules, as they have been 

successfully employed in conjunction with the CLAYFF model in previous studies (Li et al., 

2013; Abraham et al., 2015; Pall et al., 2015). Topologies were generated by means of the 

tLEaP module (Case et al., 2012). 

 

Finally, water-based fracturing fluids of approximately 0.3 M salt concentration containing 

5% wt. of either methanol or citric acid were prepared by appropriately replacing water 

molecules with electrolyte ions. For the description of the ions the parametrization 

developed by Li et al. was adopted, which reproduces their hydration free energy 

specifically for the SPC/E water (Li et al., 2013; 2015). As far as the fully deprotonated citric 

acid systems are concerned and in order to maintain the salt ion balance, charge neutrality 

was achieved by introducing oxidanium (H3O+) ions (Li et al., 2015). Typical snapshots of 

these systems are presented in Figure 1. Detailed compositions of all systems examined are 

presented in Table 1.  

 



Deliverable D4.4 
 

PU Page 9 of 38 Version 1.3 

 

 
Figure 1: Snapshots of the equilibrated water—based fracturing fluids examined with methanol and citric 
acid (A3-) additives in kaolinite mesopores, including CsCl, SrCl2 and RaCl2 salts in approximately 0.3 M 
concentration.  

 
Table 1: Detailed compositions of all systems examined in the present study. 

 

System/component H2O CH3OH 
Citric acid NORM 

H3A A3- H3O+ Cation+ Cl- 

Kao-H2O 5097       

Kao-H2O-CH3OH 4848 140      

Kao-H2O-H3A 5009  23     

Kao-H2O-A3- 5009   23 69   

Kao-H2O-CsCl 4844     27 27 

Kao-H2O-SrCl2 4859     27 54 

Kao-H2O-RaCl2 4652     27 54 

Kao-H2O-CsCl-CH3OH 4595 140    27 27 

Kao-H2O- SrCl2-CH3OH 4610 140    27 54 

Kao-H2O- RaCl2-CH3OH 4403 140    27 54 

Kao-H2O- CsCl -H3A 4599  23   27 27 

Kao-H2O- SrCl2-H3A 4614  23   27 54 

Kao-H2O- RaCl2-H3A 4406  23   27 54 

Kao-H2O- CsCl -A3- 4599   23 69 27 27 

Kao-H2O- SrCl2-A3- 4614   23 69 27 54 

Kao-H2O- RaCl2-A3- 4406   23 69 27 54 

 
 
The adsorption of NORMs and other ions in the hydrated interlayers and at the basal (001) 

surfaces of montmorillonite were performed for a wider range of mono- and di-valent 

cations (Na+, Cs+, Ca2+, Sr2+, Ba2+) using previously developed models (Ngouana-Wakou and 

Kalinichev, 2014). The interlayer space (nanopore) was filled with water molecules and 

cations in order to have a 1W hydrate and 30 monovalent cations (Na+ or Cs+) or 2W hydrate 

and 15 divalent cations (Ca2+, Sr2+, Ba2+). The number of water molecules in the interlayer 

space was chosen to reproduce the most energetically favorable hydration states of 

montmorillonite as a function of the charge compensating cation. The mesopore created at 

the clay surface was filled with 4144 H2O molecules and 30 monovalent or 15 divalent 
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cations. In each case the cations were equally distributed between two interfaces and 

initially placed at a distance of about 10 Å from the surface to assure proper equilibration.  

 

 (a)  
 

(b)  
 

(c)  
 
Figure 2: The simulation supercells for (010) edge surfaces of (a) kaolinite, (b) montmorillonite, and (c) 
muscovite in contact with model fluid phase. Solution atoms are coloured as follows: Sr, Ba, green; O, red; 
H, white; Na, blue; Cl, light green. For Montmorillonite and muscovite models Surface 1 is on the left and 
Surface 2 – on the right. 

 
For the adsorption simulations at the edge surfaces of kaolinite, montmorillonite, and 

muscovite, similar simulation cells were constructed with the dimensions 28 Å × 41 Å × 108 

Å, 45 Å × 41 Å × 81 Å, and 29 Å × 41 Å × 103 Å, respectively Figure 2a-c). Here, in addition to 

the charge-compensating cations, the simulated fluid composition included 1480 H2O, 6 

NaCl (0.1M), and 4 SrCl2/BaCl2 (0.07M). For the montmorillonite and muscovite cases two 

slightly different edge surfaces were exposed to the fluid: with isomorphic substitution sites 

either directly accessible, or not accessible to solution (Surface 1 and Surface 2, 

respectively). ClayFF parameters (Cygan et al., 2004) were employed to model all 

interatomic interactions in these systems with the most recent modifications allowing 

accurate modeling of the clay edges (Pouvreau et al., 2017, 2018). 
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2.2  Simulation details 

 
All MD simulations were performed using the GROMACS 5.0.7 software (Abraham et al., 

2015; Pall et al., 2015; Pronk et al., 2013; Hess et al., 2008). The simulations were performed 

in orthorhombic boxes, with periodic boundary conditions imposed in all directions at 

ambient conditions of temperature (298.15 K) and pressure (1 bar). These conditions are 

not only relevant to the ones encountered at earth’s surface but also correspond to the 

CLAYFF force field parameterization.  

