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a b s t r a c t

The environmental hazards and "carbon footprint" of oil and gas drilling can be significantly reduced by
replacing traditional petroleum-based chemical additives with natural materials derived from plants and
animals. This paper explored for the first time the interaction mechanism between natural rubber latex
(NRL) and bentonite suspensions (BTs) through a series of characterization experiments, as well as the
potential applications in water-based drilling fluids (WBDF). The gel viscoelasticity experiments showed
that NRL could decrease the consistency coefficient (k) and flow index (n) of BTs, and enhance the shear
thinning performance of BTs as pseudo-plastic fluids. In addition, 0.5 w/v% NRL not only increased the
critical yield stress and strengthened the structural strength between the bentonite particles, but also
facilitated the compatibility of pressure loss and flow efficiency. The evaluation of colloidal stability and
WBDF performance indicated that NRL particles could promote the hydration and charge stability on the
surface of BTs particles, and optimize the particle size distribution and flow resistance of WBDF under the
"intercalation-exfoliation-encapsulation" synergistic interaction. Moreover, NRL can improve the rheo-
logical properties of WBDF at high temperatures (<150 �C), and form a dense blocking layer by bridging
and sealing the pores and cracks of the filter cake, which ultimately reduces the permeability of the cake
and the filtration loss of WBDF.
© 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

As greenhouse gas emissions have a negative impact on the
ecosystem, many countries with strict environmental regulations
required that the use of petroleum-based chemical additives in oil
and gas drilling be minimized or eliminated, and that natural ma-
terials with a lower "environmental footprint" be used as an
alternative to meet the needs of oil and gas drilling (Razali et al.,
2018; Moustakas et al., 2020). Drilling fluid (DF), the fluid me-
dium that remains in close contact with the formation throughout
the oil and gas drilling process, has always required the addition of
various types and functions of chemical additives to clean the
wellbore, transport cuttings, cool and lubricate the drilling bit and
ineering, China University of
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maintain formation stability (Aftab et al., 2017; Jiang et al., 2022),
yet these petroleum-based chemical additives pose varying degrees
of ecological threat to the surface and subsurface environments (air,
soil and water) around the wellsite (Rana et al., 2019). Based on the
dispersant, DF can be divided into water-based drilling fluids
(WBDF), oil-based drilling fluids (OBDF) and gas drilling fluids, with
WBDF being the preferred choice for field engineers and re-
searchers due to their relative eco-friendliness (Li et al., 2022a;
Yang et al., 2023). Traditional WBDF add bentonite to water to form
a colloidal suspension to meet the initial drilling requirements, in
addition to a variety of chemical additives to stabilize rheology,
control filtration, inhibit clay expansion, hydration, and ultimately
to ensure smooth drilling operations (Ahmed et al., 2019; Gamal
et al., 2020).

At present, some natural materials have been studied and suc-
cessfully applied in WBDF by many scholars, such as cellulose (Li
et al., 2022b; Liu et al., 2022a), lignin (Sternberg et al., 2021) and
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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starch (Le Corre et al., 2010; Ricky et al., 2022), which are the most
widespread in nature. These materials have the ability of rheology
improvement and filtration control in WBDF through artificial
chemical modification (Ikram et al., 2021). In addition, some re-
searchers have collected natural materials directly from the local
environment and applied them as additives in a series of inter-
esting applications, some statistics are shown in Table 1.

Natural rubber latex (NRL) is a natural material from a wide
range of sources (it can be produced from more than 2000 plants),
collected from the bark of trees in a milky white colloidal suspen-
sion (Gong et al., 2013;Wichaita et al., 2021). Its main component is
cis-1,4-polyisoprene (eC5H8e) units, with a content of between
25% and 35%. The dispersion medium is water, with traces of pro-
teins, carbohydrates, amino acids, fats, inorganic salts, etc.
(Nawamawat et al., 2011; Rochette et al., 2013). Currently, major
global NRL production areas are concentrated in many countries
and regions, including Thailand, Malaysia, Indonesia, India, China,
etc. (Ali Shah et al., 2013). It is also currently an important industrial
raw material in the fields of elastomers, biological tissue repair,
automobile tires and medical gloves due to its excellent physico-
chemical properties (Yin et al., 2019). Unlike conventional oil-based
additives, it is extracted directly from tree bark without the need to
modify it chemically, which is important in reducing the potential
threat to the surrounding environment from chemical additives
(Adibi et al., 2022). As far as we are aware, there is no published and
cited research literature on the use of NRL in oil and gas drilling by
research organizations or individuals.

