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Filtration control is important to ensure safe and high efficient drilling. The aim of the current research is
to explore the feasibility of using basil seed powders (BSPs) to reduce filtration loss in water-based
drilling fluid. The effect of BSP concentration, thermal aging temperature, inorganic salts (NaCl and
CaCl2) on the filtration properties of bentonite/basil suspensions was investigated. The filtration control
mechanism of BSP was probed via water absorbency test, zeta potential measurement, particle size
distribution measurement, and filter cake morphologies observation by scanning electron microscope.
The incorporation of BSPs into the bentonite suspension generated acceptable rheology below 1.0 w/v%.
The BSPs exhibited effective filtration control after thermal aging at 120 �C, but less efficiency at 150 �C.
After thermal aging at 120 �C, the bentonite suspension containing 1.0 w/v% BSPs could resist NaCl and
CaCl2 pollution of 5.0 w/v% and 0.3 w/v% respectively. Besides general filtration control behaviors, the
exceptional water retaining capability formed by numerous nanoscale 3D networks in the basil seed gum
and considerable insoluble small particles in BSPs might further contribute to the filtration control. The
excellent filtration properties bring basil seed a suitable and green candidate for the establishment of
high-performance drilling fluids.

© 2021 Southwest Petroleum University. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://

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

Drilling fluids are important in oil and gas drilling operation
including preserving acceptable rheological properties, stabilizing
well-bore, carrying drill cuttings from down-hole to surface and
preventing reservoir damage [1e3]. Generally water-based, oil-
based and synthetic-based drilling fluid are three categories of
drilling fluids mostly used. Although having the intrinsic merits of
elevated temperature stability, exceptional lubricity and
neering, China University of
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outstanding shale hydration inhibitive capacity, the high cost and
potential adverse effect on environment limit the wide use of oil-
based drilling fluid. Consequently water-based drilling fluids are
used predominantly around the world because of their low cost,
environmental friendly, and facile preparation compared to other
drilling fluids [4].

Water-based drilling fluid is mainly composed of water,
bentonite, polymers, salts and other components to maintain the
required properties in drilling. Among the various properties,
effective filtration control is important since a thin filter cake will
form on the wellbore surface, which can avoid the filtrate leaking
into the formation, maintain the wellbore stability and minimize
the reservoir damage [5].

During the past decades, many types of filtration loss reducers
have been utilized to reduce the filtration loss of water-based
drilling fluid into formations. Various particles with different
sizes such as calcium carbonate, graphite, polymer microspheres
are capable of plugging the micro-pores and decrease the drilling
B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under
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fluid invasion. Asphaltic additives can also seal the micro pores by
softening and deformation. Polymers, mainly including two types
of synthetic and natural, are the most widely used because they can
be employed to optimize the rheological and filtration properties
simultaneously by interactionwith clay particles and improvement
of the quality of filter cake [6]. Due to the characteristic of general
biodegradability, environmental friendliness, renewability, abun-
dance in nature and availability at a low cost, the biopolymers are
typically applied to improve the rheological and filtration proper-
ties of water-based drilling fluids. Some examples include starch,
cellulose, lignite, guar, xanthan, diutan, carrageenan, scleroglucan,
sesbania gum, psyllium husk, and welan as well as their chemically
modified analogues [4,7e10]. With the aim of developing
environmental-friendly water-based drilling fluids with high per-
formance, there is still a progressive requirement for natural
biopolymer additives which are able to effectively control the
filtration loss into the subterranean formation.

Ocimum basilicum L., also named as basil, is a universal herb
plant grown in many parts of the world particularly in the tropical
regions [11]. The basil seed presents black and oval. The length,
width and thickness are 3.22 ± 0.33 mm, 1.84 ± 0.24 mm and
1.37 ± 0.15 mm, respectively. The primary composition of the basil
seed includes carbohydrate (47e50%), lipid (22e25%) and protein
(18e20%) [12]. Due to the existence of a polysaccharide layer in the
outer pericarp of basil seed, the basil seed would swell into a
gelatinous mass after soaking in water. The acid-stable portion of
glucomannan (43%) with glucose and mannose at ratio of 10:2 and
the acid-dissolved portion of (1/ 4)-linked xylan (24.29%) are the
two major polysaccharides fractions extracted from the basil seed.
Meanwhile, small quantities of glucan (2.31%) and highly branched
arabinogalactan are also detected in basil seed [13,14]. Since the
amount of hydrocolloid in basil seed is high, it is appealing to
compare the basil seed gum with commercial gums like xanthan
gum [15]. At present, the researches related to basil seed gum are
primarily focused on medicine, cuisine and chemical properties
[14]. There are few works reporting the use of basil seeds to
improve the filtration loss control in petroleum drilling
engineering.

