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Wellbore stability is essential for safe and efficient drilling during oil and gas exploration and develop-
ment. This paper introduces a hydrophobic nano-silica (HNS) for use in strengthening the wellbore wall
when using a water-based drilling fluid (WBF). The wellbore-strengthening performance was studied
using the linear swelling test, hot-rolling recovery test, and compressive strength test. The mechanism
of strengthening the wellbore wall was studied by means of experiments on the zeta potential, particle
size, contact angle, and surface tension, and with the use of a scanning electron microscope (SEM). The
surface free energy changes of the shale before and after HNS treatment were also calculated using the
contact angle method. The experimental results showed that HNS exhibited a good performance in
inhibiting shale swelling and dispersion. Compared with the use of water, the use of HNS resulted in a
20% smaller linear swelling height of the bentonite pellets and an 11.53 times higher recovery of
water-sensitive shale—a performance that exceeds those of the commonly used shale inhibitors KCl
and polyamines. More importantly, the addition of HNS was effective in preventing a decrease in shale
strength. According to the mechanism study, the good wellbore-strengthening performance of HNS
can be attributed to three aspects. First, the positively charged HNS balances parts of the negative charges
of clay by means of electrostatic adsorption, thus inhibiting osmotic hydration. Second, HNS fabricates a
lotus-leaf-like surface with a micro-nano hierarchical structure on shale after adsorption, which signifi-
cantly increases the water contact angle of the shale surface and considerably reduces the surface free
energy, thereby inhibiting surface hydration. Third, the decrease in capillary action and the effective
plugging of the shale pores reduce the invasion of water and promote wellbore stability. The approach
described herein may provide an avenue for inhibiting both the surface hydration and the osmotic hydra-
tion of shale.

� 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction hole, and stuck pipes. In addition, nanoscale and microscale pores
Wellbore instability [1] is a serious drilling problem that signifi-
cantly increases the costs and affects the safety and efficiency of
drilling engineering. This problem is more common when drilling
in a shale formation with water-based drilling fluid (WBF). This
is because shale is generally rich in clay minerals, which hydrate
and swell when in contact with water, resulting in several
wellbore-instability phenomena such as wellbore collapse, a tight
or fractures are well developed in shale [2–4]. The invasion of dril-
ling fluid into the shale formation through these tiny channels fur-
ther aggravates shale hydration.

The hydration of shale [5] is essentially the hydration of clay
minerals, which results from two distinct mechanisms: surface
hydration [6,7] and osmotic hydration [8]. Surface hydration
causes crystalline swelling in two ways: First, the silicate clay sur-
face adsorbs water molecules directly through hydrogen bonding;
and second, adsorbed cations near the surface adsorb water mole-
cules. Surface hydration can occur in all types of clay minerals,
causing a small degree of swelling (1.0–2.2 nm) but a very high
hydration swelling pressure [6,7,9]. Osmotic hydration is only
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Table 1
Mineralogical composition of the shale samples analyzed by XRD.

Mineral composition Content (wt%)

Water-sensitive shale Brittle shale

Quartz 41.0 51.0
K feldspar 4.0 3
Anorthose 12.0 2
Calcite 15.0 9
Dolomite 0 3
Pyrite 0 2
Siderite 1.0 0
Hematite 2.0 1
Clays
Kaolinite 1.0 0
Illite 10.0 23
Chlorite 1.5 3
Illite/smectite (I/S)
mixed layer

12.5 3
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limited to expansive clays. The concentration of cations in the
interlayers is higher than that in the surrounding water, so water
enters the interlayers to restore cation equilibrium. This type of
hydration can lead to a significantly larger increase in volume
(2–13 nm) [7,10].