Based on the above, this paper aims to investigate and evaluate
NRL as a natural additive for WBDF and explore the value and po-
tential of NRL application in WBDF. Firstly, we obtained the basic
physical and chemical properties of NRL, such as molecular struc-
ture, heat, particle size and morphology based on conventional
characterization, then explored the effects of NRL on the shear
thinning behavior, rheological model and viscoelastic modulus of
BTs, and finally evaluated the improvement of rheological proper-
ties and filtration capacity of WBDF. We also hope that this study
will inspiremore researchers to seek bio-alternatives to petroleum-
based chemicals.
2. Material and methods

2.1. Materials

Natural rubber latex (NRL) is collected by Rubber Research
Institute, Chinese Academy of Tropical Agricultural Sciences
(Hainan Province, China). Bentonite (BT) was purchased from
Weifang Huawei Bentonite Group Co. (Shandong Province, China),
in accordance with the American Petroleum Institute (API)
Table 1
Some statistics on the use of natural materials as additives in WBDF.

Materials Application

Grass Rheological modifier, filtration and

Gum arabic Rheological modifier
Mandarin peels pH reducer, viscosity modifier, fluid
Notoginsenoside Inhibitor of shale hydration
Potato peels A rheological modifier; filtration co
Date seed Fluid loss additive
Okra mucilage Clay swelling inhibitor
Psyllium husk Viscosity, filtration agent
Corn starch Rheology enhancer, Filtration redu
Basil seed Enhanced rheology, filtration, inhib
Tea polyphenols Fluid loss additive
Gelatin Shale hydration inhibitor
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standards. Several commonly used chemical reagents including
sodium bicarbonate (NaHCO3), sodium hydroxide (NaOH) and po-
tassium chloride (KCl) were purchased from Sinopharm Group
Chemical Reagent Co. (Shanghai, China), Ltd in analytical purity.
Several typical commercial WBDF additives including xanthan gum
(XC), Polyanionic cellulose (PAC) and calcium carbonate (CaCO3) are
supplied by China Oilfield Services Limited Co. (Hebei Province,
China). Non-fluorescent bitumen (NFA-25) and barite provided by
China University of Petroleum (Beijing) Bo-Cheng Technology Co.
(Beijing, China).

2.2. Characterization

The NRL samples were dispersed in deionized water (0.1 w/v%)
and tested as follows: (1) the aqueous NRL solution was titrated
onto a carbon film, and the dispersion state and microscopic
morphology of NRL in the aqueous solution were then observed
using TEM (Tecnai F20); (2) the particle size distribution of NRL
particles was determined using Nano ZS particle size analyzer
(Malvern Instruments Ltd., UK) to determine the particle size dis-
tribution of NRL particles. In addition, the observation and deter-
mination of NRL particles in BTs was performed using TEM and
Nano ZS particle size analyzer.

The NRL samples were centrifuged, dried and prepared as thin
films, and then the following tests were performed: (1) the main
molecular structure and functional groups of NRL were determined
by MagnaIR-560 spectrometer (Nicolet, USA) in the wavelength
range of 4000~400 cm�1; (2) the thermal properties of NRL were
investigated using TG/DSC thermal analyzer (Netzsch, Germany) in
a nitrogen environment to study the thermal properties of NRL in
the temperature range of 25~600 �C, and the temperature was
ramped up at 10 �C/min; (3) Gel Permeation Chromatography (GPC)
was used to detect the molecular weight distribution of the main
components of NRL, with THF as themobile phase; (4) SEM (Hitachi
SU8010) was used to observe the surface morphology of NRL films.
In addition, SEMwas used for the observation and determination of
NRL in BTs and WBDF.

2.3. Preparation of BTs and WBDF

According to American Petroleum Institute (API) recommended
standards (API RP 13B1e2019) and China Petroleum and Natural
Gas Industries-Field Testing of Drilling Fluids-Part 1: Water-based
Fluids (GB/T 16783.1e2014), the application potential and mecha-
nism of NRL in WBDF were investigated.

