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Abstract: Nanofibrous clay minerals, specifically palygorskite (Pal) and sepiolite (Sep), have been
becoming a new generation of rheological additives for drilling fluid systems due to their unique
nanostructure, high performance, environmentally benign nature, and cost-effectiveness. These
nanoclay minerals exhibit excellent colloidal and rheological properties in aqueous systems, even in
saline and high-temperature environments. Although Pal and Sep have been employed as auxiliary
rheological additives in a few cases to enhance the salt resistance of conventional water-based drilling
fluids (WBDFs), these two clay minerals have not yet been used on a large scale due to a lack of
understanding of their structures and properties, as well as the control of their performance. This
paper presents a comprehensive review of the clay mineralogy, colloidal chemistry, rheological
behaviors, and filtration properties of nanofibrous clay minerals in WBDFs, with critical comments.
It also discusses the challenges and prospects for further research. This review provides new insights
into fundamental and applied studies of nanofibrous clay minerals and helps promote the large-scale
application of nanofibrous clay products in drilling fluids.

Keywords: palygorskite; sepiolite; drilling muds; rheological additives; colloidal chemistry

1. Introduction

Currently, oil and gas are the most and third-most prominent energy sources, respec-
tively. The International Energy Agency (IEA) has forecast that oil and gas consumption
demand will continue to rise until 2050. Consequently, the extraction of additional oil and
gas represents one of the most urgent tasks which must be addressed before the advent of
the new energy era. However, extracting oil and gas from the earth is becoming increas-
ingly challenging. Drilling operations must overcome a number of challenges, including
high temperatures, high pressure, unstable shales, and salty formations [1]. It is therefore
evident that there is a need for high-performance drilling fluids in harsh environments.

Drilling fluids, also called drilling muds, are indispensable for the successful exe-
cution of drilling operations. The principal functions of drilling fluids are to suspend
and transport drilling cuttings, clean the borehole, stabilize the wellbore by forming filter
cakes, and balance the formation pressure [2,3]. In general, drilling fluids are classified
into two categories: water-based drilling fluids (WBDFs) and oil-based drilling fluids
(OBDFs). WBDFs are typically composed of fresh water, bentonite, and other additives [4].
OBDFs are generally formulated with base oils (principally diesel, low-toxicity mineral
oils, and synthetic oils), organoclays, and other additives [5]. OBDFs are known for their
excellent shale-inhibiting properties, lubricity, and salt resistance [5]. Nevertheless, they
are frequently criticized for their high cost and toxicity derived from base oils. In contrast,
WBDFs are inexpensive and environmentally friendly. Therefore, WBDFs are widely used,
especially in challenging drilling operations and environmentally sensitive locations.
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Despite the considerable advantages in terms of cost and environmental care offered
by WBDFs, their application still encounters significant obstacles, particularly the difficulty
of rheological control. The rheology of drilling fluids, including properties such as the
viscosity, yield point, and gel strength, is a critical factor in the efficiency and safety
of drilling operations in the oil and gas industry. Drilling fluids usually exhibit non-
Newtonian behavior, with shear-thinning characteristics where the viscosity decreases
with an increasing shear rate. This rheological behavior is essential for facilitating effective
hole cleaning, as it allows the fluid to flow easily near the drill bit while maintaining
sufficient viscosity to suspend and transport cuttings. The yield point and gel strength
of the fluid further contribute to this by ensuring that cuttings are suspended even at
low flow rates and that they do not settle when circulation stops. These properties also
play a significant role in pressure control by influencing the equivalent circulating density
(ECD), which helps balance hydrostatic pressure to prevent both formation fluid influx
and formation fracturing. Consequently, the proper management of drilling fluid rheology
is vital for maintaining wellbore stability, minimizing operational issues, and optimizing
overall drilling efficiency.

The rheological behaviors of WBDFs are generally governed by bentonite, a natural
clay with montmorillonite (Mt) as the primary component [6–12]. Mt can form a network
of interconnected particles, namely a “house of cards” structure when it swells and even
exfoliates in water. This property endows it with excellent rheological properties in aqueous
systems, making it an invaluable component in WBDFs [6,13–21]. However, the properties
of Mt-based drilling fluids are severely compromised in saline and high-temperature forma-
tions due to the large surface charge density and inadequate stability of Mt [6,18–20,22–25].
While water-soluble polymers, such as xanthan gum and carboxymethyl cellulose, can
enhance specific aspects of fluid rheology, such as the low-shear viscosity, fluid loss control,
and salt resistance, they are still limited due to several key factors related to performance,
cost, and their functional properties. For example, the rheology of polymers is sensitive
to temperature changes, especially at low and high temperatures. Therefore, it is urgent
to develop new rheological additives for WBDFs with excellent rheological properties,
thermal stability, and cost-effectiveness.