The interaction between bentonite platelets and polymers are
critically important since it exhibits fundamental influence on the
properties of water-based drilling fluid. Therefore, in the present
research, the influence of different factors such as basil seed pow-
der (BSP) concentration, thermal aging temperature, and inorganic
salts (NaCl and CaCl2) on the filtration properties of bentonite
suspension was probed, followed by the characterization of the
interaction between BSP and bentonite particles with zeta potential
test, particle size distribution measurement and filter cake
morphology observation by scanning electron microscope (SEM).
Finally, the underlying mechanism of using BSPs to control filtra-
tion loss in water-based drilling fluid was proposed.
2. Materials and methods

2.1. Materials

Basil seeds were bought from Bozhou rose fragrance Biotech-
nology Co., Ltd, China. Sodium bentonite (Na-bent) complying with
the API standardwas provided byWeifang Huawei bentonite Group
Co., Ltd, China. Sodium chloride, calcium chloride, sodium car-
bonate and anhydrous ethanol in analytical grade were purchased
from Sinopharm Chemical Reagent Co., Ltd, China. All the experi-
mental materials were used as received.
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2.2. Pretreatment of basil seed

Basil seeds were crushed by a grinder at a stirring rate of
27000 rpm for 1 min and an intermediate pause of 1 min. After
grinding of 10 min, the crushed powder was washed with anhy-
drous ethanol for several times until the filtrate became colorless.
The filtered powder was dried at 80 �C for 2 h. The dried powder
was crushed and washed with anhydrous ethanol again following
the above procedure. Finally all the BSPs sieved through 40 mesh
was obtained.

2.3. Water absorption capacity

BSPs (1.0 g) were placed in a non-woven bag. The bag was
packed up and immersed in deionized water under various tem-
peratures which were controlled by water bath. When the heating
temperature was higher than 100 �C, the packed bag was put in a
thermal aging cell filling with 100 mL deionized water. Subse-
quently the thermal aging cell was sealed and put in an oven. Once
the BSP contacting with deionized water, the evolution of the
weight of bag was recorded after specific time intervals. The bag
was carefully removed and drained excess water for 3 min. After
weighing the bag was put into deionized water again for contin-
uous water absorption under a certain temperature. The swelling
rate (g/g) was obtained according to the following equation [16]:

S¼mt

m0
*100% (1)

Where, S is the swelling rate, mt is the weight of BSP after a period
of time, m0 is the initial weight of BSP.

2.4. Zeta potential and particle size distribution measurement

Bentonite (16.0 g) and sodium carbonate (0.8 g) were added into
400 mL deionized water and stirred at 10000 rpm for 30 min. Then
the suspension was sealed and incubated at ambient temperature
for 24 h to achieve complete hydration. The prepared bentonite
suspension is also called bentonite-based drilling fluid with pH
value of 9.8. The BSPs with different concentrations were mixed
into the hydrated bentonite suspension separately by stirring at
8000 rpm for 20 min. In order to investigate the influence of
inorganic salts on the rheological and filtration properties of
bentonite suspension containing BSPs, NaCl and CaCl2 with varying
concentrations were added into the bentonite suspension con-
taining 1.0 w/v% BSPs respectively by stirring at 8000 rpm for
20 min.

For colloid particles, when dispersing in the aqueous solution,
the surface charge at the interface of the droplets can be deter-
mined by zeta potential [17]. The zeta potential of the particles was
measured with a multi-angle granularity and zeta potential
analyzer (NanoBrook Omni, Brookhaven Instruments) using phase-
analysis light scattering. Prior to measurement, the suspensionwas
diluted to assure the particles visible under the microscope. Three
duplicated tests were performed at 20 �C. The particle size distri-
bution of the particles was measured using a Bettersize 2000 laser
particle size analyzer (Bettersize instruments Ltd., China).

2.5. Rheological and filtration measurement of bentonite
suspension

In order to evaluate the high temperature stability, the drilling
fluids prepared in section 2.4 were hot rolled in an oven at a setting
temperature for 16 h [1]. By comparing the rheological and filtra-
tion properties of the drilling fluid measured before hot rolling
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(BHR) and after hot rolling (AHR), the high temperature stability
could be judged. The rheological measurements were conducted
using a model ZNN-D6 six-speed rotating viscometer (Qingdao
Haitongda Special Instrument Co., Ltd., China) according to the API
standard. The rheological parameters including apparent viscosity
(AV), plastic viscosity (PV) and yield point (YP) were obtained based
on the following equations [18]:

Apparent viscosity (AV) ¼ F600/2 (mPa s) (2)

Plastic viscosity (PV) ¼ F600-F300 (mPa s) (3)

Yield point (YP) ¼ (F300-PV)/2 (Pa) (4)

Where F600 and F300 are the dial readings at 600 and 300 rpm,
respectively.

