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a b s t r a c t

The demand for non-toxic and biodegradable shale inhibitors is growing in the drilling industry. In this
paper, the effect of notoginsenoside (NS) as a new, environmentally friendly inhibitor of shale hydration
is systematically studied for the first time. The inhibition performance of NS was evaluated via inhibition
evaluation tests, including mud ball immersion tests, linear expansion tests, shale rolling recovery tests,
and compressive strength tests. The inhibition mechanism of NS was analyzed using Fourier transform
infrared spectroscopy (FTIR), contact angle measurements, particle size distribution determination,
thermogravimetric analysis (TGA), and scanning electron microscopy (SEM). The experimental results
demonstrate that NS is able to adhere to the clay surface, forming a hydrophobic film that prevents the
entry of water molecules and inhibiting the hydration dispersion of the clay. Because of this, NS can
maintain the original state of bentonite pellets in water, which can effectively reduce the swelling rate of
bentonite, increase the recovery rate of shale drill cuttings, maintain the strength of the shale, and
therefore maintain the stability of the borehole wall during drilling. In addition, NS is non-toxic,
degradable, and compatible with water-based drilling fluids. The above advantages make NS a prom-
ising candidate for use as an environmentally friendly shale inhibitor.
© 2021 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

Shale gas has attracted an increasing amount of attention in
recent years because it has a lower carbon content (Salkuyeh and
Adams II, 2015) and generates less pollution (Estrada and
Bhamidimarri, 2016; Zhang et al., 2018) than conventional fossil
fuels (e.g., coal and oil). However, shale gas reservoirs in China are
generally deeply buried with high water sensitivity under complex
geological conditions where fracture is easily induced. The drilling
fluid infiltrates along the fractures, and mechanical and physical-
chemical interactions occur with the formation rock, resulting in
a decrease in the rock strength, a change in the stress state near the
wellbore, and thus wellbore instability (Chen et al., 2003; Lal, 1999;
Li et al., 2015; Pa�si�c et al., 2007; Yu et al., 2003). Shale wellbore
instability is partly caused by the hydration expansion and
ineering, China University of
People's Republic of China.
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dispersion of the water-sensitive clay in mud shale (Talabani et al.,
1993). At present, the most commonway to solve this problem is to
use oil-based drilling fluid, which typically provides satisfactory
borehole stability and has a strong suppression capacity. However,
oil-based drilling fluids are generally expensive and usually result
in pollution (Wei et al., 2016; Zhong et al., 2014). The development
of an economical and environmentally friendly drilling fluid has
become one of the main research directions in the oil and gas in-
dustry. Researchers have developed synthetic drilling fluid to
replace oil-based drilling fluid, which reduces the impact on the
environment and ensures the high inhibition ability of traditional
oil-based drilling fluids (Li et al. 2016a, 2016b, 2019; Razali et al.,
2018; van Oort et al., 2004). However, its high cost limits the
development of synthetic based drilling fluid. And the availability
of high-performance water-based drilling fluid not only greatly
reduces the performance gap with oil-based drilling fluid but also
achieves low cost and environmental protection (Aftab et al., 2020;
Dye et al., 2005; Patel et al., 2007).
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Fig. 1. Molecular structure of NS.
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One of the cores of high-performancewater-based drilling fluids
is the development of a shale inhibitor. Currently, a series of shale
inhibitors have been developed. For example, once KCl (Boek et al.,
1995; O'Brien and Chenevert, 1973) enters the crystal layer of clay,
the potassium ions can form a tight structure with the clay, pre-
venting the clay to hydrate and disperse. Once a polyamine (PA)
inhibitor (Peng et al., 2013; Qu et al., 2009; Zhong et al., 2016) with
positive charges enters the clay layer space and adsorbs onto the
clay with negative charges through electrostatic interaction, the
adjacent clay layer structures will be combined together, which
hinders the invasion of water molecules to hydrate the clay.
Polymer-based inhibitors (Bai et al., 2017; Jiang et al., 2016; Liu
et al., 2014) reduce the hydration of shale by bridging the adsorp-
tion among clay slices and forming polymer films on clay surfaces
to stabilize the shale. Surfactants (Liu et al., 2019; Moslemizadeh
et al., 2016; Shadizadeh et al., 2015) inhibit shale hydration by
forming a hydrophobic film on the clay surfaces to prevent water
from entering. Moreover, with the development of nanotechnology,
nano-materials have also been used to stabilize borehole walls (Cai
et al., 2012; Hoelscher et al., 2012; Huang et al. 2018a, 2018b;
Spisak, 2011). However, these inhibitors still have some disadvan-
tages, such as negative environmental impacts and poor inhibition
effects, so it is urgent to develop a new type of inhibitor that is
environmentally friendly and has a better inhibition effect.

