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Abstract 15 

In the context of environmental sustainability, the drilling industry faces new challenges 16 

resulting in the study and development of new drilling fluids based on eco-friendlier 17 

components to replace harmful mineral oils. Organic modified sepiolite dispersed in oil 18 

is an excellent additive to provide suitable rheological properties at low concentrations. 19 

The present study investigates the effect of alkyl ammonium modifiers on the 20 

microstructure and rheological properties of sepiolite-vegetable oil dispersions under 21 

high-temperature (up to 140ºC) and high-pressure (up to 2000 bar) conditions. Organo-22 

sepiolite, prepared using a high-shear processing method and containing surfactant with 23 

alkyl chains longer than 12 carbon atoms, exhibited a high degree of surface adsorption 24 

and thermal resistance. All modifiers developed a stable fibrous structure in the 25 

dispersion. This structure maintained the pseudoplastic behavior in a wide range of shear 26 

rate, temperature and pressure without reaching an apparent yield stress. These 27 

dispersions showed suitable rheological and thermal properties to develop sustainable 28 

drilling fluids. 29 

 30 

Keywords: sepiolite, alkyl-ammonium, vegetable oil, drilling fluid, high-pressure 31 
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 34 

1 Introduction 35 

The growing demand for energy and the excessive dependence on fossil fuels have 36 

created major environmental problems given the excessive production of greenhouse 37 

gasses and the resulting global climate change. This situation has forced the exploration 38 

and development of new technologies that are based on environmentally friendly 39 

alternatives, such as solar and geothermal energy (Mohamed et al., 2021). In the context 40 

of environmental sustainability, the drilling industry faces new challenges resulting in the 41 

study and development of environmentally-friendly drilling fluids for the new demands, 42 

such as geothermal energy recovery and deep storage of CO2 (Ahmed et al., 2021). 43 

It is well known that one of the most important properties of drilling fluids is a suitable 44 

rheology (high viscosity at low shear rate and low viscosity at high shear rate) (Caenn et 45 

al., 2017). Water-based drilling fluids (WBDFs) are environmentally more efficient than 46 

oil-based drilling fluids (OBDFs) (Amani et al., 2012; Reinoso et al., 2019, 2020). 47 

However, OBDFs are preferred for challenging deeper drilling scenarios having 48 

aggressive high-pressure and high-temperature conditions (HPHT) (Hermoso et al., 49 

2015). 50 

Fibrous and layered clay minerals are excellent additives that provide suitable rheological 51 

properties for drilling fluids even at low concentrations. Sepiolite has been used as a 52 

rheology improver and a fluid-loss controller in WBDFs (Tunç et al., 2012; Abdo et al., 53 

2016; Ettehadi et al., 2020; Zhang et al., 2020). For OBDFs, organoclay (OC) is easily 54 

dispersible in oils, providing a dispersion that results in fluids having the desired 55 

pseudoplasticity and gel strength. Organo-sepiolites (OSep) provide dispersion with 56 

rheological properties that are like other layered OC such as organo-montmorillonites 57 
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(OMt) at lower loads. The fibrous structure and high aspect ratio of OSep improve 58 

interactions between clay and oil, as well as clay to clay, resulting in the development of 59 

percolated structures that exhibit pseudoplastic behavior. Surface modification is the key 60 

factor on how OC and oils interact, providing them compatibility and emulsifying 61 

capability (Lagaly et al., 2006). 62 

Raw sepiolite (Sep) has been extensively surface-modified using different processing 63 

conditions, compounds and solvents (García et al., 2010; Mejía et al., 2014; Tiemblo et 64 

al., 2015). Adsorption of the modifier on the Sep surface can occur at distinct sites: a) 65 

oxygen ions on the tetrahedral sheet of ribbons, b) water molecules coordinated to the Mg 66 

ions and c) SiOH groups along the fiber axis (Serratosa, 1979). Sep has a low cation 67 

exchange capacity (CEC) ranging from 10 to 30 cmol(+)/kg (Aranda et al., 2008). 68 

Nevertheless, it can adsorb more than 4 times its CEC (Shariatmadari et al., 1999; Bilgiç, 69 

2005). 70 

OBDFs formulated with OSep and mineral oils have been tested in several works (Weng 71 

et al., 2018; Zhuang et al., 2018a, 2018b, 2018c, Zhuang et al., 2019). It is agreed that 72 

surface adsorption of the surfactant is the main mechanism for surfactant-clay interaction. 73 

Clay-oil compatibility and rheological properties are proportional to surfactant 74 

concentration. However, extremely high surfactant levels may result in a decline in 75 

rheological properties. Improved adhesion has been observed for cationic surfactants with 76 

long chains.  77 

Recently, the rheological properties and structure of OC dispersed in vegetable-based 78 

solvents have been studied (Agwu et al., 2015; Ratkievicius et al., 2017; Sulaimon et al., 79 

2017; Martín-Alfonso, 2021a), with promising results on the development of drilling 80 

products. As an advantage, vegetable oils provide a cheap and environmentally friendly 81 

alternative to replace the typically used environmentally harmful oils in OBDF 82 
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(Tapavicza, 2005; Li et al., 2016; Paswan and Mahto, 2020). Some thermal disadvantages 83 

related to oil resistance and degradation have recently been addressed (Ma et al., 2022; 84 

de Brito Buriti et al., 2022). 85 

To expand on this, it may be necessary to conduct rheological studies under high pressure 86 

conditions applied to OSep dispersions formulated with vegetable oils to assess the 87 

capacity of these dispersions for designing eco-friendlier drilling fluids. A prior study 88 

revealed the suitability of certain vegetable oils, especially sunflower oil, as potential oily 89 

bases for the preparation of drilling fluids based on commercial OSep, showing excellent 90 

stability under high temperature/high pressure conditions (Martín-Alfonso et al., 2021a). 91 

This research expands upon the study of the structure and rheological behavior, as a 92 

function of temperature and pressure, of OSep dispersions in vegetable oils, prepared with 93 

different alkyl ammonium surfactants using a high-shear wet method. The novelty lies in 94 

assessing the impact of alkylammonium surfactants on the structure and pressure-95 

temperature rheology of OBDFs prepared by dispersing OSep in vegetable oil. 96 

2 Materials and methods  97 

2.1 Materials 98 

Sep (Pangel S9) donated by TOLSA (Spain) was used as a base product to prepare OSep 99 

through cationic exchange with different alkylammonium surfactants. This Sep is an 100 

industrially processed product (Alvarez Berenguer et al., 1985) with a cation exchange 101 

capacity (CEC) of 30 cmol(+)/kg (García-López et al., 2010).  102 

Surfactants with different molecular weight and chain length were purchased from 103 

