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Abstract 1 

The swelling behavior of expansive clay minerals, specifically montmorillonite (MMT), can 2 

impose severe challenges (e.g., hole instability) during subsurface drilling when the inhibitory 3 

properties of drilling fluid are not appropriately optimized. In this research work, the molecular 4 

dynamics (MD) were employed to quantitatively evaluate the inhibitory performance of 5 

cetyltrimethylammonium bromide (CTAB) in retarding the transition state between crystalline and 6 

osmotic swelling of sodium montmorillonite (Na-MMT). The combined impacts of CTAB and 7 

KCl were assessed, and inhibition mechanisms were also elucidated. Comprehensive trajectory-8 

based analyses showed that an addition of 10 g/L CTAB into the Na-MMT interlayer reduces the 9 

d-spacing by 5.18% from 19.3 Å to 18.3 Å, through cation-exchange, wettability alteration, and 10 

surface charge compensation mechanisms. The parallel orientation of CTA+ cations to the clay 11 

surface, forming monolayer and bilayer structures, assists in bringing the clay layers closer 12 

together. The assessment of the combined impacts of inhibitors revealed that, despite the Na+ 13 

cations having a higher hydration enthalpy compared to K+ cations, the higher ratio of K+/Na+ 14 

diminishes the performance of the combined CTAB and KCl. Our results showed that the addition 15 

of KCl up to 8 wt% into the interlayer improves the inhibitory performance of 10 g/L CTAB  by 16 

further decreasing the d-spacing to 17.6 Å.  17 

Keywords: Na-Montmorillonite Swelling, CTAB surfactant, Inhibition mechanisms, Drilling 18 

Fluids, Molecular dynamics (MD) simulation   19 
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1. Introduction 1 

Among the entire spectrum of categories of clay minerals, a 2:1 clay mineral named 2 

montmorillonite (MMT), which frequently exists in geological formation, has the most swelling 3 

potential (Gholami et al., 2018). MMT is composed of one octahedral sheet (O-sheet) placed 4 

between two tetrahedral sheets (T-sheets) (Skipper et al., 1995). The TOT layers of MMT have 5 

negative charge originating from isomorphic substitutions of Mg2+ for Al3+ in O-sheets and Al3+ 6 

for Si4+ in T-sheets, and these negative charges are balanced by counterions (Chang et al., 1995). 7 

The swelling characteristics of MMT are basically described through two distinct patterns: 8 

crystalline swelling and osmotic swelling (Norrish, 1954). The stepwise adsorption of water 9 

molecules from one to three hydration states causes the crystalline swelling, while the osmotic 10 

swelling occurs due to the higher water uptake into the interlayers causing expansion up to 120 Å 11 

(Greathouse et al., 2016). Clay minerals susceptible to water sensitivity may undergo crystalline 12 

swelling. However, it is essential to postpone the transition of MMT swelling from the crystalline 13 

phase to the osmotic phase, due to its high swelling capability. 14 

The drilling process for underground reservoirs commonly employs remarkably effective water-15 

based drilling fluids (WBDFs) because of their environmentally conscious nature and cost-16 

effectiveness (Mahto and Sharma, 2004; Zeynali, 2012). Nonetheless, the drilling of shale 17 

formations abundant in clay minerals frequently gives rise to challenges about the stability of the 18 

wellbore (Ghasemi et al., 2019; Zhong et al., 2015). This arises due to the existence of expansive 19 

clay minerals, which are sensitive to water, can interact with the aqueous phase of WBDFs, 20 

resulting in swelling and a subsequent reduction in compressive strength, thus imposing wellbore 21 

instability (Chenevert, 1970). 22 

 23 
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A wide range of inhibitors with varying physical and chemical properties have been developed for 1 

WBDFs to address challenges associated with clay swelling (Muhammed et al., 2021). Among the 2 

most studied inhibitors are salts (Li et al., 2019; Zhang et al., 2022), polymers (Abbas et al., 2021; 3 

Ahmed et al., 2019), amines (Barati et al., 2017; Suter et al., 2011), silicates (Murtaza et al., 2020), 4 

nanoparticles (Saleh and Ibrahim, 2019), ionic liquids (Ahmed Khan et al., 2020),  deep eutectic 5 

solvents (Jia et al., 2019), etc. Each additive can use either a single mechanism or a combination 6 

of inhibition mechanisms, namely wettability change, cation exchange, pore plugging, osmotic 7 

backflow, encapsulation, and filtrate viscosity increment (Suter et al., 2011).  8 

Surfactants, particularly non-ionic and cationic types, have emerged as promising inhibitors for 9 

mitigating MMT swelling as a result of their robust interactions with the negatively charged clay 10 

layers (Ahmad et al., 2023). These types of surfactants have attracted significant attention for their 11 

superior inhibitive performance. Numerous experimental investigations have been undertaken to 12 

evaluate the performance of surfactants as inhibitors for mitigating clay swelling (Quintero, 2002). 13 