In recent years, plenty of new materials have been developed to improve the ap-
plied properties of WBDFs. These include improvements to the rheological properties
under saline and high-temperature conditions, shale-inhibiting ability, and filtration prop-
erties. Nanomaterials are particularly interesting among these additives [26–28]. As a
consequence, a novel concept, designated “nano-based drilling fluids” (also referred to
as “nanomaterials-based drilling fluids” or “nano-enhanced drilling fluids”), is emerg-
ing [29–31]. Nanomaterials which have been reported for use in WBDFs include graphene
nanoplatelets [32,33], nanocomposites [34,35], and nanoclay minerals [36–46]. Nanoclay
minerals represent a promising class of additives for WBDFs, offering several advantages,
such as their natural origin, environmental friendliness, low cost, and excellent rheological
properties.

Nanofibrous clay minerals, specifically palygorskite (Pal) and sepiolite (Sep), are some
of the most important rheological additives for high-performance WBDFs. Pal and Sep
are unique fibrous clay minerals with distinct structures and properties which make them
valuable in various industrial applications. Both minerals have the characteristic of a
2:1 layered structure. However, their fibrous morphology distinguishes them from other
2:1 clay minerals like Mt or illite. Pal has a needle-like structure consisting of ribbons of
silica tetrahedra linked by magnesium, aluminum, or iron octahedra, creating channels
along its fibers to accommodate water molecules and other ions. Similarly, Sep has a
fibrous structure but with a more open, lath-like configuration, allowing for an even higher
specific surface area and porosity. These structural characteristics impart several important
properties; both minerals exhibit a high specific surface area, strong sorption capacities,
and significant thermal stability.
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Additionally, their fibrous nature provides excellent rheological properties, particularly
in suspensions, which contribute to increased viscosity and gel formation. The ability of Pal
and Sep to absorb water and other fluids and their chemical stability make them particularly
useful in drilling fluids, where they enhance the fluid’s rheology. They exhibit excellent
colloidal and rheological properties, even in saline and high-temperature environments [47].
These two clay minerals also offer notable advantages over other synthetic nanomaterials
because they are naturally occurring, cost-effective, and environmentally friendly [48].
Indeed, Pal and Sep have been used in drilling fluids in some cases. They are included in the
specifications of the American Petroleum Institute (API) standard. Neaman and Singer [49]
conducted a study investigating the rheological properties of three Pal samples sourced
from Sacalum (Mexico), Florida (USA), and Georgia (USA). Their findings indicated that
the WBDFs with 5% (w/v) Pal exhibited an apparent viscosity (AV) of 16.63–23.97 mPa·s
and a yield point (YP) of 13.06–16.39 Pa (at a shear rate of 1000 s−1), which satisfied
the API requirements. A recent study [42] demonstrated that Turkish Sep outperformed
Wyoming bentonite in WBDFs. The remarkable thickening ability of Pal and Sep in WBDFs
contributes to their capacity to transport drill cuttings and suspend weight agents. Aside
from this, WBDFs prepared with Pal or Sep also exhibit shear-thinning behavior [40,50–53],
which is highly beneficial for improving the drilling rate and cutting carrying ability. Recent
studies have demonstrated that Pal and Sep fluids presented thixotropy [52], with even
more pronounced effects than those observed in Wyoming bentonite-based WBDFs [40].
It is postulated that Pal and Sep may be invaluable in overcoming drilling challenges,
especially in high-temperature and high-pressure formations, shale formations, and saline
formations [54].

Although nanofibrous clay minerals exhibit promising rheological properties in WBDFs,
their large-scale application is still constrained by both theoretical and engineering chal-
lenges. The use of these clay minerals in drilling fluids is a multidisciplinary issue which
requires an interdisciplinary approach, incorporating insights from clay mineralogy, col-
loid chemistry, rheology, and filtrate control. Therefore, a comprehensive and critical
understanding of the current research is essential to clarify fundamental scientific issues,
performance regulation, challenges, and future directions for the application of nanofibrous
clay minerals in WBDFs. The primary goal of this review is to comprehensively assess the
current state of research on the application of nanofibrous clay minerals, specifically Pal
and Sep, in WBDFs. With the increasing demand for more efficient and environmentally
friendly drilling operations, it is crucial to understand how these unique clay minerals
enhance the rheological, thermal, and filtration properties of drilling fluids. This paper
aims to synthesize existing knowledge, identify the mechanisms by which Pal and Sep in-
fluence drilling fluid performance, and highlight their potential advantages over traditional
additives. Moreover, this review will explore the challenges and limitations associated with
their usage, providing insights into future research directions which could further optimize
their application in the oil and gas industry.