Sigma-Aldrich. The selected surfactants were tetrabutylammonium bromide (TBA-Br, 104 

molar mass 322.37 g/mol), dodecyl trimethylammonium bromide (DDTA-Br molar mass 105 
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308.34 g/mol), and hexadecyl trimethylammonium bromide (HDTA-Br molar mass 106 

364.45 g/mol).  107 

Crude vegetable sunflower oil was provided by LIPSA (Spain) and was used without 108 

modification to prepare OSep dispersions. A commercial OSep (Berkbent SB-5), 109 

prepared at industrial scale with an alkyl ammonium cationic surfactant was donated by 110 

TOLSA (Spain) and was used as reference OSep for comparison.  111 

2.2 Processing 112 

Sep was modified by cationic exchange using a high-shear wet method. Sep was dispersed 113 

in deionized water at 4 m% by means of a high shear mixer (Silverson). Then, a specific 114 

amount of surfactant (30 cmol(+)/kg of Sep), previously dissolved in 100 ml of water, 115 

was poured in the sepiolite-water dispersion and was agitated at 9000 rpm for 1h. 116 

Afterward, the liquid was separated by filtration and the solid was dried in an oven at 117 

105°C, milled and dried again overnight. The theoretical composition of these organo-118 

sepiolites is shown in Table 1. 119 

Table 1. Formulation of OSep samples 120 

OSep Modifier  

4 m% sepiolite/water dispersion 
 
Water (g) Sepiolite (g) Modifier (g) 

ST30 Tetrabutylammonium bromide 2500 100 9.67 
SD30 Dodecyl trimethylammonium bromide 2500 100 9.25 
SH30 Hexadecyl trimethylammonium bromide 2500 100 10.93 

 121 

OSep dispersions in oil were formulated at a concentration of 3 m% by wetting with the 122 

vegetable oil in a low shear mixer, using a conventional four-blade impeller for two hours 123 

at room temperature. Afterward, the OSep dispersions were high shear mixed using an 124 

Ultra-Turrax T50 high-performance dispersing machine (Ika, Germany) at the 125 

temperature of 60ºC and at 12000 rpm for ten minutes.  126 
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The samples were stored in closed containers at room temperature. Before the testing, the 127 

samples were homogenized in a low shear mixer for five minutes, observing no separation 128 

phase. 129 

2.3 Methods 130 

XRD characterization was conducted at room temperature, using a Bruker S8 Advance 131 

diffractometer (Germany) equipped with a secondary monochromator, a Brentano Bragg 132 

geometry goniometer and a copper cathode as an X-ray source. Samples were exposed to 133 

Cu Kα radiation at a wavelength of 0.15406 nm. The 2θ angles ranged from 1.5º to 40º, 134 

with a 0.017º single scanning step and a measurement time of 6 seconds per step. 135 

OSep morphologies were observed on a Jeol JSM-5410 scanning electron microscope (20 136 

kV and 20,000x), using samples coated with gold at high vacuum to avoid charging.  137 

Fourier Transform Infrared (FTIR) spectra of the studied samples were obtained using a 138 

Jasco FTIR-4200LE spectrometer. FTIR spectra were recorded in the 4000 to 400 cm-1 139 

range in transmission mode. Solid samples were mixed with potassium bromide (KBr) at 140 

a ratio of approximately 1/10 weight and were pelletized in a hydraulic press at 50 bars.  141 

Calorimetric analyses were performed using an MDSC-Q100 (TA Instruments). Samples 142 

consisting of 5-15 mg were sealed in aluminum pans and were purged with N2 at 50 143 

mL/min. Temperature scans were conducted between -80°C and 250°C, with an 144 

oscillation period of 60 seconds, an amplitude of 0.50°C, and a heating rate of 5°C/min. 145 

Thermogravimetric analyses were conducted on a TGA-Q50 (TA Instruments) under N2 146 

flow. Samples were isothermally stabilized at 55ºC for five minutes and were 147 

subsequently heated to 600ºC, at a heating rate of 10ºC·min-1 for Sep and OSep and 148 

20ºC·min-1 for oil dispersions.  149 
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Rheological measurements were taken using controlled-stress rheometers (Haake Mars 150 

II, Thermo Scientific and MCR301, Anton Paar). Rheological data were obtained at 151 

atmospheric pressure using standard coaxial cylinder geometry (DINZ20 and CC27, gap 152 

1 mm).  153 

Pressure–temperature flow curves were obtained using a non-conventional coaxial 154 

cylinder-type pressure cell (HP2000) equipped with a magnetically-coupled coaxial 155 

cylinder (inner diameter 26 and 27 mm, gap 1 mm and 0.5 mm, respectively).  156 

Viscosity-pressure ramps were performed using a patented high-pressure flow driven 157 

capillary viscometer, equipped with a high-pressure opposed-piston pump, pressure 158 

generators and a set of high-pressure capillaries enclosed in a climate chamber. Details 159 

of this device have been reported elsewhere (Martín-Alfonso et al., 2021b). 160 

Steady-state flow curves were measured at several temperature and pressure 161 

combinations (40ºC, 60ºC, 80ºC, 100ºC, 120ºC and 140ºC at 1 bar and 40ºC, 100ºC and 162 

140ºC at 500 bar, 1000 bar and 1500 bar), using upward stress sweep tests, in 180-second 163 

steps.  164 

Viscosity versus pressure ramps were measured at 40ºC, 60ºC, 80ºC, 100ºC, 120ºC and 165 

140ºC, at a high shear rate, increasing/decreasing pressure by ~250 bar steps, using high-166 

pressure generators (Isco-Teledyne and HiP, USA) and the samples as pressurizing fluid. 167 