Among these surfactants, cetyltrimethylammonium bromide (CTAB) has received significant 14 

attention from researchers. For example, Moslemizadeh et al. (Moslemizadeh et al., 2016) found 15 

that CTAB exhibited superior performance compared to deionized water in terms of reducing 16 

water adsorption on the clay surface and maintaining desired properties of WBDFs at higher MMT 17 

loading. They proposed cation exchange as the primary inhibition mechanism of CTAB. Similarly, 18 

Yue et al. (Yue et al., 2018) carried out research where they noted a rise in the contact angle of a 19 

modified shale surface upon treatment with CTAB, indicating the positive impact of CTAB in 20 

mitigating wellbore instability. They proposed that the inhibition mechanism of CTAB involves 21 

ionic bonding, where the hydrated CTA+ cation interacts with the clay surface and orients its 22 

hydrophobic tail towards the aqueous phase. Bi et al. (Bi et al., 1999) also evaluated the effect of 23 
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CTAB on clay swelling and observed a 4% reduction in swelling rate. As a representative of 1 

cationic surfactants, CTAB has demonstrated potential as a clay swelling inhibitor. However, a 2 

comprehensive understanding of its mechanism in retarding the transition state from crystalline 3 

phase to osmotic swelling remains absent. This knowledge gap holds particular significance in 4 

subsurface drilling, where osmotic swelling can give rise to formidable challenges. 5 

In the past few years, the utilization of molecular dynamics (MD) simulations has become 6 

increasingly prevalent, facilitated by the advancement of high-performance computing systems 7 

(Omrani et al., 2023; Tazikeh et al., 2021). MD simulations offer a valuable tool for obtaining 8 

detailed insights into molecular structures, particle interactions, and the dynamic behavior of 9 

systems last stage of crystalline (Frenkel et al., 1996; Ghamartale et al., 2023; Ghamartale et al., 10 

2020; Hensen et al., 2001).  11 

Numerous studies have employed MD simulations to explore the swelling characteristics of 12 

various clay minerals, considering different influential factors based on the structure (Chang et al., 13 

1998b; Dazas et al., 2015; Du et al., 2020; Jia et al., 2019; Narayanan Nair et al., 2021; 14 

Rahromostaqim and Sahimi, 2018). Additionally, several studies have explored the effects of 15 

inorganic salts (Bourg and Sposito, 2011; Camara et al., 2017; Jiafang et al., 2014), polymers 16 

(Suter et al., 2011; Xie et al., 2022; Xu et al., 2023), and nanoparticles (de Lara et al., 2017) on 17 

clay swelling. Nevertheless, no study has specifically focused on the quantitative and mechanistic 18 

evaluation of surfactants as clay swelling inhibitors, in conjunction with KCl, the most commonly 19 

used inhibitor in the industry, from a molecular insight perspective. 20 

In this research work, the inhibitory performance of CTAB as a clay swelling inhibitor was 21 

investigated from an atomic perspective. Our primary objective was to scrutinize the extent to 22 

which the coaction of CTAB and KCl can impede the transition state between crystalline swelling 23 
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and osmotic swelling. For the simulation, we specifically considered the last stage of crystalline 1 

swelling, where three water (3W) hydration states are formed. Trajectory-based analyses, namely 2 

interlayer space (d-spacing), density profile, radial distribution functions (RDFs), surface charge 3 

density, and diffusion coefficient were employed to elucidate the inhibitory mechanisms of studied 4 

cases.  In summary, the followings are the key attributes of this study to the literature: 5 

• Elucidating the governing inhibition mechanisms of CTAB, as a representative of a 6 

cationic surfactant, from atomic perspective: reduction in clay swelling by CTAB is not 7 

achieved through a sole mechanism, but through the simultaneous impacts of several 8 

mechanisms, namely cation exchange, wettability alteration, and surface charge 9 

compensation. 10 

• Revealing the role of the structural arrangement of CTA+ cations in inhibition mechanisms: 11 

the structural arrangement of CTA+ cations in the form of monolayer and bilayer structures, 12 

oriented in parallel with the clay slab, assists in bringing the layers closer together. 13 

• Providing new insight into the coactions of inhibitors with different natures: CTAB and 14 

KCl do not necessarily improve the inhibitory performance, as it depends on the KCl 15 

concentration for achieving the optimum inhibitory performance of the combined 16 

inhibitors . 17 

In the subsequent sections of the paper, we will provide an explanation of the system preparation 18 

and simulation procedures in Section 2. The interpretation of the conducted analyses will be 19 

presented in Section 3. Section 4 elaborates on the significance of the topic in subsurface drilling, 20 

followed by the presentation of our conclusions in Section 5. 21 

  22 
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2. Methodology 1 

2.1. Model preparation 2 

The Na-MMT structure was constructed based on the pyrophyllite structure with 3 

0.75 0.25 7.75 3.5 0.5 20 4[ ][ ] ( )Na Al Si Al Mg O OH  chemical formula (Lee and Guggenheim, 1981). The 4 

supercell with the size of 12 10  was obtained by converting the unit-cell. Isomorphic 5 

substitutions of Al+3 by Mg+2 atoms and Si+4 by Al3+ atoms were randomly introduced in the O-6 

sheet and T-sheets, respectively, to replicate the chemical structure of MMT (Ghasemi and Sharifi, 7 

