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nched polyethyleneimine–
graphene composite as shale inhibitor for drilling
fluid

Luo Zhao, ab Heming Zhu, a Guoliang Tian bc and Yuxiu An *b

One of the principal conundrums in drilling operations is addressing wellbore instability caused by shale

hydration. Therefore, it is crucial to develop high-performance shale inhibitors. In this work,

a hyperbranched polyethyleneimine/graphene composite (HPEI-G) was prepared by blending at 60 °C,

and it was then used as a shale inhibitor. The inhibition performance of HPEI-G was verified using mud

making test, linear swelling test and sedimentation test. The mechanism of HPEI-G was researched and

determined using Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), particle size

distribution test and scanning electron microscopy (SEM). The compatibility of HPEI-G with the basic

water-based drilling mud (WBM) was also verified. It can be observed from the results of the linear

swelling test that 0.5 wt% HPEI-G reduced the swelling rate of montmorillonite (MMT) to 30.36%, and

1 wt% of KCl only decreased the swelling rate of MMT to 43.83%. In addition, HPEI-G is compatible with

WBDF. The inhibition mechanism of HPEI-G included chemical adsorption and physical blockage. HPEI-

G was adsorbed on the surface and interlayer of MMT by hydrogen bonding and electrostatic attraction,

reducing the diffuse electric double layer to inhibit the hydration of MMT. The sheets of graphene in

HPEI-G allowed it to stick on the surface of the shale and plug the nanopores of the shale, preventing

the access of water. The inhibition effect of HPEI-G over a temperature range from room temperature

to 150 °C was considered to be excellent.
1. Introduction

Prevention of wellbore instability caused by shale hydration is
one of the principal conundrums in drilling operations,1–3

because consequences of wellbore instability include the
increase in drilling time and expense. The wellbore instability
can be caused by mechanical and chemical factors.4,5 It is the
chemical factors caused by the interaction between the shale
and the drilling uid that cause the instability of the wellbore.
Controlling of shale swelling is the effective way to solving the
instability of the wellbore. Oil-based drilling uids (OBDFs)
with better inhibition, lubricity and high temperature resis-
tance are the best choice.6 The OBDFs control the instability of
the wellbore by clogging the clay nanopores and forming
a protective lm on the surface of the shale,7,8 but they are too
expensive, and have a signicant environmental impact. Water-
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based drilling uids (WBDFs) are widely used because of their
low cost and environmental friendliness.9,10 However, the long-
term interaction between the WBDFs and shale formations
causes shale hydration and swelling, leading to a variety of
problems that can occur in the wellbore. Shale inhibitors can
inhibit the hydration caused by the interaction of clay minerals
with the water of the WBDFs. Therefore, the development of
high-performance shale inhibitors is crucial.

There are various inhibitors used in shale formations to
control the stability of the wellbore, such as potassium chloride
(KCl), amines, polymers and nanomaterials. KCl is the main
inorganic salt inhibitor.11 However, the inhibition impact of KCl
is limited. The inhibition ability of amine-based shale inhibi-
tors is better than that of KCl, and amine-based shale inhibitors
have been widely studied and applied. The inhibition mecha-
nism of polymer inhibitors is mainly the formation of a dense
lm.12 Nanomaterials reduce the contact of water molecules
with shale surfaces by sealing micropores,13 and nano silica
(SiO2) combined with amine compounds can also be used for
reservoir acidising alteration.14,15 But these shale inhibitors are
limited by a variety of conditions, including poor heat resis-
tance, limited inhibition ability, environmental issues, complex
preparation processes, and high costs. The hyperbranched
polyethyleneimine (HPEI) is well-known for its adsorption,
solubility, versatility and synergistic stability.16 There have been
RSC Adv., 2023, 13, 2611–2619 | 2611
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studies on the introduction of HPEI as a shale inhibitor in
WBDF and its inhibition capabilities have been evaluated,17 but
these researches have not been complex enough, thorough or
systematic.