2. Clay Mineralogy
2.1. Crystal Structure

Pal and Sep exhibit a layered structure comprising an octahedral sheet sandwiched by
two tetrahedral sheets. The tetrahedral basal oxygen atoms are arranged in a continuous
plane at a distance of approximately 6.6 Å. However, in contrast to the ideal 2:1 clay mineral,
the apical oxygen atoms of the tetrahedra point away from the basal oxygen atom plane
in opposing directions to form ribbons of joined pyroxene-like chains [55]. The apical
oxygen atoms of the tetrahedra partially contribute to the formation of the coordination
unit of the octahedral sheet. Consequently, there is a region of the structure where channels
form adjacent to the basal oxygen planes between two 2:1 layers. The dimensions of these
channels are 3.7 × 6.4 Å for Pal and 3.7 × 10.6 Å for Sep (Figure 1) [56]. The key features of
Pal and Sep are as follows: (1) continuous tetrahedral basal oxygen planes, (2) an inverted
tetrahedral arrangement which forms ribbons of joined pyroxene-like chains, and (3) a
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discontinuous octahedral sheet. Due to the distinctive structural attributes of Pal and Sep,
they are generally regarded as a separate group (i.e., the palygorskite-sepiolite group).
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Figure 1. Structures of Pal and Sep.

2.2. Chemical Composition

The chemical formula of Pal is (Mg5−y−zR3+
y□z)(Si8−xR3+

x)O20(OH)2(OH2)4·
R2+

x−y+2z
2

(H2O)4, and that of Sep is (Mg8−y−zR3+
y□z)(Si12−xR3+

x)O30(OH)4(OH2)4·
R2+

x−y+2z
2

(H2O)8. Si4+ ions predominantly occupy the centers of the tetrahedra, while

the octahedral centers are primarily composed of Mg2+ and Al3+ ions. Therefore, Pal and
Sep can be classified as Mg-rich aluminum silicate minerals. It should be noted, however,
that other cations can replace the cations in the tetrahedra and octahedra. For example, Si4+

ions in the tetrahedra can be substituted with Al3+ ions, and the Al3+ ions in the octahedra
can be replaced by Mg2+ and Fe3+ ions. In addition, there are also vacancies and different
forms of water present in these two clay minerals’ structures, including hydroxyl (OH),
coordinated water (OH2), and zeolitic water (H2O). For Pal, there is a general consensus
that the OH groups are part of the octahedral anion coordination of the M1 and M2 sites,
which occur well within the octahedral strips. The OH2 is part of the coordination unit
around the M3 site along the edges of the octahedral strips, where the two hydrogen atoms
are required for charge balance. In the case of Sep, the OH groups are part of the inner
octahedral strip coordinating with M1, M2, and M3, whereas the OH2 groups are along the
edges of the octahedral strip coordinating with M4, and this pattern is similar to that of
Pal. H2O molecules occupy the channels of Pal and Sep, and they can be removed at low
temperatures (e.g., below 200 ◦C).
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2.3. Morphology

Pal and Sep are in a group of fibrous clay minerals which exhibit elongated and needle-
like morphological features. Scanning and transmission electron microscopy (SEM and
TEM) observations revealed that Pal and Sep are fibrous (Figure 2), with fibers developing
along the c axis. These fibers, sometimes referred to as rods, are composed of several laths,
which are the crystals of Pal and Sep. Aside from this, the laths and fibers often aggregate
into bundles, forming a fibrous filamentous structure at the macroscopic level. Although
Pal and Sep show fibrous morphological characteristics, samples from different deposits
exhibit significant variations in their detailed features. These variations include the fiber
length, width, thickness, and aggregation arrangements. Generally, Pal and Sep fibers have
lengths of 0.2–2 µm, widths of 10–30 nm, and thicknesses of 5–10 nm [47,56,57].
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2.4. Properties and Applications