 

Prior to production runs and in order to eliminate any close contacts between atoms, all 

systems were subjected to steepest descent energy minimization for 20,000 steps. Then, 

short equilibration simulations in the canonical (NVT) and isobaric-isothermal (NpT) 

ensembles were performed. Specifically, all systems were gradually heated to the target 

temperatures for 100 ps in the NVT ensemble using the Berendsen thermostat (Berendsen 

et al., 1984), with the coupling constant set to 1 ps. The LINCS algorithm (Hess et al., 1997) 

restrained all bonds involving hydrogen atoms. The integration step of all simulations was 

set to 2 fs. A simple cut-off scheme for the Lennard-Jones (LJ) interactions can have minor 

impact on the molecular arrangement, but can significantly influence simulations of 

inhomogeneous systems, leading to incorrect estimation of interfacial properties (Vega et 

al., 2007). Therefore, we applied the Particle Mesh Ewald (PME) method (Darden et al., 

1993; Salomon-Ferrer et al., 2013) for the long-range LJ interactions as well as for 

electrostatic interactions (Darden et al., 1993) with a cut-off at 1.2 nm for the short-range 

interactions. The Lorentz–Berthelot combining rules (Allen and Tildesley, 1987) were used 

for the cross-interaction LJ parameters.  

 

All systems were initially equilibrated for a period of 1 ns in the NpT ensemble, at constant 

pressure of 1 bar using a Berendsen barostat (Berendsen et al., 1984), with the coupling 

constant set to 1 ps. Pressure coupling was isotropic in the x and y direction, but semi-

isotropic in the z direction, which is perpendicular to the fluid-kaolinite interface. All 

systems were further equilibrated for 4 ns using the Nosé–Hoover thermostat (Hoower, 

1985), while isotropic pressure was maintained using a Parrinello–Rahman (1981) barostat, 

with a coupling constant set to 5 ps. During this 5 ns period, the density of the liquid phase 

converged to a mean value, along with the energy of the system. Finally, production runs of 

100 ns were performed in the NVT ensemble.  

 

In order to examine the role of hydrogen bonds in the adsorption behavior of the various 

species examined in this work, we carried out a hydrogen bond (HB) analysis between the 

kaolinites surfaces and the water molecules of the solution as well as between the kaolinite 

surfaces and the hydrocarbon additives. Traditional geometrical criteria were used, where a 

hydrogen bond is defined to exist if the donor-acceptor distance is less than rHB = 0.35 nm 
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and simultaneously the hydrogen-donor-acceptor angle is less than αΗΒ = 30o. Following the 

spirit of Zhang et al. (2016), the number of HBs was normalized to a surface area of 10 nm2. 

 

Furthermore, the aggregation of citric acid molecules was investigated over the last 40 ns. 

The first minimum of the intermolecular oxygen-oxygen radial distribution function (RDF) of 

citric acid was used as the distance cutoff criterion for the evaluation of aggregates, hence 

the minimum distance between molecules considered as part of an aggregate was less than 

0.40 and 0.45 nm for H3A and A3-, respectively. Citric acid monomers were not excluded 

from analysis. Cations close to citric acid aggregates were dynamically selected based on 

their first RDF minimum. 

 

An indication of the tendency of the fracturing fluid components to be adsorbed on the 

surfaces of the slit pore (adsorption strength) is given by their mobility. It is expected that 

the lateral diffusion of the various components near the center of the pore would resemble 

that of the bulk solution. On the other hand, the mobility is expected to be reduced near the 

pore surfaces due to the interactions developed between the compounds and the surface. 

To this respect, the analysis of the molecular mobility was performed by means of the 

lateral diffusion coefficients as a function of the distance from kaolinite surfaces. Since the 

system is an aqueous solution under confinement, the pore was divided in regions based on 

the mass/molecule axial density profile of water along the confinement direction (i.e. z in 

our study).  

 

The calculation of the self-diffusion coefficient may be problematic as a consequence of the 

restricted length of the slabs due to confinement. This may have as a consequence low 

mean residence times, lower that the time needed for the Fickian diffusion to be developed. 

For these cases we calculated indicative diffusion coefficients from the slope of the mean 

square displacement (MSD) versus time at the point corresponding to the mean residence 

time of the component in the slab. The reported values are calculated based on four blocks 

where the trajectories of 100ns where divided. The lateral MSD of the component i was 

calculated as: 

    
2 2

0 0
i
xy t tMSD x x y y      (1) 

where, the brackets denote the mean value over all molecules of component i and multiple 

origins. In the case where sampling is efficient and the diffusion has entered the Fickian 

region the lateral self-diffusion coefficient was calculated from the well-known formula: 

 4i i
xy xyMSD D t  (2) 
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3. Summary of activities and research findings 

3.1 Density profiles analysis  

 
In Figure 3, we present the density distributions along the axis normal to the kaolinite walls 

