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a b s t r a c t

High-pressure and high-temperature (HPHT) drilling environments challenge the stability and effi-
ciency of conventional oil-based drilling fluids (OBDFs). This study introduces a novel dual-organoclay 
(OC) formulation combining Claytone-II and Claytone-IMG 400 at a 1:1 ratio, designed to enhance OBDF 
performance under HPHT conditions. The selected OCs possess distinct mineralogies: one is rich in 
anorthite, while the other is dominated by montmorillonite, offering complementary properties. 
Comprehensive characterization using X-ray diffraction (XRD), X-ray fluorescence (XRF), scanning 
electron microscopy (SEM), and particle size distribution (PSD) analysis revealed significant structural 
and compositional differences that underpin the observed synergy.
Experimental evaluation showed that the OC mixture outperformed individual OCs and a commercial 

benchmark (MC-TONE) in critical areas including rheology, filtration, and sag stability. Under 275 ◦ F and 
500 psi conditions, the dual-OC system improved plastic viscosity by 15.5%, yield point by 33%, and 
reduced filtrate volume and filter cake thickness by 16.5% and 11.5%, respectively. These enhancements 
contribute to better cuttings transport, reduced fluid loss, and improved wellbore stability.
The approach offers a cost-neutral yet performance-enhancing solution using commercially available 

OCs. It holds promise for extending OBDF applicability in HPHT wells while supporting safer, more 
efficient, and environmentally responsible drilling operations.

© 2025 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi 
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http:// 

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Drilling fluids are multifunctional systems crucial for efficient 
and safe well drilling [1]. They perform essential tasks such as 
transporting cuttings to the surface for disposal, minimizing fric-
tion and wear on drilling tools, and maintaining wellbore stability 
by counteracting formation pressures [2–5]. Additionally, these 
fluids form a filter cake that seals permeable formations, pre-
venting unwanted fluid influx [6,7]. Moreover, they also play a role 
in formation evaluation by facilitating data acquisition from cut-
tings, cores, and electrical logs [8].

Drilling fluids are primarily classified into water-based drilling 
fluids (WBDFs) and oil-based (OBDFs) [9,10]. WBDFs, being 
economical and widely available, have been the traditional choice 
for drilling operations [11–13]. However, their limitations in harsh

environments, such as high-pressure and high-temperature 
(HPHT), high-angle wells, salt sensitivity, and poor shale inhibi-
tion have led to the increased use of OBDFs [14]. OBDFs offer su-
perior thermal stability, enhanced drilling performance, and 
excellent shale inhibition, making them the preferred choice for 
challenging drilling scenarios [15,16].

Unconventional energy resources are predominantly extracted 
via hydraulic fracturing, a technique that stimulates hydrocarbon 
production by creating conductive fractures around a wellbore 
[17]. Horizontal drilling is essential for shale gas exploitation, but 
the swelling of clay minerals upon water adsorption poses a sig-
nificant challenge to wellbore stability. OBDFs have gained popu-
larity in shale formations due to their ability to mitigate this issue 
[18]. Furthermore, the increasing complexity of geological condi-
tions in many oil and gas fields, characterized by high temperature, 
high pressure, high angle, and offshore environments, necessitates 
the use of OBDFs for their superior performance and stability in 
these challenging scenarios [19–21]. Coupled thermo-fluid-solid 
interactions in such environments have been shown to
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significantly impact wellbore stability, further emphasizing the 
need for OBDFs capable of maintaining structural integrity under 
dynamically evolving stresses [22].

The rheological properties of drilling fluids, particularly under 
HPHT conditions, are critical as they directly influence the fluid's 
performance [23,24]. Drilling fluids exhibit thixotropic behavior, 
characterized by low viscosity during shear (e.g., pumping) and 
rapid thickening upon stop of shear, effectively suspending cut-
tings [25,26]. This reversible behavior must be maintained across 
the wide range of temperatures and pressures encountered during 
drilling operations [19,27]. Additionally, the fluid must possess 
sufficient viscosity to transport cuttings to the surface while 
remaining free flowing [28]. The increasing geothermal gradient 
encountered during drilling necessitates a drilling fluid that can 
effectively perform these interrelated functions over a wide tem-
perature and pressure range, a critical requirement for commercial 
viability [29].

Organoclays (OCs) are modified clay minerals where the orig-
inal inorganic interlayer cations are replaced by organic cations, 
typically quaternary alkylammonium ions [30,31]. This modifica-
tion imparts organophilic properties to the clay, making it 
compatible with organic solvents and oils [32]. Their wide-ranging 
applications include use as rheology modifiers in industries such 
as cosmetics and grease production [33]. When incorporated into 
OBDFs, OCs offer several advantages, including the ability to swell 
in organic media, high thermal stability, and favorable rheological 
characteristics [15,16].

Mainye and Teutsch [34] developed an OC mixture as an ad-
ditive to OBDFs, with the objectives of improving ultra-low shear 
rate viscosity (USRV), increasing carrying capacity, and reducing 
high shear rate viscosity (HSRV). The OC mixture consisted of 
modified attapulgite/sepiolite (OATT/OSEP) clay and organo-
bentonite (OBEN) clay. The author's findings demonstrated that 
the OC mixture significantly improved the USRV of OBDFs, 
enhancing their ability to suspend and transport cuttings, espe-
cially in deviated wells. The mixture also reduced HSRV, leading to 
lower pump pressures and improved drilling efficiency. Addi-
tionally, the synergistic effect of the OC blend resulted in stable, 
non-progressive gels, further contributing to efficient cuttings 
transport and overall drilling performance.

Zhuang et al. [35] investigated the synergistic use of two OCs: 
organo-montmorillonite (OMMT) and OSEP on the rheological 
properties and thermal stability of OBDFs. The authors revealed 
that the combination of OMMT and OSEP resulted in improved 
rheological properties and thermal stability compared to using 
either OC alone. The enhanced performance was attributed to the 
formation of a mixed network structure, where exfoliated OMMT 
nanolayers connected with OSEP nanofibers, creating a robust 
framework that resisted collapse at high temperatures.

Zhuang et al. [36] studied the combined effect of layered 
OMMT and fibrous organo-palygorskite (OPAL) on the rheological 
properties of OBDFs, particularly at high temperatures. The study 
aimed to understand the synergistic interactions between these 
two types of OCs and their impact on the fluids' viscosity, thix-
otropy, and thermal stability. The authors showed that the com-
bined use of OMMT and OPAL significantly enhanced the 
rheological properties of the drilling fluids, even at high tem-
peratures. The optimal mass ratio of OMMT to OPAL was deter-
mined to be 1:1. The improved performance was attributed to the 
formation of a reinforced network structure, where the fibrous 
OPAL interlaced among the OMMT nanolayers, preventing 
collapse and maintaining stability under high-temperature and 
shear conditions.