Pal and Sep can be classified into two principal categories, namely colloidal and non-
colloidal applications. Non-colloidal applications are primarily composed of fillers and
adsorbents, which are mainly evaluated based on their color and adsorption capacity. Pal
and Sep are mainly composed of O, Si, Al, and Mg, resulting in a predominantly white-gray
color. However, they may exhibit a yellow-red hue when the Fe content is elevated. The
color of Pal and Sep usually only affects the appearance of products, with no significant
effect on their application properties. The adsorption capacity of Pal and Sep is primarily
determined by their specific surface areas and pore volumes. Due to their nanofibrous
morphology and abundance of micropores, Pal and Sep exhibit high specific surface areas,
generally with values of 150 m2/g and 300 m2/g, respectively. The colloidal applications
of Pal and Sep are based on their surface hydrophilicity and nanofibrous morphology. The
numerous hydrophilic groups on the surface of Pal and Sep, including silanol and aluminol
groups, facilitate the dispersion of clay mineral nanofibers in water, forming a haystack
structure. This structure gives Pal and Sep remarkable rheological properties [47,58–61].

3. Rheological Properties of Pal and Sep in WBDFs
3.1. Network Formation Mechanism

The network formation mechanism of fibrous clay minerals in water is primarily
driven by their distinctive crystal structure and surface chemistry. These minerals consist
of elongated, needle-like fibers with high aspect ratios, which enable them to form intricate,
three-dimensional networks when dispersed in an aqueous medium. Upon hydration, the
surfaces of these fibers become charged due to the isomorphic substitution of cations and
the dissociation of surface hydroxyl groups, leading to the development of an electrostatic
double layer [53,62]. This charged surface facilitates repulsion among the fibers, preventing
aggregation and promoting a stable suspension. As the concentration of these clay minerals
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increases in water, the fibers interact through van der Waals forces and hydrogen bonding,
creating a physically entangled network. This network is further stabilized by the high
specific surface area and the presence of exchangeable cations, which can bridge the fibers
and enhance the network’s connectivity. The resulting structure significantly influences
the rheological properties of the dispersion, imparting high viscosity and yield stress,
which are advantageous for various applications, including WBDFs. Factors such as the
pH level, ionic strength, and the presence of other additives can modify interparticle
interactions and, consequently, the dispersion’s rheological behavior. Additionally, the
fibrous network exhibits thixotropic behavior [40,42,52], where the structure aligns and
disentangles under shear, reducing viscosity, and then reassembles when the shear is
removed, ensuring stability and flowability. These properties make Pal and Sep highly
effective in stabilizing suspensions and controlling the rheology of WBDFs, enhancing their
utility in high-performance drilling operations.

However, the mechanism of network formation of Pal and Sep in an aqueous system is
still unclear. On the one hand, conventional SEM or TEM cannot observe the real structure
of aqueous samples in situ. Although cryo-SEM offers a novel approach to studying the
microstructure of liquid samples, the results do not fully reflect the actual clay mineral
dispersions. On the other hand, the formation mechanism of the fibrous clay mineral
network structure is mainly based on an aqueous system without electrolytes. The network
structure of these clay minerals under different electrolyte conditions is still unclear. Since
a drilling fluid is a complex multi-phase dispersion system, understanding the network
structure of the minerals themselves and the influence of other additives or contaminants
(particularly electrolytes) is essential for an appreciation of the rheological properties of
drilling fluids.

3.2. Influence of Clay Concentration

The concentration of Pal or Sep significantly influences the rheological behavior
of water-based drilling fluids due to their unique fibrous structure and ability to form
interconnected networks within the fluid. As the concentration of these nanofibrous
clay minerals increases, the degree of network formation intensifies, leading to a more
pronounced impact on the fluid’s viscosity and yield stress. At low concentrations, the
number of nanofibers is insufficient to form a network structure [63] (Figure 3). Thus, the
limited number of nanofibers does not apparently affect the flow behavior of drilling fluids.
For example, the Pal fluid exhibits nearly Newtonian flow at a lower concentration of 1%
(w/v), but the flow becomes pseudoplastic as the suspension concentration increases [50].
The shear rate threshold at which the flow transitions from non-Newtonian to linear
depends on the clay concentration. High clay concentrations result in a preference for
non-Newtonian fluids. The viscosity and gel strength of Pal and Sep in WBDFs typically
increase with an increasing clay concentration [50,53,63,64] due to the increased internal
friction of the fluid caused by the presence of a greater number of clay mineral particles.
Thus, the concentration of Pal or Sep directly correlates with the thickening and gelation
properties of the drilling fluid, influencing its performance in various drilling operations.
However, the concentration of nanofibrous clay minerals added to WBDFs is not fixed;
it varies with the origin, mineral content, physicochemical properties, and drilling fluid
formulation.
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3.3. Influence of Morphology and Fiber Arrangements