(which are separated by approximately 4 nm) for CsCl, SrCl2 and RaCl2 containing systems 

with and without methanol. In this figure as well as in all the following ones, we include also 

the results for NaCl, which are presented in more detail in the deliverable D4.2, for reasons 

of comparison. The regions delimited by water distribution will be referred to from this 

point on as RI (gibbsite side), RII (bulk-like region) and RIII (siloxane side). In all systems 

examined, the negatively charged Cl- ion is found on the octahedral hydroxylated gibbsite 

surface (region RI), and exhibits inner-sphere adsorption, given that it is primarily found 

within the first water layer. On the other hand, Na+, Cs+, Sr2+ and Ra2+ cations are found 

primarily on the siloxane surface (region RIII). Na+ shows outer-sphere adsorption behavior 

on the siloxane surface, and the same is true for Sr2+ and Ra2+. On the contrary, Cs+ exhibits 

mainly inner-sphere adsorption, while a considerable concentration is also located at the 

outer-sphere. The adsorption behavior of Cl-, Na+ and Cs+ is consistent with the findings of 

Vasconcelos et al. (2007). 

 

Methanol closely follows the distribution of water in the bulk-like region of the pore and it 

shows greater preference towards the siloxane surface. In Figure 4a, a snapshot of 

methanol close to the siloxane surface is illustrated. In general, the hydrogen of the 

hydroxyl group is directed towards both the surface and the bulk region, while the carbon of 

the carbon-oxygen bond is mainly directed towards the siloxane surface. This is supported 

by the atomic number density profiles (Figure 4b) and polar angle probability distributions 

of the C-O (θC-O) and O-H bonds (θO-H) in the siloxane and gibbsite regions (Figure 4c). In all 

cases, the presence of methanol does not affect the ion distribution and vice versa.  
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Figure 3: Mass density profiles along the axis normal to the kaolinite mesopore surfaces for the systems with 
and without methanol. a) NaCl, b) CsCl, c) SrCl2 and d) RaCl2. The RI and RIII regions of each diagram 
correspond to the gibbsite and siloxane surfaces, respectively. 

 
In Figure 5, we present the results for systems containing NaCl, CsCl, SrCl2 and RaCl2 with 

and without H3A. The protonated (or non-dissociated) form of citric acid in general does not 

shift the distribution of the ions for all the cases examined. On the contrary, the distribution 

of H3A is affected by the ion presence. Although its adsorption behavior on the siloxane side 

remains practically unaffected, its concentration is slightly increased in the bulk and 

marginally towards the gibbsite side. An exception to the behavior just discussed is found 

for aqueous systems containing CsCl, in which case citric acid closely follows the distribution 

of Cs+, concentrated on the siloxane surface.  

 

RI             RII              RIII 



Deliverable D4.4 
 

PU Page 15 of 38 Version 1.3 

 

 

 
Figure 4: a) Characteristic snapshot of methanol in proximity to kaolinite’s siloxane surface. b) Atomic 
number density profiles of methanol close to the siloxane surface. Methanols’ atoms are named as C3, Om 
and Hm. Water (OW) and siloxane bridging (ob) oxygens are also shown. c) Probability distribution of the 
polar angles formed between the symmetry axis of the C-O (θC-O) and O-H (θO-H) bonds in the siloxane and 
gibbsite regions, with respect to the z axis which is normal to kaolinite surfaces. 

 
In Figure 6, the distributions of the aqueous solutions of NaCl, CsCl, SrCl2 and RaCl2 with and 

without A3- are shown. The presence of Na+, Sr2+ and Ra2+ shifts the A3- distribution towards 

the siloxane surface. Exception is the case of Cs+, which, as shown in Figure 6b, does not 

allow A3- citric acid to approach the siloxane side but restricts its presence to the gibbsite 

side. While in most cases examined here citric A3- does not alter the distribution of the ions 

significantly, it was observed that Cs+ cations were detached from the siloxane side and 

brought close to the gibbsite surface by A3- citric clusters (Figure 6b). The oxidanium’s 

distribution in general follows that of A3-. An additional peak can be found on the siloxane 

side exhibiting outer-sphere adsorption. 

a)                                         b) 

 

 

 

 

 

 

 

 

 

 

 

c) 
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Figure 5: Mass density profiles along the axis normal to the kaolinite mesopore surfaces for the systems with 
and without the protonated citric acid (H3A). a) NaCl, b) CsCl, c) SrCl2 and d) RaCl2. 

 
Figure 6: Mass density profiles along the axis normal to the kaolinite mesopore surfaces for the systems with 
and without the fully deprotonated citric acid (A3-). a) NaCl, b) CsCl, c) SrCl2 and d) RaCl2. 
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3.2 Hydrogen bond network 

 
Hydrogen bond (HB) analysis between water and kaolinite surface proton donors and 

acceptors provides additional information on the water-surface affinity as a function of 

mixture composition. In Figure 7 the calculated number of hydrogen bonds, NHB, between 

the kaolinite surfaces and water molecules, normalized over a 10 nm2 surface area, are 

presented for all the systems examined in the present study. It is observed that the addition 

of salts results in a reduction of water-surface HBs on both surfaces, but particularly on the 

siloxane surface. Inner-sphere adsorption of Cl- anions on the gibbsite hydroxylated side 

results in the same reduction of NHB in all systems. The total NHB in NaCl, SrCl2 and RaCl2 

containing systems is almost the same, with the exception of CsCl, which exhibits reduction 

at the siloxane surface. This analysis demonstrates that inner-sphere adsorption of Cs+ is 

affecting water-kaolinite HB behavior. 