While previous studies have demonstrated that blending OCs 
with different morphologies can enhance OBDF performance, they

are primarily limited to fibrous–layered combinations. Zhuang 
et al. [35] studied a mixture of OMMT and OSEP, while Zhuang et al. 
[36] examined OMMT combined with OPAL. Although both re-
ported rheological improvements and thermal stability, they did 
not evaluate sagging behavior, HPHT filtration performance, or 
provide PSD or elemental composition data. Mainye and Teutsch 
[34] proposed an OC blend of attapulgite/sepiolite with OBEN and 
focused on improving USRV, but the study lacked structural 
characterization and did not assess filtration or sag stability. To 
address these gaps, the present study investigates a novel blend of 
two phyllosilicate-based OCs with distinct mineralogies, namely 
Claytone-II and Claytone-IMG 400, supported by comprehensive 
physicochemical and HPHT performance evaluation.

In addition to OC-based formulations, recent studies have 
explored advanced rheological modifiers for OBDFs, including 
graphene oxide, nanosilica, and polymer-based nanocomposites 
[37–39]. While these materials can enhance thermal stability and 
filtration control, their use may be limited by factors such as 
commercial availability, environmental compatibility, or integra-
tion challenges with conventional OBDF systems. In contrast, the 
present study employs two readily available phyllosilicate-based 
OCs with distinct mineralogies, offering a practical formulation 
that is experimentally validated under HPHT conditions and 
compatible with existing OBDF practices.

Claytone-II and Claytone-IMG 400 are organophilic phyllosili-
cates derived from the chemical modification of smectite clay with 
quaternary ammonium compounds. This modification enhances 
their compatibility with nonpolar organic fluids and improves 
their rheological performance, making them effective additives in 
oil-based and synthetic-based drilling fluids (OBDFs and SBDFs). 
Claytone-II is commonly used to improve hole cleaning and car-
rying capacity, while Claytone-IMG 400 serves as a rheological 
additive. Their potential for synergistic behavior when combined 
has not been previously explored under HPHT conditions.

OCs are frequently incorporated into OBDFs to enhance rheo-
logical properties [3,4,40–49]. While previous studies have exam-
ined synergistic blends of OCs, often combining fibrous and layered 
structures such as OMMT with OSEP or OPAL [34–36], these works 
have not explored synergistic interactions between two 
phyllosilicate-based OCs with distinct dominant mineralogies. 
Moreover, such studies rarely included detailed physicochemical 
characterization or rheological evaluation under HPHT aging. This 
study investigates the synergistic effects of a 1:1 combination of 
Claytone-II and Claytone-IMG 400 OCs on the performance of OBDFs 
under HPHT conditions. By employing comprehensive character-
ization techniques, including X-ray diffraction (XRD), X-ray fluores-
cence (XRF), scanning electron microscopy (SEM), and particle size 
distribution (PSD), the study elucidates the physicochemical prop-
erties of individual OCs and the combined OC mixture. This 
comprehensive characterization provides insights into the mineral 
and chemical compositions, morphologies, and particle sizes of the 
OCs, contributing to a deeper understanding of their interaction and 
impact on OBDF performance. Furthermore, the research seeks to 
demonstrate the superior performance of the combined OC formu-
lation compared to individual OCs (Claytone-II, Claytone-IMG 400) 
and a conventional OC (MC-TONE). This is achieved through rigorous 
evaluation of key drilling fluid properties, including mud density, 
electrical stability, sagging tendency, rheological properties 
(including plastic viscosity (PV), yield point (YP), and the YP/PV ra-
tio), and filtration control (filtrate volume, filter cake thickness). The 
results demonstrate that the OC mixture significantly surpasses the 
individual OCs and the benchmark OC. The mixture notably enhances 
mud stability and prevents sagging, indicating improved wellbore 
stability. The mixture also exhibits superior rheological properties 
after hot rolling at HPHT conditions, with significant increases in YP,
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PV, and the YP/PV ratio. Enhanced gel strength (GS) and improved 
filtration properties are also observed, including reductions in filtrate 
volume and filter cake thickness. These findings highlight the po-
tential of this novel formulation to contribute to the advancement of 
drilling fluid technology by providing a high-performance OBDF that 
enhances wellbore stability, drilling efficiency, and overall opera-
tional performance in challenging HPHT environments. A summary 
of the experimental workflow is presented in Fig. 1, outlining the key 
stages from OC characterization to OBDF performance evaluation 
under HPHT conditions.

2. Materials and experiments

2.1. Materials

Four invert emulsion OBDFs were formulated following a prac-
tical field-oriented approach. The study investigated the influence 
of a novel OC mixture consisting of Claytone-II and Claytone-IMG 
400, compared to systems formulated with individual OCs (Clay-
tone-II, Claytone-IMG 400, and MC-TONE). A 1:1 mass ratio of 
Claytone-II to Claytone-IMG 400 was selected based on previous 
studies demonstrating optimal performance of OC blends in OBDFs 
[35,36]. All OCs were commercially obtained: Claytone-II and 
Claytone-IMG 400 were supplied by BYK Additives (USA), and MC-
TONE was sourced from a drilling fluid service company located in 
Khobar, Saudi Arabia. No chemical modification was performed by 
the authors prior to use. Claytone-II has a specific gravity of 1.6 g/ 
cm 3 and a bulk density of 26 lb/ft 3 , while Claytone-IMG 400 has a
specific gravity of 1.6 g/cm 3 and a bulk density of 30 lb/ft 3 .

Formulations were prepared using a Hamilton Beach high-speed 
mixer (Hamilton Beach Brands Inc., USA) operating at 10,000 rpm 

under ambient conditions to ensure homogeneity. Diesel oil (locally 
sourced) served as the continuous phase, while calcium chloride 
brine (25 wt%) was used as the internal phase for emulsion formation 
and shale inhibition. Other additives were supplied by a commercial 
drilling fluid service provider. The additive sequence, concentrations, 
and mixing times are summarized in Table 1.

2.2. Experiments

All property measurements were performed in triplicate, with 
results reported as mean values and standard deviation error bars.

Viscoelastic tests and filtrate volume measurements were per-
formed once per formulation.

2.2.1. Material characterization
The OCs underwent a comprehensive characterization to 

elucidate their composition and morphological attributes. Miner-
alogical composition was determined using an Empyrean diffrac-
tometer (PANalytical, Netherlands), and elemental composition 
via an M4 Tornado μ-XRF spectrometer (Bruker, USA). Morpho-
logical features were visualized using a JSM-5900LV scanning 
electron microscope (JEOL Ltd., Japan). Particle size distribution 
was analyzed using a HELOS laser diffraction particle size analyzer 
(Sympatec GmbH, Germany).

2.2.2. Density and electrical stability
Mud density was measured using a Model 140 Mud Balance 

(Fann Instrument Company, USA). Electrical stability was assessed 
using a Model 23D Electrical Stability Tester (Fann Instrument 
Company, USA) to evaluate emulsion strength and resistance to 
phase separation.

2.2.3. Sagging tests

2.2.3.1. Static sagging tests. Static sag tests were performed using 
an M1741 HPHT aging cell (Grace Instrument Company, USA) to 
simulate wellbore conditions. Static sag tests were performed to 
assess the stability and settling tendency of the drilling fluids 
under simulated wellbore conditions [50–52]. The tests involved 
aging the fluids at 275 ◦ F and 500 psi differential pressure for 24 h, 
followed by measuring the fluid density at the top and bottom of 
the aging cell in both vertical and inclined (45 ◦ ) positions. A sag 
factor (SF), calculated using Eq. (1), was employed to quantify the 
settling behavior, with a recommended range of 0.50–0.53 indi-
cating optimal fluid stability [53].