2021). The dimensions of the simulation box in various directions are as : 6.192x nm, :8.96y nm, 8 

and : 3.86z nm. Two layers of MMT were stacked, and Na+ counterions were randomly introduced 9 

into the middle of clay slabs to neutralize the negative charge present within them. Since the focus 10 

of the study was the 3W hydrate state,  15 molecules/unit-cell of water were inserted in the 11 

interlayers of MMT (Chang et al., 1998a). For an accurate representation of concentration, CTAB 12 

concentrations of 6 g/L and 10 g/L were chosen based on the optimal values introduced by 13 

Moslemizadeh et al (Moslemizadeh et al., 2016). Additionally, to examine the combined impacts 14 

of CTAB and KCl, three standard concentrations of 5, 8, and 12 wt% were chosen based on the 15 

following reference (Shi et al., 2019). The simulated cases and number of each ion are shown in 16 

Table 1. Note that the concentrations selected for the simulation are limited to inside the clay 17 

minerals, and they are not necessarily the same as the concentrations outside the clay layers. 18 

Table 1. The number of each component in various simulation systems. Note that the number of water molecules is 19 
constant for all cases. 20 

Case System  CTA+  Br- Na+ K+ Cl- 

1 Na-MMT + Water  ̶ ̶ 180 ̶ ̶ 

2 Na-MMT + Water + CTAB 6 g/L 4 4 180 ̶ ̶ 

3 Na-MMT + Water + CTAB 6 g/L + KCl 5 wt% 4 4 180 45 45 

4 Na-MMT + Water + CTAB 6 g/L + KCl 8 wt% 4 4 180 72 72 

5 Na-MMT + Water + CTAB 6 g/L + KCl 12 wt% 4 4 180 108 108 

6 Na-MMT + Water + CTAB 10 g/L 6 6 180 ̶ ̶ 
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7 Na-MMT + Water + CTAB 10 g/L + KCl 5 wt% 6 6 180 45 45 

8 Na-MMT + Water + CTAB 10 g/L + KCl 8 wt% 6 6 180 72 72 

9 Na-MMT + Water + CTAB 10 g/L + KCl 12 wt% 6 6 180 108 108 

 1 

2.2. Potential models 2 

For modeling the clay mineral slab, the accurate and well-known force field of CLAYFF was 3 

employed (Cygan et al., 2021; Cygan et al., 2004). This force field predominantly employs 4 

Lennard-Jones and Coulomb potentials to model nonbonded interactions within the clay slab, 5 

while bonded interactions are utilized to accurately simulate the hydroxyl structure (Ghasemi et 6 

al., 2022). As for the CTAB surfactant, we utilized the CHARMM36 (Bjelkmar et al., 2010; 7 

Vanommeslaeghe et al., 2010), which has been primarily developed for organic molecules 8 

(Yazhgur et al., 2018). The compatibility between CHARMM36 and CLAYFF force fields has 9 

been previously confirmed in the literature (Ghasemi and Shafiei, 2022; Wright and Walsh, 2012). 10 

Moreover, we employed the TIP3P water model, selected for its compatibility with the CLAYFF 11 

and CHARMM36 force fields (Wright and Walsh, 2012). To describe Van der Waals interactions 12 

between atoms from distinct molecules, we incorporated the Lorentz-Berthelot mixing rules. All 13 

the potential parameters used to define the intermolecular interactions of the molecules were 14 

tabulated in Supporting Information (SI), section (A). 15 

2.3. Simulation details 16 

MD simulations were conducted utilizing GROMACS software (Version 2022) (Van Der Spoel et 17 

al., 2005), and the visualization of systems was accomplished using the VMD software (Humphrey 18 

et al., 1996). The simulation protocol consisted of several steps. Initially, energy minimization was 19 

conducted with 100,000 steps. Following energy minimization, MD simulations lasting 2 ns were 20 

performed in the NPT ensemble with 1 fs time step to attain an equilibrated d-spacing. The 21 

temperature was maintained at 298 K, and the pressure was set to 1 bar. Reaching an equilibrium 22 
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state was confirmed by root-mean-square deviation (RMSD) analysis, as detailed in SI, section 1 

(B). Subsequently, equilibrated configurations were employed to perform 30 ns MD simulations 2 

in NVT ensemble. Temperature was controlled using a V-rescale thermostat (Bussi et al., 2007), 3 

while pressure was regulated through an isotropic Parrinello-Rahman barostat (Nosé and Klein, 4 

1983). A non-bonded interaction calculation was conducted using a cutoff value of 1.20 nm. 5 