 

Adding methanol and H3A yields similar effects on the HB network (Figure 7); in both cases 

the number of HBs between water and the gibbsite surface remains unaffected compared 

to pure water (Kao-H2O). Adding A3- leads to a small reduction of HBs on the gibbsite side. 

At the siloxane surface, the presence of additives considerably reduces NΗΒs. The same holds 

for the systems containing both additives and salts. Notably, CsCl systems show a greater 

reduction of NHBs, compared to the rest salt containing systems.  

 

As shown in Figure 8a, methanol is not involved in extensive HB formation with either 

surface and this behavior is not changed by the addition of any of the salts examined in this 

study. 

 

Results are presented in Figure 8b for the hydrogen bonds between the kaolinite surfaces 

and the oxygens of the citric acid. Notably, citric acid in its fully protonated state (H3A) 

forms a slightly higher number of HBs with the gibbsite wall in the systems containing NaCl, 

SrCl2 and RaCl2 compared to the salt-free system, whereas this number is diminished in the 

CsCl system. In all cases however, HBs at the siloxane side remain at very low levels. On the 

other hand, A3- molecules form extensive HBs with the gibbsite surface hydroxyls in the salt-

free system, which drop dramatically with the addition of salts. This is attributed to the 

presence of Cl- anions, which limit the availability of HB contacts with the surface. NHB is 

further reduced in the SrCl2 and RaCl2 containing systems, where the Cl- concentration is 

doubled and A3- molecules move further away from the gibbsite surface shifting closer to 

the siloxane side, with which –however– no HBs are formed.  
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Figure 7: Number of hydrogen bonds, NHB, between the kaolinite surfaces and water molecules, normalized 
over a 10 nm2 surface area. Dark and pale colors illustrate systems without and with salt, respectively. 
Systems containing methanol and citric acid additives are illustrated with stripes. Donor and acceptor refer 
to proton donor and proton acceptor, respectively. 
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Figure 8: Normalized number of hydrogen bonds, NHB, between the kaolinite surfaces and a) methanol and 
b) citric acid. Dark and pale colors illustrate systems without and with salt, respectively. Donor refers to 
proton donor. 

 

3.3 Citric acid aggregate  

 
For the case of citric acid, which tends to aggregate, a cluster analysis was also carried out, 

in order to examine the effect of the various ions on the cluster formation. The time 

evolution of the number of citric acid aggregates for all systems is presented in Figure 9, 

while in Figure 10 the running averages of the numbers of the various species that 

participate in the aggregates are shown. 

 

For the case of the H3A, the average number of aggregates fluctuates around 4.3 (±1.2) for 

the salt free system and 4.4 (±1.2), 3.1 (±1.1), 4.7 (±1.0) and 4.5 (±1.3) in systems 

containing NaCl, CsCl, SrCl2 and RaCl2, respectively (Figure 9a), with values in parentheses 

(a) (b) 
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denoting standard deviation. In addition, as illustrated in Figure 10a, the average aggregate 

size of H3A contains 3.5 (±1.2) in the salt-free system and 2.7 (±0.5), 6.3 (±2.6), 3.2 (±0.6) 

and 3.2 (±1.0) molecules in NaCl, CsCl, SrCl2 and RaCl2 containing systems, respectively. This 

means that H3A molecules tend to coalesce into many small aggregates (mainly dimers and 

trimers), without showing any tendency to accumulate in larger formations, regardless of 

salt. These small aggregates change dynamically during the simulation, with individual 

molecules leaving one cluster and adsorbing to another. With the exception of the CsCl 

system, cations do not show any participation in H3A aggregate formation. As far as the CsCl 

system is concerned, 3.9 (±1.7) Cs+ cations participate on average in the small H3A 

aggregates. This can be attributed to the criterion used for analysis and the fact that citric 

acid aggregates are found close to the inner sphere adsorbed Cs+. Given that H3A is located 

on the siloxane side and forms relatively more HBs with the surface compared to other 

systems, this suggests the formation of bridges between the siloxane oxygen atoms, Cs+ 

cations and carboxyl oxygens. Cl- anions do not participate in H3A aggregates formation in 

NaCl and CsCl systems. However, in the SrCl2 and RaCl2 containing systems 1.0 (±0.4) Cl- 

anion was found on average in the aggregates formed. 

 

The behavior of the fully dissociated citric acid is completely different, as A3- molecules 

progressively aggregate to form large clusters Figure 9b). This is illustrated by the average 

number of aggregates present in the last 40 ns, which fluctuates around 4.7 (±0.5) for the 

salt free system and 4.7 (±0.5), 2.0, 3.5 (±0.9) and 2.1 (±0.3) in systems with NaCl, CsCl, 

SrCl2 and RaCl2, respectively. The average aggregate size of A3- contains 5.0 (±0.6) in the 

salt-free system and 4.7 (±0.5), 11.3 (±0.2), 7.1 (±2.1) and 11.0 (±1.3) molecules in NaCl, 

CsCl, SrCl2 and RaCl2 systems, respectively (Figure 9b). These aggregates also contain on 

average of 10.4 (±1.3) H3O+ cations in the salt-free system, which increases to 11.2 (±1.3), 

26.6 (±0.4), 15.5 (±4.5) and 24.6 (±2.7) H3O+ cations in NaCl, CsCl, SrCl2 and RaCl2 systems, 

respectively (Figure 9b). 