SF =
ρ bottom

ρ bottom + ρ top
(1)

where:
SF is the static sag factor;
ρ bottom is the fluid density in the bottom part of the aging cell;
ρ top is the fluid density in the top part of the aging cell.

Fig. 1. Experimental workflow showing OBDF development from OC characterization to performance comparison under HPHT conditions.
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2.2.3.2. Dynamic sagging tests. The dynamic sag test was 
employed to evaluate drilling fluid stability under simulated 
downhole conditions using a Model M3600 viscometer (Grace 
Instrument Company, USA) [54]. The test assessed the fluid's 
ability to suspend weighting agents during dynamic flow, with the 
viscometer sag shoe test (VSST) value, calculated using Eq. (2), 
quantifying the sagging tendency. A VSST value within the rec-
ommended range (0–1 lb/gal) indicates good fluid stability, crucial 
for mitigating issues such as barite sag and ensuring efficient 
drilling operations, particularly in challenging environments 
[55,56]. The VSST was conducted at 100 rom, which approximates 
the shear rates typically encountered in laminar annular flow 

within deviated or horizontal wells. This method, while simplified, 
is widely accepted in the drilling fluids industry for evaluating 
dynamic barite sag under field-representative conditions.

VSST = 0:833 × (W 2 − W 1 ) (2)

where 
W 1 is the weight of 10 cm 3 at time zero; 
W 2 is the weight of 10 cm 3 after 30 min.

2.2.4. Amplitude, frequency, and time sweep tests
2.2.4.1. Amplitude sweep tests. All oscillatory tests were conducted 
using a Model MCR 302 rheometer (Anton Paar GmbH, Austria) 
with a parallel plate geometry, operated at a controlled tempera-
ture of 77 ◦ F. Oscillatory amplitude sweep tests were performed to 
characterize the viscoelastic properties (storage modulus (G′) and 
loss modulus (G″)) of drilling fluids [57]. The tests, conducted at a 
constant frequency of 10 rad/s, involved applying increasing 
oscillatory shear stress (0.01%–100% strain) to identify the linear 
viscoelastic region (LVR) and determine the yield stress. These 
parameters are critical for understanding fluid behavior and 
optimizing drilling fluid design for efficient hole cleaning, effective 
hydraulics, and wellbore stability [58,59].

2.2.4.2. Frequency sweep tests. Frequency sweep tests were per-
formed to assess the viscoelastic properties of the drilling fluids 
across a range of frequencies. The tests, conducted at a constant 
amplitude within the LVR, involved measuring the fluid's response 
to oscillatory shear at varying frequencies (0.1–100 rad/s) [57]. This 
analysis enabled the quantification of G′ and G″, providing insights 
into the fluid's elastic and viscous behavior, respectively. These 
findings are crucial for predicting fluid performance under dy-
namic drilling conditions, particularly in terms of sag resistance 
and flow behavior [25].

2.2.4.3. Time sweep tests. Time sweep tests were conducted under 
isothermal conditions within the LVR to evaluate the thixotropic 
and gelation properties of the drilling fluids [57]. By monitoring 
the evolution of G′ and G″ over a specific time (60 min) under 
constant amplitude and frequency sinusoidal stress, the tests

provided insights into the fluids' time-dependent rheological 
behavior, crucial for optimizing drilling fluid performance in terms 
of hole cleaning, wellbore stability, fluid loss control, and overall 
drilling efficiency [50,57].

2.2.5. Rheology tests
The impact of a novel OC mixture on drilling fluid rheology was 

investigated under simulated downhole conditions (500 psi dif-
ferential pressure and 275 ◦ F) using a Model M3600 viscometer 
(Grace Instrument Company, USA) according to API Recommended 
Practice 13B-2. Recent advances in online calibration methodolo-
gies for viscometric parameters have further improved the accu-
racy and real-time adaptability of rheological measurements in 
field and laboratory settings [60]. The samples were aged at 275 ◦ F 
for 16 h using a Model M1750 roller oven (Grace Instrument 
Company, USA). These conditions were selected based on a field-
validated OBDF formulation used in HPHT operations, represent-
ing practical downhole temperatures commonly encountered in 
Middle Eastern drilling environments. This analysis aimed to 
evaluate the influence of the OC mixture on key rheological pa-
rameters, including GS, which was directly measured at 3 rpm 

after various time intervals. The study seeks to optimize drilling 
fluid formulations for enhanced performance by understanding 
the relationship between OC composition and rheological 
properties.

2.2.6. Filtration tests
Filtration tests were conducted under simulated downhole 

conditions (275 ◦ F and 500 psi differential pressure) using a Model 
387 HPHT filter press (OFITE, USA). A 2.5 in. diameter filter paper 
was employed, and filtrate volume was recorded over 30 min. The 
resulting filter cake was analyzed for thickness and weight to 
assess the fluid's ability to form a stable filter cake and minimize 
fluid loss, critical parameters for wellbore stability, and drilling 
efficiency. The impact of the novel OC mixture on these filtration 
properties was of particular interest.

3. Results and discussions

3.1. Material characterization

XRD analysis of Claytone-II revealed a mineral composition 
consisting of anorthite (75.9%), albite low (7.6%), quartz (6.7%), 
sepiolite (4%), halite (2.5%), montmorillonite (2%), and stellerite 
(1.4%). Fig. 2 shows the XRD pattern of Claytone-II. Claytone-IMG 
400 exhibits a mineral composition primarily composed of 
montmorillonite (71.1%) and clinochlore (28.7%). Fig. 3 presents 
the XRD pattern of Claytone-IMG 400. The XRD pattern of MC-
TONE is presented in Fig. 4. The mineral composition of MC-
TONE consists of feldspar (35.9%), orientite (29.4%), cristobalite 
(25.1%), and calcite (9.6%). XRD analysis, as detailed in Table 2,

Table 1
Drilling fluid formulation.

Additive Quantity (ppb) Mixing time (mins) Function

Diesel 154.46 – Continuous phase
Primary emulsifier 8 10 Emulsion stabilization
Secondary emulsifier 6 5 Enhance emulsion stability 
Lime 6 5 Alkalinity control
CaCl 2 brine (25% weight) 65.53 15 Dispersed phase/shale stabilization 
Organophilic clay/s First sample: 3.5/3.5 10 Viscosifier

Other samples: 7
Organophilic lignite 8 10 Fluid loss control
Barite 377 10 Weighting material
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revealed distinct elemental compositions for Claytone-II, Clay-
tone-IMG 400, and MC-TONE. Claytone-II was predominantly 
comprised of silicon (52.52%), followed by substantial amounts of 
aluminum (16.43%), iron (12.87%), chlorine (11.41%), calcium 

(2.82%), magnesium (1.92%), potassium (1.13%), while sulfur was 
present in trace amounts (<1%). Claytone-IMG 400 is primarily 
composed of silicon (47.41%), and aluminum (34.86%), with sub-
stantial amounts of sodium (6.15%). MC-TONE is predominantly 
composed of silicon (53.67%), with significant amounts of 
aluminum (14.67%), chlorine (11.84%), iron (11.09%), and calcium 

(7.08%). The XRD and XRF analysis have unveiled distinct miner-
alogical and elemental compositions for the studied OCs, under-
scoring their diverse geological origins or processing pathways. 
These findings enhance the understanding of the geochemical 
characteristics of these materials and lay the foundation for 
further investigations into their potential applications and envi-
ronmental implications.