The morphology and fiber arrangements of Pal and Sep significantly influence the
rheological behavior of their dispersions. Neaman and Singer [50] found that the viscosities
and gel strengths of several Pal dispersions at a pH value of seven were linearly related
to the ellipticity (L/W ratio) of the fibers. Later, Balter et al. demonstrated that Pal with
longer fibers produced a greater viscosity in both fresh and saline water [65]. The length-
to-width (L/W) ratio of the fibers is a crucial determinant of viscosity, with higher L/W
ratios correlating with increased viscosity due to the greater surface area for interaction
and entanglement, which facilitates a robust network structure within the fluid. This
network formation, enhanced by longer fibers, increases internal friction, thereby elevating
the viscosity and yield point. Effective dispersion of fiber bundles into individual fibers
without breaking them is essential for maintaining high L/W ratios and achieving optimal
rheological properties. Furthermore, the interactions between fibers, such as entanglement
and electrostatic attractions, are more pronounced with higher L/W ratios, contributing
to a stronger network. The application of higher shear rates during processing can also
enhance fiber dispersion and alignment, promoting better network formation and improved
rheological behavior. In summary, the rheological properties of Pal and Sep dispersions
are intricately linked to their fiber morphology and arrangements, with longer, thinner
fibers forming more effective networks which result in a higher viscosity and higher yield
points. Proper processing techniques which preserve these morphological characteristics
are essential for optimizing the performance of Pal and Sep in drilling fluids.

Since Pal and Sep nanofibers are typically found in bulk bundles, separating the fibers
through special processing methods is essential. These include physical methods [66–72]
and chemical methods [73–75]. For example, extrusion, slurring, surface modification, and
high-pressure homogenization are effective methods for separating the fibers. Notably,
excessive mechanical action may break the fibers into shorter ones, which is detrimental to
the colloidal use of Pal and Sep [76]. It is therefore recommended that the disaggregation
and dispersion of crystal bundles be carried out in a way that does not damage the L/W
ratio. In the case of WBDFs, it was demonstrated that the dispersion of Pal or Sep at
elevated shear rates resulted in enhanced rheological properties [77].

3.4. Influence of pH Conditions

The pH conditions significantly influence the rheological properties of Pal or Sep
dispersions. On the one hand, the pH condition affects the flow behavior of the clay
mineral dispersions. For example, Pal behaves as a nearly Newtonian fluid under basic
conditions, whereas it behaves as a non-Newtonian fluid under acidic conditions [50]. On
the other hand, the pH level regulates the viscosity of the fluid by affecting the association
of nanofibers. A recent study [75] reported that the viscosity of Pal dispersions increased
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when the pH value increased from 1 to 11 but decreased when the pH value exceeded 12.
Similarly, Liu et al. [53] observed that the yield stress of Sep dispersions slightly increased
as the pH level increased from 2 to 8 and then decreased at pH values greater than 8.
Sep dispersions typically exhibit zero yield stress at pH values above 11 [78,79]. The pH
level influences the colloidal and rheological properties of Pal and Sep dispersions by
altering the surface charge and fiber aggregation. The surface charge of Pal and Sep fibers
is pH-dependent, affecting the electrostatic interactions between fibers. According to the
literature [50,53,80,81], the point of zero charges (PZC) of Pal and Sep is usually between
pH levels of 2 and 5. At a pH value equal to the PZC, the net electrostatic charge of
the clay surface is zero. In this configuration, the van der Waals forces predominate the
interaction between the nanofibers, resulting in the clay fibers being arranged in a parallel
configuration [50]. At a pH level slightly above the PZC (e.g., approximately seven), Pal and
Sep exhibit the optimal rheological properties. This is attributed to a dynamic equilibrium
between the van der Waals forces and electrostatic repulsion between the nanofibers,
resulting in a weak attraction between the nanofibers to form a network structure while
maintaining reasonable repulsion to prevent a parallel arrangement (Figure 4). However,
when the pH value is significantly greater than the PZC (e.g., above 11) or significantly
smaller than the PZC, the nanofibers are endowed with many negative or positive charges
on their surface. In this case, the electrostatic repulsive forces dominate, making the
nanofibers entirely dispersed [79]. As the colloidal and rheological behaviors of Pal and
Sep suspensions are less affected by common pH conditions (pH = 4–11), Pal and Sep are
more popular in WBDFs for saline formations or offshore drilling. In practice, the PZC,
as well as other properties of different Pal and Sep dispersions, may vary considerably.
The response of these fibrous clay minerals to the pH conditions may also be different.
Therefore, screening of different mineral resources is required.
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3.5. Influence of Electrolytes