The API filtration tests were performed using a ZNZ-D3-type
medium-pressure filtration apparatus (Qingdao Haitongda Special
Instrument Co., Ltd., China). The pressure difference was set to be
0.7 MPa and the test was lasted for 30 min using a filter paper as
filter medium [18]. The filter cake thickness was measured with a
vernier caliper. After the test, the appearance of the fresh filter cake
was recorded by photography. Then shock-freezing in liquid ni-
trogen and freeze drying at �50 �C were used in succession to dry
the filter cake, which was capable of removing the free water and
adsorbed water in the filter cake by sublimation, and in turn
maintained the original morphology of the filter cake [19]. The
structure of the dried filter cakes were analyzed by a scanning
electron microscope (SEM, Sigma300, Zeiss).

3. Results and discussion

3.1. Effect of BSPs on the rheological properties of bentonite
suspension

3.1.1. Effect of temperature
As shown in Fig. 1, prior to hot rolling, the rheological parame-

ters including AV, PV, and YP increased progressively with the
increasing concentration of BSPs. At BSP concentrations below 1.0
w/v%, the variation of the rheological parameters (AV, PV and YP) is
almost linear with the BSP concentration with a lower slope. For
BSP concentration above 1.0 w/v%, the rheological parameters
increased sharply with a higher slope. When the BSP concentration
was 3.0 w/v%, an unacceptable high viscosity was observed which
probably did not favor drilling.

By comparing the rheological parameters prior to and after
thermal aging at various temperatures, it is possible to assess the
temperature stability of the fluid [20]. It was found that after hot
rolling at 90 �C, AV, PV and YP demonstrated close values to that of
before hot rolling, suggesting a thermal stable fluid. When the hot
rolling temperature was 120 �C, the rheological parameters after
hot rolling exhibited decline to a certain extent. As the thermal
aging temperature was further increased to 150 �C, all the rheo-
logical parameters exhibited a remarkable decline at all the con-
centration range. The molecular conformation transition and
molecular chain degradation induced by such high temperature in
basil seed gum probably explained this phenomenon [21]. Mean-
while, it could be seen that the BSPs are tolerant to 120 �C.

Generally, the pH value of drilling fluid is adjusted to be alka-
lescent. Since the particle association between Na-montmorillonite
platelets is pH dependent, a face-to-face connection takes place at
such pH values [22].While for BSP, the carboxyl groups in basil seed
gum dissociate and the molecular conformation changes from a
compact coil or sphere at low pH value to a stretched chain at
alkalescent environment, which favors the increase of the
3

hydrodynamic size of the polysaccharides. Meanwhile at low con-
centration of dilute suspension, the polysaccharide molecules in
BSP canmove freely and be adsorbed onto the clay particles surface.
While at high concentrations, a saturated adsorption was obtained.
The mutual contact of polysaccharide molecules start to occur,
which restricted their movement. The change from free moving
molecules to an entangled network results in the viscosity incre-
ment [23]. In addition, the more complex branching in basil seed
gum compared with conventional linear polysaccharides correlates
with an efficient gelation capacity [24]. These probably explained
that the viscosity increased with a higher slope when the BSP
concentration above 1.0 w/v%. The great influence of BSP on the
rheological properties of bentonite suspension at high concentra-
tion indicated that the macroscopic behavior of the basil/bentonite
mixtures is predominantly controlled by basil [25].

Basil seed gum solutions exhibited shear thinning and thixo-
tropic behavior [12,26e28]. The basil seed gum also forms a weak
gel like many polysaccharide gums [15]. From a practical point of
view, these characteristics allow the drilling fluid to be pumped
easily and are desirable for hole cleaning operations in drilling as
they provide a high level of carrying capacity for the mud solid
particles and the drilled cuttings [12,29]. In terms of filtration
control, an increased viscosity of filtrate corresponded to a lower
filtration loss rate according to the Darcy law.

The images of bentonite suspension containing varying con-
centrations of BSPs are given in Fig. 2. At 2.0 w/v% and 3.0 w/v% BSP,
the system changed from a high viscous flowing suspension to a
consolidated self-supporting hydrogel structure under gravita-
tional force [30], which is consistent with that of rheological testing
results.