No significant hysteresis was observed when comparing upward and downward pressure 168 

sweeps. 169 

3 Results and discussion 170 

3.1 Structural characterization 171 

As seen in Figure 1, the XRD patterns of the OSep dispersions are very similar to those 172 

of Sep. It is well known that the presence of organic modifiers does not alter the 173 
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crystalline structure of Sep due to the covalent bonds between the sheets. Therefore, the 174 

main reflections in Sep (2θ values 7.4º; 11.7º; 13.3º; 19.8º; 20.6º; 23.8º; 26.7º and 35) 175 

also appear in OSep and its dispersions, as previously reported in several works (García-176 

López et al., 2010; Weng et al., 2018; Zhuang et al., 2018a, 2018b; Martín-Alfonso et al 177 

2021a). The dispersions reveal an increase in the intensity at the 15º-26º 2θ range with 178 

respect to Sep and OSep. This effect is related to the adsorption of the organic oil phase 179 

as reported previously by Yan et al. (2016). Amorphous adsorption of the organic 180 

surfactants on the surface may be the dominant interaction mechanism in OSep (Weng et 181 

al., 2018), with no effect of the type of alkyl ammonium salt, chain length or the organic 182 

dispersant oil (Zhuang et al., 2018a). 183 

 184 
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Figure 1. XRD patterns of the Sep and OSep dispersions SSB5, SST30, SSD30 and 186 

SSH30 in vegetable oil.  187 

FTIR can provide insight into the adsorption properties of surfactants. In this sense, the 188 

FTIR spectra of Sep and OSep are shown in Figure 2 in the 4000–400 cm-1 range. Sep 189 

shows a broad absorption band in the range 3700-3000 cm-1. This result is consistent with 190 

literature (Tunç et al., 2011). The band at 3680±5 cm-1 belongs to the MgOH stretching 191 
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and is not affected by the presence of the surfactant in OSep samples (Aznar et al., 1992; 192 

Rytwo et al., 1998). The bands at 3564 and 3416 cm-1, corresponding to coordination 193 

water stretching, are affected by the presence of adsorbed surfactant. The band at 3564 194 

cm-1 is slightly shifted to higher wavenumbers (Karataş et al., 2013), while the band at 195 

3416 cm-1 decreases in intensity and is shifted to higher wavenumbers for the SB5 sample 196 

and is shifted to lower wavenumbers for the OSep samples prepared (Ruiz-Hitzky, 2001). 197 

In the same sense, the band at 1665 cm-1 of Sep, corresponding to the bending vibration 198 

of OH, is displaced to 1622 cm-1 for SB5 and 1668 cm-1 for all prepared OSep samples, 199 

indicating that, in both cases, the surfactant is mainly adsorbed on the Sep surface. Similar 200 

results were obtained by other authors using Turkey sepiolites modified with similar 201 

surfactants (Tunç et al., 2011; 2012). Asymmetric C-H stretching appears in the OSep at 202 

2938, 2964, 2927 and 2927 cm-1 and symmetric C-H stretching at 2854, 2876, 2856 and 203 

2854 cm-1, for samples SB5, ST30, SD30 and SD30, respectively. The band at 1211 cm-204 

1, corresponding to asymmetric Si-O-Si stretching in Sep, is not displaced in the prepared 205 

OSep and is shifted to lower wavenumbers (1195 cm-1) only for commercial SB5. Finally, 206 

the band of symmetric Si-O stretching at 1012 cm-1 is shifted to higher wavenumbers for 207 

all OSep samples tested (1021 cm-1 for OSep SB5 and 1018 cm-1 for ST30, SD30 and 208 

SD30).  209 

 210 
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Figure 2. FTIR spectra of the examined OSep samples. 212 

 213 

SEM surface morphology of OSep is displayed in Figure 3. All OSep samples reveal the 214 

characteristic morphology of fibrous aggregates, similar to those previously reported in 215 

the literature (García-López et al., 2010; Abdo et al., 2016; Zhuang et al., 2017, 2018a). 216 

Some aggregation of the sepiolite’s needles is observed due to the surfactant's coverage 217 

of the surface. The SEM images show similar morphologies for the OSep samples that 218 

were prepared with surfactants of different chain length and type. 219 
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 220 

Figure 3. SEM images of the examined OSep samples. A) SB5; B) ST30; C) SD30; and 221 

D) SH30. 222 

 223 

3.2 Thermomechanical characterization 224 

Figure 4 shows the MDSC heating and cooling curves of the dispersions studied. All the 225 

prepared dispersions reveal an extensive endothermic melting in the reversing heat flow 226 

curve, characterized by an onset temperature of approximately -41ºC, quite similar to that 227 

of the base oil (see Table 2). The reversing heat flow curves show up to three melting 228 

peaks, the first of which was assigned to the first melting peak of the base oil (~-37ºC). 229 

This peak is slightly shifted to higher temperatures for the SSB5, SST30 and SSH30 230 

samples. The second peak appears at -28ºC and corresponds to the main melting of the 231 

oil. For the OSep dispersions, this peak is divided into two peaks, a second one at 232 
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approximately -28ºC and a third at a higher temperature (~25ºC). This indicates that OSep 233 

adsorbs some low molecular weight components of the oil, promoting compatibility and 234 

shifting the melting of the wax components to higher temperatures. On the other hand, 235 

the melting enthalpy of the OSep dispersions is significantly lower than that of the oil 236 

(see Table 2), indicating that the oil adsorption and the interactions with the covered 237 

surface influence the melting process of the oily components, increasing the amorphous 238 

fractions of the dispersion. The addition of surfactants in OSep dispersions resulted in a 239 

greater increase of the amorphous fraction, mostly in SST30 prepared with 240 

tetrabutylammonium and to a lesser extent in SSH30, prepared with 241 

hexadecylammonium. No correlation was found between chain length and the amorphous 242 

fraction. 243 

 244 
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Figure 4. Heating and cooling curves from MDSC for the OSep dispersions studied. 246 
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 247 

The non-reversing signal reveals two thermal events at low temperatures: a cold 248 

crystallization event that is characterized by an exothermic peak related to the diffusion 249 

and assembly of hydrocarbon structures and the endotherm corresponding to the melting 250 

of saturates and waxes.  251 

The reversible cooling curves, Fig. 4B, reveal extensive exothermic crystallization with 252 

a cloud point of approximately -8ºC (see Table 2, onset of the first peak), associated with 253 

the onset of incipient crystallization of higher molecular weight waxes; a first 254 

crystallization peak (pk1), at approximately -16ºC, associated with the formation of  255 

microcrystals of the oil’s wax components; and a second peak (pk2), at approximately -256 