Preparation of BTs: Dispersing 4 w/v% bentonite and 0.2 w/v%
Na2CO3 in an aqueous solution at a shear rate of 10,000 rpm for
30 min, and then hydrating the bentonite suspensions (BTs) at
Author(s)

pH control Hossain et al. (2016),
Al-Hameedi et al. (2019a)
Ajayi et al. (2022)

loss agent Al-Hameedi et al. (2019b)
Sun et al. (2022)

ntrol agent Al-Hameedi et al. (2019c)
Amanullah et al. (2016)
Murtaza et al. (2022)
Salmachi et al. (2016)

cer Ricky et al. (2022)
ition and lubrication Gao et al. (2021)

Li et al. (2020a)
Li et al. (2018)
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room temperature for 24 h, which was used as the base fluid for
subsequent experiments.

Preparation of WBDF: To formulate a comprehensive water-
based drilling fluid (WBDF), additives with different functions
were sequentially added to the BTs under high-speed stirring
conditions. In this paper, the composition and dosage of WBDF
additives are shown in Table 2.

Hot roll aging procedure of WBDF: The drilling fluid was poured
into a stainless-steel container and placed in a GW300-X high-
temperature roller heating furnace (Qingdao, China), and heated
and rolled at a certain temperature for 16 h.
2.4. Evaluation experiments of BTs

2.4.1. Rheological testing
A Haake MARS III rheometer (Thermo Scientific, Germany) was

used to test separately the shear thinning, flow behavior and
viscoelastic modulus of BTs with different NRL additions. The
experimental temperature was maintained at 25 �C and a C35/1�

conical plate rotor (35 mm diameter, 1.0� cone angle, 0.053 mm
pitch) was used. Amplitude/frequency scanning viscoelastic
modulus tests were performed for 12 to 0.1 Pa and 10 to 0.01 Hz
frequency, and the linear viscoelastic range strain and frequency set
for experiments were 1.0 Pa and 1.0 Hz, respectively. The viscosity
and flow tests were carried out for shear rates in the range of
0.1e1000 s�1, and rheological model fitting analysis were carried
out using the HAAKE Rheology Win software. At present, Bingham,
Power-Law, Carson and Herschel-Bulkley (HeB) are common
rheological models in this field. Here, the classic Bingham model
(Bingham, 1916) and the widely used HeB model (Herschel and
Bulkley, 1926) equations have been compared:

t¼ t0 þ mPg

 
Bingham
Model

!
(1)

t¼ t0 þ kgn
 
Herschel� Bulkly

Model

!
(2)

where t is the shear stress (Pa), t0 is the yield stress (Pa), mP is the
plastic viscosity (mPa$s), g is the shear rate (s�1), k is the consis-
tency coefficient (Pa$sn), and n is the flow index.
2.4.2. Colloidal stability testing
Particle size distribution and zeta potential (x) are important

evaluation indexes for the colloidal stability of bentonite particles
(Liu et al., 2022b), and the effect of NRL on the colloidal stability of
BTs was tested using a Nano ZS particle size analyzer (Malvern
Instruments Ltd., UK). The BTs were diluted to 0.2 w/v% with
deionized water, the pH of the solutions was adjusted using dilute
hydrochloric acid (HCl) and sodium hydroxide (NaOH) solutions,
Table 2
Formulation of WBDF.

Component Functions Dosage

Water Continuous phase 350 mL
Bentonite (BT) Viscosity and filtration reducer 14 g
Sodium hydroxide (NaOH) pH control agent 0.30 g
Xanthan gum (XC) Improving viscosity 0.35 g
Polyanionic cellulose (PAC) Controlling fluid loss 2.80 g
Non-fluorescent asphalt (NFA-25) Plugging agent 10.5 g
Potassium chloride (KCI) Shale inhibitor 24.5 g
Calcium carbonate (CaCO3) Reducing reservoir damage 17.5 g
Barite Weighting agent 105 g
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and the PSD and x potentials were tested after the test temperature
was set at 25 �C.

2.5. Evaluation experiments of WBDF

2.5.1. API rheological experiment
According to GB/T 16783.1e2014, the rheological parameters of

WBDF were determined using a ZNN-D6 six-speed rotational
viscometer (Qingdao Tongchun Instrument Co., China), and the
readings of the indicator at different rotational speeds were
recorded to calculate the rheological parameters, including
apparent viscosity (AV), plastic viscosity (PV) and dynamic shear
(YP), according to the following equations:

AV ¼ q600
2

ðmPa $ sÞ (1)

PV ¼ q600 � q300 ðmPa $ sÞ (2)

YP¼ q300 � PV
�
Ibf
100

ft2
�

(3)

where q600, q300 are the respective 600 and 300 rpm readings. In
addition, Gel10 s/10 min can be recorded directly from 3 rpm readings.