Although Pal- and Sep-based WBDFs have better salt resistance than those fluids based
on Mt, the effect of electrolytes on the rheological properties of Pal and Sep fluids cannot
be ignored. Generally, the salt resistance of Pal and Sep is related to the surface charge
and pH conditions. The rheological behavior of minerals with smaller charge densities is
less affected by the electrolytes, whereas those with larger charge densities exhibit a more
pronounced response. Typically, Pal and Sep exhibit the best salt resistance between pH
levels of 4 and 8 [53]. In summary, electrolytes influence the rheological behaviors of Pal and
Sep dispersions by compressing the electrical double layer, reducing electrostatic repulsion,
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and enhancing van der Waals attraction, which leads to increased fiber aggregation and
network formation [81].

It is worth noting that although Pal and Sep have better salt resistance in WBDFs,
most of the previous studies have been conducted using single-electrolyte systems (e.g.,
NaCl or KCl). There is a lack of comprehensive studies on systems with complex salts (e.g.,
brine-based drilling fluids and seawater-based drilling fluids). In recent years, brine-based
and seawater-based drilling fluids have become increasingly crucial high-performance
drilling fluids. Therefore, it is necessary to carry out an in-depth study on the rheological
behavior and rheology control mechanism of fibrous clay minerals in complex electrolyte
systems.

3.6. Influence of Temperatures

The extraction of oil and gas from deep and ultra-deep earth has increased steadily in
recent years [82,83]. As the depth of a reservoir location increases, the corresponding pres-
sure and temperature also increase. Reservoirs are classified as normal, high-temperature
and high-pressure (HTHP) (150 ◦C, 68.95 MPa), ultra-HPHT (205 ◦C, 137.9 MPa), and
extremely HPHT (260 ◦C, 241.32 MPa) reservoirs [84]. Consequently, drilling operations
in HTHP fields are inherently risky and challenging. The management of rheological and
filtration properties represents a significant factor contributing to the high cost of HTHP
drilling operations [85].

Pal and Sep exhibit good thermal stability in WBDFs due to their unique fibrous
structures. Studies have shown that Pal and Sep maintain their structural integrity and
rheological properties at temperatures up to 200 ◦C [36,40–42,47,51,59,86–89]. This thermal
stability ensures that WBDFs retain their viscosity and gel strength, which are essential for
effective cutting transport and wellbore stability. However, the thermal stability of these
clay minerals can be affected by the presence of electrolytes and other additives in a drilling
fluid. Electrolytes can alter the surface charge of the clay particles, potentially leading to
changes in colloidal interactions and aggregation behavior at elevated temperatures [90].
Although Pal and Sep show remarkable rheological properties at temperatures below
200 ◦C, the thermal stability of Pal and Sep in real WBDFs at higher temperatures (e.g.,
250 ◦C) is unclear. In addition, high-temperature wells are generally accompanied by
high pressure. Therefore, it is necessary to consider the effects of both temperature and
pressure on the rheological behavior of these two clay minerals, especially at ultra-high
temperatures.

4. Filtration Properties

The filtration properties of Pal and Sep in WBDFs are critical for maintaining wellbore
stability and minimizing fluid loss into the formation. Studies have shown that Pal and
Sep present more considerable fluid loss than Mt in WBDFs [9,38,41,63,86,87,91–94]. For
instance, a real WBDF prepared with 4% Pal showed a fluid loss of 26.6 mL after aging at
180 ◦C for 16 h, whereas a control drilling fluid with 4% commercial bentonite exhibited
a fluid loss of 16.4 mL [93]. This is due to the fibrous characteristic of Pal and Sep, which
forms a filter cake with many pores that allow water to permeate easily (Figure 5).