40ºC, associated with the formation of polymorphic structures due to recrystallizations 257 

and microcrystal arrangements (Adhvaryu et al., 2002). It is likely that the melting of the 258 

phases due to polymorphic structures is responsible for the peak splitting and minor 259 

changes observed in the melting of OSep dispersions as compared to those of the oil 260 

discussed above. In agreement with the results from melting, the enthalpy of 261 

crystallization of the peak 1 resulted lower than that of the oil, mainly for the SST30 262 

dispersion. The enthalpy of crystallization increases with the chain length, reaching 263 

values of 5.2 J/g for dispersions prepared with surfactants containing more than 12 carbon 264 

atoms and the commercial surfactant SB5. 265 

Table 2. MDSC events for the samples under study. 266 

 Crystallization Melting 
 ºC J/g ºC J/g 
 Onset Peak 1 Peak 2 ΔHc1 Onset Peak 1 Peak 2 Peak 3 ΔHm 
Oil -7.0 -15.2 -41.2 7.2 -42.7 -35.9 -27.7  74.62 
SSB5 -8.7 -17.1 -39.4 5.3 -41.3 -32.8 -28.5 -26.0 47.03 
SST30 -6.9 -14.8 -39.8 3.8 -42.6 -32.1 -28.5 -25.6 40.44 
SSD30 -9.4 -16.6 -40.8 5.2 -41.3 -36.0 -27.2 -19.0 52.33 
SSH30 -7.0 -15.2 -39.5 5.1 -41.2 -32.2 -28.6 -25.8 47.09 

 267 



15 
 

These results suggest that the thermal properties of OBDFs formulated with OSep and 268 

vegetable oils depend mainly on the properties of the oil, but also on interactions between 269 

the oil and the clay-modifying surfactant (Martín-Alfonso, et al. 2021a). 270 

TGA results are shown in Figure 5 and Table 4. Sep presents a mass loss of 7.21% due to 271 

the surface water (room temperature -150ºC range). The mass loss attributed to zeolitic 272 

and coordinated water is 4.91%, occurring in the intervals 150ºC - 320ºC and 320ºC -273 

595ºC, which are mass losses of 2.66% and 2.25% respectively (Tartaglione et al., 2008; 274 

Frost and Ding, 2003). 275 

The mass loss in the temperature interval below 150ºC is 6.18%, 2.76% and 1.88% for 276 

the OSep ST30, SD30 and SH30 samples, respectively. This mass loss is mainly due to 277 

the decrease in surface water content, as the surfactant does not show any significant mass 278 

loss within this temperature range as seen in Table 3. 279 

 280 

Table 3. Temperature for characteristic mass loss of the surfactants studied. 281 

 T1% mass loss (ºC) T5% mass loss (ºC) T10% mass loss (ºC) T50% mass loss (ºC) T100% mass loss (ºC) 
TBA-Br 174.66 187.08 193.57 214.94 255.54 
DDTA-Br 198.73 222.6 232.27 259.32 284.83 
HDTA-Br 201.16 223.49 232.98 259.96 291.23 

 282 

The surface water content of 6.19% calculated from TGA for the OSep ST30 sample is 283 

very close to that measured for Sep. This would indicate a low degree of TBA adsorption 284 

on the surface of Sep mineral, resulting a heterogeneously coverage of the surface and 285 

poor hydrophobic properties (Weng et al., 2018; Zhuang et al., 2018b). This contrasts 286 

with the good stability and rheological properties observed for the dispersion formulated 287 

with OSep ST30. This suggests that processing has a major influence on the final 288 

dispersion properties.  289 
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Figure 5. TGA thermograms for Sep, OSep and surfactant samples. A) Sep, OSep SB5, 291 

ST30; SD30 and SH30. B) Derivative of mass loss (DTG) of Sep, OSep SB5, ST30; SD30 292 

and SH30. C) Derivative of mass loss of the surfactants TBA, DDTA and HDTA.   293 

 294 

Both structural water loss and surfactant degradation occur in overlapped stages in the 295 

150ºC-590ºC interval, with mass losses of 14.64%, 7.96%, 11.24%, 12.63% for OSep 296 

SB5, ST30, SD30 and SH30, respectively. Based on these results, the water content of 297 

dry Sep was estimated to be 5.59 g/100 g. Therefore, the surfactant content based on the 298 

dry Sep can be estimated as seen in Table 4, if a similar mechanism occurs in the 299 

organoclay for the dehydration process.  300 

Table 4. Mass loss and surfactant concentration for Sep and OSep from TGA 301 

 Mass Calculated amount of modifier 
Sample m% at 150ºC m% H2O m% at 590 ºC m% H2O+Surf g/100 g 

folded Sep 
g/100 g 
dry Sep 

Raw Sep 92.79 7.21 87.88 4.91 - - 
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SB5 94.90 5.1 80.26 14.64 12.65 11.98 
ST30 93.81 6.19 85.85 7.96 3.68 3.49 
SD30 97.22 2.78 85.98 11.24 7.49 7.09 
SH30 98.17 1.83 85.54 12.63 9.18 8.69 

 302 

The derivative of mass loss (DTG) is displayed in Figure 5B. OSep ST30 reveals up to 303 

three stages for the surfactant decomposition in the range of temperature 150-595ºC. The 304 

first stage shows a maximum in the DTG curve at 215ºC. This temperature corresponds 305 

to the maximum observed in the derivative of mass loss for pure TBA-Br, as seen in 306 

Figure 5C. Therefore, it could be associated with the decomposition of a small amount 307 

(less than 1% mass loss) of free or weak adsorbed surfactant. The second stage has a 308 

maximum at 290ºC and a minimum at 303ºC (close to the final decomposition 309 

temperature of the pure TBA-Br, see Table 3). At this stage, 3.24% of the mass loss 310 

corresponds to zeolitic water and surfactant decomposition. Since zeolitic water is 311 

blocked into channels and tunnels covered by the surfactant, a large portion of the mass 312 

loss corresponds to the surfactant (Zhuang et al., 2018a). The third stage occurs in the 313 