2.5.2. Filtration experiment under high temperature and high
pressure

To simulate the actual filtration of drilling fluid under high-temp
and high-pressure conditions in the deep reservoir. The heated
WBDF is stirred at 10,000 rpm for 20 min and then poured into the
GGS71-A High-temperature and High-pressure Filtration Loss
Apparatus (QingdaoTongchun Instrument Co., Ltd., China), which is
sealed by adding drilling fluid standard filter paper and placed in a
heated metal container. Connect the nitrogen gas and maintain a
pressure difference of 3.5 MPa. The filtration loss of WBDF is equal
to twice the volume of WBDF filtrate passing through the filter
paper in 30 min. The above experimental steps are based on GB/T
16783.1e2014.

3. Results and discussion

3.1. Characterization of NRL

3.1.1. FTIR
As shown in Fig. 1(a), the characteristic peaks of the main

functional groups are clearly observed. The peak at 841.54 cm�1 is
attributed to the cis-1,4 structural unit of polyisoprene. The peak at
1444.43 cm�1 is a typical olefinic vibration peak due to the C]C
stretching vibration, while the characteristic peaks at 2915.53 cm�1

are due to the CeH bond in the stretching vibration of the alkyl
group in the alkyl group (Tanaka et al., 2009). The unsaturated cis-
1,4-polyisoprene is the main component of NRL as shown by the
comprehensive analysis (Buranov et al., 2010).

3.1.2. TGA
Fig. 1(b) shows the TGA curves of the NRL under a nitrogen at-

mosphere from 25 �C up to 600 �C. Above 100 �C, NRL began to
exhibit slight mass loss due to loss of adsorbed and bound water
not thoroughly dried in samples (Liu et al., 2023). The samples
began to decompose systematically as the temperature increased to
around 320 �C, and especially at 382 �C the sample decomposition
rate reached its peak. Degradation was almost complete at 480 �C,
and 98.28% of the total mass was lost throughout the process,
which included not only simple thermal decomposition but also



Fig. 1. Characterization results of NRL: (a) FTIR; (b) TGA; (c) GPC; (d) PSD; (e) Emulsion and TEM photographs; (f) Solid film and SEM photographs.
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continuous breakage of polymer chains in the samples (Ma et al.,
2023). As the NRL molecular chain contains unsaturated double
bonds, the sample may also be accompanied by the addition re-
action of double bonds to form polymers as the temperature rises,
2680
so the NRL has a high decomposition temperature (320 �C), which
is conducive to the expansion of its application in high-temperature
drilling fluids.



Table 3
Fitted parameters for rheological models.

Bingham Model HeB Model

t0;Pa mP ;Pa$s R2 t;Pa k;Pa$sn n R2

BTs 4.508 0.0096 0.8266 1.973 1.672 0.257 0.9576
þ0.5 w/v % NRL 4.012 0.0087 0.7778 1.835 1.438 0.171 0.9567
þ1.0 w/v % NRL 3.816 0.0091 0.6757 1.363 1.387 0.077 0.9642
þ1.5 w/v % NRL 3.696 0.0081 0.6371 1.346 1.369 0.071 0.9594
þ2.0 w/v % NRL 3.482 0.0083 0.7421 1.342 1.020 0.073 0.9537
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3.1.3. GPC
Fig. 1(c) shows the GPC curve of NRL, where the number average

molecular weight (Mn), weight averagemolecular weight (Mw) and
polydispersity index (PD ¼ Mw/Mn) are 238,453 g/mol, 343,496 g/
mol and 1.44052, respectively. And the individual peaks and PD
values in the graph may indicate that the molecular weight dis-
tribution of the main component of the NRL molecular chain (cis
1,4-polyisoprene) is relatively uniform (Buranov et al., 2010).

3.1.4. PSD
Fig. 1(d) shows the aqueous solution of 0.1 w/v% NRL and its

measured particle size distribution, with an overall maximum dif-
ference of one order of magnitude in the size distribution, which
can be attributed to the small amount of protein and impurity
particles present in the fresh latex product. The cumulative particle
size distribution shows that the particle size distribution of NRL is
concentrated between 0.1 and 1 mm, with amean size of 0.4778 mm,
the median particle size D50 ¼ 0.5026 mm, and D10 and D90 of
0.1121 and 0.8312 mm, respectively.