Panax notoginseng is a type of ginseng plant in the Acantho-
panax family. It is a commonly used hemostatic, blood activating,
and blood tonifyingmedicinal material. It is widely found in Jiangxi,
Hubei, Guangdong, Yunnan, Guizhou, Sichuan, Myanmar, Bhutan,
and other places, with a rich yield and output value of 100 billion
yuan (Wang et al. 2006, 2016; Xu et al., 2019). Notoginsenoside (NS)
is the main active ingredient of Panax notoginseng, which is mainly
used for promoting blood circulation, removing blood stasis,
dredging channels, and activating collaterals. Studies have shown
that NS has beenwidely used in medical research and applications,
such as atherosclerosis, diabetes, and cardiovascular and cerebro-
vascular diseases (Duan et al., 2017; Qu et al., 2020; Uzayisenga
et al., 2014; Yang et al., 2014). But to the best of our knowledge,
there is almost no literature concerning the use of NS as a shale
inhibitor. In this study, we systematically studied its effect as an
inhibitor in shale well drillings and analyzed its inhibition mech-
anism. It was found that NS demonstrates a promising inhibition
effect on shale hydration. This study provides a new environmen-
tally friendly method of inhibiting shale hydration.
2. Experimental

2.1. Materials

The notoginsenoside (NS, 80% purity) was obtained from Xi'an
Prius Biological Engineering Co., Ltd. The properties of NS are pre-
sented in Table 1. Notoginsenoside is a natural biosurfactant. The
molecular structure of NS is shown in Fig. 1. Its saponin molecular
structure is amphiphilic, the hydrophobic part is dammarane in
triterpenoid saponin, and the hydrophilic part is composed of sugar
Table 1
Properties of the NS extract.

Product Property

Used part Notoginseng
Description Fine powder
Color Yellow
Solubility in cold water Soluble
Solubility in alcohol Soluble
Molecular weight 300e500
Product model 5623
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chains. The polyamine (PA) inhibitor is a type of polyether amine,
which is obtained by amination of polypropylene glycol under
high-temperature and high-pressure conditions. FA-367 is a zwit-
terionic polymer thickening coating agent. CMJ-2 is a cationic
lignite anti-collapse fluid loss agent. PAC-LV is a polyanionic cel-
lulose fluid loss agent. NP-1 is a nano-polyester plugging agent. The
potassium chloride and sodium carbonate were provided by
Aladdin Pharmaceutical Co., Ltd. The FA-367 and PA were pur-
chased from Shandong Juxin Chemical Co., Ltd. The CMJ-2 and PAC-
LV were provided by the Anhui Luhai Oil Additives Technology Co.,
Ltd. The NP-1 and emulsified asphalt were obtained from the
Shandong Deshunyuan Petroleum Technology Co., Ltd. The barite
was obtained from the Anxian Huaxi Mineral Powder Co., Ltd. The
sodium bentonite was provided by the Huaian Drilling Co., and the
shale cuttings were obtained from the Chuanqing Drilling Co. The
mineral composition of the shale samples was analyzed using X-ray
diffraction (XRD-6100, Shimadzu Corp.) (Table 2).

2.2. Mud ball immersion test

The mud ball immersion test is a widely used method of eval-
uating inhibition performance. A certain proportion of the con-
stituents (the mass ratio of bentonite to distilled water is 2:1) was
used to prepare the mud balls. These mud balls were immersed in
different solutions (60 mL of distilled water (DI) and 3 wt% PA, 5 wt
% KCl, 1 wt% NS, 2 wt% NS, or 3 wt% NS) for 24 h. Then the samples
were checked for cracks or dilapidation (Chen et al., 2017; Lv et al.,
2020; Zhang et al., 2019).

2.3. Linear swelling test

The linear swelling test can quantitatively evaluate the swelling
of clay. In this test,10 g of sodium bentonite (100 mesh sieve, 103 �C
drying for 12 h) was pressurized to 10 MPa using a manual hy-
draulic pump in a mold. The pressure was maintained for 10 min in
order to form artificial cores. The thickness of the core was
measured and recorded as the initial thickness (H0). The prepared



Table 2
Mineralogical composition of the shale samples.

Content, wt% Relative content of clay minerals, wt%

Quartz Calcite Pyrite K-feldspar Plagioclase Dolomite Clay minerals Illite Chlorite Kaolinite Illite/Smectite

40 6.7 4 2.2 2 3.8 38.2 27.9 16.2 1.9 49.9
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artificial particles were set in contact with different solutions for
16 h in an HTP-C4-type double-channel shale dilatometer (Qingdao
Tongchun Co., Ltd.). The relationship between the height variation
(h) and time was monitored continuously (Xuan et al., 2013; Yang
et al., 2017).

