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a b s t r a c t

The conservation of rheological and filtration properties of drilling fluids is essential during drilling
operations. However, high-pressure and high-temperature conditions may affect drilling fluid additives,
leading to their degradation and reduced performance during operation. Hence, the main objective of
this study is to formulate and evaluate a viscoelastic surfactant (VES) to design water-based drilling
nanofluids (DNF). Silica nanomaterials are also incorporated into fluids to improve their main functional
characteristics under harsh conditions. The investigation included: i) synthesis and characterization of
VES through zeta potential, thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy
(FTIR), atomic force microscopy (AFM), and rheological behavior; ii) the effect of the presence of VES
combined with silica nanoparticles on the rheological, filtration, thermal, and structural properties by
steady and dynamic shear rheological, filter press, thermal aging assays, and SEM (SEM) assays,
respectively; and iii) evaluation of filtration properties at the pore scale through a microfluidic approach.
The rheological results showed that water-based muds (WBMs) in the presence of VES exhibited shear-
thinning and viscoelastic behavior slightly higher than that of WBMs with xanthan gum (XGD).
Furthermore, the filtration and thermal properties of the drilling fluid improved in the presence of VES
and silica nanoparticles at 0.1 wt%. Compared to the WBMs based on XGD, the 30-min filtrate volume for
DNF was reduced by 75%. Moreover, the Herschel-Bulkley model was employed to represent the rheo-
logical behavior of fluids with an R2 of approximately 0.99. According to SEM, laminar and spherical
microstructures were observed for the WBMs based on VES and XGD, respectively. A uniform distri-
bution of the nanoparticles was observed in the WBMs. The results obtained from microfluidic experi-
ments indicated low dynamic filtration for fluids containing VES and silica nanoparticles. Specifically, the
filtrate volume of fluids containing VES and VES with silica nanoparticles at 281 min was 0.35 and
0.04 mL, respectively. The differences in the rheological, filtration, thermal, and structural results were
mainly associated with the morphological structure of VES or XGD and surface interactions with other
WBMs additives.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Drilling mud accounts for approximately 15%e18% of the total
costs during drilling operations. The functional properties of the
drilling fluid are primarily related to the composition, rock for-
mation properties, and operational conditions during drilling.
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Drilling fluids can be categorized as water-based (WBM) or oil-
based drilling fluids (OBM). Although several researchers have
indicated that oil drilling muds exhibit superior performance to
WBM (Alsaba et al., 2020), environmental regulations have limited
the use of OBMs owing to the contents of toxic materials and
problems with waste management. Therefore, the drilling industry
is concentrating on developing environmentally friendly WBMs
with a performance similar to that of OBM, particularly for low-
permeability formations and high-temperature conditions (Aftab
et al., 2020; Rana et al., 2020).

Several materials have been incorporated into designed WBMs
to improve their performance. Synthetic and natural polymers (Ali
et al., 2022, 2024b; Gautam et al., 2022; Karakosta et al., 2021) are
the most common materials used to improve the rheological and
filtration properties and to avoid formation instability issues (Ali
et al., 2024a; Tahr et al., 2022, 2023). Based on their molecular
properties, they fulfill specific functions such as thickeners/visco-
sifiers, fluid loss reducers, shale encapsulants (Saleh, 2022a), lu-
bricants, inhibitors (Nur and Saleh, 2022), and flocculants (Caenn
and Chillingar, 1996; Saleh et al., 2022). However, the thermal
stability of these polymers is a significant issue at high depths and
high temperatures (Al-Yasiri et al., 2019). Likewise, the viscosity of
polymers is affected at high salinity and high shear rates.

According to their thickening properties generated with water
and bentonite, the polysaccharides such as Arabic (Olatunde et al.,
2012), locust bean (Hall et al., 2018), guar (Anderson and Baker,
1974), diutan (Ezell et al., 2010), welan (Gao, 2015), xanthan
(Villada et al., 2021), and tamarind gums (Mahto and Sharma,
2004), scleroglucan (Hamed and Belhadri, 2009), chitin (Li et al.,
2018a), cellulose and chitosan derivatives (Li et al., 2020a) have
been widely researched as viscosifiers or filtration control agent in
WMBs (Li et al., 2020b). On the other hand, starch (Carico and
Bagshaw, 1978; Dias et al., 2015; Mahto and Sharma, 2004), and
cellulose derivatives have been employed mainly as additives for
filtrate control (Kafashi et al., 2017; Khamehchi et al., 2016).,

Particularly, xanthan gum has been employed as a conventional
polymeric additive in WBMs. XGD produces a thixotropic and
pseudoplastic fluid behavior, which enhances the filtration prop-
erties and contributes towellbore cleaning (Ezell et al., 2010), but at
high temperatures, it exhibits thermal degradation.

Owing to current advances in nanotechnology, the imple-
mentation of nanoparticles in drilling operations has been an
encouraging alternative (Clavijo et al., 2021a; Rafati et al., 2018).
Several nanoparticles such as silica, copper oxide, zinc oxide,
aluminum oxide, graphene oxide, iron oxide, nanographite, tin
oxide, carbon nanotubes, and composite nanoparticles have been
studied (Agista et al., 2018; Blkoor et al., 2023; Oseh et al., 2023).
Considering previous studies (Abdullah et al., 2022; Saleh, 2022b;
Villada et al., 2022), incorporating nanomaterials enhances the
properties of WBMs, increases the reservoir stability, and inhibits
clay swelling. In particular, silica nanoparticles are one of the most
used nanomaterials in WBMs owing to their exceptional properties
such as surface area, controlled size, dispersibility, and surface
characteristics that promote the reduction of water invasion in the
formation and modification of rheology and filtration properties,
among others (Fakoya and Shah, 2017). Numerous investigations
have reported that silica nanomaterials significantly modify the
rheological properties of WBMs (Rafati et al., 2018). Salih et al.
(2016) concluded that low concentrations of silica nanomaterials
improve the hydraulic, rheological, and filtration properties. Liu
et al. (2016) evaluated the effect of silica nanomaterials on the ef-
ficiency of WBMs. The authors argued that nanosilica increases the
transportation rate of cutting through its interaction with cuttings
(K€ok and Bal, 2019; Medhi et al., 2020). Clavijo et al. (2021b)
experimentally and theoretically studied the interactions
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between silica nanoparticles and the main components of WBMs.
The authors found that silica nanoparticles slightly increased the
viscosity of the WBMs. In addition, lower filtrate volumes and
compact and impermeable filter cakes were obtained with the
addition of nanoparticles. However, Smith et al. (2018) and Li et al.
(2024) concluded that high concentrations of silica nanoparticles
promote nanoparticle agglomeration, leading to permeation
channels, which increase fluid loss. Nanoparticle-basedWBMs have
been applied in the Colombian oil field (Franco et al., 2021).