With the aim of reducing hydration-induced wellbore instabil-
ity, shale inhibitors are utilized to decrease the interaction
between the drilling fluid and shale; such inhibitors include salts
[11,12], poly alcohols [13], amines [14,15], nanomaterials [16],
and surfactants [17,18]. The most commonly used shale inhibitor
is potassium chloride (KCl) [11]. Because K+ has a low hydration
energy, it can migrate to the interlayer spaces of clays while
remaining bound to the clay surface, forming a stable structure.
The wellbore wall is an ideal semi-permeable membrane, so
high-concentration or even saturated inorganic and organic salts
with low water activity can effectively decrease water invasion
and inhibit hydration [19]. Poly alcohol inhibitors can be phase
separated and adsorbed onto the well wall to prevent water inva-
sion when the temperature exceeds their cloud points, which
assists in stabilizing shale and inhibiting hydration (referred to
as ‘‘shale inhibition”). Polyether amine has been studied inten-
sively as a high-performance shale inhibitor. It enters the clay
interlayers and is strongly adsorbed onto the clay by means of
hydrogen bonding and/or electrostatic attraction. Nanomaterials
such as nano-SiO2 [20] and laponite [16] are also beneficial for
shale inhibition due to their strong adsorption ability, pore-
plugging performance, and so forth. Surfactants with long carbon
chains [21,22], amidocyanogen silanol [23], and ionic liquids [24]
can change the contact angle and weaken the adsorption of water
onto the rock surface, but they have a limited ability to modify
wettability. Usually, the contact angle cannot reach more than 90
degrees.

An increasing number of researchers have realized that surface
hydration with a small swelling volume can produce a high swel-
ling pressure, leading to shale disintegration and severe wellbore
instability [25,26]. Nevertheless, most shale inhibitors are aimed
at inhibiting osmosis hydration since the inhibiting performance
of surface hydration is difficult to evaluate. Increasing the contact
angle can reduce the free energy of the shale surface. From a ther-
modynamic point of view, this can decrease the driving force of the
adsorption of water, thereby reducing surface hydration. Based on
this theory, this paper reports on the synthesis of hydrophobic
nano-silica (HNS) from nano-silica and a long-chain quaternary
ammonium salt and its use to increase the contact angle of shale.
The wellbore-strengthening performance of HNS is comprehen-
sively studied and the mechanism is analyzed. The approach
described herein may provide an avenue for inhibiting both the
surface hydration and the osmotic hydration of shale.
Fig. 1. The chemical reaction formula to synthesize HNS and the synthesis
procedure.
2. Materials and methods

2.1. Materials

SiO2 nanoparticles (20 nm), stearyl trimethyl ammonium chlo-
ride (STAC; 98 wt%), ethanol (99.5 wt%), and KCl (99.5 wt%) were
purchased from Aladdin Reagent Co., Ltd. (China). Polyether amine
(D230, 99 wt%) was purchased from BASF (Germany). Bentonite
was provided by China National Petroleum Corporation Engineer-
ing Technology Research and Development (R&D) Co., Ltd. (China).
Two kinds of shale samples were used in this research. One was a
water-sensitive outcrop shale sample, which was obtained from
Guanghan City in Sichuan Province, China. This type of shale has
a low recovery in water in the hot-rolling recovery test. The other
was a brittle shale sample, which was taken from an outcrop of
the Longmaxi formation in Sichuan Province. The detailed
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mineralogical compositions of the two shale samples were deter-
mined by X-ray diffraction (XRD) analysis, and the results are pre-
sented in Table 1.

2.2. Preparation of hydrophobic nano-silica

The preparation route of HNS is described in Fig. 1. Certain
amounts of water and ethanol were mixed well in a beaker.
Nano-SiO2 was then dispersed into the solution using an ultrasonic
disperser. The above mixture was transferred into a three-necked,
round-bottomed flask and heated to 70 �C in a water bath. STAC
was then added to the flask. The reaction was carried out for 6 h
at 70 �C with stirring at 300 r∙min�1. When the reaction was com-
plete, the ethanol and part of the water were removed by means of
a vacuum distillation device to bring the solid content of the pro-
duct up to 20%. The HNS mentioned in this paper refers to this
modified silica emulsion with a solid content of 20%.