2.4. Shale cutting recovery test

The shale cutting recovery test is generally employed to
examine the ability of a test solution to inhibit shale hydration,
disintegration, and dispersion by analyzing the characteristics of
the shale cuttings (Friedheim et al., 2011). In this test, the shale
samples were crushed in a mineral crusher. The crushed shale
particles were collected using sieves with sizes of 6e10 mesh. The
prepared shale cuttings were dried at 103 �C in a constant-
temperature oven for 10 h. A total of 50 g of shale cuttings and
350 mL of test fluids were added to a sealed pressure vessel and
hot-rolled at 120 �C for 16 h in a rolling furnace. After cooling to
ambient temperature, the remaining shale cuttings were screened
with a 40-mesh sieve and washed with fresh water. The recovered
shale cuttings were dried at 103 �C for 4 h before weighing. The
recovery rate, which is the ratio of the initial sample weight to the
final weight after the above procedures, was measured.

2.5. Shale compressive strength test

Significant attention has been devoted to the importance of
shale strength during the drilling process. A lower shale strength is
more likely to result in wellbore instability. In the shale compres-
sive strength test, a shale core with a diameter of 25 mm and a
length of 30 mm was dried at 105 �C for 4 h. After cooling to
ambient temperature, a variety of inhibitors were added to solu-
tions, and the shale cores were immersed in the solutions for 24 h
(Huang et al., 2017). Then, the compressive strength was measured
using a UTM5105X microcomputer controlled electronic universal
testing machine (Shenzhen Sansizongheng Company, China).

2.6. Particle size distribution measurements

Claymaterial can be dispersed into tiny particles after hydration,
even for a single unit of platelets. The particle size distribution of
sodium bentonite can reflect its degree of hydration and inhibitory
performance. A total of 14 g of sodium bentonite were added to
350 mL of DI water and were stirred for 2 h. The sample was then
pre-hydrated for at least 24 h at room temperature. The dispersion
was stirred for 12 h after the addition of the different dosages of the
inhibitors. A small amount of the dispersionwas diluted to a certain
concentration to measure the particle size distribution. The particle
size distribution of the dispersion was measured using a Master-
sizer 3000 laser diffraction particle size analyzer (Malvern, UK) (Jia
et al., 2019).

2.7. Adsorption measurements

First, 8.0 wt% sodium bentonite solution and 2 wt% NS solution
were prepared. A total of 32 g of sodium bentonite were added to
400 mL of DI water and were stirred for 2 h. Then, the sample was
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pre-hydrated for at least 24 h at room temperature. The sodium
bentonite solution was mixed with the NS solution in a ratio of 1:1.
The mixture was placed in a constant temperature water bath
oscillator at 25 �C and was oscillated for different amounts of time.
After centrifugation (3000 rpm, 30 min) in a centrifuge, the su-
pernatant was diluted and the organic carbon content was deter-
mined using a MultiN/C 2100 TOC/TN instrument (Jena Analytical
Instrument Co., Ltd.). The adsorption capacity of the NS on the
surface of the sodium bentonite was calculated, and the dynamic
adsorption curve of NS and clay with time was plotted (Chu et al.
2019, 2020; Fu et al., 2020).

2.8. Fourier transform infrared spectroscopy (FTIR)

NS (2 g) was added to 100mL of 2 wt% bentonite suspension and
stirred at 300 rpm for 24 h. The NS-modified bentonite was
centrifuged repeatedly andwas dried. FTIR spectra of NS, bentonite,
and NS-modified bentonite were analyzed using an IRTracer-100
infrared spectrometer (Shimadzu, Japan) at room temperature,
with a wavenumber range of 400e4000 cm�1 and a resolution of
4 cm�1.

2.9. Surface tension and contact angle measurements

The strong hydrophilicity of clay minerals is the driving factor of
hydration expansion, which eventually leads to the instability of
shale. Thus, the desired change in the hydrophilicity caused by
shale-inhibitor interaction is beneficial to the stability of shale. In
this experiment, the surface tensions and contact angles of a series
of NS solutions with different concentrations were measured via
the Washburn method (Edward, 1921, Xu et al., 2017) using a
DCAT21 surface tension meter (Germany Data Physics Instrument
Co., Ltd.). The modified shale cores were obtained by immersing in
1 wt% NS solution for 24 h and drying at 60 �C for 6 h. The contact
angles of modified and unmodified shale cores were measured
separately using an OCA-25 optical contact angle measuring in-
strument (German Data Co.).