The surface interactions between the components of fluids have
been studied in several studies in terms of the chemical nature and
physicochemical properties of the components and the continuous
phase characteristics (Oseh et al., 2024). Polymer additives interact
with clay through several mechanisms, such as electrostatic,
hydrogen bonding, and hydrophobic interactions, and structural
modifications of clay can be achieved, such as exfoliation and
intercalation by additive molecules. In addition, a similar interac-
tion mechanism was observed in the presence of a surfactant
because of the complexation of the surfactant with its polar head
and clay.

Viscoelastic surfactants (VES) or wormlike micelles are surfac-
tants that exhibit viscoelastic behavior in water-based solutions.
Similar to traditional surfactants, viscoelastic surfactants contain
hydrophilic head groups and hydrophobic chains. Nevertheless,
VES exhibits significant viscoelasticity properties associated with
the formation of entangled structures and wormlike micelles
owing to surface interactions in aqueous solutions (Wang et al.,
2017). The formation of wormlike micelles is governed by the
surfactant concentration in the solution. At low concentrations, the
counterions contribute to the formation of wormlike micelle (Bao
et al., 2021). At low surfactant concentrations, the solution
exhibited monomolecular dispersion following Newtonian
behavior. Likewise, as the concentration of the surfactant increases,
micelles can expand and elongate, forming rod-like structures.
Under specific entropy conditions, micelles tend to elongate and
self-associate in wormlike glue (Hu et al., 2021).

VES has been used in fracturing packs, fracturing fluids, matrix
acidification, and chemical flooding owing to its characteristics
such as thermal and chemical stability, viscosities similar to poly-
mers, viscoelasticity, and efficiency in oil-water interfacial tension
reduction (Kang et al., 2020).

Compared with polymers, VES presents attractive advantages
such as thermal and chemical stability, structural regeneration under
shear stress conditions, and low solid content that avoids formation
damage (Ogugbue et al., 2010). For this reason, using VES as an
interesting novel alternative to conventional polymers in WBMs.
Likewise, the implementation of VES with silica nanoparticles can
improve the functional properties of WBMs under harsh conditions,
minimize the quantities of materials required to optimize WBMs
design, and reduce the operation cost. In addition, nanoparticles
could contribute to the early stimulation of thewell and avoid future
chemical stimulation (Clavijo et al., 2021a; Smith et al., 2018).

To the best of our knowledge, publications related to the use of
VES and VES combined with nanotechnology in WBM have not yet
been reported. The main objective of this study was to assess the
combination of VES and nanotechnology under high-temperature
conditions as an alternative to improve the functional properties
of WBMs. The investigation included: i) synthesis and character-
ization of the VES, ii) formulation of theWBMs, iii) evaluation of the
effect of VES combined with silica nanoparticles on the main
functional properties of the drilling fluids through steady shear
rheological, filter press, thermal aging assays, and SEM, iv) a com-
parison of the performance ofWBMs containing VES or XGD, and v)
the use of a microfluidic approach to study the pore-scale mecha-
nisms of drilling fluid filtration.
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2. Materials and methods

2.1. Materials

Hexadecyltrimethylammonium bromide (CTAB; PanReac
AppliChem) and sodium nitrate (NaNO3; PanReac AppliChem) were
used to formulate the VES. The WBMs included sodium bentonite,
xanthan gum (XGD), and polyanionic cellulose (PAC) (Provided by
energy sector companies). Deionized water was used to prepare the
WBMs and VES. Fumed silica nanoparticles were obtained from
Sigma Aldrich (United States). Table 1 summarizes the main prop-
erties reported in previous studies (Clavijo et al., 2021b).
2.2. Formulation and characterization of viscoelastic surfactants
(VES)

2.2.1. VES formulation
A viscoelastic surfactant was obtained from CTAB and NaNO3

(Kumar et al., 2015) in a 2:1 ratio. CTAB (5.0 g) was slowly added to
500 mL of distilled water in a single-necked flask. The solution was
stirred for 30 min at 600 rpm at 25 �C. Then 2.5 g of NaNO3 were
slowly added to the solution, and the mixture was well stirred for
30 h at 600 rpm and 25 �C. The chemicals for the formation of VES
were selected based on a previous study (Kumar et al., 2015)
considering possible surface interactions.
2.2.2. Characterization of VES
Z-potential measurements were performed using Nanoplus-3

(Micromeritics, USA). Suspensions of VES at a concentration of
1 g L�1 were prepared in deionized water and sonicated for 10 min.

The thermal stability of the VES was determined by thermog-
ravimetric analysis (TGA). A TA Instruments Q50 thermobalance
was used. The VES sample was heated at 10 �C/min using a plat-
inum pan from 25 up to 600 �C in a N2 environment (80 mL/min).
Each sample weighed approximately 5 mg.

The VES FTIR spectrum was obtained using an IRAffinity-1S
spectrophotometer (Shimadzu, Torrance, CA, USA) in the fre-
quency range of 4000e400 cm�1. Approximately 3 mg of VES was
used for analysis. Prior to the test, the VES was dried at 24 �C. KBr
was used as a reference material (background spectrum).

VES AFM characterizations were conducted in the tapping mode
using an Agilent 5500 (Keysight, USA) instrument. The surfaces
were prepared by spin-coating on silicon wafers. Assays were
performed at 2.35 Hz of amplitude velocity with a Nano World
(PNP-TR-Au) triangular cantilever, using a resonance frequency of
67 kHz and force constant of 0.32 N m�1 and 25 �C. Measurements
were performed at room temperature, and images were processed
using the freeware Gwyddion software 2.49 package (SourceForge).

Steady shear analyses of VES were performed using a Kinexus
Pro þ rotational rheometer (Malvern Instruments, Worcestershire,
UK). The cone-plate configuration was used with a shear rate range
of 0.01e1000 s�1 at 25 �C. Prior to the measurements, the VES so-
lutions were pre-stirred at 1000 s �1 for 30 s. Three replicates were
performed for each measurement.