In order to improve the filtration properties of Pal and Sep in WBDFs, filtration
control additives, such as cellulose, starches, and humic acids, are generally consid-
ered to be used [86,90,95]. It has been shown that adding polymeric filter loss reduc-
ers improves the filtration loss of Pal and Sep in WBDFs significantly, especially at high
temperatures [89,96–98]. The use of polymers in drilling fluids is already widespread, and
they are mainly used as rheology modifiers and fluid loss reducers. In controlling filtration
loss, polymers generally interact with the surfaces of clay minerals to make the structure
of the filter cake more compact, thereby preventing the loss of liquid. However, previous
studies have all been about the interaction between Mt and polymers. Pal and Sep are quite
different from Mt in terms of structure and properties. There is a need for detailed studies
on the interaction of nanofibrous clay minerals with typical filter loss-reducing agents and
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their influence on the properties of a filter cake and the amount of fluid loss. Developing
special filter loss-reducing agents for drilling fluids may be necessary based on Pal and
Sep. Furthermore, it was demonstrated that the addition of nano Sep to a conventional
WBDF (with Mt as the main rheological additive) could improve the overall stability of the
drilling fluid by enhancing the dispersion and suspension of fine particles, thereby forming
a low-permeability filter cake to decrease fluid loss.
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5. Method of Applying Pal and Sep in WBDFs

Pal and Sep are used in WBDFs in a similar way to bentonite (i.e., clay minerals are
directly mixed with other additives in water). Unlike bentonite, Pal and Sep do not need to
be modified with soda or other sodium salts. Despite the remarkable rheological properties
and thermal stability in WBDFs, their use as standalone agents is not recommended due
to insufficient fluid loss control. Another reason is that Pal and Sep may display worse
rheological properties than Mt in an aqueous system [99,100]. Pal and Sep are typically
incorporated into WBDFs at a concentration based on Mt, as they have been demonstrated
to enhance the salt resistance of drilling fluids. Therefore, in order to balance the rheological
properties of Mt with the salt resistance of fibrous clay minerals, a mixture of layered Mt
and fibrous clay minerals is generally used. It has been demonstrated that this method
can effectively improve the rheological properties and stability of WBDFs under HTHP
conditions [36,38,39,93,101,102]. The synergetic use of fibrous and layered clay minerals in
WBDFs is typically achieved by combining the two types of clay minerals independently.
However, natural Mt may be deposited with some Pal or Sep impurities in some situations.
Such blended clays can be directly employed as the rheological additives for WBDFs,
improving the rheological properties of drilling fluids [103]. This is important when using
mixed clay resources because separation and purification may be unnecessary.

Although the use of layered and nanofibrous clay minerals in combination represents
a promising avenue for enhancing the rheological and filtration characteristics of WBDFs,
the optimal proportion and ultimate properties are contingent upon the provenance, phys-
ical attributes, and processing techniques employed for the clay minerals. For example,
Alghareeb [9] found that adding Sep increased the viscosity and yield stress of bentonite
dispersion, contrary to the findings of previous investigations [99,100]. Therefore, gaining
a deeper understanding of the microstructure and colloidal forces which govern the clay
mineral complexes in drilling fluids is essential. Unfortunately, a detailed study of the
microstructure of mixed-layer fibrous clay mineral dispersions has yet to be conducted.
Recently, the microstructure of mixed Laponite-Sep dispersions was revealed [79], and this
may be helpful in understanding the microstructures of Mt-Pal and Mt-Sep mixtures. In
that report, nanofibers were observed to be randomly orientated and interact attractively in
a cross-fiber configuration, forming a three-dimensional network structure. The predomi-
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nant interaction configuration appeared to be between the positive edges of Laponite layers
(or flaky particles) and the negative silica face of Sep fibers. Mt probably interacts with
Pal or Sep following a similar mechanism. However, it should be noticed that Mt particles
are much larger than Laponite flakes (Figure 6). The Mt-Pal and Mt-Sep interactions may
differ from the Laponite-Sep interaction. Consequently, further investigations are required
to elucidate the microstructures and colloidal chemistry of Mt-Pal and Mt-Sep mixtures
in WBDFs.
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6. Challenges
6.1. Cost

One of the significant challenges in the application of nanofibrous clay minerals in
WBDFs is the cost. Although these minerals offer unique properties which can enhance
drilling fluid performance, their production and processing costs can be relatively high
compared with conventional additives. For example, the prices of Pal and Sep usually
range from USD 200 to 600 per ton, while bentonite ranges from USD 50 to 150 per ton.
In addition, the refinement and activation processes for optimizing the rheological and
filtration properties of nanofibrous clay minerals also increase the total cost. Moreover,
scaling up from laboratory to industrial production can introduce further financial barriers.
In order to make these nanofibrous minerals more economically viable, it is necessary to
develop cost-effective processing techniques and gain a deeper understanding of how to
maximize their performance with minimal quantities.