2.10. Thermogravimetric analysis

In order to evaluate the effect of the NS concentration on the
clay minerals, the thermal decomposition process of sodium
bentonite modified using different NS concentrations and the
original sodium bentonite was studied via thermogravimetric
analysis (TGA). After 7 g of sodium bentonite was dispersed in
350 mL of DI water and stirred for 2 h, the dispersion was pre-
hydrated for at least 24 h. Different concentrations of NS were
added to the dispersion and were stirred for 12 h. The dispersion
was centrifuged at 8000 rpm for 15 min and was washed with DI
water three times. The precipitate was then collected. The precip-
itate was dried at 40 �C in preparation for the TGA using a simul-
taneous thermal analysis apparatus (TGA 550, Mettler Toldeo, USA).

2.11. Scanning electron microscopy

This test was performed to study the surface and microstruc-
tures of the shale before and after the NS modification. The
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scanning electron microscopy (SEM) (Zeiss EVO MA 15/LS) was
conducted to observe the ultrastructure. Sub-ion polished shale
samples were placed in direct contact with 3 wt% NS solution for
24 h. These samples were labeled as modified shale samples after
soaking. They were then dried in a vacuum drying chamber at
60 �C. Prior to the analysis, the samples were attached to an ion
sputtering device for gold spraying in order to minimize the
charging effect. Improvement of the imaging quality was made
possible by the use of this methodology.

2.12. Scratch adhesion test

The scratch test has been widely used to test the adhesion be-
tween films and substrates (Chalker et al., 1991; Zhang et al., 2015).
In the scratch test method, the indenter is slid across the film
surface of the film substrate combination. In this process, the load L
is continuously increased.When the critical value Lc (critical load) is
reached, the film and the substrate begin to peel off, and the friction
F between the indenter and the film substrate combination changes
correspondingly. At this time, the brittle film will produce acoustic
emissions. The acoustic emission peak is obtained at the critical
load Lc on the acoustic emission signal load curve. The critical load
Lc is the criterion for the adhesion between the film and the sub-
strate (Attar and Johannesson, 1996; Bull and Berasetegui, 2006).
The test samples were prepared according to the method described
in Section 2.11. The adhesion between themembrane and shale was
measured using an MFT-4000 multifunctional material surface
performance tester (Lanzhou Huahui Instrument Technology Co.,
Ltd). The loading speed was 100 N/min, and the scratch length was
10 mm.

2.13. Environmental aspects

Drilling fluids abandoned during drilling operations can have
negative impacts on the environment. The most effective way to
minimize the impact of waste drilling fluids on the environment is
to develop and implement environmentally friendly treatment
agents. In addition to the performance of the treatment agent, the
toxicity and biodegradability are also the main concerns deter-
mining the applicability of shale inhibitors in water-based drilling
fluids. In this study, the 50% maximum effect concentration (EC50),
the chemical oxygen demand (COD), and the biochemical oxygen
demand (BOD5) of NS were used as the critical indicators (Chang
et al., 2019; Ji et al., 2002; Pi et al., 2015). The evaluation methods
are presented in Table 3.

2.14. Formulation optimization and performance evaluation of
drilling fluid

Bentonite was added to water using an electric mixer to prepare
a 4 wt% solution of the base drilling fluid, which was then cured at
room temperature for 24 h. The filtration volume was measured at
30.0 min using a SD-3-type medium-pressure filtration apparatus
(Qingdao Jiaonan Tongchun Machinery Petroleum instrument,
China) by applying a pressure of 100±5psi at 25.0 �C in accordance
with the American Petroleum Institute (API) standards (Institute,
Table 3
Methods of evaluating the NS environmental indicators.

Indicator Method N

EC50 Luminescent bacteria G
COD Fast digestion spectrophotometric method H
BOD Microbial electrode method H
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2009). The apparent viscosity (AV), plastic viscosity (PV), and
yield point (YP) of the drilling fluid were tested according to the API
standards under normal temperature and pressure conditions us-
ing a ZNN-D6 six-speed rotary viscometer (Qingdao Haitongda
Special Instruments Co., Ltd.) (Huang et al., 2018a).
3. Results and discussion