Graphene is a widely studied material with unique charac-
teristics. Compared to polymer materials, graphene has higher
ltration loss property.18 The nano-ake structure of graphene
enables it to block pores on the surface of the shale and reduces
the contact of water with the shale. Compared to inorganic
nanomaterials, composites based on graphene and amine
compounds caused lower ltration losses aer dispersion in
drilling uids, and exhibited better inhibition.19 The enhanced
inhibition property of graphene result in better rheological
properties and inhibition of hydration.20,21 A variety of graphene
materials have been developed as shale inhibitors, which have
graed with cetyltrimethylammonium, glucopyranose and
polyethyleneimine.22–24 The inhibition effect of graphene
materials was better than that of traditional inhibitors, but the
preparation process was complex, and the maximum tempera-
ture of the performance tests was only 65.5 °C. Therefore, the
thermal stability of graphene composites at higher tempera-
tures needs to be studied. Composites based on the hyper-
branched polymer and graphene can show an improvement of
the structural stability of clay mineral particles by hyper-
branched polymer, in addition to the improvement of rheology
and ltration by graphene.

In this study, a hyperbranched polyethyleneimine/graphene
composite (HPEI-G) was prepared by thermal polymerisation
and used as a shale inhibitor. The inhibition performance of
HPEI-G was veried using several inhibition evaluation
methods, and the inhibition mechanism was investigated. The
compatibility of HPEI-G to WBM was also evaluated.
2. Materials and methods
2.1 Materials

HPEI (molecular weight 10 000, 98 wt%) was purchased from
Gongbike Polymer Materials Company, and the graphene paste
(GO, high water solubility, 8 wt% solid content) was purchased
from Xianfeng Nanomaterials Company. The KCl was
purchased from the Aladdin Biochemical Technology Company,
and sodium carbonate (Na2CO3) was purchased from the
Cologne Chemicals Company. Montmorillonite (MMT), xan-
than gum (XC), low-viscosity carboxymethyl cellulose sodium
(CMC-LV), polyacrylamide (PAM) and barite were supplied by
Fig. 1 Preparation process for HPEI-G.

2612 | RSC Adv., 2023, 13, 2611–2619
the Xinjiang Oil Field. All the materials were used without
further purication.
2.2 Methods

2.2.1 Preparation of HPEI-G. The preparation process is
shown in Fig. 1. Firstly, 25 mL of GO was dispersed in 175 mL of
deionised water, and then 20 g of HPEI was poured into the
liquid to give a mass ratio of 1 : 10. Finally, the mixture was
stirred at 60 °C for 8 h to give a black opaque liquid, during
which, HPEI and GO were connected with hydrogen bonds.

2.2.2 Preparation of a GO and MMT composite (GO/MMT),
and an HPEI-G and MMT composite (HPEI-G/MMT). Firstly,
100 mL solution of 0.5 wt% GO, and 100 mL solution of
0.5 wt% HPEI-G solution were prepared. Next, the GO solution
and HPEI-G solution were each mixed with 3 g of MMTto from
the GO/MMT dispersion and HPEI-G/MMT dispersion, respec-
tively, and stirred at 80 °C for 16 h. The dispersions were
centrifuged at 4000 rpm for 1 h, followed by removal of their
supernatants, and washing of the pellets with deionised water.
Finally, the pellets were dried at 90 °C for 3 h, followed by
grinding into powder.

2.2.3 Preparation of hybrid. Firstly, six portions, each of
10 mL of deionised water were mixed with 0.3 g of MMT, fol-
lowed by stirring for 16 h. Next, different inhibitors were added
to ve of the dispersions to obtain different hybrids, in which
the concentrations of HPEI-G were 0.1 wt%, 0.3 wt%, 0.5 wt%
and 0.7 wt%, and the concentration of GO was 0.5 wt%, fol-
lowed by stirring for 12 h. The partial hybrids were dried at 90 °
C for 4 h, followed by grinding into powder.
2.3 Characterization

2.3.1 Fourier transform infrared spectroscopy (FT-IR). The
FT-IR spectra of MMT, GO/MMT and HPEI-G/MMT were
recorded on a Spectrum 100 FT-IR spectrometer (PerkinElmer,
USA), over the range of 4000 and 400 cm−1.

2.3.2 X-ray diffraction (XRD). The XRD patterns of GO/
MMT and HPEI-G/MMT were recorded on a D8 Advance
diffractometer (Bruker, Germany), with 2q angle between 5° and
20°. The interlaminar spacing d(001) was determined using
Bragg's equation: nl = 2d sin 2q (where n = 1, l = 0.15406 nm).

2.3.3 Particle size distribution test. Six hybrids were
diluted 100 times, to give a concentration of MMT of 0.03 wt%.
Then, the supernatant of the hybrids was removed for testing.
The particle size distribution of the hybrids was measured with
© 2023 The Author(s). Published by the Royal Society of Chemistry
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a Zetasizer Nano ZS90 instrument (Malvern Instruments, UK).
The testing was performed at 25 °C.