Particle size analysis reveals Claytone-II OC to exhibit a small 
PSD (D 10 : 4.13 μm, D 50 : 20.70 μm, D 90 : 77.64 μm). The PSD of 
Claytone-IMG 400 OC was significantly smaller (D 10 : 3.00 μm, D 50 : 
14.74 μm, D 90 : 44.58 μm). PSD of MC-TONE OC was significantly 
larger than the other two OCs (D 10 : 8.38 μm, D 50 : 40.01 μm, D 90 : 
97.29 μm). Fig. 5 illustrates the distinct PSDs of the three OCs. By 
mixing Claytone-II and Claytone-IMG 400 in a 1:1 ratio it yields an 
OC mixture with enhanced rheological properties, filtration

control, suspension stability, and thermal stability in OBDFs 
[15,16]. The finer particles of Claytone-IMG 400 are expected to 
improve low-shear-rate viscosity and suspension stability, while 
the combination of diverse surface chemistries offers synergistic 
effects in OBDF performance.

The SEM images of the three OCs are shown in Fig. 6. The SEM 

images reveal distinct morphological characteristics of the three 
OCs. Claytone-II exhibits a predominantly flaky structure with 
smooth surfaces and relatively uniform particle size. Claytone-IMG 
400 displays a more heterogeneous morphology, with a mixture of 
flaky and agglomerated particles. MC-TONE demonstrates the 
most irregular structure, characterized by large agglomerates and 
a wider distribution of particle sizes. A 1:1 mixture of Claytone-II 
and Claytone-IMG 400 capitalizes on the synergistic effect of 
their complementary properties to enhance the rheological per-
formance of OBDFs [35,36,61]. The flaky structure of Claytone-II 
contributes to the formation of a robust viscoelastic network, 
effectively increasing fluid viscosity and yield stress. Claytone-IMG 
400's heterogeneous morphology reinforces this network, 
providing additional shear resistance and enhancing the fluid's 
ability to suspend and transport drill cuttings. This combined ef-
fect improves the overall drilling efficiency by minimizing fluid 
loss, stabilizing the wellbore, and optimizing cutting removal 
[35,36,62].

3.2. Density and electrical stability

The utilization of Claytone-II and Claytone-IMG 400, individu-
ally or in combination, did not yield any observable changes in 
mud density, which remained constant at 15.0 ppg across all 
drilling fluid samples. This can be attributable to the interaction 
mechanisms of OCs within the drilling fluid system [63]. Primarily, 
OCs function by adsorbing onto existing solid particles, thereby 
modifying their surface properties without significantly impacting 
the overall mass [15,16]. Additionally, the relatively low concen-
trations of OCs used in these formulations further contribute to the 
maintenance of a consistent mud density. The electrical stability of 
OBDFs was significantly influenced by the type and combination of 
OCs used. As shown in Fig. 7, the combined use of Claytone-II and 
Claytone-IMG 400 significantly enhanced the electrical stability of 
the drilling fluid (1047 V), surpassing the electrical stability of the 
individual components (935 V for Claytone-II and 942 V for 
Claytone-IMG 400) and also the electrical stability of MC-TONE 
(863 V). The observed synergistic enhancement of electrical sta-
bility with the Claytone-II and Claytone-IMG 400 mixture can be

Fig. 2. XRD pattern of Claytone-II showing the presence of montmorillonite (Mnt), 
stellerite (Stl), quartz (Qz), anorthite (An), and halite (Hal).

Fig. 3. XRD pattern of Claytone-IMG 400 showing the presence of montmorillonite 
(Mnt) and clinochlore (Clc).

Fig. 4. XRD pattern of MC-TONE showing the presence of orientite (Ort), cristobalite 
(Crs), feldspar (Fsp), and calcite (Cal).
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attributed to several factors linked to their distinct mineral com-
positions. Firstly, the differing particle sizes and morphologies of 
these OCs, arising from their varied mineralogy, likely contribute 
to improved particle packing and the formation of a more robust 
interfacial film at the oil-water interface. This strengthened film 

effectively hinders water droplet coalescence, thereby enhancing 
emulsion stability [64,65]. Secondly, the specific surface chemis-
tries of Claytone-II and Claytone-IMG 400, influenced by their 
mineral constituents, promote a greater affinity for the oil phase, 
further contributing to emulsion stability [15,16,66]. Lastly, the 
adsorption of OCs onto clay surfaces increases their hydropho-
bicity, leading to a thicker and more robust electrical double layer 
due to increased attraction of counterions. This enhanced elec-
trical double layer serves as an insulating barrier, preventing clay 
particle agglomeration and promoting electrical stability [67].

3.3. Sagging tests

3.3.1. Static sagging tests
The results of the static sag tests under both vertical and in-

clined (45 ◦ ) conditions for the prepared drilling fluid samples 
treated with MC-TONE, Claytone-II, Claytone-IMG 400, and a 1:1 
mixture of Claytone-II and Claytone-IMG 400 are shown in Fig. 8. 
MC-TONE exhibited the lowest vertical sag factor (0.515) but the

highest inclined sag factor (0.531). Claytone-II and Claytone-IMG 
400 static sag factors were 0.521 and 0.529 respectively under 
the vertical condition and 0.528 and 0.527 respectively under the 
inclined condition. The 1:1 mixture of Claytone-II and Claytone-
IMG 400 displayed the lowest inclined sag factor (0.525), and an

Table 2
XRF analysis results for the OCs used in this study.

Sample ID/Chemical composition (%) Na Mg Al Si Fe Cl K Ca S

Claytone-II – 1.92 16.43 52.52 12.87 11.41 1.13 2.82 0.90
Claytone-IMG 400 6.15 10.47 34.86 47.41 1.11 – – – –
MC-TONE – – 14.67 53.67 11.09 11.84 1.65 7.08 –

Fig. 5. Psd for Claytone-II, Calytone-IMG 400, and MC-TONE.

Fig. 6. SEM images of A) Claytone-II, B) Claytone-IMG 400, and C) MC-TONE.

Fig. 7. Effect of OC mixture on the electrical stability.

