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Abstract 

 

The adsorption behavior inside kaolinite mesopores of aqueous solutions of various salts and 

additives is investigated using Molecular Dynamics simulations. In particular, we examine the 

various combinations of water + salt, water + additive, and water + salt + additive mixtures, where 

the salts examined are NaCl, CsCl, SrCl2 and RaCl2 and the additives are methanol and citric acid. 

Citric acid is modeled in two forms, namely fully protonated (H3A) and fully deprotonated (A3-), 

the latter being prevalent in neutral pH conditions, in accordance with the kaolinite structure 

employed. The force fields used for the individual system components include CLAYFF for the 

kaolinite mesopores, SPC/E for water, parameters optimized for the SPC/E water model based on 

hydration free energies (HFE) for ions and general Amber force field (GAFF) for the additives. 

The spatial distributions along the kaolinite pore are delineated and reveal the preferential 

adsorption behavior of the various species with respect to the gibbsite and siloxane surface, as well 

as the effect on this behavior of the interactions between the various species. Furthermore, we 

examine the hydrogen bonds formed between the kaolinite surfaces and water molecules as well 

as the additives. For the case of citric acid, which tends to aggregate, a cluster analysis is also 

carried out, in order to examine the effect of the various ions on the cluster formation. Finally, 

through the calculation of lateral diffusion coefficients and mean residence times, we provide 

insights on the mobility of the various species inside the kaolinite mesopores. 
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1. Introduction 

The steady decline in conventional fuel resources as well as their large environmental footprint 

has led to the quest of alternative fuel sources over the last few decades. The delicate balance 

between the need to satisfy the ever-increasing industrial and consumer energy demands and the 

need to lower harmful emissions has led to the exploration of unconventional hydrocarbon 

repositories. In this regard, shale gas, which is natural gas hosted in shale formations, has 

revolutionized the industrial sector in North America.1 Shale formations are chemically and 

structurally diverse, containing kerogen, clay, calcite and quartz, in compositions that vary 

substantially from region to region.2 Clay minerals are a major constituent, characterized by an 

extensive network of micropores and mesopores.3 Among these hydrous aluminosilicates, 

kaolinite is one of the most abundant on Earth4 and is commonly encountered in shales.5  

Kaolinite (Al2Si2O5(OH)4) is a 1:1-type clay mineral with alternating layers, each 

composed of a single tetrahedral silicon-oxygen (siloxane) and an octahedral aluminum-oxygen 

(gibbsite) sheet.6 Sheets are interconnected by bridging oxygen atoms and each kaolinite layer has 

basal surfaces of different termination.6 The gibbsite hydroxyl basal surface forms hydrogen bonds 

(HB) with the siloxane sheet oxygens, which results in a tightly packed triclinic unit cell structure.7 

This gives rise to non-swelling layers that are not easily broken down or separated, compared to 

other clays.8 Isomorphous substitution is rather limited and kaolinite is typically a neutral clay 

material.6, 8-10 Deviations from neutrality are possible however and have been reported in literature 

in cases of either substitution of octahedral Al3+ by metals such as Fe2+, Cu2+ and Ti4+ 6, 9, 11-13 or 

edge ruptures that result to kaolinite carrying a small negative charge usually balanced by cation 

adsorption.10 Under neutral pH conditions (6 < pH < 8), the gibbsite basal surface is fully 
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hydroxylated (i.e. AlOH) and no variations are present on the siloxane surface (i.e. SiO2 for pH > 

4).14  

Kaolinite, as well as other clay minerals, has attracted a lot of attention for their basal 

surface and edge adsorption potential, particularly in terms of controlling the fate of chemical and 

environmental waste as scavengers.9, 15 Depending on their chemical nature, contaminants interact 

with clays through ion exchange, coordination, ion–dipole, hydrogen-bonding (HB) and van der 