2.3.4 Scanning electron microscopy (SEM). The powder of
six hybrids was adhered to sticky tape, followed by metal
spraying for 3 min. The SEM images of the powders were
measured with a JSE-IT300 instrument (Japan Electronics,
Japan). The testing was performed at 25 °C.
Fig. 2 The FT-IR spectra of MMT, GO/MMT and HPEI-G/MMT.
2.4 Inhibition evaluation

2.4.1 Mud making test. It is the inhibition of bentonite
slurry formation and the maintenance of the drilling uid
rheological properties that are among the most basic require-
ments for shale inhibitors.25 Firstly, 17.5 g of MMT was poured
into 350 mL water and inhibitor solutions, in which the
concentrations of HPEI-G were 0.1 wt%, 0.3 wt% and 0.5 wt%,
the concentration of GO was 0.5 wt%, and the concentrations of
HPEI and KCI were 1 wt%. Next, the dispersions were stirred at
8000 rpm for 20 min to disperse evenly. The apparent viscosity
(AV), plastic viscosity (PV) and yield point (YP) were measured
with a ZNN-D6 rotary viscometer (Qingdao Shande Petroleum
Instrument Company, China). Next, 17.5 g of MMT was poured
into the dispersion again, and the AV, PV and YP of the
dispersion were tested aer stirring under the same conditions
as previously. The process was repeated until the dispersion
could not be tested further.26 Next, the same ratio of dispersion
was prepared, and it was then placed in a XGRL-4A high-
temperature roller furnace (Qingdao Haitongda Special Instru-
ment Company, China) at a specic temperature (120 °C and
150 °C) for 16 h. The AV, PV and YP of the dispersion were
determined aer cooling. Next, 17.5 g of MMT was poured into
the dispersion again and the AV, PV and YP of the dispersion
were determined aer measuring under the same conditions.
The process was repeated until the dispersion could not be
tested further.26 The AV, PV and YP of the dispersion were
calculated according to the following formulas:

AV = 0.5F600 (mPa s) (1)

PV = F600 − F300 (mPa s) (2)

YP = F300 − 0.5F600 (Pa) (3)

F300 is the viscometer reading at 300 rpm, and F600 is the
viscometer reading at 600 rpm.

2.4.2 Linear swelling test. Firstly, 10 g of MMT was poured
into a pressure tank, followed by pressure at 10 MPa for 15 min
to obtain a lump of soil. Deionised water and inhibitor solu-
tions were prepared (30 mL of each), in which the concentra-
tions of HPEI-G were 0.1 wt%, 0.3 wt%, 0.5 wt% and 0.7 wt%,
and the concentration of GO was 0.5 wt%, and the concentra-
tions of HPEI and KCI were 1 wt%. Aer the linear swell meter
(NP-01, Beijing Institute of Exploration Engineering, China) was
cleaned, the soil block was placed in it. The test was started and
the sample was injected with deionised water and the solutions
of different inhibitors to determine the linear swelling rate of
MMT over 16 h.
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.4.3 Sedimentation test. The inhibition capability of the
inhibitors on the hydration of MMT were determined using
sedimentation test.27 A portion of MMT (3 g) was poured into
100 mL of water and inhibitor solutions, in which the concen-
trations of HPEI-G were 0.1 wt%, 0.3 wt%, 0.5 wt% and 0.7 wt%,
the concentration of GO was 0.5 wt%, and the concentration of
HPEI was 1 wt%. Then, the dispersions were stirred for 30 min,
followed by pouring into 100 mL graduated cylinders, and the
sedimentation height of the MMT was recorded over 3 h.
2.5 Compatibility tests

The slurry was prepared by mixing 350 mL of water with 14 g of
MMT and 0.875 g of Na2CO3, followed by stirring at 8000 rpm
for 20 min and then standing for 16 h. The basic water-based
drilling mud (WBM) was prepared with the slurry, in which the
concentrations of CMC-LV, XC, PAM, and barite were 0.1, 0.2,
0.5, and 0.5 w/v%, respectively. The WBM with different inhib-
itors were prepared with the basic WBM, in which the concen-
trations of HPEI-G and GO were 0.5 wt%, and the
concentrations of HPEI and KCl were 1 wt%. The viscosity of
WBDF was measured, including AV, PV, YP and gel strength,
where the gel strength was obtained from the viscometer
readings at 3 rpm aer 10 s and 10 min. The ltration volume at
690 kPa aer 30 min (FLAPI) of WBM was recorded with a model
SD6A medium-pressure ltration apparatus (Qingdao Hai-
tongda Special Instrument Company, China). Aer ageing at
150 °C for 16 h, the viscosity and FLAPI of WBMwere determined
again.
3. Results and discussion
3.1 Characterisation