Fig. 8. Sag factors under static conditions.
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acceptable vertical sag factor (0.524). This observed sag resistance 
can be attributed to a synergistic effect between the two OCs 
[35,36]. Claytone-IMG 400 is predominantly composed of mont-
morillonite, a swelling clay mineral belonging to the smectite 
group. Clay minerals, characterized by their layered structure and 
small particle size, are known to significantly influence the rheo-
logical properties of drilling fluids [68]. The swelling behavior of 
montmorillonite, in particular, arises from the ability of water 
molecules to penetrate the interlayer spaces within its crystal 
structure. This hydration leads to an increase in volume and con-
tributes to increased viscosity of the drilling fluid, which hinders 
barite settling under static conditions by increasing the fluid's 
resistance to flow and particle movement [69]. Furthermore, the 
expansive nature of montmorillonite can lead to the formation of a 
more interconnected structure within the drilling fluid, effectively 
entrapping barite particles and restricting their downward 
migration. In contrast, Claytone-II is dominated by non-clay min-
erals, primarily anorthite (a plagioclase feldspar) and quartz (a 
tectosilicate). These minerals, with their distinct morphologies 
and surface properties, may contribute to enhanced particle-
particle interactions within the drilling fluid. Specifically, the 
angular shape of anorthite and the rough surface texture of quartz 
could promote mechanical interlocking and frictional resistance 
between the OC particles and barite, further hindering settling. 
The combination of Claytone-II and Claytone-IMG 400 appears to 
leverage the individual strengths of each OC, capitalizing on both 
the clay and non-clay mineral contributions. The high viscosity 
contributed by the clay mineral montmorillonite in Claytone-IMG 
400 creates a supportive matrix that suspends the barite, while the 
diverse non-clay mineral composition of Claytone-II enhances 
interparticle interactions and strengthens the gel network. This 
synergistic interaction effectively mitigates barite sag under both 
vertical and inclined wellbore conditions, thereby enhancing 
wellbore stability and reducing the risk of drilling complications. 
The mixture combines the individual strengths of each OC, 
resulting in enhanced suspension properties. Claytone-IMG 400, 
with its higher viscosity contribution, improves the fluid's ability 
to resist barite settling under static conditions. Meanwhile, 
Claytone-II strengthens the interaction between the OC particles 
and the weighting material, further hindering settling. The 
mixture fosters a more resilient gel network, strengthens inter-
particle interactions, and optimizes particle sizes within the OBDF 
[19,70]. This optimized formulation effectively mitigates barite sag 
under both vertical and inclined wellbore conditions, thereby 
enhancing wellbore stability and reducing the risk of drilling 
complications.

3.3.2. Dynamic sagging tests
The dynamic sagging test results, illustrated in Fig. 9, reveal 

distinct VSST values for the prepared drilling fluids with various 
OCs. MC-TONE exhibited the highest VSST value (0.917 lb/gal). 
Claytone-II and Claytone-IMG 400 showed VSST values of 0.595 lb/ 
gal and 0.515 lb/gal, respectively. Notably, the 1:1 mixture of 
Claytone-II and Claytone-IMG 400 yielded a VSST value of 0.480 lb/ 
gal, demonstrating the lowest value and improved sag resistance 
compared to individual components and MC-TONE. This 
enhancement likely stems from synergistic interactions between 
the two OCs in the mixture [35,36]. XRD analysis reveals distinct 
mineral compositions: Claytone-II is predominantly composed of 
anorthite (75.9%), a non-clay mineral classified as a tectosilicate, 
while Claytone-IMG 400 has a high montmorillonite content 
(71.1%), a clay mineral belonging to the 2:1 phyllosilicate group. 
These contrasting mineral types likely induce complementary ef-
fects that improve the overall rheological behavior of the drilling 
fluid. Specifically, the dominance of anorthite in Claytone-II may

contribute to increased yield stress, providing initial resistance to 
sag. This could be attributed to the relatively high density and rigid 
structure of anorthite, which may enhance the overall strength of 
the fluid matrix. However, the relatively low abundance of clay 
minerals in Claytone-II may limit its ability to maintain suspension 
stability under dynamic conditions, potentially leading to particle 
settling and increased sag susceptibility. Conversely, the high 
montmorillonite content in Claytone-IMG 400 facilitates the for-
mation of a robust, interconnected network within the fluid due to 
its characteristic high surface area and swelling capacity. The 
swelling of montmorillonite in water leads to the formation of a 
gel-like structure that effectively traps water and increases the 
viscosity of the fluid. This network enhances shear-thinning 
behavior, which is crucial for resisting sag while allowing for 
efficient fluid flow during drilling operations [71,72]. The combi-
nation of Claytone-II and Claytone-IMG 400 appears to leverage 
the strengths of both OCs by combining the distinct properties of 
clay and non-clay minerals. The anorthite in Claytone-II contrib-
utes to initial yield stress, while the montmorillonite in Claytone-
IMG 400 provides enhanced suspension stability and shear-
thinning behavior. This synergistic effect results in a drilling fluid 
with enhanced sag resistance and desirable flow properties.

3.4. Amplitude, frequency, and time sweep tests

3.4.1. Amplitude sweep tests
Fig. 10 presents the results of amplitude sweep tests conducted 

on four drilling fluid samples containing different OCs. These tests 
assess the viscoelastic properties by measuring the storage 
modulus (G′), representing elastic behavior, and the loss modulus 
(G″), representing viscous behavior, as a function of increasing 
shear strain [57]. All samples exhibit a LVR characterized by nearly 
constant G′ and G″ values at low shear strains, indicative of a stable 
gel structure. Beyond the LVR, both G′ and G″ decrease with 
increasing shear strain, signifying the onset of structural break-
down within the fluid. This decrease in moduli indicates a tran-
sition from elastic solid-like behavior to viscous liquid-like 
behavior, suggesting the disruption of interparticle interactions 
and the breakdown of the gel network under increasing shear. 
Notably, the 1:1 mixture of Claytone-II and Claytone-IMG 400 
displays the highest G′ and G″ values across all measured strains, 
compared to the individual components and MC-TONE. This 
enhancement is attributed to the complementary nature of their 
mineral compositions [35,36]. Claytone-II is predominantly 
composed of anorthite (75.9%) and albite (7.6%), which are non-
clay minerals that contribute to a more rigid structure. In

Fig. 9. Sag factors under dynamic conditions.
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contrast, Claytone-IMG 400 is primarily composed of montmoril-
lonite (71.1%), a clay mineral known for its high swelling capacity 
and ability to form strong gels. The larger anorthite and albite 
particles in Claytone-II create a foundational framework within 
the fluid, while the smaller montmorillonite particles in Claytone-
IMG 400 fill the interstitial spaces, reinforcing the gel structure 
and increasing packing density. This synergistic interaction, where 
the rigid framework provided by the non-clay minerals is com-
plemented by the gel-forming ability of the clay mineral, con-
tributes to the higher G′ and G″ values. Furthermore, the 
modification of interfacial properties, potentially through 
increased adsorption of OCs at particle surfaces, can lead to 
reduced interparticle friction and enhanced dispersion. This con-
tributes to a more homogenous and stable fluid structure, as re-
flected in the elevated moduli. Consequently, the Claytone-II/ 
Claytone-IMG 400 mixture exhibits a YP, increased resistance to 
initial flow, and improved stability under shear. These findings 
highlight the potential of combining Claytone-II and Claytone-IMG 
400 to enhance the rheological properties and stability of drilling 
fluids, particularly in applications requiring high YP and shear 
resistance, such as horizontal drilling or HPHT environments.