3.1.2. Effect of inorganic salts
Since the high salinity formations are typically encountered in

drilling, the tolerance of a polymer towards salts pollution such as
Naþ and Ca2þ is an especially valuable property [31]. The effect of
NaCl and CaCl2 on the rheological properties of bentonite suspen-
sionwith 1.0 w/v% BSP before and after thermal aging at 120 �C was
studied respectively.

As shown in Fig. 3, regardless of thermal aging, the rheological
parameters including AV and PV decreased sharply when the NaCl
concentration was lower than about 3.0 w/v%, then followed by a
relatively slight change until the NaCl concentration reaching up to
15.0 w/v%. In the case of YP, for the pristine bentonite suspension, it
decreased with the increasing concentration of NaCl and then kept
slight change before hot rolling, while varied slightly from 1 Pa to
1.5 Pa after hot rolling. For the bentonite suspension containing
BSPs, the YP followed the same trend that it decreased rapidly
initially and then change little when the NaCl concentration above
3.0 w/v%. For the divalent salt of CaCl2, as shown in Fig. 4, a similar
trend for the variation of the rheological parameters with CaCl2
concentration was also observed. However, CaCl2 imparted a more
significant influence.

For the Na-bent suspension, the diffuse double layer of the
bentonite platelets would be compressed by the cationic ions of the
salts and result in aggregation of bentonite platelets, meanwhile, as
the temperature increase, the bentonite particles are more prone to
flocculation with the existence of electrolyte like NaCl, which
consequently decreased the viscosity of the bentonite suspension
[32,33]. While for the Na-bent/BSP suspension, the Naþ ions would
neutralize the carboxyl groups along the polymer chains, which
weakens the repulsion between adjacent chains and allows closer
association, causing a significant reduction in viscosity [12,34]. As a
divalent salt, CaCl2 has a larger hydrated radius than NaCl, implying
that Ca2þ ions exert more intense electrostatic shielding interaction
between polymer chains than Naþ ions, therefore decrease the



Fig. 1. Rheological properties of BSP suspension at various concentrations.

Fig. 2. Images of the BSP-Na-bent hydrogels. (Note: a: 0.1 w/v% BSPs; b: 0.3 w/v% BSPs; c: 0.5 w/v% BSPs; d: 1.0 w/v% BSPs; e: 2.0 w/v% BSPs; f: 3.0 w/v% BSPs).
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polymer expansion and repulsionmore obviously, and in turn affect
more on viscosity [34].
4

3.2. Effect of BSPs on the filtration properties of bentonite
suspension

3.2.1. Effect of temperature
BSPs weremixed into the bentonite suspension and hot rolled at

different temperatures. The evolution of API filtration loss volume



Fig. 3. Influence of NaCl on the rheological properties of bentonite suspension con-
taining 1.0 w/v% BSPs before and after hot rolling at 120 �C.

Fig. 4. Influence of CaCl2 on the rheological properties of bentonite suspension con-
taining 1.0 w/v% BSPs before and after hot rolling at 120 �C.

H. Zhong, X. Gao, X. Zhang et al. Petroleum xxx (xxxx) xxx
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of the suspension with testing time is illustrated in Fig. 5. For the
initially a few minutes, the filtration loss rate was high for all the
suspensions because of the absence of forming thin filter cake. As
the filtration experiment continued, the filtration loss rate declined
due to the gradual formation of the filter cake [33]. It is shown that
as the BSP concentration increased, the high filtration rate stage
gradually decreased from about 5 min to 3 min, indicating an
enhanced filtration control. After forming the filter cake, the
filtration loss rate seen from the slope of the filtration curve also
decreased gradually with the increase of the BSP concentration,
indicative of effective filtration control.

The evolution of filtration loss volume and filter cake thickness
with BSP concentration before and after hot rolling at different
temperatures were depicted in Table 1. It is seen from Table 1, the
filtrate volume decreased sharply at low BSP concentrations and
then changed slightly at concentration above 1.0 w/v%. Meanwhile,
although thermal aging at 90 �C and 120 �C exerted a certain degree
of influence on the viscosity of the bentonite suspension in the
presence of BSPs, the filtration volume before and after hot rolling
at 90 �C and 120 �C displayed relatively slight change, suggesting
that BSPs are capable of controlling the filtration loss under such
temperatures. However, when the hot rolling temperature
increased to 150 �C, the filtration loss curve was translated upward
remarkably in the whole range of BSP concentration, showing a less
effective filtration control. For one hand, the aggregation of clay
particles at high temperature resulted in less efficiency of forming
dense filter cake [35]. For the other hand, the degradation of basil
seed gum under such high temperature may take more re-
sponsibility. The degradation of basil seed gum and the flocculation
of clay particles may also explained the increased thickness of filter
cake [36]. Prior to thermal aging, the thickness of filter cake
decreased rapidly and then gently as the BSP concentration
increased. After hot rolling at 90 and 120 �C, it exhibited a similar
trend, which was in agreement with the filtration loss volume
change. Whereas, after hot rolling at 150 �C, the thickness of the
Fig. 5. Variation of API filtration loss with time. Note: (a) BHR
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filter cake decreased firstly and increased again at BSP concentra-
tion above 0.3 w/v%.