 

The prevalent role of H3O+ in cluster formation is also revealed through the coordination 

number of the A3- oxygens with the various ions, which is calculated through integration of 

their respective RDFs up to the first minimum (Figure 11) and shown in Figure 12. H3O+ 

cations essentially act as bridges connecting the –COO- groups and are integral in aggregate 

formation. The trends observed in the average H3O+ aggregate content are also present in 

the participating cations. In detail, A3- aggregates contain 2.0 (±0.5), 1.5 (±0.4), 6.2 (±1.8) 

and 7.9 (±1.1) Na+, Cs+, Sr2+ and Ra2+ cations, respectively (Figure 10b). It is important to 

note that Cs+ is not a major aggregate contributor. This is probably due to its inner sphere 

mode of adsorption on kaolinite’s siloxane surface, which renders detachment by A3- less 

favorable compared to other cations and is in agreement with adsorption energies 

presented in previous studies (Vasconcelos et al., 2007). However, in case that Cs+ is 

dislocated, it participates in A3- aggregates by acting as a bridge to the hydroxylated side 

(Figure 13). Cl- anions were not found to participate in aggregates formed in the NaCl 

system. In the CsCl, SrCl2 and RaCl2 containing systems, 2.5 (±0.4) Cl- anions were calculated 
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on average in the aggregates formed. As with the salt-free system, these clusters tend to 

approach the hydroxylated side of the kaolinite mesopore in the NaCl and CsCl containing 

systems. This is not the case, however, for the systems containing divalent Sr2+ and Ra2+ 

cations, where the aggregates lie closer to the siloxane side due to the electrostatic 

interactions. 

 

As mentioned previously, the tendency is to finally have only a small number of aggregates 

present, which is more pronounced in salt containing systems compared to its salt-free 

counterpart. To this end, we have repeated simulations and performed independent runs 

for 300 ns, showing that in the NaCl, SrCl2 and RaCl2 containing systems a single large 

aggregate is formed (Figure 14). In the CsCl system, two large aggregates are formed, 

whereas in the salt-free system four aggregates appear stable during the 300 ns simulations. 

This shows that the presence of salts is an important factor for aggregation. Finally, we 

repeated these simulations in the absence of kaolinite walls. The same aggregation behavior 

was observed for the salt containing A3- systems. In the pure A3- system a single aggregate 

was formed, indicating that confinement is a determining factor in aggregate formation 

(Figure 15).  

 
Figure 9: Time evolution of H3A (a) and A3- (b) citric acid number of aggregates in all systems. The thick green 
line is the running average taken every nanosecond. 

 

(a) 

(b) 
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Figure 10: Time evolution of the number of H3A (a) and A3- (b) citric acid molecules, as well as ions 
participating in aggregates in all systems. The thick lines are the running averages taken every nanosecond. 

 
 
 

(a) 

(b) 
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Figure 11: Intermolecular RDFs of oxygen-cation and oxygen-chloride anion in H3A (a, c) and A3- (b, d) citric 
acid. The location of the first minimum was used as the distance cutoff criterion for the evaluation of 
aggregates. 

a) 

 

 

 

 

b) 

 

 

 

 

 

 

c) 

 

 

 

 

d) 
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Figure 12: Coordination number of various species with the carboxyl (H3A) and carboxylate (A3-) citric acid 
oxygens, up to the first minimum of their respective RDFs. 
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Figure 13: Characteristic snapshot of the A3- cluster formed in the CsCl containing system. A3- molecules 
(black licorice) are bridged together with H3O+ cations (white spheres) which also interact with Cl- (green 
spheres) present on the hydroxylated gibbsite surface. The A3- anchors to the surface through hydrogen 
bonds and via bridges with Cs+ (red spheres). 
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Figure 14: Time evolution of A3- citric acid number of aggregates in 300 ns simulations in kaolinite. The thick 
green line is the running average taken every nanosecond. 

 
 

 
Figure 15: Time evolution of A3- citric acid number of aggregates in 300 ns bulk simulations. The thick green 
line is the running average taken every nanosecond. The salt containing systems show a behavior similar to 
their confined counterparts. The exception of the salt-free system compared to the confined system 
showcases the importance of the kaolinite surface in controlling cluster formation. 