3.4.2. Frequency sweep tests
Fig. 11 presents the results of frequency sweep tests conducted 

on four drilling fluid samples formulated with different OCs: MC-
TONE, Claytone-II, Claytone-IMG 400, and a 1:1 mixture of 
Claytone-II and Claytone-IMG 400. XRD analysis revealed distinct

mineralogical compositions, with Claytone-II predominantly 
composed of anorthite (75.9%), a non-clay mineral classified as a 
tectosilicate, and Claytone-IMG 400 primarily consisting of 
montmorillonite (71.1%), a 2:1 phyllosilicate clay mineral known 
for its swelling capacity. The mixture exhibited the highest G′ and 
G″ across the entire frequency range tested. This enhancement is 
likely attributed to a synergistic interplay between the two OCs, 
arising from their contrasting particle size distributions and sur-
face chemistries, which in turn stem from their distinct mineral-
ogical compositions [15,16]. Claytone-II, with its higher anorthite 
content, tends to form larger, more rigid particles due to the 
framework structure characteristic of tectosilicates. These larger 
particles contribute substantially to the elastic response of the 
fluid, as reflected in the G'. Conversely, Claytone-IMG 400, domi-
nated by the clay mineral montmorillonite, exhibits smaller par-
ticle size and higher surface area. This is consistent with the 
typical characteristics of clay minerals, which possess a layered 
structure and a high capacity for adsorption. The smaller mont-
morillonite particles effectively fill the interstitial spaces within 
the framework created by the larger anorthite particles. This 
denser packing arrangement, a hallmark of the synergistic inter-
action between the two OCs, is facilitated by the combination of 
large and small particles and enhances particle-particle in-
teractions, leading to increased frictional resistance and energy 
dissipation under shear [72]. The observed increase in both G′ and 
G″ indicates that the mixture exhibits enhanced elasticity and 
viscosity, consistent with this enhanced interaction. Furthermore, 
the differing mineral compositions of these two OCs give rise to a 
diverse surface chemistry. Anorthite, with its predominantly silica 
and alumina composition, exhibits a different surface charge dis-
tribution and reactivity compared to montmorillonite, which 
possesses a greater abundance of hydroxyl groups and exchange-
able cations. This diversity in surface chemistry promotes stronger 
adsorption onto both clay platelets and other drilling fluid com-
ponents. The enhanced adsorption contributes to improved 
interparticle bonding and overall fluid stability by creating a more 
cohesive network within the drilling fluid [73]. The combination of 
Claytone-II and Claytone-IMG 400 creates a broader particle size 
distribution, which further contributes to the observed rheological 
enhancement. This broader distribution enables a more efficient 
packing structure, minimizing void spaces and mitigating fluid 
channeling. Consequently, the synergistic effect of these two OCs, 
arising from their complementary particle sizes, diverse surface 
chemistries, and resulting interactions, results in increased resis-
tance to deformation and enhanced energy dissipation under 
shear, as evidenced by the elevated G′ and G″ values.

3.4.3. Time sweep tests
The oscillatory time sweep test results (Fig. 12) reveal the 

viscoelastic behavior of drilling fluids formulated with different 
OCs over 60 min. The 1:1 mixture of Claytone-II and Claytone-IMG 
400 exhibited the highest G′ and G″, indicating enhanced GS and 
increased interparticle interactions compared to fluids formulated 
with individual OCs. This mixture comprises a diverse collection of 
minerals, with dominant contributions from anorthite (a non-clay 
mineral from Claytone-II) and montmorillonite (a clay mineral 
from Claytone-IMG 400). This observation suggests a synergistic 
effect between the two OCs [15,16], arising from complementary 
interactions between these dominant minerals. The distinct mor-
phologies of anorthite (larger and more angular) and montmoril-
lonite (finer, plate-like) contribute to a wider range of particle sizes 
and shapes within the mixture. This diversity facilitates more 
efficient packing and reduces particle aggregation, leading to 
improved dispersion within the drilling fluid. The enhanced 
dispersion minimizes settling and promotes a more homogenous

Fig. 10. Amplitude sweep tests.

Fig. 11. Frequency sweep tests.
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distribution of the OCs, contributing to the increased G′ and G″ 
values observed. Moreover, montmorillonite, with its abundant 
surface hydroxyl groups, can form strong hydrogen bonds with the 
organic components of the drilling fluid. Furthermore, hydrogen 
bonding can occur between the montmorillonite and the anorthite 
particles, further strengthening the interparticle network. This 
increased hydrogen bonding contributes to a more interconnected 
and stable network within the fluid, enhancing the fluid's ability to 
resist deformation and leading to higher G′ and G″ values. The 
interaction between the anorthite and the montmorillonite can 
lead to a more favorable alignment of the clay platelets. The 
presence of the larger anorthite particles may act as a scaffold or 
framework, promoting a more ordered arrangement of the 
montmorillonite platelets. This optimized alignment creates a 
more efficient load-bearing structure within the fluid, increasing 
its resistance to shear and contributing to the observed enhance-
ment in viscoelasticity [32]. This significant increase in viscoelas-
ticity, attributed to the synergistic interplay between the anorthite 
and montmorillonite, indicates a substantial improvement in the 
fluid's capacity to suspend cuttings and maintain borehole sta-
bility [25,57]. Similar thixotropic strengthening effects have been 
reported in high-performance anti-leakage drilling fluids designed 
for shale gas reservoirs, underscoring the industrial relevance of 
enhanced gel structure development [74].

3.5. Rheology tests

Fig. 13 illustrates the shear stress-shear rate relationship of 
drilling fluids treated with different OCs at 275 ◦ F. The 1:1 mixture 
of Claytone-II and Claytone-IMG 400 exhibited the highest shear 
stress at any given shear rate compared to the individual OCs. This 
enhancement is likely linked to the distinct mineral compositions 
revealed by XRD analysis, particularly the proportion and type of 
clay minerals present. Claytone-IMG 400 is dominated by mont-
morillonite (71.1%), a 2:1 clay mineral renowned for its high 
swelling capacity. The structure of montmorillonite consists of 
negatively charged aluminosilicate sheets with interlayer cations, 
allowing for the absorption of water molecules into the interlayer 
space. This hydration leads to osmotic swelling, where water 
molecules are drawn into the interlayer spaces to equalize the 
chemical potential between the interlayer solution and the 
external solution. The influx of water molecules forces the clay 
layers apart, increasing the interlayer distance and effectively 
expanding the clay lattice [75]. This expansion significantly in-
creases the viscosity of the drilling fluid due to the increased 
volume occupied by the hydrated clay particles and the enhanced