To compare the rheological properties of VES and XGD aqueous
suspensions, XGD solution at 0.5 wt % (concentration commonly
Table 1
Physicochemical properties of fumed silica nanoparticles.

Property Value

Particle size 9.7 nm
Z potential (pH ¼ 10) �31.54 ± 3 mV
Surface area (SBET) 380 m2 g�1
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used in drilling formulations) was prepared. To this end, XGD was
added to distilled water and stirred for 20 min at 500 rpm.

2.3. Preparation of WBMs

To evaluate the replacement of XGD with VES and the effect of
silica nanoparticles on the filtration, rheological, structural, and
thermal properties of the fluids, two WBMs groups were consid-
ered:WBMs based on XGD (BT/XGD/PAC/H2O) andWBMs based on
VES (VES/BT/PAC/H2O). Fluid preparation was conducted following
the API standard (API Recommended Practice 13B-1, 2003). Like-
wise, WBMs containing different additives were prepared as fol-
lows: In the WBMs based on XGD, four different dosages of silica
nanoparticles were employed: 0.0 (base), 0.001, 0.100, and 1.000 wt
%, while PAC, XGD, and BT were fixed at 0.5, 0.5, and 1.0 wt%,
respectively. In the WBM group based on VES, four concentrations
of silica nanoparticles were employed: 0.000 (base), 0.001, 0.100,
and 1.000 wt%, while the concentrations of PAC and BT were fixed
at 0.5 and 1.0 wt%, respectively. The nomenclature of fluids in-
dicates the type of fluid based on XGD or VES, and the content of
nanoparticles ranges from 0.000 to 1.000 wt%. The detailed com-
positions of the fluids are presented in Table S1 (Supporting
Information).

In the case of WBMs based on XGD, the following steps were
performed: i) bentonite was hydrated for 960 min at 25 �C; ii) XGD
was incorporated, and the mixture was stirred at 600 rpm for
10 min; iii) PAC was added, and the suspension was stirred for
10 min at 600 rpm. The preparation of WBMs based on VES
included the following steps: i) 500 mL of the previously formu-
lated VES solutionwas added to the vessel and stirred for 10min; ii)
BT was aggregated and the suspension was stirred at 600 rpm. It is
important to note that VES was added as the liquid. An additional
stepwas considered for fluids containing nanoparticles. To this end,
fumed silica nanoparticles were added and the suspensions stirred
at 500 rpm for 10 min.

2.4. Characterizations of WBMs

To evaluate the performance of WBMs, five assays were imple-
mented: i) steady and dynamic shear rheology to evaluate the
rheological behavior of WBMs, shear thinning behavior is recom-
mended; ii) filtration at LTLP and HTHP to evaluate the potential
loss fluid in the formation; iii) aging test to determine the thermal
stability of WBMs simulating the well conditions; iv) microstruc-
ture ofWBMs to understand the structure-property relationships of
WBMs in the presence of nanomaterials; and v) microfluidic tests
to evaluate the pore-scale mechanisms for filtration of the WBMs
with and without silica nanoparticles.

Steady shear analyses of fluids were carried out using the same
rheometer and conditions described for the rheological character-
ization of VES. To this end, 10 mL of WBMs were put on the
rheometer plate, and the determinations were performed at a shear
rate range of 0.01e1000 s�1 at 25 �C.

Oscillatory shear analyses were performed to determine the
viscoelastic behavior of the WBMs. For the measurements, 10 mL of
WBMs was placed on the rheometer. The assays were carried out in
a Kinexus Pro þ rotational rheometer (Malvern Instruments, Wor-
cestershire, UK) coupled with a Peltier cone-plate geometry (60-
mm diameter, 1� angle) at a gap of 1 mm. Frequency sweeps
were conducted from 0.01 to 100 Hz within the linear viscoelastic
region (LVER) at strains of 0.02, and 25 �C. To obtain the LVER an
amplitude sweep from 0.01 to 0.10 at 100 Hz was performed. This
assay was repeated twice.

The Herschel-Bulkley model was implemented to theoretically
study the rheological behavior of the samples. The model was



Fig. 1. Schematic of the microfluidic device and experimental setup.

Fig. 2. Zeta potential curves for XGD and VES solutions.
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adjusted using an error-minimizing routine in the complement
solver of Microsoft Excel.

Filtration tests were performed according to API standards (API
recommended practice 13B-1, 2003). To this end, a filter press
(OFITE, Houston, TX, USA) at 25 �C and pressure of 6.80 atm was
used with No. 50 Whatman filter paper. Specifically, 250 mL of
WBMs was poured into a steel cell using nitrogen as pressurization
gas. The filtrate was collected in a graduated cylinder for 30 min.
Filter cake thickness was determined using a caliper.

The filtrate rate was calculated following the methodology re-
ported previously (Li et al., 2024; Villada et al., 2021, 2022).

Darcy's law was employed to determine the permeability (Kc) of
the filter cake of the WBMs under low-temperature and pressure
conditions. The permeability is mathematically represented as
(Villada et al., 2022):

Kc ¼mtcq
DPA

(1)

where m corresponds to the viscosity of the filtrate, tc is the filter
cake thickness, DP is the pressure difference, A is the cross-section
area and q is the filtrate rate (cm3 s�1).

An HPHT filter press (Fann, Texas, USA) was employed to report
the filtration volume at 30 min under pressure (34 atm) and tem-
perature (98.8 �C). For the test, 250 mL of WBMs was poured into a
steel cell using nitrogen as pressurization gas. The filtrate was
collected from a steel cell. Special hardened filter paper (part
number 206056) was employed.

A dynamic aging assay was conducted using a heating plate at
91 �C and 500 rpm for 960 min. WBMs (150 mL) were poured on a
heating plate, and their rheological properties were obtained after
the aging treatment using the methodology used previously for the
VES suspensions.

The structures of the WBMs were determined using a scanning
electronmicroscope (JEOL JSM 6490 LV, Germany). TheWBMswere
sputter-coated with gold (DENTON VACUUM Desk IV equipment)
to ensure adequate conductivity.

2.4.1. Reologhical model
The Herschel-Buckley model (Eq. (2)) was employed to describe

the rheological behavior of the WBMs.

t¼ t0 þ k0gn0
(2)

where t0 (Pa‧s) is the yield stress, k' is the consistency index (mPa‧
s), g (1/s) is the shear rate and n' is the flow behavior index.