6.2. Demand and Supply

The demand for Pal and Sep in the drilling industry is growing as operators seek more
efficient and environmentally friendly drilling fluid additives. However, the supply of
these minerals can be inconsistent, depending on geographical availability and mining
conditions. Pal and Sep deposits are not uniformly distributed worldwide, leading to
potential supply chain issues, especially in regions where these minerals are not readily
available. This uneven distribution can cause price volatility and supply bottlenecks,
hindering widespread adoption. More importantly, the properties of natural minerals give
rise to enormous variations in their genesis, deposits, and chemical compositions. Such
variations can further reinforce the imbalance between supply and demand for Pal and
Sep.

6.3. Environmental Concerns

The environmental impact of using nanofibrous clay minerals in drilling fluids is a
critical consideration. While these minerals are naturally occurring and generally consid-
ered environmentally benign, the processes involved in their extraction, refinement, and
disposal can raise environmental concerns. For instance, acids or surfactants may be em-
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ployed to remove impurities (e.g., carbonates and quartz). The mining of Pal and Sep can
lead to land degradation and habitat destruction if not managed sustainably. Additionally,
the disposal of drilling fluids containing these minerals poses challenges, particularly in
terms of potential contamination of soil and water bodies. Research into more sustainable
mining practices, along with the development of biodegradable or easily recyclable drilling
fluid formulations, is necessary to address these environmental concerns.

6.4. Technical Requirements

From a technical perspective, the integration of nanofibrous clay minerals into water-
based drilling fluids requires careful consideration of several factors, including compati-
bility with other fluid components, optimal concentration levels, and the impact on fluid
properties under various drilling conditions (particularly under high temperatures and
high pressures). The unique fibrous structure of Pal and Sep can significantly influence the
rheological behavior of drilling fluids, but achieving the desired balance of viscosity, yield
stress, and filtration control is complex. Moreover, the effectiveness of these minerals can
vary depending on the specific conditions of the drilling operation, such as temperature,
pressure, and salinity. Addressing these technical challenges demands extensive research
and field trials to develop standardized formulations which can consistently deliver the
desired performance across different drilling scenarios.

6.5. Field Application

Field application of nanofibrous clay minerals in drilling fluids presents both opportu-
nities and challenges. While laboratory studies have demonstrated their potential benefits,
translating these findings into real-world drilling operations requires overcoming practical
obstacles. Deployment of these minerals in the field must account for the variability in
drilling environments, including different geological formations and operational parame-
ters. Ensuring consistent dispersion and performance in large-scale operations requires the
development of specialized equipment and procedures. Furthermore, real-time monitoring
and adjustment of drilling fluid properties are essential to optimize the use of Pal and Sep
in diverse field conditions. Despite these challenges, successful field applications can lead
to significant improvements in drilling efficiency and environmental compliance.

7. Conclusions and Perspectives

Overall, the application of nanofibrous clay minerals, specifically Pal and Sep, in
water-based drilling fluids presents significant potential for enhancing the performance
and sustainability of drilling operations. These minerals offer unique rheological properties,
thermal stability, and filtration control which can improve the efficiency of drilling fluids
under a variety of challenging conditions. However, their widespread adoption is currently
limited by several factors, including high costs, supply chain variability, environmental con-
cerns, and technical challenges related to their integration into drilling fluid formulations.
Despite these obstacles, ongoing research and technological advancements suggest that
these challenges can be mitigated with appropriate strategies, paving the way for broader
application in the industry.

Regarding weaknesses and challenges, the following suggestions are proposed:

(1) It is recommended that future research focuses on developing more cost-effective
processing methods for Pal and Sep. This could include optimizing the refinement
processes to reduce energy consumption and exploring the potential of using smaller
quantities of these minerals in drilling fluid formulations without compromising
performance. Furthermore, developing new processing technologies to enhance low-
grade or underperforming minerals is essential to reducing costs and ensuring a
sufficient supply.

(2) To mitigate environmental concerns, it is crucial to promote sustainable mining prac-
tices which minimize the ecological footprint of extracting Pal and Sep. Addition-
ally, research should explore the development of environmentally friendly drilling
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fluid formulations which incorporate these minerals. This could include designing
biodegradable or easily recyclable fluids, thereby reducing the environmental impact
of their disposal.

(3) In terms of technical requirements, further research is needed to fully understand the
interactions between nanofibrous clay minerals and other drilling fluid components.
Developing standardized formulations which are optimized for different drilling con-
ditions will be essential for ensuring consistent performance in the field. Collaboration
between academia, industry, and field operators could accelerate the development of
these standardized formulations and their testing in real-world conditions.
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