2.3. Characterization of hydrophobic nano-silica

The particle-size distributions of the nano-SiO2 and HNS were
measured using a Zetasizer Nano ZS (Malvern Instruments Ltd.;
UK). The morphology of the HNS was studied using



Table 2
Values of surface tension and its dispersion and polar components for water and
diiodomethane.

Liquid Surface
tension
cL (mJ�m�2)

Dispersion component cdL
(mJ�m�2)

Polar
component
cpL (mJ�m�2)

Water 72.8 21.8 51.0
Diiodomethane 50.8 48.5 2.3
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high-resolution transmission electron microscopy (TEM, Tecnai G2
F20, FEI; USA).

2.4. Wellbore-strengthening performance

2.4.1. Linear swelling test
The degree of linear swelling is an important parameter for

evaluating the extent of hydration expansion in clay minerals.
First, bentonite pellets (about /25 mm � 9.5 mm) were prepared
by compressing 10 g of dry bentonite powder under 10 MPa pres-
sure for 5 min using a hydraulic press and a cylinder mold. Next,
the bentonite pellets were immersed in water and in solutions of
different inhibitors, respectively, and the linear swelling heights
of the pellets in each liquid were measured using a CPZ-2 dual-
channel linear swelling meter (Tongchun; China).

2.4.2. Hot-rolling recovery test
The hot-rolling recovery test is a standard experiment of the

American Petroleum Institute (API) [27], which evaluates the
degree of dispersion of shale cuttings in a certain type of liquid
at high temperatures. For this test, the water-sensitive outcrop
shale sample was used. First, shale cuttings (20 g) sized between
6 and 10 mesh and 350 mL of inhibitive solution were poured
into a stainless steel aging cell. Then, the aging cell was hot-
rolled in a GW300-PLC roller oven (Tongchun) at a certain tem-
perature for 16 h. After being cooled to room temperature, the
remaining cuttings were screened with a 40 mesh sieve. Finally,
the recovered cuttings were dried at 105 �C for 4 h and weighed.
The shale recovery, Rs, was calculated by Eq. (1). Each test was
repeated five times.

Rs ð%Þ ¼ m2

m1
� 100% ð1Þ

where m1 represents the mass of the shale cuttings before hot-
rolling (g) andm2 is the mass of the recovered dry shale cuttings (g).

2.4.3. Compressive strength test
The compressive strength test is used to quantitatively analyze

the strength changes in shale samples after they have been
immersed in different solutions. Cylindrical cores (/25 mm �
50 mm) were processed using the brittle outcrop shale samples.
Five cores were placed in the same aging cell with 250 mL of deion-
ized (DI) water or inhibitive solution, respectively. The aging cells
were then placed in a heating oven at 120 �C for 72 h. After cooling,
the cores were taken out and allowed to dry naturally. A
microcomputer-controlled rock triaxial test machine (TAW-100,
Changchun Chaoyang Test Instrument Co.; China) was then used
to analyze the compressive strengths of the five cores. The mean
compressive strength was calculated using Eq. (2).

r
� ¼ 1

5

X5
i¼1

Pi

A
ð2Þ

where r
�
is the mean compressive strength (MPa), i is the index of

summation, P is the failure load of the tested core (N), and A is
the cross-sectional area (mm2).

2.5. Mechanism analysis

2.5.1. Particle-size distribution and zeta potential of the bentonite
suspension

Bentonite powder (24 g) was dispersed in 600 mL of DI water
and stirred for 24 h. Five quantities of HNS (0, 0.5, 1.0, 1.5, and
2.0 g) were added to five 100 mL bentonite suspensions, respec-
tively. The mixtures were then stirred at 300 r∙min�1 for 24 h.
The particle-size distribution and zeta potential of the bentonite
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suspensions with different HNS concentrations were determined
using a Zetasizer Nano ZS 90 (Malvern Instruments Ltd.; UK).
2.5.2. Surface tension of hydrophobic nano-silica suspension
The surface tensions of the HNS suspensions with various con-