The variation of filter cake appearance with the concentration of
BSP before and after hot rolling at various temperatures is shown in
Fig. 6. Prior to hot rolling, the filter cake became smooth and thin
since more and more BSPs took part into the establishment of filter
cake. At the same time, the filter cake gradually exhibited darker
with the increase of thermal aging temperature, which was
ascribed from the gradual degradation of basil seed.
3.2.2. Effect of inorganic salts
The influence of inorganic salts (NaCl and CaCl2) on the filtration

properties of bentonite suspension having 1.0 w/v% BSPs is show in
Fig. 7 and Fig. 8. The Naþ ions compress the diffuse double electric
layer of the bentonite platelets, resulting in the releasing of
adsorbed water and flocculation of bentonite platelets [33].
Therefore, the bentonite particles mainly associated with face-to-
face style and cannot form compact filter cake. For bentonite sus-
pension added with 15.0 w/v% NaCl, the filtration loss volume
increased from 26.8 mL to 105.6 mL (Fig. 7a). After hot rolling at
120 �C, the filtration loss further increased to 166mL because of the
aggregation of bentonite particles under high temperature envi-
ronment [32]. However, after adding 1.0 w/v% BSPs, the filtration
loss increased slightly from 11.4 mL to 16 mL, and 13.7 mLe38.6 mL
before and after hot rolling, respectively. It is also shown in Fig. 7b
that there was a relatively small difference for the filtration
reduction rate before and after thermal aging for NaCl concentra-
tion below 5.0 w/v%, indicating that BSPs possess excellent NaCl
tolerance and the filtration loss can be regained through use of
BSPs.

Since Ca2þ ions have stronger probability to reduce the repul-
sion than Naþ ions, the CaCl2 has more influence on the filtration.
Meanwhile, larger cations (Ca2þ) exhibited stronger electrostatic
shielding interaction between basil seed gum chains than small
cations [34]. When only 1.0 w/v% CaCl2 was incorporated, the
; (b) AHR at 90 �C; (c) AHR at 120 �C; (d) AHR at 150 �C.



Table 1
API filtration loss and filter cake thickness as a function of BSP concentration before and after hot rolling at different temperatures.

BSP concentration (w/v%) API filtration loss (mL) Filter cake thickness (mm)

BHR AHR 120 �C AHR 120 �C AHR
150 �C

BHR AHR 120 �C AHR
120 �C

AHR 150 �C

0 26.8 29.3 28.3 33.4 2.8 2 2.1 1.6
0.1 20.8 26.4 25.3 28.4 2.4 2 2 1.5
0.3 16 19.8 21.8 24.6 2 1.8 1.6 1.4
0.5 14.4 16.8 19.2 23.8 1.7 1.5 1.5 1.5
1 11.4 12.6 13.7 19.1 1.56 1.2 1.4 1.8
3 11 9 9.5 14.7 1.58 1.1 1.5 2.1
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filtration loss of the bentonite suspension reached as high as 95 and
116 mL respectively, before and after hot rolling (Fig. 8a). For the
bentonite suspension containing 1.0 w/v% BSP, the filtration loss
only raised from 11.4 mL to 19.6 mL, indicating that CaCl2 has little
impact on the filtration loss of the system before hot rolling.
However, the filtration loss also increased obviously after hot roll-
ing at 120 �C. From Fig. 8b, the filtration reduction rate declined
sharply when the CaCl2 above 0.3 w/v%. Therefore, the bentonite
suspension with 1.0 w/v% BSP can resist 0.3 w/v% CaCl2 pollution
under 120 �C.
3.3. Filtration controlling mechanism

3.3.1. Water absorbency capacity of BSPs
The water absorption behavior of BSPs under various tempera-

tures is depicted in Fig. 9. The water absorption rate increased
speedily at the initial half hours, followed by slight increase with
testing time. Meanwhile, the water absorption rate decreased as
the testing temperature increased. The water absorption rate star-
ted to decrease after testing for 4 h and 2 h when testing at 120 �C
and 150 �C, respectively. This was probably attributed to the fact
that the polysaccharides in the BSPs started to degrade under such
high temperatures. After the test the suspension became tawny,
which also confirmed the partial degradation of the BSPs. The high
water retention capacity contributed to the gelatious structure and
viscosity increment, which influences on their rheological proper-
ties and filtration control.