 

3.4 Mobility analysis 

 
Based on the axial density profiles of H2O (shown in Deliverable 4.2) which are symmetric 

exhibiting two peaks (indicative of two adsorption layers) close to each pore surface, the 

regions delimited by water distribution are referred as RI (gibbsite side), RII (bulk-like 

region) and RIII (siloxane side). Region RI includes the two adsorption layers of the gibbsite 

surface, the second region, named RII, corresponds to the bulk solution and finally the two 

adsorption layers of the siloxane surface define the third region named RIII. 
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The mobility of fluid components inside the slit pore is evaluated by the lateral diffusion 

coefficients, Dxy, and the residence times of the water-based fracturing fluid components, 

which were calculated in each of the aforementioned regions. Figure 16, shows the 

calculated lateral self-diffusion coefficients and residence times of all component in each 

region.   

 

As explained previously the limited thickness of the slabs may have implications in the 

residence time of the components in regions RI, RII and RIII. Therefore, the lateral diffusion 

coefficients, Dxy were calculated using two approaches depending on the whether the 

characteristics of the diffusion allow the conventional calculation based on MSD or not: (a) 

from the slope of the MSD(t) curve in regions where Fickian diffusion was observed or, (b) 

from the slope of the curve at time equal to the mean residence time of the considered 

component when the diffusion was not Fickian.  

 

As a general remark all fracturing fluid mixture components in all type of fracturing fluids 

diffuse more slowly in regions RI and RIII near kaolinite surfaces compared to the bulk 

(region RII). This decrease is more profound in the proximity of the gibbsite side. The 

addition of salts decreases water mobility, while the further addition of methanol 

accentuates this decrease.  
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Figure 16: a) Residence times and b) diffusion coefficients for the components of the fracturing fluids 
examined (water solutions with 0.3 M salt (NA: NaCl, CS: CsCl, SR: SrCl2 and RA: RaCl2) and 5 % wt methanol 
(NA MET, CS MET, SR MET, RA MET)). Blue squares represent the properties of pure water, while grey filled 
squares represent the water properties in a 5 % wt methanol solution. The values are reported separately 
for each of the three regions defined along the confinement direction.  

 

Salt addition decreases the diffusion coefficient of water in all three regions of the pore. The 

further addition of methanol has small but measurable impact on Dxy for water with slightly 

reduced values in both the bulk and siloxane regions, RII and RIII. On the other hand Dxy 

remains practically unchanged in region RI close to gibbsite surface. The order of calculated 

Dxy for the cations in the bulk follow the order Cs+ >> Na+ > Sr2+ > Ra2+. These results for Cs+ 

and Na+ are in agreement with available experimental data.  

 

The ranking of cation residence times in region RIII (near the siloxane surface) is Ra2+  Sr2+ > 

Cs+ > Na+. This ranking is in agreement with the inverse order that the corresponding Dxy 

follow. On the gibbsite side, residence times of the Cl- anion as function of the cation 

present in fracturing fluid follow the order CsCl  NaCl > RaCl2  SrCl2. The addition of 

methanol leaves the residence times of all species unaffected except for the case of Cl-. The 
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observed ordering is connected with the surface-ions interactions and possibly implies 

differences in the adsorption strengths. 

 

For the case fracturing fluid comprising citric acid as additive it is possible to calculate the 

diffusion coefficient for the water and the cations present in the solution only. This is a 

result of cluster formation of citric acid, which renders the Dxy calculation difficult. The 

larger Dxy was observed for Cs+ as in the case of pure salt and salt-methanol solutions. In 

general citric acid (both models) addition reduces the mobility of these components 

compared to the corresponding pure salt solutions. In region RII (the bulk region) water 

diffusion coefficient if more affected by the dissociated model case. On the other hand at 

the siloxane side, addition of the non-dissociated form of citric acid affects more the 

mobility of the other components. This is difference may be explained by the stronger 

adsorption of H3A with the siloxane surface, as indicated also by the density profiles (see 

deliverable 4.2). Regarding the mobility of the H3O+ cations that were added for charge 

equilibration purposes in the fracturing fluid containing A3-,  in the bulk slab (region RII) its 

diffusion coefficient follows the order NaCl > CsCl > SrCl2 > RaCl2.  

 

For H3A and A3- that diffusion coefficient was not calculated and information about their 

mobility is gained by their residence time in regions RI and RIII (close to the pore surfaces). 

In the absence of salts, molecules of citric H3A reside in the siloxane side about ten times 

more that the A3- molecules while in the gibbsite side around 2.5 times less. This finding is in 

accordance with the affinity of the two citric acid models with the pore surfaces as this is 

indicated by their density distributions. For the fracturing fluid (i.e. when salt is added) a 

similar behavior is observed. Finally regarding the residence times of salt cations these 

increase with the increase of the charge of the cation and upon addition of A3- slightly 

decrease.  

 
 

3.5 Adsorption of NORMs at the basal (001) surfaces of clays and at their 
edges  

 
Taking advantage of the detailed charge delocalization offered by the ClayFF model (Cygan 

et al., 2004), we can identify several possible surface adsorption sites on the basal surfaces 

of clays, as indicated in Figure 17 (Ngouana-Wakou and Kalinichev, 2014; Loganathan and 

Kalinichev, 2017).  