303-595ºC range with a total mass loss of 4.76% (TBA surfactant and structured water) 314 

of which 2.51% corresponds to surfactant adsorbed mainly on the channel due to the 315 

shifting of the decomposition temperature beyond the temperature range where the pure 316 

surfactant decomposition occurs.  317 

The decomposition of OSep SD30 and SH30 occurs in a unique stage over a wide range 318 

of temperature, from 150 to 590ºC. Sample SD30 shows a broad maximum at 341ºC in 319 

the derivative of the mass loss curve. This temperature is significantly higher than that 320 

found for the pure surfactant DDTA-Br, indicating that the decomposition of the adsorbed 321 

surfactant is shifted significantly to higher temperatures, probably due to a high degree 322 

of adsorption on the channels. In addition, at 284ºC, the final temperature of the 323 

decomposition of the pure DDTA-Br, a large amount of DDTA remains adsorbed by Sep, 324 
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equivalent to 6.96% of the mass loss. Similar results were found for SH30, as found by 325 

other authors (Weng et al., 2018), with a divided maximum in the derivative at 334 and 326 

360ºC, and a remaining 8.33% of the surfactant at the final decomposition temperature of 327 

the pure DHTA-Br. The shifting of the surfactant decomposition to higher temperatures 328 

relates to a large degree of adsorption on the channels and tunnels (Zhuang et al., 2018a). 329 

In this case, however, the results from the FTIR do not reveal evidence of surfactant 330 

penetration in the tunnels (Ruiz-Hitzky, 2001). The decomposition of the surfactant in a 331 

broad stage is related to greater effectivity in the adsorption due to the effectiveness of 332 

the high shear processing during OSep preparation. Similar results were obtained by 333 

Zhuang et al. (2017), processing OPal with high-shear mixers. 334 

The thermal stability of the OSep has been analyzed with the aid of TGA, and the resulting 335 

temperature at mass loss of 1%, 5% and 10% are displayed in Table 5. OSep dispersions 336 

show high thermal resistance with temperatures at 1% mass loss of 305.7ºC, 305.ºC, 337 

298.3ºC, and 313.4ºC for OSep SB5, ST30; SD30 and SH30, respectively. These 338 

temperatures are slightly lower than that of the vegetable oil due to the overlapping of 339 

mass loses related to both the dehydration water and the surfactant decomposition 340 

(Martín-Alfonso et al., 2021a). Thus, the temperatures for the 5% and 10% mass losses 341 

are closer to that corresponding to the mass loss of the oil, suggesting that the properties 342 

of the continuous oil phase determine the thermal resistance of the dispersion. However, 343 

the temperatures at which the maximum appears for the derivative of mass are higher for 344 

the OSep dispersions than for the oil. This reveals the positive influence of the dispersed 345 

phase on the dispersion’s thermal resistance. This effect increases slightly with the chain 346 

length. 347 

 348 

Table 5. TGA thermograms of vegetable oils and OSep dispersions.  349 
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 Degradation Temperatures (ºC) 

Samples T1% mass loss (ºC) T5% mass loss (ºC) T10% mass loss (ºC) Tpeak (ºC) 

Oil 331.02 372.41 387.1 425.98 

SSB5 305.69 362.42 383.35 433.65 

SST30 305.31 365.35 381.97 430.10 

SSD30 298.29 364.41 383.44 432.94 

SSH30 317.28 367.13 384.45 431.95 

 350 

3.3 Rheological characterization 351 

Figure 6 shows the steady-state flow curves for selected dispersions at 40ºC and 352 

atmospheric pressure. These dispersions behave as pseudoplastic fluids in the shear rate 353 

range tested. Pseudoplasticity is a required property in drilling fluids that prevents the 354 

settling of the cutting given the high viscosity values at low shear rate when the circulation 355 

is stopped. On the other hand, at high circulation rates, low viscosity values facilitate the 356 

rate of penetration of the bit, saving energy. Thus, these OSep dispersed in vegetable oil 357 

have suitable rheology to develop environmentally-friendly drilling fluid formulations. 358 

From a structural point of view, OC particles dispersed in the Newtonian oil have a weak 359 

structure of associated aggregates at relatively low OC concentration (about 3 m% and 360 

higher, Hermoso et al., 2014a, 2014b). The associated dispersion is characterized by low 361 

apparent yield stress and high viscosity values, in the low shear rate regime. As the shear 362 

rate increases, the OC associations are disrupted and the weak structure gradually 363 

disappears, with a significant decrease in viscosity. Moreover, the orientation of the OSep 364 

particles in the direction of the flow results in a lower degree of interactions of the 365 

dispersed phase, with additional decreases in viscosity. And at higher shear rates, the 366 

dispersion tends to reach a limit in viscosity that is significantly higher than the 367 
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Newtonian viscosity of the oil’s continuous phase. In this shear rate region, the minimum 368 

friction of the particles is oriented in the flow direction, lowering the viscosity with 369 

respect to the low shear region, but the remaining interactions in the oriented particles are 370 

responsible for the increased viscosity as compared to that of the oil. In this region, 371 

dispersion-oil viscosity ratio always increases with temperature, although less 372 

significantly for OSep modified with surfactants with longer alkyl chains (SSH30). This 373 

OSep would be more compatible with oil, leading to a lower contribution of the dispersed 374 

phase to bulk viscosity.  375 

 376 
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Figure 6. Comparative of the different models (B Bingham model, HB Herschel-378 

Bulkley model, and S Sisko model) applied to the flow curves of selected dispersions. 379 

(Models parameters presented in Table S1 of supplementary material). 380 

 381 

Classical equations frequently used to model the viscous flow behavior of drilling fluids 382 

(Agwu et al, 2021) such as Bingham, Herschel-Bulkley, and Sisko models (Eq 1, 2 and 383 
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3, respectively) have been tested to fit the viscoplastic behavior of the examined OSep 384 

dispersions. The results are displayed in Figure 6. 385 

γηττ PB +=     (1) 386 

𝜏𝜏 = 𝜏𝜏𝐻𝐻 + 𝑘𝑘0𝛾̇𝛾𝑛𝑛0    (2) 387 

𝜏𝜏 = 𝜂𝜂∞𝛾̇𝛾 + 𝑘𝑘0𝛾̇𝛾𝑛𝑛0    (3) 388 

The Bingham model is one the simplest equation applied to drilling dispersions (Rossi et 389 

al., 2002) and predicts the rheological behavior using two fitting parameters, at low shear 390 

rate, the apparent Bingham yield stress, τB, and at high shear rates, the plastic viscosity ηp. 391 