interparticle interactions [76]. In contrast, Claytone-II is predom-
inantly composed of anorthite (75.9%), a non-clay mineral 
belonging to the feldspar group. Anorthite has a framework silicate 
structure, lacking the expandable interlayer spaces characteristic 
of clay minerals. This structural difference explains its limited 
swelling capacity and consequently lower contribution to viscosity 
compared to montmorillonite. While anorthite can still contribute 
to the overall rheological properties by influencing particle-
particle interactions, its effect is less pronounced than that of 
swelling clay minerals. The combination of these two minerals in 
the 1:1 mixture appears to create a synergistic interaction, 
potentially optimizing the particle interaction network and 
enhancing shear-thinning behavior [35,36]. It is hypothesized that 
the anorthite particles may be bridging the gaps between the 
montmorillonite platelets, creating a stronger, more inter-
connected network. Alternatively, the presence of anorthite could 
be influencing the surface charge of the montmorillonite, affecting 
particle interactions and the overall rheological behavior. The 
rheological characterization of the different OCs is further detailed 
in Fig. 14. The 1:1 mixture of Claytone-II and Claytone-IMG 400 
exhibited the highest values of PV, YP, and YP/PV ratio. The PV of 
the mixture increased by an average of 15.5%, from 26.63 cP to 
30.79 cP, compared to the OCs individually. The observed 
improvement in PV exceeded the standard deviation of the trip-
licate measurements (typically <5%), confirming the enhancement 
is statistically meaningful and reproducible. This increase may be 
attributed to the synergistic effect of the two OCs, potentially 
promoting stronger interparticle interactions and forming a more 
robust organophilic layer around clay platelets [77]. The formation 
of this organophilic layer can enhance the clay's ability to interact 
with and disperse in the oil-based drilling fluid, contributing to

Fig. 12. Time sweep tests.

Fig. 13. Effect of OC mixture on stress-strain relation at 275 ◦ F.

Fig. 14. Effect of OC mixture on mud rheology at 275 ◦ F.
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increased viscosity. Such an enhancement in PV is beneficial for 
improved hole cleaning and suspension of drilling cuttings [78,79]. 
Similarly, the YP of the mixture experienced a marked increase, 
averaging 33%, from 26.63 cP to 30.79 cP, compared to the indi-
vidual OCs. This suggests an enhanced ability of the mixture to 
create a stronger gel structure and resist fluid flow under low-
shear conditions, which is crucial for maintaining wellbore sta-
bility and preventing fluid loss. The increased YP may be related to 
the formation of a more interconnected particle network, as dis-
cussed earlier, which provides greater resistance to deformation. 
The YP/PV ratio also improved by an average of 15%, from 1.19 to 
1.37, compared to the individual OCs, signifying a more pro-
nounced shear-thinning behavior. This characteristic is desirable 
for optimizing drilling fluid performance by providing effective 
hole cleaning at high shear rates while minimizing excessive pump 
pressures during circulation [80]. Fig. 15 illustrates the GS devel-
opment of the drilling fluids treated with the four distinct OCs over 
time. The 1:1 Claytone-II and Claytone-IMG 400 mixture consis-
tently yielded the highest GS across all time points (10 s, 10 min, 
and 30 min), with increases of 29%, 29.5%, and 43.5%, respectively, 
compared to the average values of the individual OCs. This syn-
ergistic enhancement likely arises from the complementary par-
ticle size distributions and surface chemistries of the two OCs 
[15,16]. The establishment of a complex network by the OCs within 
the drilling fluid matrix significantly amplifies interparticle in-
teractions, fostering the development of a gel-like structure. This 
heightened interparticle bonding and gel formation collectively 
augment the GS, indicating increased resistance to flow under 
static conditions. Moreover, the diverse particle sizes and mor-
phologies present in the OC mixture may contribute to a denser 
packing arrangement, further bolstering the gel structure and 
overall performance. This enhanced GS is crucial in drilling fluid 
applications, as it contributes to improved cutting carrying ca-
pacity, hole cleaning efficiency, and wellbore stability [81].

3.6. Filtration tests

HPHT filtration tests were conducted on four drilling fluid 
samples containing different OCs: MC-TONE, Claytone-II, 
Claytone-IMG 400, and a 1:1 mixture of Claytone-II and Claytone-
IMG 400, to evaluate their filtration performance under HPHT 
conditions (Fig. 16). The 1:1 mixture exhibited the lowest filtrate 
volume (3.8 cm 3 ), significantly outperforming the individual OCs, 
which ranged from 4.5 cm 3 to 5.0 cm 3 . This superior performance 
suggests a synergistic effect between the two OCs in the mixture. 
Fig. 17 presents the filter cake thickness resulting from each dril-
ling fluid. The 1:1 mixture produced the thinnest filter cake

(1.86 mm), further supporting the synergistic interaction between 
the two OCs. MC-TONE exhibited the thickest filter cake 
(2.60 mm), followed by Claytone-II (2.30 mm) and Claytone-IMG 
400 (1.89 mm). Claytone-II predominantly composed of anor-
thite and Claytone-IMG 400 consisting mainly of montmorillonite. 
Notably, these minerals represent two distinct classes: anorthite is 
a calcium-rich plagioclase feldspar, a non-clay mineral commonly 
found in igneous and metamorphic rocks [82], whereas mont-
morillonite is a 2:1 clay mineral belonging to the smectite group, 
renowned for its small particle size, high surface area, and swelling 
capacity in the presence of water [83]. The enhanced filtration 
performance of the 1:1 mixture is attributed to a synergistic effect 
arising from the interplay of several mechanisms, primarily driven 
by the contrasting properties of these dominant minerals. The 
combination of anorthite and montmorillonite facilitates a more 
efficient packing arrangement within the filter cake. The larger, 
tabular anorthite particles, characteristic of feldspars, establish a 
primary framework with relatively high permeability. The much 
smaller montmorillonite particles, typical of clay minerals, then fill 
the interstitial spaces within this framework, effectively reducing 
the porosity and permeability of the cake. This denser packing, 
achieved by combining non-clay and clay minerals, limits fluid 
flow and minimizes filtrate volume. Moreover, the interaction 
between the two OCs, particularly the swelling behavior of 
montmorillonite in the presence of water, may also lead to changes 
in the rheological properties of the drilling fluid, such as increased 
viscosity and GS [15,16]. Higher viscosity hinders fluid movement, 
while increased GS enhances the suspension of particles and 
promotes the formation of a stable filter cake. Furthermore, po-
tential chemical interactions between the anorthite and mont-
morillonite, such as adsorption and ion exchange phenomena, 
could further contribute to the synergistic effect [84]. The

Fig. 15. Effect of OC mixture on GS at 275 ◦ F.

Fig. 16. Effect of OC mixture on filtration volume at 275 ◦ F.

Fig. 17. Effect of OC mixture on filter cake thickness at 275 ◦ F.
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negatively charged surfaces of the clay mineral montmorillonite 
may interact with the positively charged edges of the anorthite 
particles, leading to stronger interparticle bonding and a more 
cohesive filter cake. The mixture demonstrated a 16.5% reduction 
in filtrate volume and an 11.5% decrease in filter cake thickness 
compared to the average of the individual OCs. This synergistic 
interplay fosters enhanced particle packing density, interparticle 
cohesion, and fluid-particle interactions, resulting in the forma-
tion of a thinner, less permeable filter cake.

3.7. Proposed mechanism of synergistic OC interaction

The improved rheological performance, sag stability, and 
filtration control observed in the dual OC system can be attributed 
to the morphological and mineralogical differences between 
Claytone-II and Claytone-IMG 400. Although both OCs are based 
on montmorillonite, Claytone-II contains a significant fraction of 
non-clay minerals such as anorthite and quartz, which present as 
coarse, rigid particles. In contrast, Claytone-IMG 400 is dominated 
by fine, plate-like montmorillonite, which contributes strong gel-
forming behavior and surface activity.