2.5. Microfluidics approach

Fig. 1 shows the schematic of the microfluidic device and its
experimental setup. The micromodel depth was around 99.9 mm,
the pore size varies between 0.1 and 0.6 mm, porosity of 70.9 %, and
the absolute permeability was 5.71 D. The micromodel was
designed to simulate the pore conditions in the reservoir, achieving
an injection parallel to the face of the well (or cross-flow) that al-
lows fluid behavior in the well. A microfluidic model porous me-
dium was fabricated using polydimethylsiloxane (PDMS). A
microchannel network was fabricated with a blend of epoxy resin
and a curing agent (Cristal-Tack, Novarchem, Argentina) and
designed using Layout Editor Software (Germany). The details of
the micromodel design have been presented in a previous study
(Olmos et al., 2019).

To inject oil and drilling fluid into the micromodel, an A22-Adox
Syringe Infusion pump was used at a constant flow rate to simulate
reservoir conditions. The flow was recorded by capturing images
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with a Canon EOS T3 camera. Similarly, a backlight lampwas placed
under the micromodel as an illumination source during image
acquisition. To perform the test, the two micromodels were satu-
rated with oil (API gravity of 21.9�). Then, the fluid filtration was
performed at a flow rate of 1.0 ft day�1 (0.19 mL min�1) and 25 �C.

3. Results and discussion

3.1. VES characterizations

Fig. 2 shows the Z potential curves for the XGD and VES solu-
tions. VES has a negative charge (�20 mV) associated with the
functional groups of CTAB and the negative charge of NaNO3.
Likewise, XGD shows a negative charge (�36 mV) related to the
glucuronic acid of this polymer.

The TGA and DTG curves of VES are shown in Fig. 3. It was
observed that VES had a high thermal stability from 25 to ~200 �C.
The maximum rate of mass loss in the DTG curve was approxi-
mately 270 �C. These residues were associated with the thermal
decomposition of sodium nitrate. The thermal stability of VES could
be attributed to the fact that above the micellar concentration, the
micellar structure is entangled and forms a network with remark-
able viscoelastic properties (Gurluk et al., 2013).

The FTIR spectrum of VES is presented in Fig. 4. The asymmetric



Fig. 3. Thermal stability of VES obtained from TGA and DTG analysis.

Fig. 4. FTIR spectrum of VES.
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and symmetric stretching vibrations of CeCH2 in the methylene
chains can be seen in bands at 2918 and 2850 cm�1, respectively.
Asymmetric and symmetric stretching vibration of NþeCH3 are
related to bands at 1788 and 1483 cm�1. At 3420 cm�1 the
Fig. 5. Micrographs of dehydrated VES obtained by AFM. The images correspond to: (a) top
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vibrations of the ammonium moiety in CTAB are observed. The
band at 962 cm�1 is related to the CeNþ stretching vibrations. The
peak at 721 cm�1 could be assigned to Br. The signal at 835 cm�1 is
assigned to NO3 symmetric stretching. The signal at 1340 cm�1 is
associated with the NO3 asymmetric stretching. The detected sig-
nals are in agreement with previous studies (Elfeky et al., 2017; Sui
et al., 2006; Trivedi and Dahryn Trivedi, 2015; Yayapao et al., 2011).

The micelle morphology of VES was studied using AFM in the
dehydrated state, as shown in Fig. 5. The AFM methodology was
selected considering the nanometric scale to identify some mate-
rials, in this case, the effect of silica nanoparticles in the VES
structure. AFM micrographs revealed the presence of a poly-
disperse structure similar to cylinders with diameters of
100e153 nm for images 5(a), (b), and (c), corresponding to topog-
raphy 5(a), phase 5(b), and amplitude images 5(c). The impact of
silica nanoparticles on the VES microstructure is presented in
Fig. S1 (Supporting Information).

Fig. 6 compares the flow curves of the XGD and VES solutions. As
expected, the presence of NaNO3 in the CTAB aqueous solutions
formed entangled wormlike micelles, which led to a viscous solu-
tion. Both solutions exhibit pseudoplastic behavior characteristic of
non-Newtonian fluids. Furthermore, the solution containing XGD
exhibited a slightly higher viscosity at shear rates higher than
100 s�1. In general, the wormlike micelle solutions exhibited a
trend similar to that of the polymer suspension. This behavior is in
ography (8 � 8 mm), (b) phase (8 � 8 mm), and (c) amplitude (1 � 1 mm), respectively.

Fig. 6. Rheological behavior of XGD and VES solutions.
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agreement with the results obtained by Wang et al. (2017), who
found that the degree of structural alignment of worm micelles is
related to the extent of pseudoplastic behavior, promoting a
decrease in viscosity with increasing shear rate. Yang et al. (2022)
reported that entangled wormlike micelles increase the viscosity
of solutions, such as polymers, and they can break and re-form
under shear. For this reason, it is sometimes called a ‘living poly-
mer’ (Yang et al., 2022).
3.2. Rheological characterization of WBMs

The results obtained from the steady and dynamic shear assays
of WBMs are shown in Fig. 7. The studied WBMs exhibit pseudo-
plastic and viscoelastic behaviors. In particular, fluids with XGD and
VES exhibited similar viscosities at high shear rates (Fig. 7(a)).
However, the viscosity at a low shear ratewas slightly higher for the
WBMs containing VES. The pH and density of the prepared fluids
are in the range of 9 ± 0.5 and 1.50 g/cm3, respectively. In Fig. 7(b)
the curves of the viscous moduli (G00), and elastic (G0) for WBMs are
depicted. All fluids exhibited similar viscoelastic properties. How-
ever, theWBMbased on VES at frequencies below 1Hz exhibits a G00

higher than G0, indicating a liquid-like behavior. This result can be
associated with the structuration degree and relaxation time of
worm micelles present in the VES at low frequencies, and the
surface interactions with the other WBMs components.

The viscosity of drilling fluids based on clays, polymers, and
particles depends on the surface interactions between additives.
Different researchers have concluded that the surface interactions
between bentonite and polymers are determined by several asso-
ciation mechanisms, such as electrostatic interactions, hydrogen
bonding, and hydrophobic interactions (Li et al., 2018a, 2018b,
2020b). Thus, the viscosity of WBMs based on VES is also related to
the surface interactions between bentonite, VES, and PAC. Janek
and Lagaly (2003) reported that the interaction of a cationic sur-
factant and bentonite is related to the surface interactions, and
depending on the medium conditions, the surfactant can act as a
coagulant agent for clay dispersion. It can be noted that the VESwas
obtained from CTAB (cationic surfactant) and NaNO3. Thus, elec-
trostatic, hydrogen bonding, and hydrophobic interactions should
be considered.