centrations were determined with the Wilhelmy Plate method [28]
using a DCAT21 tensiometer (Dataphysics; Germany) at room
temperature.
2.5.3. Contact angle measurement
Thin shale slices with a thickness of 2–4 mm were prepared by

cutting the brittle shale sample using a wire cutting machine. The
shale slices were placed into aging cells and immersed in 250 mL
of HNS suspension of different concentrations. The aging cells
were then aged for 16 h at 120 �C. After that, the shale slices were
taken out and dried using an electric oven at 102 �C. The contact
angles of the DI water on the surfaces of the shale slices were
analyzed using an OCA 25 type contact angle measuring device
(Data Physics).
2.5.4. Morphology
A scanning electron microscope (SEM; Hitachi S-4800; Japan)

was used to study the micromorphology of the shale slices’ surface
after contact angle measurement. The morphology changes of the
shale cuttings before and after hot-rolling in HNS suspensions
were also observed.
2.5.5. Calculation of surface free energy
Surface free energy is the root cause of shale surface hydration,

so reducing the surface free energy of shale is the most fundamen-
tal way to inhibit surface hydration. The contact angle method
(also known as the Wu method [29]) was used to calculate the sur-
face free energy changes of the shale before and after treatment
with D230 and different concentrations of HNS. First, the contact
angles of the DI water and diiodomethane on the shale surfaces
were measured. Then, the data were substituted into the model
of the Wu method (Eq. (3)). In this way, the dispersion component
(cdS ) of the surface free energy and the polar component (cpS ) of the
surface free energy were obtained. Finally, the surface free energy
(cS) was calculated according to Eq. (4). The surface tension com-
ponents of the liquids used are presented in Table 2.

cLð1þ coshÞ ¼ 4
cdLcdS

cdL þ cdS
þ cpLc

p
S

cpL þ cpS

� �
ð3Þ
cS ¼ cdS þ cpS ð4Þ

where h is the contact angle (� ), cL is the liquid surface tension
(mJ�m�2), and cdL and cpL are the dispersion and polar components
of cL, respectively (mJ�m�2). cS is the surface free energy of a solid
(mJ�m�2), and cdS and cpS are the dispersion and polar components
of cS, respectively (mJ�m�2).
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3. Results and discussion

3.1. Characterization of hydrophobic nano-silica

HNS was synthesized by modifying nano-SiO2 using an anionic
surfactant, STAC (Fig. 2). HNS is a viscous silicone emulsion with a
certain fluidity, as shown in Fig. 2(a). The morphology of the nano-
SiO2 and HNS was observed by means of TEM. The experimental
results are shown in Fig. 3. Before the modification, the SiO2

nanoparticles were uniformly distributed without aggregation
(Figs. 3(a) and (b)). After the modification, small aggregates with
a wide particle-size distribution were observed, with each aggre-
gate consisting of several to dozens of SiO2 nanoparticles (Figs.
3(c) and (d)). The particle-size distributions of the nano-SiO2 and
HNS were measured using the dynamic light-scattering method,
and the results are shown in Fig. 2(b). The unmodified nano-SiO2

has a narrow particle-size distribution, with a z-average particle
size of 19.39 nm. In comparison, the particle size of HNS is in the
range of 100–900 nm, and the z-average value is 283 nm, which
is the particle size of the silica aggregates rather than that of indi-
vidual silica particles. The experimental data from the laser
particle-size experiments are in good agreement with the
particle-size distribution observed via TEM.

3.2. Performance of hydrophobic nano-silica

The wellbore-strengthening performance of HNS was studied
using the following three evaluation methods: the linear swelling
test, hot-rolling recovery test, and compressive strength test of
shale.