Despite this, most drilling fluids are not exactly described by this model, as previously 392 

reported (Caenn et al., 2017; Hermoso et al., 2014b), this model is a powerful equation 393 

for engineering purposes.  394 

The three-parameter Herschel-Bulkley model agrees much more closely with drilling 395 

fluid rheology, especially at low shear rates, accounting for the yielding behavior by the 396 

apparent Herschel-Bulkley yield stress, τH, and the non-linear relationship between shear 397 

stress and shear rate by power law, with the consistency index, k0, and the flow index, n0. 398 

These OC dispersions do not reveal a clear trend to reach an apparent yield stress. Both 399 

the Bingham and Herschel-Bulkley models fail mainly at intermediate and lower shear 400 

rates, overestimating the values of the apparent yield stress. Nevertheless, in some cases, 401 

thermomechanical aging tends to develop structures having a clearer tendency to reach 402 

an apparent yield stress. As seen in Figure 6, the Sisko model more accurately predicts 403 

the rheological behavior of the OC dispersion at low and intermediate shear rates. 404 

Nevertheless, for engineering purposes, the three models offer acceptable results in the 405 

high shear rate region. 406 
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At these concentrations, fibrillary OC are likely to develop a weak dispersed phase 407 

structure of connected needles (see Figure 3). This structure appears to be very sensitive 408 

to shear, when stress applied to the fibrillary aggregates changes their equilibrium 409 

positions to accommodate to the flow, when the applied stress increases the breakage of 410 

physical linkages occurs and when new ones are arranged in new equilibrium positions, 411 

forming new and weaker structures having less flow resistance, resulting in a decreased 412 

viscosity. The weak forces connecting the OSep needles are insufficient to maintain the 413 

structure and it does not develop a true yield stress like the laminar OC such as Organo-414 

bentonite at the same concentration, in which the exfoliated layers form stronger 415 

percolating structures that in most cases which reveal a clear apparent yield stress 416 

(Hermoso et al., 2014b; Zhuang et al., 2019). In addition, the rheology of OSep 417 

dispersions is less affected by the surfactant chain length due to their non-swelling 418 

structure. 419 

As seen in Figures 7-9, the Sisko model accurately describes the flow behavior of these 420 

dispersions at a wide range of temperatures and pressures. As expected, viscosity 421 

decreases with temperature and increases with pressure, but this increase is significantly 422 

lower than the decrease due to the temperature increase. However, the effect of 423 

temperature is dampened at high pressure due to the increase in molecular friction of the 424 

continuous phase components at higher pressures (Martín-Alfonso et al., 2021a; c). 425 

Coverage and chain length resulted in a decrease in the shear stress curves, probably due 426 

to the increased compatibility between the OSep and the oil. 427 

The effect of pressure on the viscosity can be modelled using a factorial approach, such 428 

as the Sisko-Barus (Eq. 4 and 5) or Sisko-VTF (Eq. 4 and 6), as mentioned by the authors 429 

in previous publications (Hermoso et al., 2014a; Martín-Alfonso et al., 2021a; c). This 430 

approach separates the influence of pressure (PF) into two main contributions: the 431 
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influence on pseudoplasticity at low and intermediate shear rates, and the influence on 432 

bulk limiting viscosity at higher shear rates.  433 

𝜏𝜏 = �𝜂𝜂∞ · 𝛾̇𝛾 + (𝑘𝑘0 + 𝑘𝑘1(𝑃𝑃 − 𝑃𝑃𝑟𝑟)) · 𝛾̇𝛾(𝑛𝑛0+𝑛𝑛1(𝑃𝑃−𝑃𝑃𝑟𝑟))� ·PF   (4) 434 

The effect of pressure at high circulation rates can be modelled from viscosity-pressure 435 

data measured at both a constant shear rate and a constant temperature, using a 436 

generalized Barus-like expression (Eq. 5), fitting the piezoviscous effect as a polynomial 437 

function of pressure. 438 

𝑃𝑃𝑃𝑃 = exp (𝛽𝛽0(𝑃𝑃 − 𝑃𝑃𝑟𝑟) + 𝛽𝛽1(𝑃𝑃 − 𝑃𝑃𝑟𝑟)2)     (5) 439 

For these fluids, a second-grade polynomial function with two parameters, β0 and β1, 440 

accurately fits the experimental viscosity data measured at higher shear rates. Similarly, 441 

the VFT model can be also used to cover the entire range of temperatures and pressures 442 

tested with a temperature-pressure expression such as Eq. 6: 443 

𝑃𝑃𝑃𝑃 = 𝑒𝑒𝑒𝑒𝑒𝑒 �(𝐵𝐵+𝑏𝑏1(𝑃𝑃−𝑃𝑃𝑟𝑟)+𝑏𝑏2(𝑃𝑃−𝑃𝑃𝑟𝑟)2)
(𝑇𝑇−𝑇𝑇𝑟𝑟)−𝐶𝐶

+ 𝐵𝐵
𝐶𝐶
�  (6) 444 

In OBDFs, the main contribution of pressure comes from the increased friction due to the 445 

compression of the continuous oil phase under pressure. This phenomenon leads to the 446 

increase in shear stress as is shown in Figures 8 and 9. Furthermore, at intermediates and 447 

lower shear rates the pseudoplastic behavior of the fluid under pressure can differ slightly 448 

from that predicted by the factorial model based on the piezoviscous contribution at high 449 

shear rates as compared to the flow curve measured at atmospheric pressure. This change 450 

in pseudoplasticity may be due to different interactions of the microstructure of the 451 

dispersed phase under the pressurized flow. Therefore, in this region the effect of pressure 452 

can be addressed by fitting linear functions of flow and consistency indexes, using the 453 

two parameters: n1 and k1. These parameters represent a correction of the effect of 454 

pressure, measured at high shear rates, over the shape of the pseudo plastic fall at 455 



24 
 

intermediate and lower shear rates, at a constant temperature. The results are presented in 456 