Periodic boundary conditions (PBCs) were incorporated in all dimensions. Data sampling for 6 

subsequent analyses was done over the last 5 ns of the production run, where the system reached 7 

an equilibrium state. The molecular structure of CTAB and initial configuration of the simulation 8 

system are depicted in Figure 1.  9 

 

 

 

Figure 1. (a)  CTAB molecule snapshot, (b) structural formula of CTAB, and (c) snapshot of simulation system (Na-10 
MMT color: yellow for Si, pink for Al, cyan for Mg, red for O, white for H, and blue for Na+ and CTAB color: cyan 11 
for C, white for H, reddish black for Br-, and blue for N).12 

13 

(a) (b) 

(c) 
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3. Results and Discussion 1 

3.1. Swelling rate variation   2 

To characterize the impact of CTAB on reducing MMT swelling at the last stage of crystalline state 3 

in the presence of 3W layer hydrate, the basal spacing, denoted as d (Å), represents the distance 4 

between the lower surfaces of two consecutive clay layers, is determined. Table 2 presents the basal 5 

spacing results for the different systems under investigation. The basal spacing for Na-MMT (3W) 6 

without any inhibitor is 19.3 Å, which is consistent with values mentioned in existing literature  7 

(Chang et al., 1998b; Sun et al., 2015). Slight variations in the obtained d-spacing values in different 8 

MD studies can be attributed to differences in the considered chemical structures of Na-MMT.  9 

Regarding the impact of CTAB inhibitor, the results show that d-spacing is reduced by 4.14% and 10 

5.18% for CTAB concentrations of 6 and 10 g/L concentrations, respectively. Leveraging the double 11 

effects of KCl and CTAB demonstrates that the addition of KCl in the presence of CTAB can 12 

effectively further reduce d-spacing. However, it is important to note that higher concentrations of 13 

KCl do not necessarily lead to greater reduction in the interlayer space. As shown in Table 2, for 6 14 

g/L CTAB, the addition of KCl with concentration of 5 and 8 wt%, can reduce d-spacing by 6.21% 15 

and 8.29%, respectively, which is approximately 2 to 4% more than the reduction achieved by pure 16 

6 g/L CTAB. Such an impact of KCl is also valid for the higher concentration of CTAB, i.e., 10 g/L, 17 

with almost the same extra reduction in d-spacing. However, the reverse relation is observed for the 18 

impact of KCl on clay swelling when the KCl concentration increases to 12 wt%. In more detail, for 19 

both assessed concentrations of CTAB, when KCl concentration increases to 12 wt%, the dual 20 

impacts for clay swelling reduction are diminished, in which higher reduction in swelling is no 21 

longer achieved by increasing KCl over 8 wt%. To scrutinize the reason behind such behaviors of 22 
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KCl and CTAB, we first assess the molecular configuration of components via density profile 1 

analysis.  2 

Table 2. Basal spacing d-value (Å) of various studied simulation systems. The reference for comparison of impacts of 3 
inhibitor is Na-MMT with 3W hydrate layer and equilibrated d-spacing value of 19.3 Å.  4 

System d-spacing (Å) Changes in d-spacing 

Water + Na-MMT + After equilibration state % 
6 g/L CTAB 18.5 4.14 
6 g/L CTAB + 5 wt% KCl 18.1 6.21 
6 g/L CTAB + 8 wt% KCl 17.7 8.29 
6 g/L CTAB + 12 wt% KCl 17.9 7.25 
10 g/L CTAB 18.3 5.18 
10 g/L CTAB + 5 wt% KCl 18.0 6.73 
10 g/L CTAB + 8 wt% KCl 17.6 8.80 
10 g/L CTAB + 12 wt% KCl 17.8 7.72 

 5 

3.2. Distribution of interlayer components  6 

To gain deeper insight into the reason behind the behavior of CTAB and the impact of concentration, 7 

we performed a comparative analysis of the molecular arrangement of different components in the 8 

z-direction, which is perpendicular to the clay layers. Specifically, we analyzed the distribution of 9 

the oxygen atom in water (Ow), hydrogen atom of water molecules (Hw), nitrogen of CTAB (NCTAB), 10 

tail of CTAB (CCTAB), and interlayer cations (Na+). Figure 2 shows the distribution of Ow for three 11 

cases of pure water, 6 g/L CTAB, and 10 g/L CTAB. The presence of three distinct peaks in the 12 

distribution of Ow confirms the formation of 3W hydration layers in all simulated cases. Here, the 13 

distribution of water molecules in the absence of the inhibitors is greatly in line with the literature 14 

(Kadoura et al., 2016). Interestingly, it is evident that the addition of CTAB results in a more compact 15 

arrangement of the water layers, and this is intensified by increasing the CTAB concentration. 16 

According to Figure 2(b), which demonstrates the distribution of Hw, the addition of CTAB leads 17 

to relocating a portion of water molecules close to the surface towards the middle of the interlayer. 18 