3.2.1. Linear swelling test
The hydration and expansion of clay minerals in shale forma-

tion is an important reason for instability of the wellbore wall.
The linear swelling test can evaluate the performance of HNS in
inhibiting hydration and instability by precisely measuring the
swelling height of the clay in aqueous solutions. Fig. 4 shows the
linear swelling heights of bentonite pellets immersed in water,
5 wt% KCl, 2 wt% polyether amine D230, and 1 wt% HNS, respec-
tively. As shown in Fig. 4, the linear swelling height of the ben-
tonite pellets immersed in water increased rapidly. After testing
for 24 h (1440 min), the linear swelling height in water reached
7.45 mm. In contrast, the linear swelling heights of the bentonite
pellets in 5 wt% KCl, 2 wt% D230, and 1 wt% HNS were 6.07,
6.55, and 5.95 mm, respectively. Of these, the linear swelling
Fig. 2. The appearance of HNS sample and its particle size distribution. (a) A picture of th
the dynamic light-scattering method. PDI: polydispersity index.
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height in the HNS suspension was the lowest, indicating that
HNS is more effective than KCl and D230 at inhibiting the hydra-
tion and swelling of clay minerals, and is thus more beneficial to
wellbore stability during drilling.

3.2.2. Hot-rolling recovery test
The hydration of minerals in a shale formation easily leads to

sloughing or wellbore collapse. The hot-rolling recovery test was
used to evaluate the ability of HNS to prevent collapse.

Fig. 5 presents the shale cutting recovery of water and different
inhibitive solutions after hot-rolling at 120 �C for 16 h. The Rs per-
centage of DI water was merely 6.8%, which demonstrates that the
shale cuttings are extremely water sensitive. The commonly used
shale inhibitor KCl cannot effectively inhibit the hydration of shale,
as the shale recoveries were only 8.4% and 11.2% for 5 wt% and
7 wt% KCl, respectively. For 1 wt% D230, the Rs was 57.5%, which
suggests that polyether amine can inhibit shale hydration to some
extent. The surfactant STAC has no inhibiting performance, since
its Rs was merely 3.1%. Unmodified nano-SiO2 was found to
improve the Rs by 26.3%. However, the STAC-modified nano-SiO2

(i.e., HNS) had a substantially higher Rs than KCl, raw nano-SiO2,
or D230. For 1 wt% HNS suspension, the shale recovery was as high
as 85.2%, indicating that HNS is capable of preventing the hydra-
tion and dispersion of shale in an aqueous medium.

3.2.3. Compressive strength test
A compressive strength test of shale is a direct way to evaluate

the wellbore-strengthening performance of HNS. The compressive
strengths of untreated shale cores and the shale cores treated by
HNS suspensions were tested, and the results are shown in Fig. 6.
The original core with the greatest compressive strength of
183.82 MPa was the outcrop taken from Sichuan Province. The
compressive strength of this core was significantly reduced to
134.49 MPa after the hot-rolling treatment by water. It was found
that the cores treated with HNS suspensions had greater compres-
sive strengths than the core treated with water. With an increase in
HNS concentration, the compressive strengths of the cores also
increased. When the HNS concentration was 3 wt%, the strength
of the core increased to 186.69 MPa, which was slightly greater
than that of the original core. This finding shows that HNS can pre-
vent the decrease of rock strength—or even increase it at higher
concentrations—during drilling.

The three experiments described above show that HNS is effec-
tive in stabilizing a wellbore by reducing shale hydration and slow-
ing down the decrease of rock strength.
e HNS sample; (b) particle-size distribution of nano-SiO2 and HNS, as measured by



Fig. 3. TEM images of (a, b) untreated nano-SiO2 and (c, d) hydrophobic-modified nano-SiO2.

Fig. 4. Linear swelling curves of bentonite pellets in water and various inhibitive
solutions.

Fig. 5. Shale cutting recoveries of water and various aqueous solutions with
different concentrations.
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3.3. Mechanism

3.3.1. Zeta potential measurement
The interaction between HNS and clay minerals is the funda-

mental cause of adsorption and what determines a good
wellbore-strengthening performance. Electrostatic interaction is a
driving force for the adsorption of HNS onto the surface of clay
minerals or shale, since clay is negatively charged and HNS is posi-
tively charged. The zeta potential test examined the electrostatic
attraction between HNS and bentonite.