3.1.5. TEM and SEM
In Fig. 1(e), the initial state of NRL (stable liquid emulsion) is

shown as irregularly contoured oval particles under TEM, and the
observed particle size is basically consistent with the test results in
the PSD curve. The surface characteristics of NRL film were
observed by SEM, as shown in Fig.1(f). The surface of the NRL film is
smooth, and there is a slightly raised structure in some areas, and
some of the particles can be observed to be piled up and raised
under magnification.

3.2. Performance improvement of NRL on BTs

3.2.1. Shear-thinning behavior
WBDFmust have low viscosity at high shear rates (at the drilling

bit) to help fracture the rock, and high viscosity at low shear rates
(in the wellbore annulus) to help suspend the drill cuttings, so the
shear thinning properties play an important role for WBDF to
achieve suspension, carry the cuttings, clean the wellbore and
ensure successful drilling of the formation (Wang et al., 2018). BTs is
the basic dispersant of WBDF in the traditional sense and BTs is the
primary dispersant of WBDF, Fig. 2 shows the variation curves of
viscosity and shear stress with shear rate after different levels of
NRLwere added to BTs, the experimental procedurewas carried out
as described in 3.2.1. In Fig. 2(a), with the gradually increasing shear
rate (0.1e1000 s�1), all the suspensions showed a certain shear
thinning behavior. While the BTs with 0.5 w/v%e2.0 w/v% NRL,
showed a lower viscosity and a stronger shear thinning behavior in
Fig. 2. Shear thinning of BTs containing (0~2.0 w/v%) NRL at differen
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comparison (Singh et al., 2018). Additionally, the increase in NRL
content contributed to the decrease in the shear stress of BTs from
12.17 to about 9.14 Pa (Fig. 2(b)), confirming that NRL improves
shear thinning by reducing the apparent viscosity of BT
suspensions.

The goodness-of-fit and related parameters of the BTs under the
Bingham and Herschel Bulkley rheology models were compara-
tively investigated by collecting continuous datasets between 0.1
and 1000 s�1 for regression analyses. The results are shown in
Table 3, R2 (goodness of fit) indicates the degree of match between
the actual measured curves and the rheological model, the mini-
mum R2 of the HeB model in the table is 0.9537, but it is still much
larger than the maximum value of the R2 (0.8266) under the
Bingham model, this is due to the fact that the addition of the NRL
as an emulsion reduces the yield stress after BTs, which contributes
to the more pronounced pseudo-plastic fluid characteristics of the
suspensions, and thus the HeB model as a typical pseudoplastic
fluid model has a better fit than the plastic fluid (Bingham model)
(Ouaer et al., 2018). Similar studies (Weir et al., 1996) have shown
that both the HeB model and the Bingham model represent the
flow properties of actual drilling fluids better in the medium and
higher shear rate ranges. However, in the lower shear rate range,
the HeB model is closer to the flow properties of actual drilling
fluids (Saasen et al., 2020). Therefore, the Herschel Bulkley model
can be used to predict the behavior of drilling fluids during flow,
whereas the Bingham plasticity model can sometimes only predict
trends (Wisniowski et al., 2020). In addition, in the statistics of the
relevant parameters of the HeB Model, both the consistency coef-
ficient (k) and the flow index (n) of BTs gradually decline with the
increase of NRL content. The k value reflects the pumpability of the
suspension to a certain extent, and lower k values are favorable to
increase the drilling speed (Huang et al., 2016). The n value mea-
sures the ability of shear thinning property of non-Newtonian
fluids, and the smaller the value of n, the more shear thinning
property. The k and n values of BTs containing 2.0 w/v% NRL were
1.020 and 0.073, respectively, whichweremuch lower than those of
t shear rates: (a) Change in viscosity; (b) Change in shear stress.
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BTs of 1.672 and 0.257, which further confirmed the enhancement
of the shear thinning property of NRL for the pseudoplastic fluid
BTs.