Waals interactions, leading to their immobilization on their surface.9 

Kaolinite has attracted a lot of research interest due to its importance in the extraction of 

gas and oil trapped in shale reservoirs, which is achieved by hydraulic fracturing, an established 

and extensively used technique for well stimulation.16 Fracturing fluids are categorized depending 

on their base,17 i.e. their primary constituent. Water-based fluids are the most common ones and 

contain several chemicals, although at low concentrations.18 According to the U.S. House Energy 

and Commerce Committee “Chemicals used in hydraulic fracturing” report, methanol is the most 

widely used additive19-20 in small fractions of the total fluid volume,17 playing a diverse role in 

corrosion or scale inhibition, friction reduction, formation water flowback enhancement, and 

fracking fluid flowback enhancement.19, 21-22 Another additive is citric acid,20, 23 which is used 

primarily to prevent the release of ferric iron, a problematic factor in fracturing.24-27 Apart from 

the presence of chemicals, fracturing fluids returning to the surface have been found to contain 

elevated levels of strontium (Sr2+), sodium (Na+) and chloride (Cl−) ions, as well as naturally 

occurring radioactive materials (NORM) such as radium (Ra2+) isotopes.28-30 

In order to gain a better understanding of the fundamental processes occurring during 

fracturing, one needs to closely examine the physical properties of fracturing fluids in shale,2 

particularly rock-fluid interactions and fluid transport mechanisms of environmentally relevant 
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compounds at the nanometer scale.31-32 Rationalizing these processes in clays such as kaolinite 

will aid in predicting the fate of substances with potential environmental impact during shale gas 

exploitation, limit the amount of NORM released from shale without compromising gas and oil 

extraction and fracturing fluid formulation. Given the experimental difficulties in probing the 

relevant mechanisms at the aforementioned scale, atomistic simulation and in particular molecular 

dynamics (MD) can play a central role in enhancing our understanding of the relevant phenomena, 

due to its intrinsic capability of providing information at the molecular level.33-34  

Several MD studies of water solutions containing small organic molecules, ions or both on 

kaolinite surfaces have been reported in literature. One of the earliest modeling attempts of the 

adsorption of organic molecules on a kaolinite and pyrophyllite mineral/aqueous solution interface 

was by Teppen et al.,35 who studied trichloroethene, C2HCl3, as a typical chlorinated hydrocarbon 

pollutant. Their calculations showed that water outcompetes C2HCl3 for the clay surfaces 

examined and its interaction with the surface depends on the water load. Warne et al.36 performed 

MD simulations of aqueous kaolinite and amorphous silica surface systems, showing that the self-

diffusion coefficient of surface water exhibits a pronounced decrease. Vasconcelos et al.15 

performed MD simulations to investigate ion adsorption of aqueous solutions of CsCl, NaCl, 

CdCl2, and PbCl2 on basal surfaces. Their results showed that Cs+ and Cl- adsorb on the siloxane 

and gibbsite surfaces, respectively, forming strong inner-sphere complexes, while Na+, Cd2+ and 

Pb2+ form outer-sphere complexes on the siloxane surface. Šolc et al.37 investigated with MD 

simulations the wettability of water droplets on the basal kaolinite surfaces, using three different 

water models (SPC, SPC/E, and TIP4P). Their results showed that the octahedral surface formed 

from surface hydroxyl groups is fully hydrophilic, whereas on siloxane the interactions with the 

basal oxygens are much weaker, with water hydrogen bonds formed inside the droplet being 
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stronger compared to the ones formed with the siloxane surface. Greathouse et al.38 performed 

simulations, using a combination of quantum (density functional theory) and classical molecular 

simulation methods, in order to study the adsorption of methylene blue organic dye on kaolinite. 

Their results showed that the dye, either in the neutral or charged state, preferred adsorption on the 

hydrophobic siloxane surface.38 Li et al. performed a systematic investigation on the adsorption of 

Na+ and Pb2+ ions on both regular and defective kaolinite surfaces, showing that defect presence 

alters affinity and complexation mode from outer to inner-sphere, particularly for Na+.39 The same 

authors extended their study on OH-, F-, Cl- and I- anion adsorption on kaolinite surfaces bearing 

isomorphous substitutions, showing that anions construct H-bonds on the hydroxylated surface 

forming stable inner-sphere complexes, and also have a considerable impact on the adsorption 

behavior and stability of metal ions.40  

Underwood et al.14 performed MD simulations to understand the interactions of n-decane, 

decanoic acid and decanamine with kaolinite surfaces, by also accounting for pH effects. Their 

results showed that n-decane and decanoic acid tend to form droplets at the siloxane surface, while 

decanamine readily adsorbs on both. However, pH effects largely control affinity towards either 

surface, with decanoate anions readily adsorbing on the hydroxyl surface through an anion 

exchange, whereas protonated decanamine adsorbed on the hydroxyl surface via anion bridges. 