The FT-IR spectra of GO/MMT and HPEI-G/MMT were surveyed
to investigate the structural characteristics, and they are shown
in Fig. 2. Typical characteristics of hydroxyl groups can be
observed in the spectrum of GO/MMT. The tensile vibration
peak of O–H was at 3468 cm−1, which was wide and blunt.28

Typical characteristics of amino groups were observed in the
RSC Adv., 2023, 13, 2611–2619 | 2613
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Fig. 3 Apparent viscosity of MMT dispersions changes with the concentrations of MMT at room temperature, (a) with different inhibitors, and (b)
with different concentrations of HPEI-G.
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spectrum of HPEI-G/MMT. The peaks of N–H at 2833 cm−1 and
2934 cm−1, indicating that the HPEI was connected to GO. The
tensile vibration peak of O–H in the spectrum of HPEI-G/MMT
was 3620 cm−1. Compared with the peak of Si–O in MMT at
1032 cm−1, the peak of Si–O in HPEI-G/MMT was redshied by
4 cm−1. Compared with the peak of water deformation band in
MMT at 1638 cm−1, the peak of water deformation band in
HPEI-G/MMT was blueshied by 22 cm−1, which indicated that
the HPEI-G had combined with water in the MMT.

3.2 Inhibition evaluation

3.2.1 Mud making tests. When MMT is dispersed in water,
it will signicantly increase the ow resistance of the uid, and
Table 1 Changes of plastic viscosity and yield point of MMT disper-
sions with different concentrations of MMT at room temperature

MMT (wt%)

HPEI-G GO HPEI KCl Water

PV YP PV YP PV YP PV YP PV YP

5 3.0 1.0 7.0 8.5 3.0 0.5 1.0 0.0 5.0 4.8
10 9.0 3.5 6.5 47.5 5.5 2.5 2.0 1.0 5.0 37.0
15 13.0 18.0 5.0 101.5 9.0 17.0 3.5 2.0 8.5 120.5
20 17.5 57.0 24.0 45.5 5.0 5.5
25 15.0 99.5 5.0 22.5

Fig. 4 Apparent viscosity of MMT dispersions changes with the concen

2614 | RSC Adv., 2023, 13, 2611–2619
the addition of inhibitors can inhibit the hydration of MMT
effectively. The lower the viscosity of the uid, the lower the
degree of hydration of MMT, which means the inhibition
performance is better. As shown in Fig. 3(a), as the content of
MMT increased, the AV also increased. When the content of
MMT was 15 wt%, the AV of the MMT dispersion without
inhibitor increased sharply, and the AV of the MMT dispersions
with inhibitors were lower, all representing different degrees of
inhibition. When the content of MMT was 20 wt%, the disper-
sion containing only water was so viscous that its AV could not
be determined, and the addition of partial inhibitors mitigated
the increase rate of AV effectively. When the MMT content was
25 wt%, the inhibition capability of HPEI-G was better than the
inhibition capability of other inhibitors except for KCl. Table 1
shows that the PV and YP of the MMT dispersion with HPEI-G
were lower than those of other inhibitors except for KCl at
room temperature. As shown in Fig. 3(b), the dispersion con-
taining 0.5 wt% HPEI-G had the best inhibition ability, and the
inhibition effect of HPEI-G increased as the concentration
increased. The experimental results showed that HPEI-G had
a better inhibition effect than GO without compounding, which
meant that HPEI-G signicantly reduced the amount of the
graphene material required in order to inhibit hydration.
trations of MMT after aging at (a) 120 °C, and at (b) 150 °C.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Changes of plastic viscosity and yield point of MMT disper-
sions with different concentrations of MMT after aging at 120 °C

MMT (%)