The zeta potentials of the HNS suspension at different concen-
trations were tested. As the concentration increased from 0.5 wt%
to 2.5 wt%, the zeta potential increased from 27.2 to 34.8 mV (Fig. 7
(a)), which demonstrated that HNS is composed of positively
charged nanoparticles.

Due to the lattice defects caused by lattice substitution during
the natural formation process of clay minerals, clay minerals are
negatively charged [6,7]. As shown in Fig. 7(a), the zeta potential
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of bentonite was found to be –21.1 mV. When HNS was added,
the zeta potential of bentonite increased from –20.6 to –13.4 mV
as the concentration of HNS increased from 0.25 wt% to 2 wt%,
indicating that HNS neutralizes part of the negative charge of ben-
tonite. Thus, the zeta potential test demonstrated the existence of
electrostatic attraction between HNS and bentonite.

According to electrostatic stability theory, the addition of HNS
weakens the double-layer repulsive force and thus decreases
osmotic hydration. Clay particles tend to aggregate, resulting in
an increase in particle size. As shown in Fig. 7(b), the D50 of ben-
tonite increased from 4.56 to 30.0 lm when the concentration of
HNS increased to 1.0 wt%, which demonstrates the capability of
HNS to inhibit osmotic hydration.
3.3.2. Contact angle, shale surface morphology, and surface free energy
3.3.2.1. Contact angle. After treatment with HNS at 120 �C for 16 h,
a layer of nanoparticles (shown in white) was adsorbed onto the



Fig. 6. Compressive strengths of untreated shale cores and shale cores treated by DI water and HNS suspensions at 120 �C for 72 h.

Fig. 7. The influence of HNS on the (a) zeta potential and (b) particle size of 4 wt% bentonite suspension.
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surface of the shale slices, as shown in Fig. 8. As the concentration
of HNS increased, the adsorbed amount also increased. The contact
angles of the DI water on the original shale and on the shale slices
treated with 1 wt% HNS, 2 wt% HNS, and 3 wt% HNS were 13.4�,
143.7�, 102�, and 110�, respectively. It is clear that the contact
angle was reversed from hydrophilic to hydrophobic after the
treatment of HNS. When the concentration of HNS was 1 wt%,
the contact angle was very close to that of a super hydrophobic
Fig. 8. The film-forming effect and contact angles of DI water on original shale and
on shale treated by 1 wt% HNS, 2 wt% HNS, and 3 wt% HNS.
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surface (>150�). The reason for the decrease in contact angle at
higher concentrations of HNS might be that the roughness of the
shale increases when the adsorbed amount is larger.

Micropores and microfractures are well developed in shale for-
mations. Therefore, in the drilling process of a shale reservoir, the
capillary action is relatively large, causing the shale to absorb
water and ultimately reducing the strength of the wellbore wall.
As shown in Eq. (5), capillary force is related to the contact angle
and surface tension. According to the results of the surface tension
test, HNS has no effect on the surface tension of water. After HNS
treatment, the shale surface became hydrophobic, and the capillary
action became resistance to water invasion, which is beneficial for
improving the stability of the wellbore wall.

PC ¼ 2rcosh
r

ð5Þ

where PC is the capillary pressure (Pa), r is the surface tension
(mN∙m�1), h is the contact angle of water on the shale (� ), and r
is the inner diameter of the capillary tube.

3.3.2.2. Surface morphology of shale. The surface morphology of the
original shale slice and the shale slice after treatment with 1.0 wt%
HNS was observed by means of SEM. As shown in Figs. 9(a) and (b),
there are many micron-sized particles on the surface of the original
shale slice. After treatment with 1 wt% HNS, a layer of nanoparti-
cles was adsorbed onto the shale surface, thereby artificially fabri-
cating a micro-nano structure on the surface of the shale (Fig. 9(c)).



Fig. 9. SEM images of the surface of (a, b) the original shale; (c, d) the shale treated with 1.0 wt% HNS at 120 �C for 16 h; and (e, f) a lotus leaf.
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At higher magnifications, nanoscale particles can be clearly
observed, as shown in Fig. 9(d). This micro-nano hierarchical struc-
ture is similar to the surface structure of the lotus leaf (Figs. 9(e)
and (f)), which is extremely hydrophobic; thus, the shale structure
gains a hydrophobic effect.