In the absence of CTAB, two small peaks of Hw are observed close to the clay surface along with 19 

three peaks associated with 3W hydrate layers, which indicate strong affinity of water molecules 20 
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towards the surface. When CTAB was added to the interlayer, the small peaks were observed in the 1 

distribution of Hw. This phenomenon can be ascribed to the electrostatic interactions between the 2 

CTA+ cations and the surface of the slab, which overcome the interplays between Hw and the slab 3 

surface with the negative charge. In other words, CTAB not only acts to partially neutralize the 4 

negative charge of layers but also hinders the water molecules’ adsorption onto the clay surface. 5 

This observation becomes more pronounced at the higher CTAB concentration, i.e., 10 g/L. This is 6 

also confirmed by comparing the number of hydrogen bonds (H-bonds) between water and the clay 7 

surface, as shown in Figure S3. Moreover, the presence of more CTA+ in interlayers results in a 8 

disruption in the distribution of water molecules at the middle of interlayer. This interference is 9 

attributed to the presence of the CTAB tail and its structural hindrance. It should be noted that the 10 

differences in distribution of Hw near the surface in systems with CTAB is due to variation in charge 11 

distribution of the clay layer.  12 

  

Figure 2. Density profiles of (a) Ow and (b) Hw for three cases of 0 g/L, 6 g/L, and 10 g/L CTAB.  13 

Figure 3 demonstrates the distribution of CTAB molecules, specifically the tail of CTAB (carbon 14 

chain) represented by solid lines and the head of CTAB (nitrogen atom) represented by dashed lines, 15 

along with the interlayer cations (Na+). Although it was expected that the CTA+ molecule would 16 

interact with the clay surface through its positively charged head, Figure 3(a) shows that both the 17 
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tail and head of the CTA+ molecule are at the same distance from the clay surface, indicating the 1 

parallel orientation of CTA+ monolayer with the surface (see Figure 3(c)). This parallel alignment 2 

of the CTA+ cation justified the relocation of some of the water molecules towards the interlayer. 3 

Notably, a greater accumulation of CTA+ cations close to the surface is observed at the higher 4 

concentration (10 g/L). Therefore, it can be concluded that the configurational arrangement of CTA+ 5 

not only leads to the repositioning of water molecules from the surface but also compels the Na+ 6 

cations at the interface to move towards the middle of the layers. Figure 3(b) illustrates that without 7 

CTAB, there are five different layers of Na+ cations where two layers are distributed close to Na-8 

MMT, forming inner-sphere surface complex (ISSC). Given that outer-sphere surface complexes 9 

(OSSCs) are established where the distance of ions is more than 3 Å from the clay slab (Lammers 10 

et al., 2017), it can be observed that two OSSCs confined between water layer in conjugated with a 11 

layer at the middle interlayer are formed. Interestingly, in the presence of CTAB, the five layers of 12 

interlayer cations are converted to the four layers, in which the middle layer of the latter case 13 

disappears while there are still two ISSCs and OSSCs for both concentrations of CTAB. 14 

Furthermore, the structural position of the CTA+ monolayer leads to a higher accumulation of Na+ 15 

cations within the interlayer's center. 16 
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Figure 3. Density Profile of (a) tail of CTAB (solid line) and nitrogen of CTAB (dashed line) and (b) Na+ cations. The 1 
monolayer configuration of CTA+ over the clay surface is shown in part (c).  2 

To optimize drilling fluids, it is common practice to use multiple inhibitors simultaneously, as each 3 

clay swelling inhibitor operates through specific inhibition mechanisms. Among these inhibitors, 4 

inorganic salts, particularly potassium chloride (KCl), are widely employed. KCl acts as an inhibitor 5 

by reducing clay swelling through a cation exchange mechanism (Swai, 2020). Interestingly, it has 6 

been observed that the addition of KCl does not necessarily enhance the inhibitory properties when 7 

CTAB is already present. Figure 4 demonstrates the distribution of water (Hw and Ow) and interlayer 8 

cations (Na+ and K+) for a concentration of 10 g/L CTAB. The density profiles of Hw and Ow remain 9 
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identical regardless of the concentration of KCl added. However, the positions of Na+ and K+ cations 1 

differ and are influenced by the concentration of KCl. Generally, K+ cations demonstrate a more 2 

pronounced inclination to stay in proximity to the clay surface when compared to Na+ cations. In all 3 

cases, K+ cations distinctly create two ISSCs with varying degrees of accumulation near the surface. 4 

In the coactions of CTAB (10 g/L) and KCl (5 wt%), owing to interactions between K+ ions and the 5 

clay surface, some of the Na+ cations are repelled from the surface, and as it is evident from Figure 6 

4(b), more Na+ cations are present in the form of OSSCs compared to Figure 4(a), the case with no 7 