Table 6.  457 

 458 
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Figure 7. Steady state flow curves, at atmospheric pressure, as a function of temperature, 460 

for OBM formulated with 3 m% of OSep. A) 40ºC; B) 100ºC; C) 140ºC. 461 
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Figure 8. Steady state flow curves, at a pressure of 1000 bar, as a function of temperature, 464 

for OBM formulated with 3 m% of OSep. A) 40ºC; B) 100ºC; C) 140ºC. 465 
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 466 

Table 6. Parameters of the generalized Sisko model for the examined fluids. 467 

SSB5       

 40ºC 60ºC 80ºC 100ºC 120ºC 140ºC 

k0 (Pa·sn) 3.94 3.75 3.79 3.66 3.41 2.38 

k1 (Pa·sn·bar-1) -3.00·10-05   -3.27·10-05  -1.18·10-05 

no 6.63·10-02 4.81·10-02 3.04·10-02 2.24·10-02 1.14·10-02 0.58·10-02 

n1 (bar-1) 1.60·10-06   1.06·10-06  1.23·10-06 

η∞ (Pa·s) 4.56·10-02 2.68·10-02 1.74·10-02 1.21·10-02 9.12·10-03 7.60·10-03 

βo (bar) 1.24·10-03 1.10·10-03 1.11·10-03 9.92·10-04 8.99·10-04 9.18·10-04 

β1 (bar-2) -5.87·10-08 -5.41·10-08 -9.35·10-08 -7.73·10-08 -6.43·10-08 -9.30·10-08 

R2 0.997 0.997 0.997 0.996 0.992 0.971 

χ2 8.15·10-4 3.15·10-3 7.36·10-4 1.03·10-3 2.14·10-3 8.43·10-3 

SST30       

k0 (Pa·sn) 2.61 4.09 4.00 3.56 1.21 0.87 

k1 (Pa·sn·bar-1) -3.49·10-06   -4.77·10-06 - -43.93·10-06 

no 4.07·10-02 0.80·10-02 0.28·10-02 0.23·10-02 0.30·10-02 1.91·10-02 

n1 (bar-1) 1.57·10-06   1.52·10-06  6.13·10-07 

η∞ (Pa·s) 4.04·10-02 2.42·10-02 1.87·10-02 1.51·10-02 1.34·10-02 1.17·10-02 

βo (bar-1) 1.36·10-03 1.24·10-03 1.11·10-03 1.10·10-04 9.99·10-04 9.24·10-04 

β1 (bar-2) -9.60·10-08 -9.56·10-08 -6.95·10-08 -6.45·10-08 -8.81·10-08 -8.09·10-08 

R2 0.998 0.997 0.997 0.998 0.998 0.971 

χ2 5.67·10-4 5.95·10-4 6.29·10-4 4.15·10-4 3.56·10-4 8.43·10-3 

SSD30       

ko (Pa·sn) 1.92 2.60 2.45 1.69 0.766 0.645 

k1 (Pa·sn· bar-1) -1.74·10-05     -1.23·10-06  -2.45·10-06 

no 7.58·10-02 1.38·10-02 1.00·10-02 2.02·10-02 4.15·10-02 2.87·10-02 

n1 (bar-1) 5.52·10-06   7.22·10-06  3.12·10-06 

η∞ (Pa·s) 3.92-02 2.30·10-02 1.55·10-02 1.19·10-02 9.69·10-03 7.39·10-03 
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βo (bar) 1.24·10-03 1.17·10-03 1.12·10-03 1.04·10-04 9.95·10-04 9.00·10-04 

β1 (bar-2) -6.52·10-08 -7.41·10-08 -8.74·10-08 -8.51·10-08 -9.04·10-08 -7.67·10-08 

R2 0.997 0.994 0.992 0.998 0.998 0.971 

χ2 6.49·10-4 1.1·10-3 1.44·10-3 4.15·10-4 3.56·10-4 8.43·10-3 

SSH30       

k0 (Pa·sn) 1.380 1.120 0.640 0.507 0.198 0.087 

k1 (Pa·sn·bar-1) -8.55·10-06   -2.50·10-06  -1.41·10-06 

no 5.30·10-02 7.82·10-02 4.92·10-02 4.35·10-02 15.6·10-02 8.69·10-02 

n1 (bar-1) 5.7·10-06   4.69·10-06  4.76·10-06 

η∞ (Pa·s) 4.13·10-02 2.41·10-02 1.57·10-02 1.09·10-02 6.76·10-03 5.52·10-03 

βo (bar) 1.24·10-03 1.07·10-03 1.03·10-03 9.87·10-04 9.06·10-04 8.91·10-04 

β1 (bar-2) -7.72·10-08 -4.55·10-08 -6.35·10-08 -7.86·10-08 -7.80·10-08 -7.76·10-08 

Pr (bar) 1.0 1.0 1.0 1.0 1.0 1.0 

R2 0.997 0.997 0.997 0.994 0.993 0.990 

χ2 6.07·10-4 7.11·10-4 8.07·10-4 1.42·10-3 1.64·10-3 2.36·10-3 

 468 

The shear sensitivity of these OSep dispersions in vegetable oil decreases slightly with 469 

pressure. Firstly, at lower shear rates, the shear stress decreases approaching a limit 470 

beyond the experimental windows, as suggested by the negative value of the k1 parameter. 471 

Therefore, the consistency index decreases with increasing pressure at a constant 472 

temperature for all temperatures tested. Secondly, there is a slight increase in the flow 473 

index with pressure (positive value of parameter n1), leading to an increased slope of the 474 

shear stress curve with pressure, as seen in Figure 8. Similar behavior has been observed 475 

for mineral oil-based drilling fluids formulated with organobentonites (Hermoso et al., 476 

2014a), suggesting that the effect of the interactions between the particles in the 477 

dispersion is more evident at low temperatures and high pressures.  478 

 479 
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 480 

Figure 9. Steady state flow curves, at a pressure of 1500 bar, as a function of temperature, 481 

for OBDF formulated with 3 m% of OSep. A) 40ºC; B) 100ºC; C) 140ºC. 482 

 483 

Figure 10 shows the viscosity-pressure behavior, at high circulating shear rates (103-104 484 

s-1) measured in capillary flow. The isothermal viscosity at high shear rates exponentially 485 

increases with pressure, with progressive negative deviation at higher pressure. 486 