3.2.2. Viscoelasticity modulus
The elastic modulus (G0) and viscous modulus (G00) can reflect

the structural strength of the internal gel network and the level of
cyclic pressure loss of the colloidal suspension, and the WBDF
maintains a higher gel strength to suspend drilling cuttings and
solid phase materials, while a smaller cyclic pressure loss promotes
mechanical efficiency (Abu-Jdayil et al., 2021). As shown in Fig. 3(a),
when the shear stress is maintained constantly at 1.0 Pa, the BTs
have a stable frequency dependence (typical gel characteristics)
within the linear viscoelastic range (0.1e10 Hz), and the G0 is always
more than an order of magnitude higher than the G00, which proves
that the BTs are elastically dominated by the flow behavior
(Mathew et al., 2011), and the lower G00 only helps to reduce the
circulating pressure loss to improve the drilling efficiency. When
the frequency of 1.0 Hz is kept steady, the internal gel network
structure of BTs under different shear stresses (0.1e12 Pa) changes
as shown in Fig. 3(b). The stress value at the intersection of G0 and
G00 curves (the gel-sol transition point) in Fig. 3(b) is the critical
shear stress of BTs, which represents the strength of the gel
network structure of BTs. The critical shear stress of the initial BTs is
about 6.85 Pa (black intersection), and the critical yield stress of BTs
with 0.5 w/v% NRL is increased to 10.45 Pa (red intersection), so NRL
is favorable to enhance the internal gel network strength and
suspension of BTs (Wang et al., 2022).

In addition, the experiments have simulated the alteration of the
network structure of WBDF during the drilling process.
Fig. 4(a)e(e) show the states of BTs with NRL after 24 h of standing
(drilling stopped), and it can be observed that BTs obviously flowed
after the BTs suspensions were inverted (Fig. 4(a1)), while BTs with
NRL (Fig. 4(b1)e(e1)) did not flow as a result of the formation of a
solid gel structure network. The BT with NRL (Fig. 4(b1)e(e1)) are
suspended at the bottom of the bottle without flowing due to the
formation of a solid gel structure network, which is favorable for
suspending the solid phase for a long-time during application.
When slightly shaking (restarting), the BTs undergoes shear thin-
ning based on the change of shear stress to resume the circulating
flow (Fig. 4(a2)e(e2)), which is favorable for ensuring a lower
operating start-up pressure and improving the efficiency of the
drilling operation.

3.2.3. Colloidal stability
As shown in Fig. 5(a), the PSD showed a typical bimodal dis-

tribution (0.3 and 10 mm), but the peak of 10 mm in the suspension
Fig. 3. The G0 and G00 of BTs containing (0~2.0 w/v%) NRL under differen
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moved to the left (smaller particle size) after NRL addition.
Comparing the x potentials of BTs at different pH (Fig. 5(b)) and NRL
addition (Fig. 5(c)), the x potentials of BTs containing NRL in the
same environment were lower, �33.4 mV at pH ¼ 7, and �31.1 mV
at 1.0 w/v%NRL, and the lower x potentials also indicated a stronger
dispersion stability of BTs (Choo et al., 2015). As the pH increases
leading to an increase in OH� in solution, which leads to a change in
the diffuse bilayer of bentonite particles and NRL particles, OH�

diluted the Hþ electrical properties causing a decrease in the overall
potential of the BT, but the BT with the addition of NRL is always
above the potential of the BT. Thus, the NRL dispersed the bentonite
particles to some extent, confirmed that this phenomenon could
clearly be attributed to the electrostatic interaction between the
NRL and the bentonite particles. In other words, the NRL promoted
the dispersion and exfoliation of the surface layer of the bentonite
particles (Fig. 5(e)), enhanced the hydration and the stability of the
bentonite particles. In addition, the PSD of NRL/BTs also formed a
new particle size peak at 100 mm,which is obviously opposed to the
above conclusion that “NRL promotes the dispersion of BTs parti-
cles”, so what is the mechanism from which it originates? It has
been shown that themontmorillonite in bentonite particles forms a
structure similarly to a “house of cards” with face-to-face, side-to-
side and side-to-side stacking behaviors (Fig. 5(d)), and through the
static dispersion of BTs (Fig. 5(f)), it can be observed that NRL can be
attached to the surface of bentonite to enclose BTs particles. Hence,
NRL may have some flocculation or encapsulation effects in addi-
tion to the electrostatic effects (Stephen et al., 2006).

