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a b s t r a c t

Shale hydration and swelling is the main obstacle to the development of shale gas utilizing water-based
drilling fluids (WBDFs). In this work, the inhibition mechanism of alkylammonium inhibitor and alkyl-
amine inhibitor adsorbed on sodium bentonite (NaþBent) are investigated using infrared spectroscopy
(FT-IR), scanning electron microscopy (SEM), X-ray diffraction (XRD), zeta potential, particle size dis-
tribution tests, and thermogravimetry analysis (TGA). The results suggest that HTB and HMD can be
inserted into the interlamination of NaþBent and minimize the basal spacing compared to hydrated
NaþBent. HTB and HMD are inserted between the NaþBent layers in a single-layer tiled manner and
replace the sodium ions that are firmly fixed between the layers. Eventually, water molecules are
removed from the interlayer NaþBent. The interaction between the quaternary ammonium group and
NaþBent is more significant than between the primary amine group and NaþBent. The inhibition per-
formance suggests that HTB inhibits NaþBent hydration and swelling more substantially than other
inhibitors, indicating that the inhibition performance of the two quaternary ammonium groups is greater
than that of the two primary amine groups. Therefore, HTB can be used as intercalation inhibition in
WBDFs and has tremendous application value.

© 2022 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

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

1. Introduction

As an essential energy choice, considerable attention has
focused on shale gas [1e6]. Effective and efficient drilling operation
is a significant component of shale development [7]. However,
shale typically contains expansive clay minerals, creating severe
wellbore stability and high economic costs [8e11]. Horizontal
drilling involves a longer exposure time in the drilling fluid than

vertical drilling, resulting in intense clay hydration and further
driving to the instability of the borehole. The oil-based drilling fluid
can effectively inhibit shale hydration, but its application is limited
due to its high toxicity and processing costs [12]. Therefore, it is
necessary to study inhibitors that can prevent clay swelling.

Numerous studies have attempted to develop new shale in-
hibitors to alleviate and control shale hydration swelling [13].
Various types of chemicals have been evaluated as inhibitors, such
as organic salts, inorganic salts, polymers, organic amine com-
pounds, polyglycerols, and silicates, all of which have different in-
hibition mechanisms such as hydration inhibition or cutting
encapsulation [14]. Several inhibitors have been used in water-
based drilling fluids [15]. However, the hydration and dispersion
of reactive shale cannot be entirely controlled. Therefore, it is
necessary to develop efficient and environmentally friendly shale
inhibitors.

It is vital to guarantee that the cation particles are water-soluble,
as they serve as clay swelling inhibitors. The hydrophobic carbon
backbone can be extended adequately to act on the interlamination
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to form a flat and dense single layer [14]. Oligomeric ether amines
exhibited exceptional clay swelling inhibition properties, which
were found to have the maximum inhibition efficiency. Amine-
group compounds as inhibitors and the inhibition performance
have also been studied [16,17]. However, no report has been made
on the influence of quaternary ammonium groups on inhibiting the
swelling of clays compared to primary amine groups. Whether an
alkylammonium molecule with quaternary ammonium groups has
better inhibition performance than an alkylamine molecule with
the same hydrophobic carbon backbone needs to be investigated.

Here, the inhibitory performance of hexamethylenediamine
bromide with two quaternary ammonium and hexamethylenedi-
amine bromide with two primary amine groups in WBDFs are
compared using different determination methods. A set of micro-
scopic analysis experiments including XRD, SEM, TGA, zeta poten-
tial, particle size distribution, and the mechanism of inhibition
were used to investigate the effectiveness of the alkylammonium
molecules at clay swelling inhibition.

2. Experimental materials and experimental methods

2.1. Experimental materials

NaþBent was purchased from the Nanocor Company. Samples
were dried at 150�C for 24 h, and then sieved with a 200-mesh
sieve. The cation exchange capacity of NaþBent is 145 meq/100g.
Hexamethonium bromide (HTB) and hexamethylenediamine
(HMD) were purchased from J&K Scientific Ltd. Shale was sampled
from oil fields, and other experimental materials come from other
reagent companies.

2.2. Experimental methods

2.2.1. FT-IR
The interaction between NaþBent and HTB and HMD was

analyzed by Fourier infrared spectroscopy. 50 mL of deionized
water was added to 1.0g of NaþBent and stirred vigorously until
fully dispersed. 1.0 wt % HTB and HMD solution were added to the
NaþBent suspension and stirred vigorously again until it was
thoroughly mixed. The slurry mixture was then centrifuged, and
the sediment was collected. It was vacuum dried at 105�C and then
pulverized through a 200 mesh sieve. The powder was compressed
into a KBr flakelet for FT-IR analysis by Nicolet 6700 spectrometer
(Thermo Scientific).