Therefore, the one-parameter-Barus model leads to an overestimation of the effect at 487 

higher pressure which can be corrected by including a quadratic parameter β1 (see Table 488 

6). As expected, the Barus model parameters decrease with the increase in temperature. 489 

Therefore, the viscosity-pressure-temperature behavior over the entire range of tested 490 

temperatures and pressures can be modelled with a VFT equation: 491 

η = 𝐴𝐴 · 𝑒𝑒𝑒𝑒𝑒𝑒 �(𝐵𝐵+𝑏𝑏1(𝑃𝑃−𝑃𝑃𝑟𝑟)+𝑏𝑏2(𝑃𝑃−𝑃𝑃𝑟𝑟)2)
(𝑇𝑇−𝑇𝑇𝑟𝑟)−𝐶𝐶

�   (7) 492 

The values of the parameters for the samples analyzed are summarized in Table 7. The 493 

VFT equation is a valuable engineering tool for generalizing the viscosity-pressure-494 

temperature behavior over a wide temperature and pressure range (Hermoso et al., 2014a; 495 

2017; Martín-Alfonso et al., 2021a; c). 496 
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Figure 10. Viscosity-pressure curves, as a function of temperature, for OBM formulated 498 

with 3 m% of OSep.  499 

 500 

In the high shear rate region, the effect of pressure on the viscosity of these OSep 501 

dispersions is very similar to that of the continuous phase of Newtonian vegetable oil. 502 

The influence of the dispersed phase on viscosity is less significant at high pressures and 503 

the dispersion-oil viscosity ratio decreases slightly with pressure, indicating a lower 504 

contribution to bulk viscosity of the interactions in OSep and oil in the dispersed phase. 505 

This is due to the increased viscosity of the continuous phase under pressure. 506 

Furthermore, the increase in relative viscosity is also dampened at higher pressures. This 507 

behavior has been previously reported for organobentonite dispersions (Hermoso et al., 508 

2014a), where the viscosity-pressure behavior at a high shear rate depends mainly on the 509 

piezoviscous properties of the continuous phase, with a decreased influence of the 510 

dispersed phase. 511 

 512 

Table 7. Parameters of the modified VTF model for the analyzed samples. 513 
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 Vegetable oil SSB5 SST30 SSD30 SSH30 

A (Pa·s) 1.48·10-04 1.64·10-04 3.17·10-04 3.44·10-04 5.96·10-04 

B (ºC) 875.3 1017.0 746.3 695.2 543.2 

C (ºC) -168.1 -179.1 -150.4 -146.9 -130.1 

b1 (ºC·bar-1) 0.247 0.239 0.223 0.217 0.183 

b2 (ºC·bar-2) -2.21·10-05 -1.87·10-05 -1.92·10-05 -2.03·10-05 -1.52·10-05 

Pr (bar) 1.0 1.0 1.0 1.0 1.0 

Tr (ºC) 40.0 40.0 40.0 40.0 40.0 

R2 0.998 0.994 0.994 0.996 0.991 

Χ2 9.03·10-4 2.49·10-3 2.33·10-3 1.60·10-3 3.51·10-3 

 514 

 515 

4 Conclusions 516 

The organic modification of Sep at high-shear processing maintains the fibrous structure 517 

with a low degree of aggregation without altering the clay’s crystalline structure. The 518 

amorphous adsorption of the organic surfactants on the surface is the dominant 519 

mechanism of the modification, with no apparent influence of the alkylammonium chain 520 

length. However, the degree of adsorption and thermal resistance of the surfactant are 521 

higher for surfactants with longer alkyl chains. The adsorption preferably takes place on 522 

the channels of Sep with no clear evidence of penetration into the tunnels. 523 

Thermal properties of OBDFs formulated with OSep and vegetable depend primarily on 524 

the properties of the continuous oil phase, but are also influenced by interactions between 525 

the oil and the OSep in the dispersed phase, with a mass loss less than 1% at 300ºC. These 526 

OSep dispersions develop a fibrous structure without reaching an apparent yield stress. 527 

The structure maintains the pseudoplastic behavior in a wide range of shear rates, 528 
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temperatures and pressures, revealing a suitable rheology for the development of 529 

environmentally-friendly drilling fluids formulations. The viscous flow behavior can be 530 

suitably modelled by a factorial Sisko model. Pseudoplasticity remains relatively constant 531 

in dispersions SSB5, SST30, and SSD30, or decreases in dispersion SSH30 as 532 

temperature increases. The effect of pressure on pseudoplasticity is minimal. The relative 533 

viscosity dispersion/oil increases with temperature more significantly for OSep modified 534 

with surfactants with longer alkyl chains SH30 (from 1.47 to 1.62 in the range 40-140ºC 535 

at 1 bar). The relative viscosity is dampened at higher pressures (from 1.33 to 1.48 in the 536 

range 40-140ºC at 1500 bar), given the lower relative contribution of the interactions in 537 

the dispersed phase to the dispersion’s bulk properties.  538 
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τ  Shear stress (Pa) 552 

𝛾̇𝛾  Shear rate (s-1) 553 

𝜏𝜏𝐵𝐵  Bingham yield stress (Pa) 554 

𝜏𝜏𝐻𝐻  Herschel-Bulkley yield stress (Pa) 555 

η  Viscosity (Pa·s) 556 

𝜂𝜂𝑃𝑃  Plastic viscosity (Pa·s) 557 

𝜂𝜂∞  High-shear-limiting-viscosity (Pa·s) 558 

k0  Consistency index (Pa·sn) 559 

k1  Pressure parameter of the consistency index (Pa·sn·bar-1) 560 

n0  Flow index  561 

n1  Pressure parameter of the flow index (bar-1) 562 

β0  Linear piezoviscous coefficient (bar-1) 563 

β0  Quadratic piezoviscous coefficient (bar-2) 564 

A  VFT preexponential parameter (Pa·s) 565 

B  VFT B parameter (ºC) 566 

C  VFT C parameter (ºC) 567 

b1  VFT b1 parameter (ºC·bar-1) 568 

b2  VFT b2 parameter (ºC·bar-2) 569 

T  Temperature (ºC) 570 

P  Pressure (bar) 571 

Tr  Temperature of reference (ºC) 572 

Pr  Pressure of reference (bar) 573 

R2 Regression coefficient 574 
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χ2  Reduced Chi-square 575 

 576 
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