 

On a higher-charge muscovite surface, each tetrahedral sheet consists of ditrigonal rings of 

either Si4Al2 or Si5Al composition in equal proportions, randomly distributed within the 

structure and yielding 3 different adsorption sites for the ions which are labelled as follows: 

1a - two Al tetrahedra are symmetrically placed across each other in the ditrigonal ring and 

separated by the presence of two Si tetrahedra in the same ring; 1b – two Al tetrahedra 
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asymmetrically separated in the ring by one and three Si tetrahedra from each side, making 

them in closer proximity to each other than in the symmetric case; 1c – a ditrigonal  ring 

containing only one Al substitution (see Figure 17). 

 

On a lower-charge montmorillonite surface, only substituted sites of the type 1c (Si5Al) are 

possible, but most of the surface is represented by the unsubstituted Si6 rings (not shown in 

Figure 17). 

 

 
 

Figure 17: Schematic representation of the hydrated basal (001) muscovite surface illustrating 3 structurally 
different adsorption sites. Al – Pink; Si – yellow; O – red, H – gray; K+ – purple, Cs+- cyan. (Only one 
tetrahedral sheet is shown for clarity). 

 
Time averaged atomic density profiles and surface density maps for the edge surfaces of 

kaolinite, montmorillonite, and muscovite Figure 2a-c) were calculated from MD simulations 

in contact with aqueous solution of NaCl, BaCl2, and SrCl2 in the same manner as for the 

basal surfaces of clays discussed above. One extremely important difference is the 

“atomistic roughness” of the clay nano-particle edges, which can often lead to the 

formation of especially strong adsorption sites on their surfaces.  

 

Figure 18 shows the atomic distributions at the (010) edge surface of kaolinite. It is clear 

that Ba2+ (and Sr2+) can only be weakly adsorbed at this uncharged surface in their OS 

coordination. In constast, a smaller Na+ ion finds a a strong IS adsorption site as shown in 

the insert of Figure 18.  
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Figure 18: Atomic density profiles of ions and water (left) and atomic density surface distribution (right) at 
the (010) edge surface of kaolinite. 

In contrast, the ionic distributions at the (010) edge surfaces of moderately charged 

montmorillonite (Figure 2b) demonstrate a much more diverse behavior. In addition, this 

surface behavior also differs between Surface 1 and Surface 2, as defined above. Figure 19 

demonstrates that there exist quite a strong and rapid exchange between interfacial 

Ba2+/Sr2+ in solution and interlayer charge compensating Na+ ions in montmorillonite. 

Approximately 75% of Ba2+/Sr2+ ions initially in the interfacial region enter the interlayers 

and remain contained there. This indicates that the divalent NORM cations, such as Ba2+, 

Sr2+, and Ra2+, are preferentially distributed into the swelling clay interlayers, thus 

decreasing their ability to migrate to the surface during the fracturing process. 
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Figure 19: Atomic density profiles along the axis normal to the (010) montmorillonite surfaces for the 
systems containing 1480 H2O molecules, 6 NaCl (0.1M), and 4 BaCl2

/SrCl2 (0.07M). 
 

 

 

  
Figure 20: Atomic density profiles of ions and water (left) and atomic density surface distribution (right) at 
the (010) edge of muscovite (Surface 2). Both IS (1st peak) and OS (2nd peak) adsorption sites for Sr2+ are 
identified. 

At the (010) edges of even higher-charged illitic clay (muscovite, Figure 2c), Ba2+ and Sr2+ 

demonstrate different adsorptive behavior. Since muscovite does not swell, the exchange of 

interlayer charge-balancing cations (usually K+) with the cations of external aqueous solution 

is very slow. Moreover, Ba2+ can only be adsorbed at the muscovite edges in a weak OS 

coordination, while Sr2+ can experience strong IS adsorption at Surface 2 in the exposed 

octahedral cavity of the TOT layer (Figure 20). This is consistent with earlier simulation of 



Deliverable D4.4 
 

PU Page 33 of 38 Version 1.3 

 

the surface compexation of heavy metal cations on clay edges performed by more accurate 

ab initio MD simulations (Zhang et al., 2017; 2018). 

 

Figure 21 shows that at the (001) muscovite surface NORM ions (Sr2+, Ba2+) can always occur 

only in an outer-sphere coordination, always outcompeted by Na+, and especially K+ directly 

on the surface. At the lower-charge surface of montmorillonite, this weak energetics of 

adsorption is even more pronounced (Figure 22). 

 

However, at the clay edge sites, even for a nominally neutral kaolinite, there is a strong 

inner-sphere adsorption of NORM ions which seem to always outcompete the ubiquitous 

Na+
 (Figure 23). Moreover, a very high energy barrier is observed between inner-sphere and 

outer-sphere adsortion corrdinations, indicating that the adsorbed NORMs at these sites 

would preferentially remain there immobile for substantial time. 

 
Figure 21: Adsorption free energy profiles for NORMs and competing ions as a function of distance from the 
(001) muscovite surfaces site 1c (see Figure 17). 

 

 
Figure 22: Adsorption free energy profiles for NORMs and competing ions as a function of distance from the 
(001) montmorillonite surfaces site containing no tetrahedral Al/Si substitutions. 
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Figure 23: Adsorption free energy profiles for Sr2+ and Ba2+ ions, compared to Na+, at three different sites on 
the (010) and (110) edge surfaces of kaolinite. 