HPEI-G GO HPEI KCl Water

PV YP PV YP PV YP PV YP PV YP

5 2.0 0.5 6.5 7.3 2.0 0.0 1.5 0.5 6.0 5.5
10 5.5 0.0 11.0 38.0 5.5 9.0 3.0 1.5 12.5 30.3
15 7.0 0.0 11.5 119.0 9.5 4.5 4.0 5.5 13.0 103.5
20 9.0 0.5 18.0 18.0 7.0 17.5
25 16.0 2.0 22.0 52.0 4.0 56.5
30 31.0 29.0

Table 3 Changes of plastic viscosity and yield point of MMT dispersion
with different concentrations of MMT after aging at 150 °C

MMT (%)

HPEI-G GO HPEI KCl Water

PV YP PV YP PV YP PV YP PV YP

5 2.0 0.5 6.0 6.0 2.0 0.0 1.0 0.5 5.5 3.8
10 5.5 0.0 10.5 29.5 7.0 6.5 2.5 1.0 10.0 17.5
15 7.5 0.5 29.0 79.5 7.0 1.5 4.0 7.0 15.0 58.0
20 9.0 0.0 11.0 3.5 5.5 11.5 16.0 124.5
25 12.5 0.5 34.5 56.5 6.5 35.5
30 15.5 4.0 31.5 106.5 3.0 75.0
35 30.0 19.0 5.0 142.0
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Fig. 4(a) shows that aer ageing at 120 °C, when the content
of MMT was 15 wt%, the dispersion containing only water was
so viscous that its AV could not be determined, and the addition
of partial inhibitors mitigated the increase rate of AV effectively.
When the content of MMT was 30 wt%, the others were too
viscous to measure its AV except for the dispersion with HPEI-G.
Fig. 4(b) shows that aer ageing at 150 °C, when the content of
MMT was 20 wt%, the dispersion containing only water was so
viscous that its AV could not be determined. The inhibition
effect of HPEI-G was strikingly lower than that of the other
inhibitors. And when the content of MMT was 30 wt%, the AV of
the dispersion with HPEI-G can be maintained below 20 mPa s.
As shown in Fig. 4, aer ageing at 120 °C and 150 °C, the order
of inhibition capacity of the inhibitors was HPEI-G > KCl > HPEI
Fig. 5 Linear swelling rate of MMT at room temperature with (a) differe

© 2023 The Author(s). Published by the Royal Society of Chemistry
> GO. As shown in Tables 2 and 3, aer ageing at 120 °C and
150 °C, the PV of the MMT solution with HPEI-G was lower than
that of other inhibitors except for KCl, and the YP of the MMT
solution with HPEI-G was the lowest. The experimental results
showed that HPEI-G had a better inhibition effect at high
temperature than at room temperature.

3.2.2 Linear swelling tests. The capacity of inhibitors to
inhibit MMT hydration is shown by the linear swelling tests.
Fig. 5(a) shows the linear swelling rate with various inhibitors
over 16 h. It was observed that the MMT swelled rapidly in
deionised water without inhibitors, and its swelling rate was
64.49%. Thus, the inhibitors were effective at alleviating the
hydration of MMT. The traditional inhibitor KCl decreased the
swelling rate of MMT to 43.83%, and the inhibition effects of
GO and HPEI were similar to that of KCl. The HPEI-G reduced
the swelling rate of MMT to 30.36%, which signicantly allevi-
ated the hydration of MMT, and the concentration of HPEI-G
tested was only half of the concentration required using KCl.
Fig. 5(b) shows the linear swelling rate with HPEI-G at different
concentrations. It was observed that when 0.1 wt% HPEI-G was
used, the swelling rate of MMT was strikingly decreased, and as
the concentration increased, the inhibition performance of the
HPEI-G also increased. The expansion curve of MMT in HPEI-G
solution had a similar shape to that in KCl solution, which
indicated that HPEI-G may have an inhibition mechanism in
common with KCl.

3.2.3 Sedimentation tests. Fig. 6(a) shows the sedimenta-
tion height of MMT in different inhibitor solutions and deion-
ised water. It was observed that the sedimentation height in GO
solution was similar to that in deionised water, which meant
that the inhibition capability of GO was not good. Whereas in
HPEI and HPEI-G solutions, the sedimentation height
decreased rapidly, which meant that the inhibition perfor-
mances of HPEI and HPEI-G were excellent. The concentration
of HPEI-G was only half of the concentration of HPEI, which
indicated that aer the combination of HPEI and GO, the
inhibition performance of the composite was improved.
Fig. 6(b) shows the sedimentation height of MMT in HPEI-G
solutions of different concentrations. It was observed that at
a low concentration, the inhibition effect of HPEI-G increased
as its concentration increased. Aer the concentration of
nt inhibitors, and (b) different concentrations of HPEI-G.