Additionally, Na+ ions were found to adsorb on both surfaces, while Cl- ions only adsorbed to the 

hydroxyl surface.14 Zhang et al.41 performed non-equilibrium MD simulations of four typical clay 

mineral slit pores (pyrophyllite, montmorillonite, illite, and kaolinite) and confined water/n-

decane/salts fluids. Their results highlighted that for kaolinite, the presence of salts makes the 

siloxane surface completely water-wet, whereas it is partially alkane-wet in the absence of salts. 

In general, the salt ions adsorbed onto clay surfaces promote the surface hydrophilicity. Also, basal 
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surfaces remarkably restrain the movement of the water confined in mesopores, while the organic 

molecules (n-decane) aggregate to form clusters.41 Lastly, Greathouse et al.42 studied the 

adsorption of aqueous crude oil components such as n-hexane, cyclohexane, toluene and the 

decahydro-2-naphthoic acid (DHNA) resin, on several clay mineral basal surfaces, including 

kaolinite. All organic molecules showed preference for adsorption on the siloxane side, with the 

exception of the anionic resin form (DHNA−), which showed significant adsorption on the 

hydroxylated kaolinite surface, forming bridged cation complexes.42 

The objective of this work is to study the properties of model water-based fracturing fluids 

in narrow slit pores representative of the typical ones found within clay formations/kaolinite 

mesopores, by means of extensive MD simulations. We quantify the preferential distribution and 

adsorption behavior of fluid components (e.g. water, methanol, citric acid, salts and simple models 

representing NORM) through spatial distributions along the kaolinite pore and we study the 

hydrogen bonds formed between the kaolinite surfaces and water molecules as well as the 

additives. Finally, we provide information on the mobility of the various species within the pore, 

through the calculation of lateral diffusion coefficients and mean residence times. 

 

2. Computational methods 

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° 7 (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 
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triclinic supercell produced was in turn transformed to orthorhombic.15, 40-41 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 mesopore sizes encountered in shales and 

mudstones.41 The generation of the kaolinite slit pore system was performed by means of the 

Crystal Builder module integrated in Scienomics MAPS software package (Figure 1).43 Kaolinite 

slit pore was modelled by means of the CLAYFF force field,44 which has proven particularly 

successful in studies of hydrated mineral systems and their interfaces at ambient conditions.15, 40-

41, 45-46  

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/E47 model was employed. The SPC/E force field assumes a single LJ site on 

the oxygen atom and three charges on oxygen and hydrogen atoms, respectively, while bond 

lengths and bond angles are kept fixed. The SPC/E model, was selected for the present study, as it 

is suitable for use in combination with CLAYFF.48 

Methanol and citric acid structures were initially optimized in the gas phase at the 

B3LYP/6-31G* level of theory,49-51 by means of the Gaussian 0952 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.53 For comparison, 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.54-55 

Consecutively, partial atomic charges were derived according to the RESP protocol,56 utilizing the 

ANTECHAMBER module57 of the AMBER12 suite of programs.58 General Amber force field 
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(GAFF) parameters59 were then assigned to both molecules, as they have been successfully 

employed in conjunction with the CLAYFF model in previous studies.60-62 Topologies were 

generated by means of the tLEaP module.58  

Finally, NaCl, CsCl, SrCl2 and RaCl2 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 ion 

parameters the hydration free energy (HFE) set that is specifically parametrized for the SPC/E 

water by Li et al. was used.63-64 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.63 It should be noted that these counterbalance cations by no means bear 

any implications in terms of kaolinite’s surface coverage and the system pH. Such pH variations 

were not examined, kaolinite surfaces remain neutral and only citric acid was varied between two 

protonation states. Detailed compositions of all systems examined are presented in Table 1. Atom 

types, partial charges and force field parameters of all species are collected in Tables S1-S6 of the 

Supporting Information. 