3.1. Inhibition evaluation

3.1.1. Mud ball immersion tests
The immersion test results are shown in Fig. 2. After being

immersed in water for 24 h, the volume of the mud ball expanded
to the maximum degree, with large cracks appearing on the surface
(Fig. 2a). The mud balls had a certain degree of cracking and
expansion after being immersed in the 3 wt% PA and 5 wt% KCl
water solutions (Fig. 2b and c). Interestingly, after being immersed
in the NS solutions, the surfaces of the mud balls were smooth and
intact, which demonstrates the apparent inhibition effect on
swelling and cracking. In addition, the extent of the cracks on the
surface of the clay ball decreased gradually and the inhibition effect
improved with increasing NS concentration (Fig. 2def). The results
of the mud ball experiments show that NS can effectively inhibit
the hydration of mud balls, which may be due to the formation of
an adsorption film on the surface of the mud ball, which prevents
the water molecules from entering, thus inhibiting the hydration of
the mud ball.
3.1.2. Linear swelling tests
The experimental results are shown in Fig. 3. The linear

expansion rates of the sodium bentonite pellets in deionized water,
3 wt% PA, and 5 wt% KCl solution were 83.77%, 49.59%, and 66.80%,
respectively. In the 1, 2, and 3 wt% NS solutions, the linear expan-
sion rates were 55.98%, 42.95%, and 29.07%, respectively. The
experimental results show that NS is able to suppress clay swelling
and has a better performance than PA and KCl. As the NS concen-
tration increases, the expansion rate decreases. This indicates that
the inhibitory effect of NS increases with increasing concentration.
These results demonstrate that NS can effectively prevent all water
molecules from entering the clay and can inhibit the expansion of
clay.
3.1.3. Shale cuttings recovery tests
Shale cuttings are clay-rich detritus generated in the drilling

process, and the hot-rolling dispersion test was used to simulate
the dispersion process of shale cuttings under drilling conditions. In
this method, the higher recovery of shale cuttings after hot-rolling
reflects the better inhibitive properties of the inhibitor. As shown in
Fig. 4, the recovery of the shale cuttings in deionized water was
3.92%. After adding 5 wt% KCl, 3 wt% PA, 1 wt% NS, 2 wt% NS, and
3 wt% NS, the shale cuttings recovery increased to 15.63%, 19.26%,
18.35%, 36.24%, and 76.25%, respectively. These results show that
the NS was able to inhibit shale cuttings dispersion and therefore
performed better than KCl and PA. These results are consistent with
those of the linear expansion tests.
ational standard Measuring instrument

B/T 18420.2-2009 Modern Water DeltaTox II
J/T 399-2007 LEICI-571 COD detector
J557-2010HJ/T 86-2002 LY-05 BOD rapid measuring instrument



Fig. 2. Photographs of the mud balls after being immersed in (a) water, (b) 3 wt% PA, (c) 5 wt% KCl, (d) 1 wt% NS, (e) 2 wt% NS, and (f) 3 wt% NS for 24 h.

Fig. 3. Linear expansion rates of the tested inhibitors.

Fig. 4. Shale cuttings recovery rates of different inhibitors.
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3.1.4. Shale compressive strength tests
As shown in Fig. 5, the compressive strength of the shale after

soaking in water decreased from 157 MPa to 112 MPa, and adding
inhibitors effectively improved the compressive strength of the
shale. The effect of NS was better than those of PA and KCl. After
adding 1wt% NS, the compressive strength of the shale increased to
132 MPa, and with the increase in the NS concentration, the
compressive strength of the shale continued to increase. When the
concentration of NS reached 3 wt%, the compressive strength
increased to 155 MPa, which was almost the same as that of the
original shale. This is because the NS adhered to the shale surfaces,
612
strengthening the wellbore and effectively maintained the strength
of the shale.
3.1.5. Particle size distribution measurements
The differential and accumulative size distributions of the so-

dium bentonite for the addition of 5 wt% KCl, 3 wt% PA, 1 wt% NS,
2 wt% NS, and 3 wt% NS are shown in Fig. 6. The size of the sodium
bentonite became larger in the presence of an inhibitor. It can be
seen that the median particle size (d50) of the sodium bentonite
increased from 6.05 mm to 59.4 mm in deionized water in the
presence of an inhibitor (Fig. 7). Among them, the effect of NS was
better than those of PA and KCl, and the particle size of the sodium



Fig. 5. Compressive strength of shale for different inhibitors. Fig. 7. Particle size distribution of sodium bentonite dispersion with different
inhibitors.

Fig. 8. Relationship between the adsorption capacity and adsorption time of NS on
bentonite.
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bentonite increased with increasing NS concentration. This shows
that NS can effectively inhibit the dispersion of clay particles and
maintain the stability of shale cuttings, which was observed in the
linear swelling tests (Fig. 3) and the shale cuttings recovery tests
(Fig. 4).