RSC Adv., 2023, 13, 2611–2619 | 2615
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Fig. 6 The sedimentation height of the MMT suspension at room temperature with (a) different inhibitors, and (b) different concentrations of
HPEI-G.

Fig. 7 Sedimentation behaviour of MMT at room temperature, (a) different inhibitors, from 1 to 4: HPEI-G, GO, HPEI and water, and (b) different
concentrations of HPEI-G, from 1 to 4: 0.1 wt%, 0.3 wt%, 0.5 wt% and 0.7 wt%.
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0.5 wt%, the inhibition effect of HPEI-G decreased as the
concentration increased. Compared with GO, HPEI-G consisted
of a hyperbranched polymer with graphene material, which
highlighted the improvement of the structural stability of
hyperbranched polymers on clay mineral particles.

Fig. 7 shows the sedimentation behaviour of MMT at room
temperature. The experimental results indicated that the inhi-
bition effect was best when the HPEI-G concentration was
0.5 wt%. This may be due to the fact that when the concentra-
tion was above 0.5 wt%, the dehydration ability for the hydrated
MMT particles reduced as the degree of polymerisation of HPEI-
G in water increased.
2616 | RSC Adv., 2023, 13, 2611–2619
3.3 Inhibition mechanism

3.3.1 The XRD analysis. Fig. 8 shows the XRD patterns of
HPEI-G/MMT, GO/MMT and MMT. The interlaminar spaces of
MMT, GO/MMT and HPEI-G/MMT were 12.01, 12.07 and 13.63
Å, respectively, which meant the interlaminar space of HPEI-G
with MMT increased to 1.62 Å. Because the hydrogen bond
length was about 2 Å, it was believed that the hydrogen bond
was formed between HPEI-G and MMT through the HPEI
molecule. The results showed HPEI-G can be adsorbed on the
clay mineral surfaces and between the layers.

3.3.2 Particle size distribution analysis. Aer full hydration,
the particles of MMT were mainly ne particles. The diffuse
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The XRD patterns of HPEI-G/MMT, GO/MMT and MMT.

Fig. 9 Difference particle size distribution of MMT particles.

Fig. 10 The SEM image of the hybrid combined with the fully hydrated M
0.7 wt% HPEI-G, (e) 0.5 wt% GO, and (f) water.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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double layer was compressed so that the particles of MMT
accumulated, resulting in an increase in particle size. Therefore,
the inhibition effect of the inhibitor was positively correlated
with the particle size ofMMT. As shown in Fig. 9, the particle size
of MMT in inhibitor solutions increased, and the increase in the
particle size in HPEI-G solution was higher than that of GO with
the same concentration. The particles of the hybrid with GOwere
larger than those of hybrid without inhibitors, because the gra-
phene sheets were attached to the clay particles, but GO cannot
inhibit clay hydration more efficiently because it had a low
dewatering capacity against hydrated clay particles. It was also
observed that the inhibition effect of HPEI-G increased as the
concentration increased at low concentrations. When the
concentration was greater than 0.5 wt%, the inhibition effect of
HPEI-G decreased as the concentration increased. When the
concentration was 0.5 wt%, HPEI-G had the strongest dehydra-
tion capacity for hydrated MMT particles, and this explained the
results of the sedimentation test.

3.3.3 The SEM analysis. Porosity is positively correlated
with water entering the pores and the hydration of clay parti-
cles. Fig. 10 shows the SEM image of the hybrid combined with
the fully hydrated MMT, and different inhibitors. It was
observed from Fig. 10(c) and (f) that the surface of the MMT
hybrid without inhibitor was uneven, and the surface of MMT
hybrid compounded with 0.5 wt% HPEI-G was dense, and the
pores were small. This indicated that aer compounding with
the inhibitor, the aggregation of clay particles was stronger due
to the adsorption between the clay and the inhibitors. From
Fig. 10(a), (b), (d) and (e), it was observed that the microscopic
morphology of the MMT hybrids compounded with 0.1 wt%
HPEI-G, 0.3 wt% HPEI-G, 0.7 wt% HPEI-G and 0.5 wt% GO were
uneven, containing pores and particles, which were consistent
with the results of the particle size distribution test. It was
observed that the pores of the MMT hybrid without inhibitor
were larger, whereas the surfaces of the MMT hybrids
MT and (a) 0.1 wt% HPEI-G, (b) 0.3 wt% HPEI-G, (c) 0.5 wt% HPEI-G, (d)
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Table 4 The viscosity and FLAPI of WBM