Na-bentonite is a clay mineral composed of montmorillonite
platelets and does not exhibit homogeneous charge distributions.
Bentonite exhibited negatively charged faces related to the
isomorphic substitution of lattice cations. In this study, the face and
edge of the Na-bentonite were negatively and positively charged,
respectively.

VES has hydrophobic chains and hydrophilic head groups.
Likewise, they have a noticeable viscoelastic property associated
Fig. 7. Rheological behavior of XGD-based and VES-base
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with the creation of wormlike micelles and entangled structures
above the micellar concentration. Wormlike micelles are obtained
through non-covalent bonds, which lead to micelle linkage. In
addition, the formed structure is temporary, which generates an
entanglement-dispersion equilibrium (Hu et al., 2021). As it was
previously discussed, the fluids containing VES present a slightly
higher viscosity than those designed with XGD. This behavior could
be associated with the several higher surface interactions of
bentonite, VES, and polyanionic cellulose, and the mechanism of
viscosity increase of worm-like micelles. Concerning surface in-
teractions, the only difference in the design of WBMs is the content
of XGD or VES. The Z-potential values of XGD and VES were �36
and �20 mV, respectively. The higher surface charge of XGD in
WBMs is expected to produce greater electrostatic repulsion with
bentonite edges and polyanionic cellulose polymer, promoting a
slightly lower viscosity of WBMs based on XGD. In contrast, XGD
molecules are produced by a polymerization reaction that gener-
ates high viscosity. However, viscosity is reduced by breaking the
covalent bonds between the XGD molecules, leading to chain
separation. In contrast, the network-like structure formed by VES
through physical interactions (hydrophobic, electrostatic, and
hydrogen bond interactions) increases the viscosity of the solutions
and can be restored under shear. The hypothesis of the rheological
properties of WBMs is in accordance with previous studies by our
research group (Clavijo et al., 2021a, 2021b). These studies associ-
ated the rheological properties with hydrogen bonding, electro-
chemical forces, and electrostatic interactions between additives.
3.3. Effect of silica nanoparticles in the functional properties of
WBMs

3.3.1. Rheological properties
In this section, the main interaction mechanisms of VES and

silica nanoparticles, as well as XGD and silica nanoparticles, are
considered for rheological analysis.

Fig. 8 presents the effect of the nanoparticle concentration on
the rheological properties of the WBMs. The WBMs exhibit shear
thinning behavior that is more noticeable for VES-based fluids. As
the concentration of nanoparticles increased from 0.001 to 0.1 wt%,
a slight increase in rheological properties was observed for both
systems. The opposite trend was shown at 1.0 wt% nanoparticles
(XGD/1.0Si and VES/1.0Si fluids). These results indicate that higher
concentrations of nanoparticles saturate the WBM network struc-
ture and promote particle aggregation, which is detrimental to
rheological properties. Likewise, the excess of nanoparticles causes
high adsorption of the material, avoiding free material for visco-
elastic network formation. These results are in accordance with
those reported by Clavijo et al. (2021b) who studied the theoretical
d WBM: (a) flow curve and, (b) mechanical spectra.



Fig. 8. Effect of nanoparticle concentration in the rheological behavior of WBMs: (a) WBMs based on VES, and (b) WBMs based on XGD.
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and experimental interactions among silica nanoparticles, CaCO3,
and xanthan gum as additives in WBMs. Through molecular sim-
ulations, they found that xanthan gum and silica nanoparticles
interacted via hydrogen bonding between the silanol and carbox-
ylate groups. Thus, this interaction increased the thermal stability
of the polymer. In general, nanoparticles act as points between the
polymer chains, promoting the viscoelastic structure of the WBMs.
In contrast, the concentration 0.1 wt% was reported as optimum
concentration of NP. In contrast, concentrations higher than this
value deteriorate the properties due to agglomeration.

As reported in the literature, VES can interact with several
nanoparticles independently of their size, shape, and surface
groups (Philippova and Molchanov, 2019). The interaction begins
with the covering of the surface of nanoparticles with adsorbed
surfactants. The structure of surfactant aggregates formed on the
surface of the nanomaterial is determined by the nature of the
surfactant and its interaction surface. When nanoparticles are
oppositely chargedwith respect to the surfactant ions (as is the case
in this work), the electrostatic interactions govern and the surfac-
tant is adsorbed on the nanoparticle through its charged head
groups (Philippova and Molchanov, 2019). The end-caps of micelles
are considered to participate in the interaction, promoting cross-
linking of micelles (Wang et al., 2017). This behavior generates a
network structure that increases the viscosity of WBMs. However,
at higher nanoparticle concentrations, the decrease in viscosity
could be associated with interparticle aggregation, which promotes
disruption of the network structure. Furthermore, it should be
considered that the adsorption of the surfactant molecules on the
Fig. 9. Schematic representation of the interact
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surface of nanoparticles can reduce the amount of surfactant
involved in the formation of VES. This effect was observed inWBMs
containing 1.0 wt% silica nanoparticles. Fig. 9 shows the possible
surface interaction between the VES and silica nanoparticles.

As mentioned previously, the microstructure of WBMs (clay,
polymer, and wormmicelles or VES and nanoparticles) is governed
by the connection mode of clay, charge and size of nanoparticles,
chemical structure of the polymer and VES, and mechanism of
viscosity increase, which promotes changes in the rheological
properties of WBMs. Overall, the results of the enhanced viscosity
of fluids are mainly determined by the surface interactions of the
worn micelles with silica nanoparticles, Na-bentonite, and PAC
polymer, forming a pseudo-crosslinking microstructure. Thus, the
reorganization of the micellar structure of wormmicelles onWBMs
promotes a significant change in the rheological properties of fluids
with VES. Helgeson et al. (2010) studied the rheology of cationic
worm-like micelles with negatively charged nanoparticles. The
authors argued that the creation of micelle-nanoparticle junctions
acts as physical cross-links, promoting high viscosity and elasticity
in dilute and semi-dilute wormlike micelles (Kang et al., 2020).