 

2.2. Simulation details 

All MD simulations were performed using the GROMACS 5.0.7 software.65-70 The generated 

GAFF topologies were converted to the GROMACS format by means of the ACPYPE utility 

(Table S6).71 The simulations were performed in orthorhombic boxes, with periodic boundary 

conditions imposed in all directions (see Figure 1) at ambient conditions of temperature (298.15 

K) and pressure (1 bar). These conditions are only relevant to the ones encountered at earth’s 

surface but also correspond to the CLAYFF force field parameterization.44  
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Prior to production runs and in order to eliminate any overlap 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 temperature of 298.15 K for 100 ps in 

the NVT ensemble using the Berendsen thermostat,72 with the coupling constant set to 1 ps. The 

LINCS algorithm73 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.74 Therefore, we 

applied the Particle Mesh Ewald (PME) method75-76 for the long-range LJ interactions as well as 

for electrostatic interactions77 with a cut-off at 1.2 nm for the short-range interactions. The 

Lorentz–Berthelot combining rules78 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,72 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,79 while isotropic pressure was maintained using a Parrinello–

Rahman barostat,80 with a coupling constant set to 5 ps. During the 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 and all analysis was carried out over the last 

40 ns of the simulations. 

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

species examined in this work, we analyzed the hydrogen bond (HB) structure between the 
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kaolinites surfaces and the water molecules as well as between the kaolinite surfaces and the 

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 and simultaneously the hydrogen-donor-

acceptor angle is less than αΗΒ = 30o.81 Following the approach of Zhang et al.,41 the number of 

HBs was normalized to a surface area of 10 nm2
. 

Furthermore, the aggregation of citric acid molecules was investigated by means of the 

g_clustsize program.69 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 (Figure S1). Ions close to citric acid 

aggregates were dynamically selected based on their first RDF minimum (Figure S2). 

The mobility of the components of the system is an indication of their tendency to be 

adsorbed on the surfaces of the slit pore (adsorption strength). Given that the width of the kaolinite 

pore in the present work is approximately 4 nm, it is expected that near its center, the lateral 

diffusion resembles that of the bulk solution, while near the surfaces the mobility is reduced due 

to the interactions developed between the compounds and the surface. To this respect, the analysis 

of the molecular motion as a function of the distance from kaolinite surfaces was performed by 

means of lateral diffusion coefficients. Since the system is an aqueous solution under confinement, 

it is reasonable to divide the pore in three main regions based on the mass/molecule axial density 

profile of water along the confinement direction (i.e. z in our study). Furthermore, the restricted 

length of the slabs due to confinement poses a problem in the calculation of the self-diffusion 

coefficients, given that results in low mean residence times are lower that the time needed for the 

Fickian diffusion to be developed. Therefore, for these cases we calculated indicative diffusion 
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coefficients from the slope of the mean square displacement (MSD) versus time curve at the point 

of the corresponding mean residence time of the component in the slab. 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) 

 

3. Results and Discussion 

i. Density profiles 

In Figure 2, we present the density distributions along the axis normal to the kaolinite walls (which 

are separated by approximately 4 nm) for NaCl, CsCl, SrCl2 and RaCl2 containing systems with 

and without methanol. In all cases, the distribution of water in the kaolinite pore is not affected by 

the presence of methanol. A slight shift in water distribution is due to the difference in system size, 

as the number of water molecules was adjusted to counterbalance the addition of methanol and 

maintain the same mass density inside the pore’s volume and the concentration of the additives. 

The water distribution is fairly symmetric and shows two peaks on both sides, indicative of two 

layers of adsorption. This is also true for all systems examined. The subtle differences in water 

distribution observed are attributed to the different nature of the two kaolinite pore surfaces. These 

layers can be used in characterizing the ion’s adsorption behavior as inner-sphere or outer-sphere. 

As outer-sphere adsorption we characterize the behavior of ions which are in proximity to a surface 
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but still retain fully their hydration shell, whereas as inner-sphere the case where the ions have lost 

part of their hydration shell in order to approach the surface.15  

In all systems examined, the negatively charged Cl- ion is found on the octahedral 

hydroxylated gibbsite surface (left side), 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 (right side). 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.15 

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 S3a, 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 S3b) and polar angle probability distributions of the C-O (θC-O) and O-H bonds 

(θO-H) in the siloxane and gibbsite regions (Figure S3c). In all cases, the presence of methanol does 

not affect the ion distribution and vice versa. 