 

4. Conclusions and future steps 
 

In the present work, we used atomistic molecular dynamics simulations to examine the 

adsorption behavior inside kaolinite mesopores of various aqueous solutions of NaCl, CsCl, 

SrCl2 and RaCl2 in combination with methanol and citric acid, additives relevant to drilling 

fluids and extraction of gas and oil trapped in shale reservoirs. Citric acid was modeled in 

both its fully dissociated (A3-) and non-dissociated (H3A) states. The adsorption of the 

various species on the basal surfaces of kaolinite was examined primarily through the 

density profiles along the normal to the wall axis. The density profiles reveal the inner-

sphere adsorption of Cl- on the gibbsite surface, the inner sphere adsorption of Cs+ and the 

outer-sphere adsorption of Na+, Cs+, Sr2+ and Ra2+ on the siloxane surface, respectively. The 

distribution of water and ion is not strongly affected by the presence of neither methanol 

nor citric acid. The addition of salts does not alter the methanol distribution but affects 

those of citric acid. 

 

Furthermore, we carried out hydrogen bond analysis between the two kaolinite surfaces 

and water molecules for the various systems. The analysis revealed changes in the number 

of HBs upon the addition of the various salts and additives. It is observed that the addition 

of salts results in a reduction of water-surface HBs on both surfaces, but particularly on the 

siloxane surface For the case of methanol we showed that for the NaCl, SrCl2 and RaCl2 

containing systems the total number HBs is almost the same, with the exception of CsCl, 

which exhibits reduction at the siloxane surface, as a result of inner-sphere adsorption of 
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Cs+. For the case of citric acid the results are similar to those of methanol for all the salt 

containing systems. Additionally, we calculated the hydrogen bonds between the kaolinite 

surfaces and the oxygen atoms of the citric acid. While for all cases the number of HBs at 

the siloxane side is generally very low, A3- molecules form extensive HBs with the gibbsite 

surface hydroxyls in the salt-free system, which drop dramatically with the addition of salts. 

 

The tendency of citric acid to form aggregates was also analyzed. It was shown that for all 

systems examined, in the case of H3A the aggregates are mostly stable dimers. On the 

contrary, in the case of the fully dissociated citric acid a single large aggregated is formed for 

all salts given enough simulation time. We showed that citric A3- aggregation is driven 

through cation bridging, particularly through the cation that we used to control the total 

charge of the system. 

 

Lateral diffusion coefficients and mean residence times showed that the mobility of the 

solution components is reduced upon methanol and citric acid addition. Cs+ has the largest 

diffusion coefficients of all the cations in the bulk region of the pore in all systems examined 

and presents improved affinity to the gibbsite surface among the cations. The order of Dxy in 

the bulk region is Cs+ >> Na+ > Sr2+  Ra2+. In the case of citric acid solutions, the residence 

times clearly indicate the affinity of the A-3 and H3A to the gibbsite and siloxane surfaces, 

respectively.  

 

On the basal surfaces of montmorillonite and muscovite, only weak outer-sphere adsorption 

of NORMs is predicted. However, at clay edges, even for a nominally neutral kaolinite, there 

is a strong inner-sphere adsorption of NORM ions, which seem to always outcompete other 

ions.  

 

Two types of inner-sphere complexation with (010) and (110) edges of kaolinite, 

montmorillonite and muscovite are identified: (i) the cation (Na+/K+/Sr2+/Ba2+) occupies an 

octahedral vacancy, interacting with two Al-O-H groups or two Al-O-H groups and one Si-O-

H surface group; (ii) the cation is located in the tetrahedral layer, interacting with one Al-O-

H group and one Si-O-H group on the edge Surface. Adsorption of NORM cations (Sr2+, Ba2+) 

at both of these sites appears to be always stronger than Na+ or K+. Moreover, a very high 

energy barrier is observed between inner-sphere and outer-sphere adsortion corrdinations, 

indicating that the adsorbed NORMs at these sites would preferentially remain there 

immobile for substantial time. 

 

Significant cation exchange is observed between interfacial Sr2+/Ba2+ and interlayer Na+ ions 

in the (010) and (110) edge surfaces montmorillonite systems, with a significant effect of 

substitution localization: on Surface 1 (substitutions directly accessible to solution), the 

adsorbed ions are found near the Al/Si tetrahedral substitutions, but avoid the Mg/Al 

octahedral substitutions (prevalent in typical montmorillonite).  
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Future research directions include atomistic simulations of heterogeneous mesopores 

consisting of a clay surface and a kerogen surface. Systems to be studied in the kaolinite 

pores and the new hybrid pores include shale gas and/or water based fracturing fluids 

including NORMs such as CsCl, SrCl2 and RaCl2 in addition to methanol or citric acid.  

 

The entire diversity of the clay edge adsorption sites should also continue to be probed by 

detailed potential of mean force calculations. The molecular-level information obtained 

from simulations such as those presented in this deliverable can be up-scaled via the 

methods discussed in Deliverable 6.2 so that their macroscopic impact can then be 

quantified, using analytical and computational approaches such as those of Deliverable 6.1. 

Determining the most efficient and the most reliable workflow for such calculations remains 

a matter of future research.  
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