3.2. Mechanism analysis

3.2.1. Adsorption behavior
The adsorption capacity of NS on Na-bentonite surfaces is

shown in Fig. 8. It can be seen that the adsorption rate of NS on the
bentonite surfaces is faster, the adsorption equilibrium can be
reached in about 60min, and the equilibrium adsorption capacity is
496.3 mg/g. The adsorption experiments show that NS can be
rapidly adsorbed onto bentonite surfaces.

3.2.2. Adsorption mechanism analyzed via FTIR
Fig. 9 shows the FTIR spectrum of NS. A characteristic peak near

3389 cm�1 was confirmed as a tensile vibrational absorption peak
of eOH. The characteristic peak near 2923 cm�1 of NS is the CeH
bond tensile vibration peak in alkanes. The characteristic peak
near 1665 cm�1 is identified as the tensile vibration peak of satu-
rated fatty acid ester C]O. The characteristic peak near 1420 cm�1

is the bending vibration peak of the CeH bond in the alkane. The
characteristic peak near 1044 cm�1 was identified as the
Fig. 6. Particle size distribution curves for sodium

613
characteristic peak of tensile vibration of CeO on the ether bond.
The characteristic peak at 668 cm�1 was identified as the in-plane
bentonite dispersion with different inhibitors.



Fig. 9. FTIR spectra of bentonite, NS-modified bentonite, and NS.

Fig. 10. Surface tension of the inhibitor at different concentrations and temperatures.
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and out-of-plane bending vibration characteristic peak of the eOH
bond on the ring.

The FTIR spectra of bentonite and NS-modified bentonite
confirm the hydrogen bond induced adsorption. As shown in Fig. 9,
the peak at 3449 cm�1 in the FTIR spectrum of bentonite is caused
by the tensile vibration of HeOeH (bound water of bentonite).
After the NS adsorbed onto the bentonite, the wavenumber of the
HeOeH stretching vibration (3449 cm�1) red shifted to a lower
number (3393 cm�1). This is due to the longer HeOeH bond length
of bentonite and the attraction (hydrogen bond) between the hy-
droxyl group of the NS and the HeOeH of bentonite. In this way,
the stretching vibration frequency of HeOeH was reduced,
resulting in the wavenumber of the HeOeH stretching being
decreased. This shows that the NS was adsorbed onto the bentonite
by hydrogen bond adsorption between the NS and the clay (Lv et al.,
2020; Tabak et al., 2007).
Fig. 11. Contact angle of the shale at different temperatures after immersion in water
solutions containing different inhibitor concentrations.
3.2.3. Surface tension and contact angle measurements

The hydration of shale is related to its hydrophobicity. The
stronger the hydrophobicity of the clay surface, the lower the af-
finity between the clay and water. Therefore, the interaction be-
tween the inhibitors and the shale can change its hydrophobicity,
which can effectivelymaintain the stability of the shale. The surface
tension and contact angle measurements for different concentra-
tions of NS are shown in Figs. 10 and 11, respectively. The surface
tension of the solution decreases with increasing NS concentration
and with increasing temperature. The smallest surface tension was
23.35 mN/m at 80 �C. This shows that NS can effectively reduce the
surface tension of water, thus reducing the capillary force of the
shale and the water absorption caused by the capillary force. As the
NS concentration increased, the contact angle of the shale
increased from 13.2� (in fresh water) to 84.45� at 25 �C. As the
temperature increased from 25 �C to 80 �C, the greatest contact
angle increased to 89.89�. When the temperature increased, the
contact angle between the shale and water increased. As the con-
tact angle between the shale and water increased, the hydropho-
bicity of the shale increased, and the stability of the shale was
effectively maintained. Fig. 12 also proves that the wettability of
shale core surface has changed after NS modification. The contact
angle of shale core modified by NS increased from 11.8� to 71.5�.
This experiment shows that NS can change the wettability of the
shale surface and prevent the entry of water molecules, thus
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inhibiting the hydration of the shale. This is consistent with the
results of the mud ball experiments and the linear expansion,
rolling recovery, and compressive strength tests.

3.2.4. TGA analysis
As shown in Fig. 13, the unmodified bentonite has two main

stages of quality loss. The first stage is the loss of adsorbed water
from the surface and the middle layer. The corresponding tem-
perature is less than 110 �C. During this stage, the quality loss of the
original bentonite was 7.39%. The mass loss of 1 wt% NS-modified
bentonite during this stage was 4.37%, that of 2 wt% NS-modified
bentonite was 1.91%, and that of 3 wt% NS-modified bentonite
was 1.33%. Themodified bentonite adsorbed less freewater, and the
water absorption rate varied as the concentration increased. The
less free water in the middle layer, the weaker the swelling and
dispersibility of the bentonite. These observations are consistent
with the results of the linear expansion experiments (Fig. 3).