Ageing
AV
(mPa s)

PV
(mPa s)

YP
(Pa)

Gel strength
(10 s/10 min)

FLAPI
(mL)

Before 29.5 15.0 14.5 12.0/15.0 7.0
Aer 30.5 17.0 13.5 8.0/12.0 6.6

Table 5 The ratio of the viscosity and FLAPI of WBM with different
inhibitors to WBM without inhibitor

Ageing Dispersion AV PV YP FLAPI

Before WBDF + 0.5 wt% HPEI-G 1.085 1.467 0.690 1.114
WBDF + 0.5 wt% GO 0.729 0.933 0.483 1.200
WBDF + 1 wt% HPEI-G 1.169 1.467 0.828 0.886
WBDF + 1 wt% KCl 0.712 0.867 0.552 1.029

Aer WBDF + 0.5 wt% HPEI-G 0.869 1.000 0.704 1.061
WBDF + 0.5 wt% GO 0.689 0.706 0.667 1.061
WBDF + 1 wt% HPEI-G 0.803 0.941 0.630 1.364
WBDF + 1 wt% KCl 0.803 0.647 1.000 1.576
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compounded with 0.3 wt% HPEI-G and 0.7 wt% HPEI-G had
smaller pores, and the surface of the MMT hybrids com-
pounded with 0.5 wt% HPEI-G were not observed to have pores,
which indicated that the smaller the porosity, the better its
ability to inhibit hydration.

3.3.4 Probable inhibition mechanism. The inhibition
mechanism of HPEI-G included chemical adsorption and physical
blockage. When the HPEI-G was dispersed in water, the amino
groups on theHPEImolecule formed cations that bound to anions
on the surface of the MMT. HPEI-G was adsorbed on the surface
and interlayer of MMT by hydrogen bonding and electrostatic
attraction, reducing the diffuse electric double layer to inhibit the
hydration ofMMT. Furthermore, the sheets of graphene inHPEI-G
allowed it to attach to nanopores and microcracks, clogging the
nanopores and blocking water from passing through the nano-
pores, thereby inhibiting the hydration of the clay minerals. When
the concentration ofHPEI-Gwas higher than 0.5 wt%, the ability to
prevent water from entering the clay surface increased as the
degree of polymerisation of HPEI-G in water increased, but the
dehydration ability for the hydrated MMT particles reduced.
3.4 Compatibility tests

The difference in the viscosity and FLAPI of WBM before and aer
the addition of the inhibitor showed the compatibility of the
inhibitor withWBM. Table 4 shows the viscosity and FLAPI ofWBM
before and aer ageing. Table 5 shows the ratio of the viscosity and
FLAPI of WBM, with and without inhibitor. It was observed that
before and aer ageing, HPEI-G had little impact on the reliability
of WBM. Therefore, it was considered that HPEI-G has good
compatibility with the ordinary drilling uid additives.
4. Conclusions

In this work, we prepared HPEI-G, a composite based on HPEI
and GO, and used it as a shale inhibitor to test its inhibition
2618 | RSC Adv., 2023, 13, 2611–2619
performance, determine its inhibition mechanism, and eval-
uate its compatibility in WBM. It was observed from the linear
swelling test that 0.5 wt% HPEI-G reduced the swelling rate of
MMT to 30.36%, and KCl only decreased the swelling rate of
MMT to 43.83%, the concentration of which was double that of
HPEI-G. The inhibition performance evaluation tests proved
that the inhibition effect of HPEI-G was better than that of other
inhibitors, and the addition of HPEI-G was less. From the SEM,
it was observed that the surface of MMT hybrid compounded
with 0.5 wt% HPEI-G was dense and the pores were small. The
inhibition mechanism of HPEI-G included chemical adsorption
and physical blockage. HPEI-G was adsorbed on the surface and
interlayer of MMT by hydrogen bonding and electrostatic
attraction, thus reducing the diffuse electric double layer to
inhibit the hydration of MMT. The sheets of graphene in HPEI-
G allowed it to stick on the surface of shale and it plug the
nanopores of shale, preventing the access of water. The inhi-
bition effect of HPEI-G in WBDF over a temperature range from
room temperature to 150 °C was considered to be excellent.
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