The reason why lotus leaves are superhydrophobic has been
reported many times in the literature [30,31]. Fig. 10(a) depicts a
schematic diagram of the superhydrophobic mechanism of the
lotus leaf surface. First, there are many micron-sized papillae on
the surface of the lotus leaf. Second, the surface of the lotus leaf,
including the surface of the papillae, is superimposed by a very
dense layer of nano-sized wax tubules. Thus, the lotus effect is a
combination of chemical hydrophobicity (the waxy component
on the leaf) and physical patterns (a micro-nano hierarchical struc-
ture). The untreated surface of the shale has micron-sized parti-
cles; after treatment with HNS, which is chemically hydrophobic,
the surface of the shale formed a lotus-leaf-like structure, resulting
in a strong hydrophobic effect. In this research, the contact angle
was tested under air conditions. According to the Cassie–Baxter
model (Fig. 10(b)), air is trapped under the water droplet and acts
as an important factor in forming a superhydrophobic surface [32].
However, there is no air underground (except in gas reservoirs) in
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drilling engineering. Therefore, more investigation is required on
the wettability of surfaces under water conditions.
3.3.2.3. Surface free energy. The contact angles of the DI water and
diiodomethane on the modified shale surfaces were measured, and
the results are shown in Table 3. The surface free energy was cal-
culated as described in Section 2.5.5, and the results are presented
in Table 4. It can be seen that the surface free energy of the original
shale was 80.83 mJ�m�2. After treatment with 1 wt% D230, the sur-
face free energy was slightly reduced. However, after treatment
with HNS, the surface free energy was significantly reduced at
the studied concentrations.

The surface free energy is the driving force of water adsorption,
so reducing the surface free energy of shale is the fundamental way
to inhibit surface hydration. Shale has a relatively large surface free
energy and a strong ability to adsorb water molecules from drilling
fluids during the drilling process. After HNS treatment, the surface
free energy of the shale was significantly reduced. The adsorption
capacity of water was thus also substantially reduced, thereby
effectively inhibiting the surface hydration of shale from the per-
spective of thermodynamics. In comparison, the widely used shale



Fig. 10. Schematic of a liquid drop under (a) the lotus state and (b) the Cassie-Baxter state.

Table 3
Contact angles of DI water and diiodomethane on the untreated shale surface and on the shale surfaces treated with 2 wt% D230 and with HNS with different concentrations.

Contact angle (� ) Untreated
shale

Shale treated by

2 wt% D230 1 wt% HNS 2 wt% HNS 3 wt% HNS

DI water 13.4 44.6 144 102 110
Diiodomethane 7.0 5.0 62 128 126

Table 4
Surface free energy and its components for the untreated shale and the shale treated
by D230 and HNS.

Type of shale cS (mJ�m�2) cdS (mJ�m�2) cpS (mJ�m�2)

Original shale 80.83 44.26 36.57
1 wt% D230 69.07 44.66 24.41
1 wt% HNS 15.43 21.93 –6.50a

2 wt% HNS 18.30 3.07 15.23
3 wt% HNS 14.36 3.59 10.77

a Because the Wu method is not universal, the polar component of the shale
treated by 1 wt% HNS might be meaningless since it is negative.

Fig. 11. SEM images of the shale cuttings before and after treated by HNS.
(a, b) SEM images of the original shale cuttings; SEM images of the shale cuttings
treated with (c, d) 0.5 wt% HNS and (e, f) 1.0 wt% HNS at 120 �C for 16 h.
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inhibitors KCl and polyether amines lack the capability to inhibit
surface hydration.