3.3.2. Rheological models
The Herschel-Bulkley model was adjusted, and the results were

comparedwith the experimental data. It can be observed that fluids
exhibit the behavior of the Herschel-Bulkley model under the
evaluated conditions. Table 2 lists the model parameters and
experimental errors associatedwith the adjustment. Fig.10 shows a
comparison between the results of the Herschel-Bulkleymodel and
ions between VES and silica nanoparticles.



Table 2
Parametersa of the Herschel Buckley model for studied WBMs.

Group Fluid Nanoparticles, wt% t0, Pa k , Pa s�1 n RSMD R2

Based on XGD XGD 0.00 12.74 0.43 0.80 0.11 0.99
XGD/0.001Si 0.01 18.99 0.15 0.94 0.02 0.99
XGD/0.1Si 0.10 12.44 0.43 0.80 0.11 0.99
XGD/1.0Si 1.00 19.08 0.13 0.93 0.03 0.98

Based on VES VES 0.00 30.04 0.63 0.67 0.02 0.99
VES/0.001Si 0.01 39.54 0.73 0.70 0.01 0.99
VES/0.1Si 0.10 45.28 1.35 0.60 0.13 0.97
VES/1.0Si 1.00 31.88 0.16 0.36 0.04 0.97

a Correlation coefficient (R2); yield stress, t0 (Pa); consistency index, k (Pa s�1); flow behavior index; root-mean-square deviation (RSMD).

Fig. 10. Effect of nanoparticles concentration in the rheological behavior of WBMs: (a) WBMs based on VES, and (b) WBMs based on XGD. Solid lines represent the Herschel Buckley
model simulation.
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experimental data. Herschel Bulkley's model accurately fitted the
data and revealed a non-Newtonian and pseudoplastic behavior,
with the “n” parameter. A higher consistency index (k) corresponds
to the WBMs based on VES, verifying the higher rheological prop-
erties than those based on XGD. The yield stress (t0) increased with
the silica nanoparticle concentration for all the fluids. However, the
higher t0 values correspond again to the WBMs based on VES.
These results were consistent with those obtained from the flow
curves (Fig. 8).

3.4. Filtration properties

Owing to the differential pressure in the well, the water con-
tained in the WBMs flowed into the formation during the drilling
operation. This causes clay swelling and leads to damage to the
formation. The application of high pressure during drilling
Fig. 11. Filtration properties of WBM at low-pressure and low-temperature (L
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facilitates the deposition of bentonite platelets and solid particles,
resulting in the creation of a layer called a “filter cake.” This filter
cake acted as a barrier, impeding the penetration of water into the
formation.

The properties of the filter cake, such as thickness, filtration rate,
and permeability fulfill an important role in preventing water in-
vasion into the cake formation. Thus, high-performance WBM
formulations require low fluid loss volume and the formation of a
compact, impermeable, and thin filter cake.

Figs. 11e13, and Table 3 show the filtration properties of the
evaluatedWBMs. The filtration properties were evaluated for fluids
without nanoparticles (VES and XGD WBMs) and fluids containing
several concentrations of nanoparticles. In Fig. 11, the curves of the
filtrate volume vs time for the WBMs based on VES and XGD are
compared. Fluids based on VES showed lower filtrate volumes. In
comparison with fluids without nanoparticles, a notable impact of
TLP) conditions: (a) WBMs based on VES, and (b) WBMs based on XGD.



Fig. 12. Filtration properties of filter cake performance at LTLP) conditions: (a) WBMs based on VES, and (b) WBMs based on XGD.

Fig. 13. Filtrate volume at 30 min, obtained from HTHP conditions for studied fluids.

Table 3
Filtration properties of filter cakes. The liquid flowing through the already formed
cake method was considered to determine the filtration rate, as reported previously
(Li et al., 2018a).

Fluid q � 10�2, m3/sega tc , cma Kc � 10�6a

VES 0.69 0.15 2.75
VES/0.001Si 0.51 0.14 2.38
VES/0.1Si 0.52 0.13 2.40
VES/1.0Si 0.43 0.12 2.16
XGD 1.37 0.15 5.46
XGD/0.001Si 1.38 0.14 5.96
XGD/0.1Si 1.29 0.13 6.00
XGD/1.0Si 1.02 0.13 5.07

a The error for the measurements was ±0.01.

Y. Villada, L.J. Giraldo, C. Cardona et al. Petroleum Science 21 (2024) 4391e4404
silica nanoparticles on the decrease in the filtrate volume was
observed for both fluid groups.

The filtrate volume at a high concentration of nanoparticles for
the fluids containing VES or XGD is 2.5 and 10 mL, respectively
(fluids VES/1.0Si and XGD/1.0Si). The reduction in filtrate volume
can be related to the fact that a higher nanoparticle concentration
acts as a cell and fills the filter cake pores. According to the results of
the molecular simulation for the WBMs filtration properties
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reported by Clavijo et al. (2021b), the presence of silica nano-
particles decreases the repulsive interaction energy between the
WBMs components.

Fig. 12 shows the filtration characteristics of the filter cake. The
presence of silica nanoparticles led to a reduction in the filtrate
volume for all evaluated filter cakes. This behavior is more notice-
able for the filter cake based on the VES. In particular, the filtrate
volumes for filter cakes obtained from fluid VES and XGD at 30 min
were 4.6 and 12 mL, respectively. In the presence of silica nano-
particles in the filter cake, the volume of the filtrate was reduced to
2 and 10 mL for the VES/1.0Si and XGD/1.0Si fluids, respectively.

The properties of the filter cakes, such as thickness, filtrate rate,
and permeability, for the WBMs are shown in Table 3. The con-
centration of silica nanoparticles decreased the thickness, perme-
ability, and filtrate rate of the filter cake. This result indicates that
the nanoparticles promoted the formation of a more compact
structure with a uniform distribution of additives in the filter cake.
In general, fluids containing VES exhibit lower filtration rates and
permeabilities. The thickness of the filter cake exhibited the same
behavior with the addition of nanoparticles. It is important to note
that these results are related to the evaluation of the filter cake
performance. In this sense, the results are similar to those of the
filtration volume. Compared with the filtrate volume after filter
cake formation, the filtrate cake is expected to avoid flow, and the
filtrate volume will be lower.

Fig. 13 shows the filtrate volume for the filtration test under
HTHP conditions. The filtrate volume decreased with the nano-
particle concentration for all evaluated fluids. Again, this behavior
is more noticeable for fluids based on VES. However, the effect of a
higher nanoparticle concentration on the reduction of the filtrate
volume for the fluid VES/1.0Si is not significant for VES/0.1Si. This
result can be related to the saturation of the filter cakes with high
concentrations of nanoparticles at high temperatures, promoting
their agglomeration.