The second stage of weight loss occurred between 400 and
700 �C was attributed to structural (hydroxyl) water. The quality
loss stage of themodified bentonitewas significantly different from
that of the original bentonite. When the temperature was less than
110 �C, the main mass loss of the modified bentonite was due to the



Fig. 12. Contact angle of shale cores: (a) unmodified shale core and (b) modified shale core after exposure to 1 wt% NS solution for 24 h.

Fig. 13. TGA curves of sodium bentonite and modified sodium bentonite with different
NS concentrations.
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degradation of NS between 250 and 500 �C, indicating that the NS
successfully adsorbed onto the surfaces of the sodium bentonite,
thus inhibiting the expansion of the sodium bentonite. As the NS
concentration increased, the adsorption capacity of the NS
increased.
Fig. 14. SEM images of gas shale: (a) original shale and (b
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3.2.5. SEM analysis
As shown in Fig. 14, the surface morphologies of the original

shale and the shale sample after soaking in 3 wt% NS solution for
24 h were analyzed using SEM. It can be seen from the SEM images
that the surface morphologies of the shale samples were signifi-
cantly different before and after the NS modification. The surface of
the original shale sample was very uneven. There were many small
pores and micro-cracks that made water intrusion easier and
caused the shale to expand and collapse. However, a smooth hy-
drophobic film was formed on the surface of the modified shale
sample by adsorbing the NS, which changed the wettability of the
shale and prevented the intrusion of water. The SEM images
demonstrate that NS can effectively inhibit the dispersion of shale,
thus maintaining its compressive strength (Fig. 5).
3.2.6. Scratch adhesion analysis
As shown in Fig. 15, the turning point occurs when the load

reaches 47.55 N. When the load is less than 47.55 N, the indenter
slides on the film surface, and the friction force changes linearly
with increasing load. When the load reaches 47.55 N, an acoustic
emission signal is generated, and the friction F between the
indenter and the film substrate combination changes, indicating
that the film and substrate begin to peel off. This experiment
demonstrates that NS has a super adhesion ability, which can
greatly enhance the adhesion between the NS and shale. This may
be because its hydroxyl-containing structure is similar to the byssus
protein secreted by marine mussels, which has an ultra-high
) shale after exposure to 3 wt% NS solution for 24 h.



Fig. 15. The scratch adhesion test curve.

Table 6
Effects of different inhibitors on the filtrate loss properties of the base-mud.

Additive Condition AV, mPa$s PV, mPa$s YP, Pa API filtrate loss, mL

0 BHR 7 6 1 24.0
AHR 9 8 1 26.0

1 wt% KCl BHR 16 2 14 86.0
AHR 12.5 3 9.5 67.2

1 wt% PA BHR 18 1 17 216
AHR 5 4 1 172

1 wt% NS BHR 8.5 6 2.5 23.2
AHR 11.5 9 2.5 20.8
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adhesion ability. Marine mussels attach to different underwater
surfaces by using a series of proteins rich in 3,4-
dihydroxyphenylalanine (DOPA). DOPA adheres to different sub-
strates through hydrogen bond, metal catechol coordination, elec-
trostatic interaction, cation p interaction and p-p aromatic
interaction (Bandara et al., 2013; Li and Zeng, 2016). Through this
type of adhesion, NS can enhance the binding force of the shale and
reinforce the wellbore. This is consistent with the results of the
compressive strength tests (Fig. 5).
Fig. 16. The proposed inhibi

Table 4
Environmental indicator evaluation results.

Indicator Measured value

EC50, mg/L 37800
BOD5:COD, % 29.42

Table 5
Effects of NS concentration on the rheological and filtrate loss properties of the base-mu

NS concentration, wt% Condition AV, mPa$s

0 BHR 7
AHR 9

0.5 BHR 8.5
AHR 11

1 BHR 8.5
AHR 11.5

2 BHR 9
AHR 11.5
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3.2.7. Probable inhibition mechanism
Notoginsenoside (NS) is composed of hydrophilic and hydro-

phobic parts. The hydrophobic part is dammarane in triterpenoid
saponins, and the hydrophilic part is mainly composed of poly-
hydroxy sugar chain residues. Adsorption experiments and FTIR
show that the polyhydroxy groups in the hydrophilic part of the NS
interact with the oxygen atoms on the clay surfaces to form multi-
point adsorption via hydrogen bonding. And the SEM and contact
angle measurements demonstrate that the hydrophobic part of the
NS faces the water phase (Fig. 16), forming a hydrophobic film
(Fig. 14), which inhibits the hydration of the clay by preventing the
adsorption of water. This is consistent with the results of the mud
ball experiments, the linear expansion and the recovery tests. In
addition, its hydroxyl-containing structure is similar to that of the
byssus protein secreted by marine mussel, which has an ultra-high
adhesion ability compared with conventional inhibitors (Fig. 15).
tion mechanism of NS.