The polarized microscope photographs of the BSP in deionized
water are presented in Fig. 10. As depicted in Fig. 10a, a large
amount of fascicular villus stretched from the outer surface of the
basil seed into the aqueous solution, which provides a huge specific
surface area for water absorption. In addition to the fluffy fiber
bundles, considerable nearly spherical particles ranging from 5 to
10 mm were also observed in Fig. 10b, which could effectively plug
the micro pores of filter cake and reduce filtration loss.

The morphologies of the basil seed gum after freeze-dried were
examined by SEM and presented in Fig. 11. As depicted in Fig. 11a,
bundles of fibril structures and globular structures were connected
mutually to form three dimensional (3D) networks. A magnified
picture in Fig. 11b further confirmed that a nanoscale 3D network
was fabricated for the basil seed gum in aqueous solution. Samateh
et al. [24] reported a similar structure and explained that compli-
cated branching in basil results in this nanoscale 3D network and
effective gelation ability.

The highly porous nature of the basil seed gum provides an easy
channel to water which is necessary for rapid and high swelling
[16,37]. Since there are plentiful hydroxyl groups and branched
units in the polysaccharides of basil seed, the entanglement of the
polysaccharide chains and formation of hydrogen bonds from the
intra- and inter-molecular polysaccharides and water would result
in water absorption and swelling [14,24,38]. It should be noted that
the striking water absorption would decrease the free water
7

content of the drilling fluid and minimize the filtration loss.
Furthermore, the polysaccharides after water absorption would
form hydration layer and the macromolecular chains become more
elastic, which are beneficial for forming a more compressible filter
cake and in turn decreasing the filtration.

3.3.2. Zeta potential measurement
As shown in Fig. 12a, the BSP suspensions of all the concentra-

tions have negative zeta potential ranging from�27.6 to�40.3 mV,
which could be attributed to the anionic character of basil seed gum
[39]. As the BSPs concentration increased, the absolute value of zeta
potential increased probably due to the increased repulsion arising
from the carboxyl groups of basil seed gum. As the concentration
reached to 0.3 w/v%, the zeta potential began to decrease and then
changed slightly. The increased concentration of BSPs resulted in
increased viscosity and less mobility in comparison with small
particles, which contributed to the decrement of zeta potential [40].

As depicted in Fig. 12b, the influence of BSPs on the zeta po-
tential of bentonite suspensions displayed a similar tendency.
Although the basil seed gum is anionic, the adsorption of the
polysaccharides in the BSP on the bentonite particle surface can
occur via several interactions including anionic ionic exchange,
hydrogen bonding and electrostatic bridging by intermediated
cations like other anionic polymers [25,41]. Generally a higher
absolute value of zeta potential indicates a more stable particle
suspension. The adsorption of basil seed gums contributed to the
more negative zeta potential and led to steric stabilization of fine
particles, which plays a vital role in forming dense filter cake and
reducing the filtrate invasion.

The effect of NaCl and CaCl2 on the zeta potential of bentonite
suspension with and without BSPs is presented in Fig. 12c and d. In
the absence of BSPs, the monovalent salt NaCl affected the zeta
potential of bentonite suspension by a limited degree as seen from
the gentle variation of zeta potential with increasing concentration
of NaCl. While divalent salt CaCl2 exhibited a remarkable effect by
compressing the thickness of diffused electric double layer [42].
After incorporating of 1.0 w/v% BSPs, the zeta potential decreased
speedily at low concentrations of NaCl and then kept gentle change.
While for CaCl2, the zeta potential decreased gradually with the
increasing concentration of CaCl2. When the concentration of NaCl
and CaCl2 are lower than 5.0 w/v% and 0.3 w/v% respectively, the
addition of BSPs generated higher absolute values of zeta potential
compared to that of bentonite suspensions alone, suggesting that
addition of BSPs improves the suspension stability, which
explained the effective filtration control under such salts
environment.