For the case of citric acid, we examine both fully protonated (H3A) and deprotonated (A3-) 

forms. As a baseline, we present in Figure 3 the distribution within the kaolinite pore of the H3A 

citric acid in the absence of salts. Citric H3A preferentially adsorbs on the siloxane surface but it 

is also found to a lesser extent on the gibbsite side. On the siloxane side, its distribution follows 

that of water and resembles that of methanol. Citric acid H3A aggregates tend to form in the whole 

range of the pore, which is discussed in more detail in a subsequent section. 



14 

 

In Figure 4, 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 above behavior is found for aqueous systems containing CsCl, 

in which case citric acid closely follows the distribution of Cs+, concentrated on the siloxane 

surface.  

The distribution of the fully deprotonated form of citric acid, A3-, is vastly different from 

that of the protonated form. In Figure 3, the distribution of A3- is presented in the absence of salts. 

It is observed that A3- is located mainly on the gibbsite side, as the negatively charged carboxylate 

groups are attracted to the hydroxyls of the surface. Its non-uniform distribution implies a tendency 

for cluster formation, which encompasses cations such as oxidanium or the cations of the salts. 

This is analyzed further in the subsequent sections. In Figure 5, 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 5b, 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 5b). The 

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

siloxane side exhibiting outer-sphere adsorption. 
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ii. Hydrogen bond network 

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

revealed changes in water-surface affinity as a function of mixture composition. From the results 

presented in Figure 6, it becomes apparent that when kaolinite contains pure water without salts 

or additives, water forms more HBs on the gibbsite surface compared to its siloxane counterpart, 

which acts primarily as a proton donor, in agreement with previous simulations.41 The gibbsite 

side has a higher number of hydrogen bonds (NHB) compared to the siloxane side upon addition of 

either salts or additives. Furthermore, 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 6); in both 

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

pure water (Kao-H2O). On the other hand, 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 7a, methanol is not involved in extensive HB formation with either 

surface. This behavior is not changed by the addition of salts. This agrees with our previous 

observation that methanol does not show preference towards the gibbsite side and that on the 
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siloxane side its hydroxyl group is not always directed towards the surface. As with water, the 

gibbsite surface acts as a HB donor.  

Results are presented in Figure 7b for the hydrogen bonds between the kaolinite surfaces 

and the oxygens of the citric acid. Interestingly, 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.  

iii. Citric acid aggregate  

To quantify the size of citric acid aggregates, we performed a clustering analysis. The results are 

presented in Figures 8 and 9. 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 8a), with values in 

parentheses denoting standard deviation. In addition, as illustrated in Figure 9a, 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. 
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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. 

On the contrary, the fully dissociated A3- molecules progressively aggregate to form large 

clusters (Figure 8b). 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. These numbers and their 

time evolution hint that longer times will yield a small number of aggregates. These formations 

comprise not only A3- molecules but also the majority of H3O
+ cations, along with other cations 

present in the system. Specifically, 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 
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respective RDFs up to the first minimum (Figure S2) and shown in Figure 10. 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 9b). 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.15 However, in case that Cs+ 

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

11). 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 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 (Figure 5) due to the electrostatic interactions. 

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

present (Figure 9b), 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 S4). 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- 
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systems. In the pure A3- system a single aggregate was formed, indicating that confinement is a 

determining factor in aggregate formation (Figure S5).  

 

iv. Component mobility 

In Figure 12, the calculated self-diffusion coefficients and residence times of all fluid components 

are presented. In order to evaluate the mobility of fluid components inside the slit pore, the space 

between the two surfaces was partitioned into three regions along the confinement direction. Based 

on the axial density profiles of water (Figures 2-4) three regions were defined. The first region 

(RI) includes the two adsorption layers of the gibbsite surface; the second (RII) corresponds to the 

bulk solution while the two adsorption layers of the siloxane surface define the third region (RIII). 