As expected and reported in the literature (Li et al., 2018a,
2020b; Villada et al., 2018, 2022), the filtration properties of WBMs
are influenced by the surface interactions of bentonite, polymer,
VES, and silica nanoparticles, the formation of filter cake, the
microstructure of the filter cake (compact, dense, or loose), filter
cake porosity, rheological properties, and operating conditions.
Several authors have found that the filtrate volume depends on the
filter cake performance (Li et al., 2020b; Mahto and Sharma, 2004).
Overall, a low filtrate volume is obtained with the formation of a
thin, compact, and impermeable filter cake, whereas a high filtrate
volume is associated with the creation of a thick, loosened, and
permeable filter cake (Villada et al., 2022).

By comparing the filtration properties of the fluids designed
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containing VES or XGD polymers, enhanced filtration properties
were observed for the WBMs based on VES. These results were in
accordance with the rheological properties discussed above. Hence,
fluids with higher viscosity exhibited a low filtration volume.
Because of the negative charges of XGD, VES, and nanoparticles,
nanoparticles are very dispersed and homogeneously distributed in
the structure formed by bentonite platelets, cellulose polyanionic
polymers, XGD polymers, or VES, allowing the obturation of small
pores in the filter cake. However, the significant difference in the
filtration properties of WBMs based on VES could be associated
with the higher interaction of VES with bentonite, polymers, and
nanoparticles, and mainly with the physicochemical configuration
of VES and its adsorption on nanoparticles (Huang et al., 2022). As a
result, VES could be restructured and linked to the nanoparticles
through free end-caps forming junction points that promote an
entanglement structure more compact than those formed by XGD.
This result is in accordance with the SEM images. XGD is the most
commonly used polymer as a viscosifier additive in drilling fluids
owing to the enhancement of rheological and filtration properties
as a consequence of surface interactions (electrostatic interaction,
hydrogen bonding, and hydrophobic interactions) with other
WBMs components. To compare the results with VES, it is neces-
sary to consider the physicochemical formation and degree of
structural dynamics of VES that promote the modification of the
rheological and filtration properties. Intra-micelle (micelle-to-
micelle) pseudo-crosslinking builds with nanoparticles to generate
a much stronger dynamic micelle network. Villada et al. (2022)
studied WBMs based on XGD, bentonite, polyanionic cellulose,
and CaCO3 particles. The improvement in the rheological and
filtration properties depends on the superficial interactions be-
tween the polymeric additives (XGD, PAC), clay (bentonite), and
calcium carbonate particles. Hence, the homogenous distribution of
the particles in the matrix formed by bentonite and polymers in-
creases the viscosity and lowers the filtrate volume.

3.5. Structural properties

Fig. 14 depicts the micrographs obtained through SEM of the
WBMs design for the base fluid XGD, VES (without nanoparticles),
Fig. 14. Micrographs of WBMs obtained by SEM: (aec) WBMs based on VES; (def) WBMs
present in the micrograph (c) and (f).
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and fluids XGD/1.0, VES/1.0Si containing nanoparticles at a con-
centration of 0.1 wt%. The micrographs suggest the formation of
two different microstructures for the WBMs and a significantly
different network structure. In particular, the base fluid containing
VES exhibited the presence of an agglomerate with a homogeneous
distribution (Fig. 14(a) and (b)). Magnification of image at 10.000Х
(Fig. 12(b)) could suggest the bentonite intercalation with the
wormlike micelles and the presence of polyanionic cellulose as
polymeric films that generate a more compact structure. The
micrograph for fluid VES/1.0Sicontaining silica nanoparticles
(Fig. 14(c)), shows that the nanoparticles are distributed along the
WBMs microstructure. It can be observed that the nanoparticles
appear to be embedded in the worm-like structure of the VES,
promoting a network structure. The micrographs for the fluid XGD
(Fig. 14(d)) show the bentonite coating with polymeric films
observed at image magnification (Fig. 14(e)). Likewise, the nano-
particles appeared to be homogenously distributed in the WBM
microstructure (Fig. 14(f)). However, the microstructure formed for
XGD and other additives is looser, promoting weak interactions
between XGD, BT platelets, and polyanionic cellulose.

In general, a more compact laminar structure was observed for
WBMs based on VES, confirming the higher surface interactions of
VES with bentonite, polyanionic cellulose, and nanoparticles. In
contrast, the microstructure of the WBMs containing XGD exhibi-
ted a spherical structure. In all cases, the nanoparticles promoted
the formation of a denser filter cake with high packing among the
particles, thereby avoiding the presence of pores and cracks. These
results are in accordance with those of previous studies, which
suggested that the adsorption of nanoparticles is determined by
London, double layer, and hydrodynamic forces. Likewise, nano-
particles fill the space between the bentonite particles and the in-
terlayers, reducing the filtration volume. This result is consistent
with that obtained with the filter properties (Fig. 11), where the
presence of silica nanoparticles promoted the formation of a more
compact filter cake.

3.6. Thermal properties

Fig. 15 shows the thermal stabilities of the studied WBMs. The
based on XGD. The effect of silica nanoparticles (0.1 wt %) in the structure of WBMs is



Fig. 15. Thermal stability of WBMs conditions: (a) fluids without nanoparticles, and (b) fluids containing nanoparticles. The rheological properties were determined before and after
aging.
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stability of the WBMs was evaluated based on their rheological
properties before and after thermal treatment. Considering the
preliminary results, XGD, XGD/0.1Si, VES, and VES/0.1Si were
selected for this study. Note that fluids XGD and VES are the base
fluids without nanoparticles, and fluids XGD/0.1Si and VES/0.1Si
contain 0.1 wt % of silica nanoparticles. It can be observed that the
WBMs based on VES exhibited slight changes in viscosity before
and after the aging test. With respect to the stability ofWBMs based
on XGD, a significant effect was observed for the fluid without
nanoparticles. In general, nanoparticles improve the thermal sta-
bility of the WBMs. These results can be related to the mechanism
of interaction between VES and nanoparticles. This mechanism is
related to the formation of pseudo-cross-linking, which functions
as physical cross-linking among micelles when the micelles junc-
tionwith the nanoparticles. Thus, viscoelasticity can be improved at
high temperatures. These observations are in accordance with
those reported by Mao et al. (2018), who investigated the use of
nanoparticles to improve the heat resistance of a VES. Likewise, the
TGA analysis of VES indicates high thermal stability up to ~260 �C,
and the thermogram published by Villada et al. (2022) for XGD
shows polymer degradation at 268 �C. Therefore, the differences in
the rheological properties of fluids after thermal aging are not
associated with polymer, VES, or nanoparticle degradation. This
result again shows that the addition of silica nanoparticles pro-
motes the thermal stability of WBMs based on VES, owing to the
Fig. 16. Photographs showing the evolution of filtrate volume with time in the micromodel f
(f) 281min. The assays were performed using a micromodel device.
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higher interaction between VES and the nanoparticles and other
WBMs components, as previously discussed in the rheological
properties section.
3.7. Micromodel analysis