3.3.3. Particle size distribution measurement
The effect of BSPs on the particle size distribution of bentonite

suspension before and after hot rolling at various temperatures is
given in Fig. 13. The shift of particle size distribution exhibited a
similar trend for all suspensions regardless of thermal aging. When



Fig. 6. The variation of API filtration cake appearance with thermal aging temperatures in the presence of BSPs. Note: a: BHR, b: AHR at 90 �C; c: AHR at 120 �C; d: AHR at 150 �C. 1:
control sample; 2: 0.1 w/v%; 3: 0.3 w/v%; 4: 0.5 w/v%; 5: 1.0 w/v%; 6: 3.0 w/v%.
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Fig. 7. Variation of API filtration loss (a) and filtration reduction rate (b) with NaCl concentration before and after thermal aging at 120 �C.

Fig. 8. Variation of API filtration loss (a) and filtration reduction rate (b) with calcium chloride concentration before and after thermal aging at 120 �C.

Fig. 9. Variation of Water adsorption rate of BSPs with time under various
temperatures.
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BSPs with low concentration was first added to the bentonite sus-
pension, the particle size distribution displayed slight variation.
Subsequent addition of 2.0 w/v% BSPs caused a rapid size increase
due to the aggregation occurrence. This was also observed for the
evolution of median size (D50) with BSP concentration (Fig. 14a). At
low BSP concentration, the polysaccharides in the basil seed gum
would be adsorbed onto the bentonite particle surface, which
prevented the agglomeration and led to the steric stabilization of
bentonite particles due to the strong electrostatic repulsions of
9

anionic side chains. Meanwhile, the high charge density side chains
formed very rigid conformation, which was not favorable for
bridging [25,42].While at high concentrations (above 1.0 w/v%), the
physical or chemical interactions between polysaccharide mole-
cules and bentonite particles were enhanced so that the larger and
stronger aggregation developed. This was also observed from the
BSP suspension itself (Fig. 14b), that as the concentration increased,
the median particle size (D50) increased slightly, but abruptly at
critical aggregation concentration of 1.0 w/v%.
3.3.4. Microstructure of filter cake
The SEM images of API filtration filter cake for the bentonite

suspension before and after thermal aging at 120 �C was shown in
Fig. 15. For the bentonite suspension prior to thermal aging, the clay
particles attach themselves with edge-to-face arrangement and
formed a gel structure (Fig. 15a) [43]. The aggregation of the clay
particles in some degree led to the formation of a heterogeneous
structure having irregular pores, which offered a facilitated filtra-
tion passage and generated an unacceptable filtration loss. As
shown in Fig. 15b, the incorporation of 1.0 w/v% BSPs generated a
typical honeycomb structure like other polymers [44]. Numerous
far-reaching filaments bridged with the pores of the filter cake like
“fingers”. These polymer chains formed bridging structures be-
tween the bentonite platelets and extended into the pore space
where the filtrate has to pass through [31,45]. Meanwhile, the
highly porous 3D network with numerous fibril and globular
structures of basil seed gum provides enough space to entrap water
filtration. Therefore, although numerous pores were observed in
Fig. 15b, these pores were actually filled with a large amount of
trapped water before freeze-drying. After thermal aging, the
elevated temperature induced the dehydration of clay particles,



Fig. 10. Polarizing microscope photographs of BSP suspension.

Fig. 11. SEM photographs of 0.5 w/v% BSP suspension.

Fig. 12. The zeta potential measurement results of various suspensions. Note: a: BSP suspension; b: bentonite suspension with varying BSP concentrations; c: bentonite suspension
with NaCl of varying concentrations; d: bentonite suspension with CaCl2 of varying concentrations.
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Fig. 13. The variation of medium particle size of bentonite suspension with BSP concentration after thermal aging. Note: a: BHR; b: AHR at 90 �C; c: AHR at 120 �C; d: AHR at 150 �C.

Fig. 14. Variation of medium particle size for (a) bentonite suspension and (b) BSP suspension with BSP concentration.
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therefore, more and more bentonite particles tended to form face-
to-face arrangements, which provided an enlarged filtration
channel and less efficient filtration control (Fig. 15c). While for the
suspension with BSPs, as depicted in Fig. 15d, although this high
temperature induced degradation of BSP in some degree, the
typical honeycomb structure and polymer fingers stilled existed,
indicating the effective filtration control.