The diffusion coefficients and the residence times of the components were calculated in each of 

the aforementioned regions. Due to the small/limited thickness of the slabs, the lateral diffusion 

coefficients were estimated using two approaches i.e., either from the slope of the MSD(t) curve 

in the region of Fickian diffusion or, if this was not possible, from the slope of the curve at time 

equal to the mean residence time of the considered component. Moreover, the residence times at 

the regions RI and RIII are directly comparable since these slabs are of equal thickness. 

In all cases, component mobility is reduced in the regions near kaolinite surfaces compared 

to the bulk, with the decrease being more profound in the proximity of the gibbsite side. Methanol 

addition has a marginal impact in the fluid behavior. In agreement with experiments, the diffusion 

coefficients of the bulk water (middle slab) are slightly reduced upon mixing with methanol.82 This 

is also the case for diffusion coefficients of all the ions in the bulk and siloxane regions while Dxy 

remains practically unchanged in the gibbsite side. The order of calculated Dxy in the bulk is Cs+ 
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>> Na+ > Sr2+ > Ra2+. Our results are in agreement with available experimental data for the case 

of Cs+ and Na+ for the bulk system.83 The higher values of Cs+ diffusion coefficient in the middle 

slab, in comparison to the other cations, can be attributed to the increased van der Waals interaction 

of Cs+ with water and partially to the lower concentration of Cs+ in the bulk (since it exhibits 

increased preference towards kaolinite’s surfaces compared to the other cations and therefore its 

concentration in the bulk region is relatively reduced). 

The ranking of cation residence times near the siloxane surface is Ra2+  Sr2+ > Cs+ > Na+. 

On the gibbsite side, residence times of the Cl- anion follow the order CsCl  NaCl > RaCl2  

SrCl2 in the respective systems (Figure 12b). The addition of methanol leaves the residence times 

unaffected except in the case of Cl-, which presents improved affinity to the gibbsite surface. The 

observed ordering is connected with the surface-ions interactions and possibly implies differences 

in the adsorption strengths. 

For the citric acid solutions, cluster formation renders the Dxy calculation arduous. 

Nevertheless, it is possible to estimate the diffusion coefficient for the water and the cations present 

in the solution. It is observed for both citric acid models that the mobility of these components is 

reduced compared to the corresponding pure salt solutions. For water in the bulk region, this 

reduction is more profound in the dissociated model case. At the siloxane side, the aforementioned 

components appear less mobile in the case of the non-dissociated citric acid model. This is 

correlated with the larger affinity of the H3A with the siloxane surface, as described in the previous 

paragraphs. The mobility of the H3O
+ cations in the bulk slab is increasing in the order NaCl > 

CsCl > SrCl2 > RaCl2 in the respective systems. Finally, the larger Dxy was observed for Cs+ as in 

the case of pure salt and salt-methanol solutions. The different affinity of the citric acid models 

with each kaolinite surface is clearly depicted in their residence times (Figure S6). In the absence 
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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. Salt addition has a minor effect on these 

differences. The residence times of salt cations increase with the increase of the cation charge and 

upon addition of A3- slightly decrease. 

 

4. Conclusions 

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 preferential adsorption relatively to the gibbsite and siloxane surfaces of the various species 

was presented in detail, revealing the inner-sphere adsorption of Cl- on the octahedral gibbsite 

surface, the inner sphere adsorption of Cs+ and the outer-sphere adsorption of Na+, Cs+, Sr2+ and 

Ra2+ on the siloxane surface, respectively. We showed that neither methanol nor citric acid strongly 

affect the water and ion distributions. In the absence of salts, methanol and citric H3A prefer the 

siloxane side, while citric A3- prefers the gibbsite side. The addition of salts does not alter the 

methanol distribution but affects those of citric acid. 

Hydrogen bond analysis between the two kaolinite surfaces and water molecules for the 

various systems reveals changes in the number of HBs upon the addition of salts and additives. 

These changes are more pronounced for the siloxane surface. Additionally, it was shown that 
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neither methanol nor citric acid interacts significantly with the kaolinite surfaces through hydrogen 

bonding, with the exception of the water-citric A3- system. 

Citric acid in particular has the tendency, for the systems examined, to form aggregates. 