KCl. It is worth noting that the distribution of K+ cations are not just restricted near the surface, and 8 

some K+ cations are uniformly placed around the middle of the interlayer. Addition of more KCl, 9 

i.e., 8% wt., has no significant impact on the distribution of Na+ cations near the surface, and the 10 

majority of K+ cations are distributed around the middle of the interlayer as it is shown by higher 11 

intensity of OSSCs in Figure 4(b). However, when the concentration of KCl increases to 12%., a 12 

notable change occurs in the arrangement of Na+ cations. The majority of Na+ cation, which was 13 

previously positioned in proximity to the clay surface in lower KCl concentrations, are transferred 14 

to the center to form more OSSCs. The divergent swelling behavior of these systems can be 15 

attributed to the intrinsic distinction in the hydration enthalpies between Na+ and K+ cations. Given 16 

that hydration enthalpy of Na+ cations (-406 kJ.mol-1) is more than that of K+ cations (-320 kJ.mol-17 

1), they can form fairly stable hydration shell, which results in fully hydrated ions. This means that 18 

the presence of more K+ cation compared to Na+ cations should provide more inhibition. This 19 

happened up to 8 wt% in the presence of CTAB where no considerable changes occur for Na+ cation 20 

forming ISSCs. However, the presence of excessive amount of K+ cations, which replaced the 21 

majority of Na+ cations by breaking their interactions with the clay surface, does not necessarily 22 

improve the inhibition property.  23 
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Figure 4. Density profile of water (Hw and Ow) and interlayer cations (Na+ and K+) for (a) 12 g/L CTAB + 0 wt% KCl, 1 
(b) 12 g/L CTAB + 5 wt% KCl, (c) 12 g/L CTAB + 8 wt% KCl, and (d) 12 g/L CTAB + 12 wt% KCl. As it is evident, 2 
addition of KCl up to 12 wt% caused relocating more Na+ cations into the interlayer’s center, which means higher 3 
possibility of hydration of cations and then clay swelling.  4 

 5 

3.3. Molecular pair distance 6 

To obtain further insight into the interactions between specific pairs of the atoms and their 7 

distributions, radial distribution functions (RDFs) were evaluated. Figure 5 presents RDFs of Na+-8 

Ob and Hw-Ob in Na-MMT systems with varying concentrations CTAB. Comparing the interactions 9 

of Na+-Ob and Hw-Ob with the main RDF peak location of 0.27 nm and 0.20 nm, respectivley, shows 10 

that water molecules exhibit a greater inclination to be in proximity to the slab compared to Na+ 11 

cations, even after adding CTAB. This is due to high polarizibility of the MMT surface stemmed 12 
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from the isomohrphic substituions in the O-sheet. Neverthless, the presence of CTAB in the 1 

interlayers can influence the intensity of interactions in pairs of atoms. As depicted in Figure 5(a), 2 

the RDF of Na+ cations with the Ob exhibits a gradual decrease with the addition of CTAB, indicating 3 

relocating Na+ cations towards the middle of the interlayers. This observation aligns with the Na+ 4 

density profile shown in Figure 3(b). Similarly, the presence of CTAB removes some water from 5 

the clay surface and pushes them towards the middle. As previously discussed, CTAB molecules 6 

align in a parallel manner with the clay surface, contributing to this effect. The point that should be 7 

referred is that although CTAB can relocate the interlayer cations and water molecules, among CTA+ 8 

cations, Na+ cations, and Hw, the initial major peak of CTA+ cations is positioned at further distance 9 

(Figure 3(c)). Nevertheless, the interactions of CTA+ molecules with the clay surface occur without 10 

any mediation by water or Na+ cations. Regarding the relocation of water and Na+ cations by CTAB, 11 

two indirect interpretations can be drawn. First, relocating Na+ cations from the clay surface 12 

promotes the capability of CTA+ cations to follow the cation exchange mechanism. Second, the 13 

presence of the lower amount of water close to the surface improves CTAB’s potential in altering 14 

wettability of the surface. We mentioned indirect interpretations because the simulation systems in 15 

this study were not designed to allow water molecules to move outside or penetrate inside the 16 

interlayers and reach a direct conclusion. Regarding the inhibition mechanism of CTAB, however, 17 

one may expect that transferring both Na+ cations and water molecules to the middle of interlayer 18 

should have imposed further swelling as a result of higher hydration, as shown in Figure S4, where 19 

the higher RDF has been obtained for Na+-Ow pairs at the higher CTAB concentration. Nevertheless, 20 

the origin of inhibition mechanism of CTAB can be scrutinized in the orientation of CTA+ 21 

molecules. The snapshot of equilibrium state of the system containing 10 g/L CTAB (Figure 3(d)) 22 

shows that parallel orientations of CTA+ molecules (bilayer) with respect to the surface keep the 23 
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clay layers together. This means that the positive impact of molecular orientation of CTA+ on 1 

swelling performance is more than the adverse effect of relatively higher cation hydration. 2 

  

 

 

Figure 5.  Profiles of RDF for (a) Na+-Ob, (b) Hw-Ob, and (c) NCTAB-Ob for different system containing various CTAB 3 
concentrations. As it is evident, addition of CTAB resulted in removing of Na+ cations and water from the clay surface. 4 
Special parallel orinentation of CTA+ molecules with repsective to the clay surface is shown in part (d).  5 