Considering the filtration properties, two WBMs containing VES
were selected for analysis. Figs. 16 and 17 show the evolution of
filtrate volume with time in the micromodel. Notably, the micro-
model was initially saturated with crude oil to simulate the for-
mation conditions before the drilling process. The evolution of the
filtrate volume with time for the WBMs based on VES (without
nanoparticles) in the porous medium is presented in Fig. 16. Slight
changes were observed in the micromodel at the beginning of fluid
injection (Fig. 16(a)). During WBM injection, a displacement of the
oil by the fluid following a homogeneous distributionwas observed
(Fig. 16(b)). The images 16(c) and (d) suggest the presence of slight
emulsions and a possible internal filter after 10 min of WBM in-
jection. Images (e) and (f) (Fig. 16) show the total invasion of fluid
into the porous medium at 281 min, achieving a filtrate volume of
0.35 mL. Likewise, the fluid invaded the right zone of the micro-
model with no homogeneity. Fig. 17 shows the images of the filtrate
volume evolution with time for the fluid VES/0.1Si (containing
0.1 wt% of nanoparticles) in the porous medium. Oil displacement
was not observed in the presence of WBM at the beginning of the
or WBM based on VES without silica nanoparticles at: (a) 0, (b) 10, (c) 35, (d) 68, (e)167,



Fig. 17. Photographs for the evolution of filtrate volume with time in the micromodel for fluid (VES/0.1) contains silica nanoparticles at: (a) 0, (b) 10, (c) 35, (d) 68, (e)167, (f)
281min. The assays were performed using a micromodel device.
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fluid injection (Fig. 17(a)e(c)). In contrast, Fig. 17(d)e(f) show the
displacement of crude oil and the formation of small micro-
emulsions. The filtrate volume achieved at 281 min was 0.04 mL,
indicating that the presence of nanoparticles reduced the filtrate
volume.

Compared with the images of the micromodel for fluids in the
absence and presence of nanoparticles, it was observed that the
nanoparticles reduced the penetration depth of mud into the
micromodel through external and internal plugging mechanisms.
Likewise, nanoparticles can decrease the formation of emulsions on
the pore surface, modifying the wettability of the micromodel to a
more water-wetting state. However, this observation was not clear
in the images. These results are in accordance with the filtrate
volume achieved in the presence of nanoparticles from the static
filtration results previously discussed. Mohammadi and Mahani
(2020) investigated the pore-scale mechanisms of the formation
damage promoted bymud in the presence of nanomaterials using a
microfluidic approach. The results indicate that the incorporation
of nanoparticles reduced the penetration depth of the drilling fluid
in the micromodel.

Considering the previous results, the use of VES in the formu-
lation of WBMs improved their functional properties. However, the
presence of silica nanoparticles at 0.1 wt% remarks this effect
related to the synergistic interactions with the VES. According to
(Saleh, 2018), the more significant effects of nanomaterials on the
functional properties of WBMs are related to the surface in-
teractions between additives. In general, nanomaterials improve
the rheological properties of WBMs through numerous mecha-
nisms, depending on the characteristics of the NPs and the
continuous phase of the drilling fluid. Likewise, NPs inhibit the
penetration of fluid into formations, avoiding shale swelling and
filtration loss. Silica nanomaterials also enhance the thermal sta-
bility of WBMs owing to the presence of oxides in the chemical
structure, which inhibit the degradation of polymeric chains with
increasing temperature. Likewise, nanosilica improves the lubricity
of WBMs by forming a boundary-type system via the adhesion of
nanoparticles over themetal surface. It is important to note that the
lubricity of WBMs depends on the viscosity and the colloidal sta-
bility of the nanofluids (Katende et al., 2019).The obtained results
showed that the silica nanoparticles improve the rheological,
filtration, and thermal properties of WBMs. This behavior is more
noticeable for WBMs based on VES. Specifically, the viscosity
slightly increases in the presence of nanomaterials, allowing
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optimization of the fluid composition. Regarding the filtrate vol-
ume and thermal stability, the nanoparticles contributed to
decreasing the filtrate volume and reducing the mudcake perme-
ability as well as the thermal stability of the nanofluids. The impact
on these parameters is related to the different interaction mecha-
nisms between the WBMs components. On the other hand, the
limitations of this research are related to the evaluation of the
properties at high temperatures (above 120 �C) considering the
evaporation of aqueous base of fluid. However, the results obtained
are very promising and can be applied to harsh conditions.
4. Conclusions

The use of VES as a possible replacement for XGD in WBM for-
mulations was evaluated. Specifically, VES was performed using
CTAB and NaNO3 and characterized in terms of charge surface,
rheological properties, thermogravimetric analysis, and
morphology. The VES characterization results showed a negative
surface charge, shear thinning behavior, high thermal stability, and
cylindrical morphological structure. Regarding the replacement of
XGD, the results suggested that VES has properties as a rheology
modifier or filtration agent in WBMs under high-temperature
conditions. Similarly, VES can be applied in WBMS as a replace-
ment for XGD polymers. Fluids containing VES and silica nano-
particles at 0.1 wt % exhibited superior functional properties,
associated with the specific characteristics of the viscosity increase
mechanism of VES, as well as their interaction with bentonite,
polyanionic cellulose, and nanoparticles. The filtrate volume at the
LTLP and HTHP decreased with the addition of nanoparticles in all
the fluids. The formation damage was reduced with the presence of
silica nanoparticles at 0.1 wt% in theWBMs based on VES. A techno-
economic assessment and the use of VES with different chemical
natures will be the subject of future communications to evaluate
the application of VES in drilling fluids.
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