Standard value Classification

�30000 Nontoxic
>25 Easily degradable

d.

PV, mPa$s YP, Pa API filtrate loss, mL

6 1 24.0
8 1 26.0
6 2.5 23.8
9 2 21.6
6 2.5 23.2
9 2.5 20.8
6 3 20.8
9 2.5 20.4



Table 7
Basic properties of drilling fluid systems.

NS concentration,
wt%

r, g$cm�3 Condition AV, mPa$s PV, mPa$s YP, Pa YP/PV, Pa/(mPa$s) G0/G00 , Pa API filtrate
loss, mL

HTHP filtrate
loss, mL

Rate of recovery, %

0 1.03 (unweighted) BHR 32.5 24 8.5 0.35 2.0/5.0 3.8 e e

AHR 36 25 11 0.44 2.0/5.5 3.6 20 71.25
0.5 1.03 (unweighted) BHR 33.5 24 9.5 0.39 2.5/5.5 3.8 e e

AHR 39 26 13 0.50 2.5/6.0 3.4 19 98.25
0 1.5 (weighted) BHR 45 33 12 0.36 2.5/6.0 3.2 e e

AHR 52.5 36 16.5 0.45 2.5/6.5 3.0 18 69.65
0.5 1.5 (weighted) BHR 48 33 15 0.45 3.0/6.5 3.0 e e

AHR 56 37 19 0.51 3.5/7.0 2.8 16 97.85

Note: HTHP filtrate loss indicates filtrate loss measured under high temperature and high pressure.
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This can be proved by the scratch adhesion test. Through adhesion,
it can strengthen the wellbore, effectively maintaining the strength
of the shale (Fig. 5) and stabilizing the wellbore. Therefore, the
inhibition mechanism of NS is different from that of traditional
inhibitors, which provides a new idea for the molecular design of
inhibitors in the future (Ghasemi et al., 2019, Shadizadeh et al.,
2015; Zhang et al., 2019).

3.3. Environmental aspects

To evaluate the environmental performance of NS, the EC50,
COD, and BOD5 values of NS were measured according to the cor-
responding test standards. The EC50 value is 37,800, which is
greater than 30,000. This indicates that NS is non-toxic. The BOD5 is
303 and the COD is 1030. The BOD5/COD is 29.42%, which is greater
than 25%. This suggests that NS is easily degradable. The evaluation
results (Table 4) show that as a natural surfactant, NS has the ad-
vantages of being non-toxic and biodegradable. This is particularly
important for offshore drilling operations.

3.4. Formulation optimization and performance evaluation of
drilling fluid

Table 5 shows the effects of the different concentrations of NS on
the rheology and filtration of the base mud before hot rolling (BHR)
and after hot rolling (AHR) at 120 �C. As the NS concentration
increased, the viscosity of the drilling fluid slightly increased and
the filtration rate gradually decreased. Table 6 shows that NS is
more compatible than traditional inhibitors. Through the compat-
ibility evaluation of the NS inhibitor and other common drilling
fluid treatment agents, the ideal formulation for drilling fluid was
determined to be as follows: waterþ 4 wt% bentoniteþ 0.1 wt% FA-
367 þ 0.5 wt% CMJ-2 þ 0.5 wt% PAC-LV þ 2 wt% NP-1 þ 2 wt%
emulsified asphalt þ 0.5 wt% NS þ 85 wt% barite. The drilling fluid
has a good rheology, reduced filtration, a strong hydration inhibi-
tion ability, and a rolling recovery rate of 97.85% (Table 7) (Liu et al.,
2019).

4. Conclusions

In this study, the application prospect of NS as a shale inhibitor
was systematically investigated. NS can effectively inhibit the hy-
dration of clay and stabilize the wellbore. The results of the inhi-
bition evaluation show that NS is superior to conventional
inhibitors such as KCl and polyamine (PA). When the NS molecules
come in contact with the wellbore, the NS adsorbs onto the clay
surface through hydrogen bonds to form a hydrophobic film, which
prevents the entry of water molecules and effectively inhibits the
hydration of the clay. In addition, its hydroxyl-containing structure
has an ultra-high adhesion ability, which can enhance the binding
force of shale and keep the strength of the shale unchanged. In
617
addition, NS is nontoxic, environmentally friendly, and compatible
with other treatment agents. As an efficient green shale water-
based drilling fluid inhibitor, NS has broad application prospects.
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