Figure 6(a) and 6(b) show the RDFs of the counterions, i.e., Na+ and K+ with Os and Ow, 6 

respectively, for various KCl concentrations. As shown in Figure 6(a), for all cases, although Na+ 7 

cations are in closer proximity to the clay surface in contrast to K+ cations, their presence is 8 

characterized by a lower intensity than that of K+ cations. The variance in the positioning of the 9 

initial peak arises from variations in the ionic radii of the cations, which is higher for K+ cations 10 

(Rahromostaqim and Sahimi, 2018). In the presence of KCl concentrations, the interactions between 11 
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Na+ cations and the clay surface are diminished due to the influence of elevated K+ cations, and on 1 

the contrary, more accumulation of K+ cations is observed at the clay surface. Such behaviors of 2 

counterions are mainly due to the difference in the enthalpy of hydration that we previously 3 

explained. Indeed, most K+ cations stay near the MMT surface and have no tendency to be hydrated 4 

by water molecules. Conversely, Na+ cations can easily be hydrated by water, and they can form 5 

larger hydration shells, which causes clay swelling. As shown in Figure 6(b), the initial hydration 6 

shells of cations-Ow appear at 2.38 ± 0.02 Å and 2.78 ± 0.02 Å for Na+ and K+, respectively, which 7 

align with findings from prior research investigations (Boulet et al., 2004; Denis et al., 1991). Note 8 

that at the higher KCl concentration, i.e., 12 wt%, the greater RDF peak occurs for Na+ cations and 9 

water molecules, which corroborates the density profile outcomes. This worsens the combined 10 

inhibitory effect of CTAB and KCl compared to lower KCl concentrations.  11 

  

Figure 6. RDF curves for (a) Na+-Ob (solid line) and K+-Ob (dashed line), and (b) Na-Ow (solid line) and K-Ow (dashed 12 
line) for 10 g/L CTAB and various concentrations of KCl.  13 

3.4. Charge density of clay surface 14 

The negative charge of clay layers can form an electrical double layer (EDL) over the surface (Laird, 15 

2006). The higher the EDL length near the clay surface means the greater the affinity of the MMT 16 

surface to adsorb water dipoles due to the electric potential difference. Hence, it enhances the 17 
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accumulation of water molecules near the surface, or in another interpretation, the penetration of 1 

more water into the clay interlayers (Smalley, 1994). This increase in water accumulation near the 2 

clay surfaces leads to enhanced clay swelling. Consequently, reducing the electric charge on the clay 3 

surface can effectively control clay swelling. As shown in Figure 7, when CTAB is added to the 4 

system, the negative charge on the surface reduces by creating a monolayer and bilayer structures 5 

over the clay surface. Specifically, without CTAB molecules, the charge over the surface is -220.15 6 

q.nm-3, and it gradually decreases to -150.14 q.nm-3 and -110.05 q.nm-3 by adding 6 g/L and 10 g/L 7 

CTAB. Indeed, this shows that the inhibitory performance of CTAB cannot be attributed to a single 8 

mechanism alone. Instead, CTAB employs multiple inhibition mechanisms simultaneously to 9 

effectively reduce clay swelling. It can be inferred that even though addition of CTAB may change 10 

the location of Na+ cations  to be exposed more to the hydration, positive contributions of other 11 

mechanisms outweigh the adverse effects of cation hydration on clay swelling. Additionally, the 12 

presence of KCl can also further reduce the surface charge density. However, the effectiveness of 13 

KCl in altering surface charge density is not as significant as that of CTAB. Reduction of the surface 14 

charge at the higher KCl concentration is not substantial, in which the surface charge density reaches 15 

to -86.15 q.nm-3 at 12 %wt KCl from -101.32 q.nm-3 at 5 %wt KCl. This limited reduction may 16 

explain the reverse performance of KCl at 12%wt in the presence of CTAB, as it is unable to 17 

compensate for the negative impact of the relocation of Na+ cations towards the middle of the 18 

interlayer.  19 
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Figure 7. Charge density distribution of the system along z-axis (perpendicular to the clay surface) for various 1 
concentrations of CTAB. The impact of KCl concentration was considered in the presence of 10 g/L CTAB. Note that 2 
z starts from the middle of one clay slab (O-sheet) towards the middle of the interlayers. 3 

3.5. Movement of interlayer water 4 

The diffusivity of water molecules in clay interlayers exerts a substantial influence on the swelling 5 

characteristics of MMT. Minimizing water mobility is crucial, as higher mobility leads to increased 6 

swelling by exerting greater swelling pressure (Sun et al., 2016). To assess the effects of the added 7 

inhibitor on the dynamic characteristics of water molecules, the mean-squared displacement (MSD) 8 

analysis was used to obtain self-diffusion coefficients (Ds) (Marry and Turq, 2003).  The MSD profile 9 

of water for different studied cases is illustrated in Figure 8(a). As evident, the slope of the MSD 10 

curves gradually decreases with addition of CTAB in different concentrations , indicating that CTAB 11 

can restrict the water molecules’ movement. Similarly, KCl exhibits a similar effect, as lower MSD 12 

slopes are observed with higher KCl concentrations. Comparing the diffusion of water molecules in 13 
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Figure 8(b) demonstrates that an addition of CTAB reduces the Ds of water from 
91.9 10− m2.s-1 to 1 