When blended, these distinct particle types are hypothesized to 
form a synergistic network in which the larger Claytone-II parti-
cles create a foundational scaffold, while the fine Claytone-IMG 
400 particles fill interstitial spaces and bridge between rigid do-
mains. This packing effect reduces void spaces, enhances disper-
sion, and reinforces the internal gel matrix under HPHT conditions. 
A conceptual schematic illustrating this proposed mechanism is 
shown in Fig. 18. While the structural interactions are inferred 
from macroscopic performance, future studies using microstruc-
tural and interfacial characterization techniques are recom-
mended to validate this hypothesis.

3.8. Economic and environmental considerations

The mixed OC formulation developed in this study presents 
notable economic and environmental advantages compared to 
conventional single OC and commercial benchmark systems. 
Economically, the synergistic 1:1 blend of Claytone-II and

Claytone-IMG 400 achieved significantly enhanced rheological 
performance without increasing total OC loading. Specifically, the 
formulation yielded a 15.5% increase in PV, a 33% increase in YP, 
and a 15% improvement in the YP/PV ratio. It also improved sag 
stability and enhanced mud integrity under both static and dy-
namic conditions. These gains can reduce drilling time, mitigate 
circulation losses, and optimize hole cleaning, all of which 
contribute directly to operational efficiency and cost savings. 
Additionally, the formulation demonstrated improved filtration 
control, including a 16.5% reduction in filtrate volume and an 11.5% 
decrease in filter cake thickness, which minimizes fluid loss and 
reduces the frequency of mud treatments and material 
consumption.

Environmentally, the enhanced electrical stability and tighter 
particle packing promote a more stable and potentially reusable 
OBDF system with reduced reliance on dilution or chemical condi-
tioning. The reduction in filtrate volume and filter cake thickness also 
corresponds to less fluid invasion into formations and decreased 
waste generation, supporting environmental best practices [85]. 
Furthermore, by enhancing wellbore stability and rheological con-
sistency under HPHT conditions, the system reduces the risk of 
wellbore failure and contributes to safer and more sustainable dril-
ling operations. Both Claytone-II and Claytone-IMG 400 are well-
established and widely available additives, and their combined use 
does not introduce hazardous or non-biodegradable constituents 
beyond those commonly accepted in oil-based drilling practices. As 
such, the mixed OC system supports environmentally responsible 
drilling fluid design in alignment with evolving regulatory standards 
for HPHT and environmentally sensitive operations.

From an economic standpoint, the dual OC system remains 
practical, as both Claytone-II and Claytone-IMG 400 are commer-
cially available products with comparable market pricing. The 1:1 
blending strategy does not increase the total OC loading in the 
fluid, thereby avoiding additional material cost. More importantly, 
the observed improvements in rheology, suspension stability, and 
filtration control contribute to enhanced operational efficiency, 
potentially reducing non-productive time and the need for reme-
dial fluid treatments. These factors collectively support the cost-
effectiveness of the blended OC formulation in field applications.

Fig. 18. Conceptual schematic showing the proposed synergistic mechanism between Claytone-II and Claytone-IMG 400 in OBDFs. The combination of large, rigid particles and 
fine, gel-forming platelets enhances particle packing and interlocking, resulting in a robust internal network under HPHT conditions.
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4. Conclusions

This study demonstrated that the synergistic use of Claytone-II 
and Claytone-IMG 400 OCs at a 1:1 mass ratio significantly 
enhanced the performance of OBDFs under HPHT conditions. 
Compared to the individual OCs and a benchmark commercial OC 
(MC-TONE), the blend exhibited superior rheological behavior, 
improved gel strength, and enhanced sag stability under both 
static and dynamic conditions. Specifically, the formulation 
delivered notable improvements after hot rolling, with a 15.5% 
increase in PV, a 33% increase in YP, and a 15% enhancement in the 
YP/PV ratio. Mud stability improved by an average of 11.5%, 
effectively mitigating barite sag. Electrical stability and filtration 
control were also enhanced, achieving a 16.5% reduction in filtrate 
volume and an 11.5% decrease in filter cake thickness. These im-
provements are attributed to the complementary mineralogical 
and morphological characteristics of the two OCs, which collec-
tively foster the development of a robust internal network within 
the fluid.

Despite these promising results, the study has several limita-
tions. Only a 1:1 mass ratio of OC blend was evaluated. Although 
this choice was supported by literature precedent and confirmed 
by the observed improvements, other ratios (e.g., 2:1 or 1:2) were 
not explored.

Microstructural evidence of clay-emulsion interactions was not 
directly captured due to the unavailability of techniques such as 
transmission electron microscopy (TEM). Similarly, thermal and 
interfacial properties were inferred from bulk rheological and 
filtration behavior, as thermogravimetric analysis (TGA), differ-
ential scanning calorimetry (DSC), interfacial tension (IFT), and 
dielectric characterization were not performed. These omissions 
limit the mechanistic interpretation of the observed enhance-
ments and preclude a deeper understanding of 
structure–performance relationships.

Future work should explore alternative blend ratios and addi-
tional OC combinations to confirm the generalizability of the 
observed synergy. Incorporating advanced characterization tools 
(e.g., TEM, IFT, TGA, and dielectric analysis) and benchmarking 
with emerging nanomaterials will provide deeper mechanistic 
insights and broader performance comparisons. Field-scale sim-
ulations and long-term thermal aging tests are also recommended 
to validate durability and operational applicability. The dual OC 
formulation presented here offers a practical, high-performance 
approach for enhancing OBDF performance in HPHT environ-
ments using readily available commercial additives.
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Nomenclature

PV Plastic viscosity, cP 
YP Yield point lb/100, ft 2 

GS Gel strength lb/100, ft 2 

ES Electrical stability, V

VSST Viscometer sag shoe test, lb/gal 
T Temperature, ◦ F
P Pressure, psi
D10 Particle diameter at 10%, μm 

D50 Particle diameter at 50%, μm 

D90 Particle diameter at 90%, μm 

AHR After hot rolling
API American Petroleum Institute 
DSC Differential scanning calorimetry 
G’ Loss modulus
G Storage modulus
GS Gel strength
HPHT High pressure high temperature 
IFT Interfacial tension
LVR Linear viscoelastic region 
OBDF Oil-based drilling fluid 
OBEN Organo-bentonite
OC Organoclay 
OMMT Organo-montmorillonite 
OPAL Organo-palygorskite 
OSEP Organo-sepiolite
PSD Particle size distribution
PV Plastic viscosity
SBDF Synthetic-based drilling fluid 
SEM Scanning electron microscopy 
SF Sag factor
TEM Transmission electron microscopy 
TGA Thermogravimetric analysis 
USRV Ultra-low shear rate viscosity 
VSST Viscometer sag shoe test 
WBDF Water-based drilling fluid
XRD X-ray diffraction
XRF X-ray fluorescence
YP Yield point
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