3.3.3. Micromorphology of shale cuttings
After hot-rolling, the recovered shale cuttings were observed by

SEM. The SEM images of the original shale cuttings and of the shale
cuttings after hot-rolling in 0.5 wt% HNS and 1.0 wt% HNS suspen-
sion are shown in Fig. 11. As shown in Figs. 11(a) and (b), there
were abundant micropores in the original shale cuttings, which
provide channels for water invasion. However, the morphology of
the shale cuttings clearly changed after treatment with 0.5 wt%
HNS and 1.0 wt% HNS. The porous surface of the shale cuttings
was transformed into a seamless surface after treatment with
0.5 wt% HNS (Figs. 11(c) and (d)). After treatment with 1.0 wt%
HNS, the surface became more seamless, and many nanoscale par-
ticles can be seen attached to the shale surface (Figs. 11(e) and (f)).

The transformation of the morphology of the shale surface indi-
cates that HNS can easily adsorb and adhere to the shale surface.
After adsorbing, HNS particles effectively plug the micropores,
and a dense hydrophobic film forms on the surface of the shale.
This reduces water invasion into the shale and prevents shale
hydration, which accounts for the high level of Rs by HNS, as dis-
cussed in Section 3.2.2.
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3.3.4. Mechanism analysis
Based on the above experiments, the mechanism by which HNS

strengthens the wellbore wall is summarized as follows. The driv-
ing force of HNS adsorption onto the shale surface is analyzed as
shown in Fig. 12. When the HNS particles are close to but not in
contact with the shale surface, the force acting on the HNS particles
is mainly electrostatic attraction (red arrow). Under the electro-
static attraction, HNS nanoparticles approach and enter the hydra-
tion layer of the shale surface. At this point, the HNS nanoparticles
are subjected to another force: that of hydrophobic repulsion (blue
arrow). Because the strength of the electrostatic attraction is
greater than that of the hydrophobic interaction, the HNS nanopar-
ticles keep getting closer and finally come into contact with the
shale matrix. Next, attraction caused by hydrogen bonding (green
arrow) may occur between the hydroxyl groups on the surface of
the HNS nanoparticles and the hydroxyl groups on the shale sur-
faces. On the whole, the comprehensive action on the nanoparti-
cles is the attraction directed to the shale surface, which causes
HNS to be firmly adsorbed onto the surface of the shale.

After adsorption, HNS balances part of the negative charge of
the clay by means of electrostatic adsorption and reduces the
repulsive hydration forces, thus reducing osmotic hydration. In
addition, HNS changes the microstructure of the shale surface. A
micro-nano hierarchical structure, which is similar to the surface
structure of the lotus leaf, is formed on the shale surface, substan-
tially increasing the contact angle of the shale surface. This results
in a significant reduction in the free energy of the shale surface,
which helps to inhibit the surface hydration of the shale. In addi-
tion, the decrease in capillary action and the plugging effect of
HNS on the shale pores reduce the invasion of drilling fluid. These
three aspects work together to effectively inhibit shale hydration
and prevent a decrease in the strength of the shale during drilling,
thereby helping to improve the wellbore stability.
4. Conclusions

In this work, a hydrophobic nanomaterial named HNS was syn-
thesized to strengthen the wellbore wall. In aqueous media, the z-
average particle size of HNS is 283 nm. The linear swelling test,
hot-rolling recovery test, and compressive strength test of the
shale all demonstrated that HNS has a good wellbore-
strengthening performance. Compared with KCl and polyether
amine, HNS has a substantially better capability to inhibit the dis-
persion of water-sensitive shale. Furthermore, HNS can prevent the
decrease of rock strength during drilling.

The main mechanism in strengthening the wellbore wall can be
summarized as follows. Under electrostatic attraction, HNS
Fig. 12. The driving force of HNS adsorption onto the shale surface.
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balances part of the negative charge of the clay, thereby reducing
repulsive hydration forces and osmotic hydration. The adsorption
of HNS changes the microstructure of the shale surface and sub-
stantially increases the contact angle. This wettability alteration
results in a significant decrease in the free energy of the shale sur-
face, which helps to inhibit surface hydration. In addition, HNS can
effectively plug the shale pores and form a seamless film, thus
reducing the invasion of water and promoting wellbore stability.
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