91.65 10− and 
91.52 10−  m2.s-1 for lower and higher concentrations of CTAB, respectively. The 2 

impact of KCl on diffusivity of water molecules in the presence of 10 g/L CTAB shows a reduction 3 

trend by 13 %, 25%, and 34% for lower to higher studied KCl concentrations. These findings confirm 4 

the previous results. Indeed, the presence of CTAB acts as a hindrance for water molecules by 5 

creating the monolayer and bilayer structures parallel to the slab. Addition of KCl can also further 6 

impose restriction to the movement of water molecules due to their interactions with counterions 7 

with lower enthalpy of hydrations. 8 

 9 
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Figure 8. Comparison of (a) MSD and (b) Ds of water molecules in different studied cases. As it is evident, the presence 1 
of more CTAB and KCl acted as a barrier for water movement.  2 

 3 

4. Implications for subsurface drilling  4 

Subsurface drilling with perspectives of petroleum extraction, geothermal energy, gas storage, etc., 5 

is amongst the expensive processes of reaching the reservoirs. Neglecting the accurate optimization 6 

of these sections can result in significant challenges, leading to higher expenses or even failure to 7 

reach the desired target. Among these challenges, dealing with expandable clay swelling in 8 

subsurface formations is of utmost importance. Ensuring the success of the drilling operation hinges 9 

on the critical optimization of the drilling fluid, which is essential for effectively controlling clay 10 

swelling. This study highlights the significance of optimizing  the simultaneous impacts of clay 11 

swelling inhibitors, namely CTAB and KCl, in postponing the shift from a crystalline swelling state 12 

to an osmotic swelling state. The addition of CTAB can reduce clay swelling by formation of 13 

monolayer and bilayer structures parallel to the slab surface. This restructuring is coupled with the 14 

relocation of Na+ cations and water molecules, which are moved further away from the clay surface. 15 
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This phenomenon enhances the CTAB potential in cation exchange and alteration of surface 1 

wetness, respectively. Despite the higher susceptibility of Na+ cations to hydration within the middle 2 

of the interlayers, specific orientations of CTAB effectively maintain the close proximity of the clay 3 

layers. Furthermore, CTAB compensates for the negative charge present on the clay surface and acts 4 

as an impediment for movement of the water molecules. This indicates that the effects of CTAB in 5 

the interlayer are not solely positive, but the overall positive impacts outweigh the negatives, leading 6 

to a reduction in clay swelling. The addition of KCl, an early solution to counteract clay swelling, in 7 

combination with CTAB can enhance the inhibition performance. Indeed, K+ cations, which 8 

predominantly undergo cation exchange, replace the Na+ cations near the clay surface. Having lower 9 

enthalpy of hydration compared to Na+ cations, K+ cations up to the middle concentration (8 wt%) 10 

can positively contribute to swelling reduction in the presence of CTAB. However, the detrimental 11 

impact of further removing of Na+ cations from the surface due to the presence of more and more 12 

K+ cations in the interlayers can deteriorate the combined impacts of CTAB and KCl due to 13 

formation of larger hydration shells of Na+ cations. This implies that using higher concentration of 14 

KCl is not always the solution even for the most expandable type of clay minerals.  15 

  16 
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5. Conclusions 1 

In this study, molecular dynamics (MD) simulation was utilized to investigate how the presence of 2 

CTAB surfactant inhibits the swelling of Na-MMT. Furthermore, the study examined the combined 3 

impacts of KCl and CTAB at standard concentrations of 5 wt%, 8 wt%, and 12 wt%. The findings 4 

indicated that the addition of 6 and 10 g/L CTAB led to a reduction in the d-spacing value from 19.3 5 

Å (without the inhibitor) to 18.5 and 18.3 Å, respectively. The arrangement of monolayer and bilayer 6 

CTA+ molecules in parallel to the slab surface results in the displacement of Na+ ions and water from 7 

the clay surface. This suggests a cation exchange mechanism and alters the wetness properties, 8 

making it less hydrophilic. Additionally, further compensation of the clay surface charge positively 9 

contributes to reducing clay swelling. The performance of CTA+ cations is improved by adding KCl 10 

at 5 and 8 wt%. Yet, the enhanced effectiveness of the combined inhibitors diminishes at 12 wt% 11 

KCl. At this concentration, the elevated ratio of K+ to Na+ leads to a shift in the form of Na+ cations 12 

from ISSCs near the surface to OSSCs farther from the surface. This increases the likelihood of 13 

higher hydration for Na+ cations, thereby negatively impacting the combined performance of CTAB 14 

and KCl.  15 
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