We showed that for the non-dissociated form of citric acid (H3A) these aggregates are relatively 

small (H3A dimers and trimers) and dynamic, while for the citric A3- there is a constant tendency 

for aggregation towards large clusters. We showed that citric A3- aggregation is driven through 

cation bridging, and particularly through the participation of the cation that we used in order to the 

total charge of the system. Aggregation behavior is controlled by the salt present and in the case 

of salt-free citric A3- by the kaolinite surfaces. 

Finally, 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.  
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Table 1. Detailed compositions of all systems examined in terms of number of molecules. 

 Component 

System H2O CH3OH 
Citric acid NaCl CsCl SrCl2 RaCl2 

H3A A3- H3O+ Na+ Cl- Cs+ Cl- Sr2+ Cl- Ra2+ Cl- 

Kao-H2O 5097             

Kao-H2O-NaCl 5009     27 27       

Kao-H2O-CsCl 4844       27 27     

Kao-H2O-SrCl2 4860         27 54   

Kao-H2O-RaCl2 4652           27 54 

Kao-H2O-CH3OH 4848             

Kao-H2O-NaCl-CH3OH 4760     27 27       

Kao-H2O-CsCl-CH3OH 4595 140      27 27     

Kao-H2O-SrCl2-CH3OH 4610         27 54   

Kao-H2O-RaCl2-CH3OH 4403           27 54 

Kao-H2O-H3A 5009             

Kao-H2O-NaCl-H3A 4764     27 27       

Kao-H2O-CsCl-H3A 4599  23     27 27     

Kao-H2O-SrCl2-H3A 4614         27 54   

Kao-H2O-RaCl2-H3A 4406           27 54 

Kao-H2O-A3- 5009             

Kao-H2O-NaCl-A3- 4764     27 27       

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

Kao-H2O-SrCl2-A3- 4614         27 54   

Kao-H2O-RaCl2-A3- 4406           27 54 
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Figure 1. Snapshots of the equilibrated water—based fracturing fluids examined with methanol 

and citric acid (A3-) additives in kaolinite mesopores, including NaCl, CsCl, SrCl2 and RaCl2 salts 

in approximately 0.3 M concentration.  
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Figure 2. 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 left and right 

sides of each diagram correspond to the gibbsite and siloxane surfaces, respectively. 
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Figure 3. Mass density profiles along the axis normal to the kaolinite mesopore surfaces for the 

systems of citric acid in the absence of salts. Results for both the protonated (H3A) and fully 

deprotonated (A3-) forms of citric acid are shown. The left and right sides of the diagram 

correspond to the gibbsite and siloxane surfaces, respectively. 
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Figure 4. 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. 

The left and right sides of each diagram correspond to the gibbsite and siloxane surfaces, 

respectively. 
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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 fully deprotonated citric acid (A3-). a) NaCl, b) CsCl, c) SrCl2 and 

d) RaCl2. The left and right sides of each diagram correspond to the gibbsite and siloxane surfaces, 

respectively. 
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Figure 6. 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 7. 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. 

 

 

 

 

(a) (b) 



32 

 

 

Figure 8. Time evolution of H3A (top) and A3- (bottom) citric acid number of aggregates in all 

systems. The thick green line is the running average taken every nanosecond. 
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Figure 9. Time evolution of the number of H3A (top) and A3- (bottom) citric acid molecules, as 

well as ions participating in aggregates in all systems. The thick lines are the running averages 

taken every nanosecond. 
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Figure 10. 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 11. 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 12. a) Residence times and b) diffusion coefficients for the components of the 0.3 M salt 

solutions (NA: NaCl, CS: CsCl, SR: SrCl2 and RA: RaCl2) and the corresponding fluids containing 

5 % wt methanol (NA MET, CS MET, SR MET, RA MET). The reported values were calculated 

based on four blocks where the trajectories of 100 ns where divided. The same properties for pure 

water (blue squares) and water (gray squares) with 5 % wt methanol (gray down triangles) solution 

have also been included for comparison. The values are reported separately for each of the three 

regions defined along the confinement direction. The diffusion coefficients omitted (cations on the 

(a)
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```
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```
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gibbsite slab and chloride anion on the siloxane side) are due to the poor statistics of the 

corresponding species. 
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