As shown in Fig. 16a, for the bentonite suspensionwith 10.0 w/v
% NaCl, the bentonite particles aggregated and formed large parti-
cles, which left relatively large pores and lost control of filtration.
Meanwhile, small square crystals of NaCl were also observed by
mixing with bentonite particles. After addition of 1.0 w/v% BSP, as
depicted in Fig. 16b, bundles of rod-like NaCl crystals were stacked
together with bentonite particles and formed a denser filter cake.
The electrostatic adsorption between anionic basil seed gum and
Naþ probably prompted these growth of crystals. The divalent Ca2þ

ions had a more profound influence on the structure of bentonite
11
suspension. After adding 0.5 w/v% CaCl2 into the bentonite sus-
pension, there were a large number of pores formed by flocculation
of bentonite particles (Fig. 16c), also suggesting the losing of
filtration control. Whereas, the incorporation of BSPs exhibited a
totally different appearance. It could be seen from Fig. 16d, the
relatively small bentonite particles aggregated together to form a
denser filter cake. Furthermore, the fibril structure coming from
BSPs was also observed to embed into the filter cake. Thereby, the
addition of BSP into bentonite suspension prevented the floccula-
tion of bentonite particles under the high electrolyte environment,
which drastically enhanced the filtration control capacity.
3.3.5. Filtration control mechanism analysis
Numerous studies have been reported concerning the filtration

control with anionic polymers. Generally the anionic polymers
decrease the filtration loss by reducing the freewater content of the
drilling fluid, viscosifying and slowing down the filtration rate,



Fig. 15. SEM photographs of filter cakes before and after thermal aging at 120 �C. Note: (a) Bentonite suspension BHR; (b) Bentonite suspension with 1.0 w/v% BSP BHR; (c)
Bentonite suspension AHR; (d) Bentonite suspension with 1.0 w/v% BSP AHR.

Fig. 16. SEM images of API filtration filter cake for bentonite suspension contaminated with inorganic salts before and after BSP incorporation. Note: a: bentonite suspension þ10.0
w/v% NaCl; b: bentonite suspension þ1.0 w/v% BSPs þ10.0 w/v% NaCl; c: bentonite suspension þ0.5 w/v% CaCl2; d: bentonite suspension þ1.0 w/v% BSPs þ0.5 w/v% CaCl2.
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enhancing the dispersion stability of bentonite particles via
adsorption, and sealing the micro pores of filter cake with highly
12
hydrated polymer chains [31e33,46]. In the case of BSPs, the above
mechanisms could also be responsible for the observed behavior,



Fig. 17. Scheme of filtration control mechanism of BSPs.

H. Zhong, X. Gao, X. Zhang et al. Petroleum xxx (xxxx) xxx
however, some unique characteristics should be emphasized. As
seen from Fig. 10b, there were considerable insoluble fine particles
in basil seeds, which is critical to filtration control since these fines
can effectively fill the micro pores of filter cake [47]. Meanwhile,
when dispersed in water, the 3D nanoscale networks with
numerous fibril and globular particles formed the inherent hier-
archical micro/nano structures, which offer excellent fabric and
favorable space for water absorption [48]. For the one hand, these
networks can take part into forming the filter cake in combination
with bentonite particles, which reduce the permeability of filter
cake. For the other hand, their extraordinary water binding capa-
bilities also enable them to directly plug the pores of the filter cake
and prevent water passing through with high efficiency, which in
turn prevents the filtration loss (Fig. 17) [31].

In regard to electrolytes contamination, the presence of Naþ and
Ca2þ promoted the adsorption of anionic polysaccharide polymers
onto the surface of bentonite particles [49]. The enhanced
adsorption suggested more anionically charged segments were
covered on the bentonite particles surface, which prevents the
aggregation and flocculation of bentonite particles, thereby results
in enhanced stabilization and effective filtration control [32,50].

4. Conclusions

The addition of BSPs into the bentonite suspension resulted in
obvious increase of rheological parameters both before and after
hot rolling at 120 �C, but little increase after thermal aging at
150 �C, indicating the inefficiency of BSPs at such temperature due
to thermal degradation. With regarding to filtration control, BSPs
exhibited very effective filtration control for the bentonite sus-
pension after thermal aging at 90 �C and 120 �Cwhile less efficiency
after exposed to 150 �C thermal aging. The bentonite suspension
containing 1.0w/v% BSPs could be tolerant to 5.0 w/v% and 0.3w/v%
sodium and calcium salt pollution respectively with still effective
filtration control. Except the general filtration control mechanisms
like conventional anionic polymers, the numerous 3D networks
that are capable of adsorbing abundant water in combination with
considerable small insoluble particles in the basil seed contributed
to the excellent filtration control capacity. In the presence of
monovalent and divalent salt, the adsorption of basil seed gum onto
the bentonite particles generated a shield effect that weakened the
flocculation by salts to some extent, which improved the stability
and favored the formation of relatively compact filter cake. The
outstanding filtration properties of basil seeds endowed they are
13
green alternatives to traditional synthetic materials in formulating
high performance water-based drilling fluids.
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