3.3. Rheology and filtration control properties of NRL in WBDF

3.3.1. Rheological enhancement
As shown in Fig. 6(a)e(d), the role of NRL was evaluated by

testing the variation of rheological parameters of conventional
natural polymer WBDF, including AV, PV, YP, and Gel, after aging
16 h at different temperatures (120, 140, and 150 �C). In general, the
AV, PV, and YP of the conventional natural polymer WBDFs were
basically stabilized at 140 �C and at temperatures lower than this
temperature, where most of the natural polymer materials still
have high molecular weights (Tanaka et al., 2009) to maintain the
rheological properties ofWBDF. At the same time, the experimental
data showed that NRL significantly improved the viscosity and
shear stress of WBDF, the AV increased from 44 to 49 mPa$s to
about 60 mPa$s (Fig. 6(a)), the PV increased about 6 mPa$s
(Fig. 6(b)), the YP increased 5e7 Ibf=100 ft2 (Fig. 6(c)), and the static
shear stress was also slightly improved (Fig. 6(d)). When the tem-
perature was increased from 140 to 150 �C, the all parameters of
WBDF dropped dramatically, with a loss of about 30% or so in AV
t test conditions: (a) Shear stress of 1.0 Pa; (b) Frequency of 1.0 Hz.



Fig. 4. The suspension status of BTs containing 0 w/v%, 0.5 w/v%, 1.0 w/v%, 1.5 w/v%, 2.0 w/v% NRL respectively: (aee) Original status; (a1ee1) Inverted after 24 h; (a2ee2) After
slight shaking.

Fig. 5. Evaluation of the colloidal stability of BTs: (a) The PSD of BTs and BTs containing NRL; (b) The zeta of BTs and BTs containing NRL between pH 4 and 10; (c) The zeta of BTs
containing 0 w/v%, 0.5 w/v%, 1.0 w/v%, 1.5 w/v%, 2.0 w/v% NRL respectively; (d) The original structure of BTs; (e) The exfoliated structure of BTs caused by NRL; (f) The BTs particles
encapsulated by NRL.
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(12e17 mPa$s), and a drop of more than 50% in YP and Gel (7e11
Ibf=100 ft2), and the decreasing trend of the rheological parameters
of the WBDF with the addition of NRL was also obvious on this
basis. This change is not only due to the rapid degradation of nat-
ural polymer additives at high temperatures, but also may originate
from the thermal dehydration and gel disintegration of bentonite
particles (Choo et al., 2015). Of course, the results of this experi-
ment also proved that NRL can significantly improve the rheolog-
ical parameters, rock carrying and wellbore cleaning efficiency of
WBDF at formation temperatures lower than 150 �C.
3.3.2. Filtration control
The formation of a thin and dense filter cake on the well wall,

which controls the penetration of filtration loss into the formation,
enables WBDF to effectively slow down the occurrence of forma-
tion clay mineral hydration expansion and reservoir sensitivity
damage, ensuring well stability and restoration of oil and gas pro-
duction capacity at high temperatures (Yang et al., 2023). At 120
and 140 �C, the HTHP filtration loss of WBDF decreased by 3 and
4.5 mL, respectively. As the addition of NRL, the filtration loss
control ability of WBDF was basically stable when the temperature
was increased to 150 �C (Fig. 7(a)). The thickness of the filter cake
2683
can usually represent the tightness of the particle accumulation in
the WBDF and the quality of the well wall (Siddig et al., 2022), and
the permeability of the filter cake with high temperature destruc-
tion increases with the increase in thickness, which cannot effec-
tively prevent the intrusion of solids and liquids from the well into
the formation (Siddig et al., 2020). SEM observation of the filter
cake (Fig. 7(b)) showed that the polymer and bentonite particles on
the surface of the filter cake were degraded or dehydrated at high
temperature, forming channels and micro-fractures of different
levels (Fig. 8(a)e(c)), which provided a channel for further intru-
sion of drilling fluid. In contrast, at the same image size, a uniform
film of NRL was observed on the solid phase particles of the filter
cake, which partially blocked the microscopic pore spaces created
by the high temperature, greatly improving the quality and
reducing the permeability of the filter cake (Fig. 8(d)e(f)). Contin-
uous enlarged views of the pore spaces of the filter cake clearly
showed a large number of flakes and gel structures (Fig. 8(g)e(i)),
which are rubber solids formed by the NRL during the high tem-
perature water loss process, which could connect and fill the
blockage and improve the gel strength of the filter cake, and reduce
the high-temperature filtration loss of WBDF and the permeability
of the filter cake effectively under a variety of functions.



Fig. 6. Variation of rheological parameters of WBDF at different temperatures: (a) Apparent Viscosity; (b) Plastic Viscosity; (c) Yield press; (d) Gel Strength.

Fig. 7. The filter loss control performance of WBDF at 120, 140 and 150 �C: (a) The filter loss volume; (b) Filter cake shapes.
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3.3.3. Potential mechanisms
Potential mechanisms of operation are analyzed in Fig. 9. Typi-

cally, the bentonite particles in BTs are hydrated, swollen and
dispersed by water molecules, and at the same time the surface is
negatively charged, in addition to forming a "card" structure with a
certain spatial potential resistance, which is to some extent
conducive to improving the rheology of drilling mud, promoting
the formation of filter cake and reducing the intrusion of free water
into the formation (Li et al., 2020b). This structure is somewhat
conducive to improving the rheology of the drilling mud, promot-
ing the formation of the filter cake and reducing the intrusion of
2684
free water into the formation. However, at high temperatures, the
attachment of bentonite particles to water is weakened and dew-
atering of BTs leads to structural loosening and reduced electro-
static repulsion (Chatterjee et al., 2009), making it difficult to
control rheology and drilling fluid loss. Fortunately, the surface of
NRL particles has proteins (carboxyl groups) and phospholipids
(phosphoryl groups) that can provide a negative charge (Wei et al.,
2022), and under high-speed shear, NRL inserts into the clay
interlayer and discharges some of the interlayer water molecules,
and then disaggregates or peels off flocculated bentonite particles
based on homogeneous charge repulsion to maintain the colloidal



Fig. 8. The SEM of the microstructure of filter cake: (aec) The WBDF at 100, 20 and 5 mm respectively; (def) The WBDF containing 2 w/v% NRL at 100, 20 and 5 mm respectively;
(gei) The WBDF containing 2 w/v% NRL at 5, 2 and 1 mm respectively.

Fig. 9. Schematic illustration of the rheological and filtration control mechanisms of the NRL.
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dispersion status at high temperatures. In addition, with the
increasing amount of NRL and a large number of adsorption on the
surface of bentonite particles, the unsaturated bonds and hydrogen
bonds in the NRL at high temperatures to generate rubber polymer
(Tanaka et al., 2009) covering bentonite particles, the accumulation
of the coating tightly increases the interaction strength between
the particles to maintain the rheological properties of the bentonite
2685
water-based fluid, the filling of the pores andmicrocracks of the BTs
filter cake by the encapsulant helps to form a compact and dense
blocking layer, which reduces filtration loss at high temperature
and high pressure. As the temperature continues to rise (>140 �C),
NRL, as a natural material, inevitably undergoes thermal degrada-
tion (Andler, 2020), and BTs "gel" due to rapid water loss and
massive coagulation, which makes it difficult for NRL to adhere
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stably to the inorganic matrix and ultimately leads to degradation
of drilling mud performance at higher temperature.

4. Conclusions

This study confirmed that Natural rubber latex (NRL) can
effectively improve the colloidal stability of BTs, as well as have
potential applications in rheology and filtration control of WBDF.
NRL is directly derived from rubber trees and has cis-1,4-
polyisoprene as the main structural unit, in addition to unsatu-
rated groups in the molecular chain. With the addition of NRL, the
interaction between the solid and solid-liquid phases in the BTs was
weakened, the AV of the suspensions was reduced, and the pseu-
doplastic rheological behavior (shear thinning property) of the BTs
was enhanced under the HeB Model. By adding a small amount of
NRL (0.5 w/v%), the critical shear stress of the BTs was increased to
10.45 Pa, which greatly improved the internal gel strength and
suspension properties. In addition, NRL fills the pores and cracks of
the drilling fluid filter cake under the joint interaction of "insertion-
exfoliation-encapsulation", which improves the gel strength of the
filter cake and forms a dense blocking layer, and effectively reduces
the high-temperature and high-pressure filtration loss of WBDF,
and the permeability of the filter cake. In future work, we hope to
further develop the applicability of NRL at higher temperatures
(>140 �C) through molecular modification or organic-inorganic
composite research through polymerizable groups. Overall, this
research could provide a "green alternative" in the search for
environmentally friendly alternatives to petroleum-based chemical
treatments for WBDF.
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