2.2.2. XRD
XRD was used to investigate the intercalation between layered

silicate and HTB and HMD. The basal spacing changes reflect the
hydration state of NaþBent and inhibition performance of HTB and
HMD. NaþBent was adequately dispersed with deionized water. The
dispersion was composed of the inhibitor solution at different con-
centrations, and NaþBent dispersoid was fully blended. 25 mL of
deionizedwaterwas added to 1.0 g ofNaþBent and stirred vigorously
until fully dispersed. 25 mL HTB and HMD solution ranged from
2.0 wt% to 8.0 wt% was added to the suspension of NaþBent and
stirred vigorously until thoroughly mixed. The concentration of in-
hibitor solution ranged from 1.0 wt% to 4.0 wt%. Then, the mixed
slurry was centrifuged, and the precipitate was collected. The wet
sample was used for XRD by an X Pert PRO MPD diffractometer.

2.2.3. SEM
SEM was used to observe morphological changes, which can

intuitively show the inhibitive performance of an inhibitor. 50 mL
of deionized water was added to 1.0g of NaþBent and stirred
vigorously until fully dispersed. 1.0 wt % HTB and HMD solution

were added to the suspension of NaþBent and stirred vigorously
until thoroughly mixed. Then, the mixing slurry was centrifuged,
and the precipitate was collected. The precipitate consisted of the
wet Na-Bent dried at 105�C to obtain a dry Na-Bent sample.
The microscopic morphology of the hydrated NaþBent and
NaþBent-inhibitor complex in a wet state was observed using SEM
(Quanta 450, FEI, United States).

2.2.4. Zeta potential measurement
The Zeta potential measured the steadiness of the colloidal

dispersion system. The Zeta potential is suggested as the degree
of the strength of repulsion or attraction between particles. The
smaller particle or scattered molecule typically results in a higher
absolute value (positive or negative) of the Zeta potential and a
more steady framework. Conversely, a lower Zeta potential
(positive or negative) typically is a result of coalesced particles.
The zeta potential of NaþBent suspension with diverse concen-
trations of inhibitor solution was measured to examine the
impact of HTB and HMD on the electrokinetic properties of
NaþBent. 1.0 g of NaþBent was adequately dispersed with 50 mL
deionized water. The dispersion was composed of the inhibitor
solution at different concentrations and the NaþBent dispersoid
thoroughly blended. The concentrations of inhibitors ranged from
1.0 wt% to 8.0 wt%. The mixed solution was used to measure the
Zeta potential by the ZetaProbe instrument made in Colloidal
Dynamics LLC.

2.2.5. TGA
Thermogravimetric analysis (TGA) and differential thermogra-

vimetric (DTG) were used to observe sample mass change with
temperature or time. The METTLER TGA/DSC1 measured the
adsorbed water of the NaþBent-inhibitors complexes. The content
of adsorbed water indicates the inhibitive performance of the in-
hibitor. The sample preparation for TGA was previously described.
50 mL of deionized water was added to 1.0g of NaþBent and stirred
vigorously until fully dispersed. 1.0 wt% HTB and HMD solution
were added to the suspension of NaþBent and stirred vigorously
until thoroughly mixed. Then, the mixed slurry was centrifuged,
and the precipitatewas collected for TGA. Thewet state samplewas
heated under nitrogen at 15�C/min from 30 to 300�C.

2.2.6. Particle size distribution
The inhibitory properties of the inhibitors were evaluated by

particle size distribution [18]. 1.0 g of NaþBent was adequately
dispersed with 50 mL deionized water. The dispersion was
composed of the inhibitor solution at different concentrations and
NaþBent dispersoid thoroughly blended. The concentrations of
inhibitors ranged from 1.0 wt% to 4.0 wt%. The particle size distri-
bution of the mixed solutionwas measured using a BetterSize 2000
particle size analyzer.

2.3. Inhibition evaluation methods

2.3.1. Linear swelling tests
10 g of dry bentonite was poured into a mold, pressurized to

10 MPa for 5 min on a press, and prepared as an experimental core
sample [19]. The rock sample was placed into the CPZ-2 dual-
channel linear swelling instrument, an appropriate amount of in-
hibitor solution was added, and the linear expansion rate of the
rock sample was measured in the inhibitor solution over time. The
test time was 16 h at 25�C.

2.3.2. Mud making tests
Mud making is a general method to access the inhibition per-

formance [20] of inhibitors that inhibit the NaþBent hydration and
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swelling and maintain low rheology. The test simulates the
permeation of drilling fluid into the water-sensitive formation.
5.0 wt% NaþBent and 1.0 wt% inhibitor were blended at room
temperature. The hot rolling experiments were then performed at
either 120�C or 160�C for 16 h. The rheology was measured and
recorded by a ZNN-D6 rotating viscometer. An equivalent amount
of NaþBent was then added to the samples and processed as
described above. The operationwas performed repeatedly until the
NaþBenteinhibitor system became too viscous.

2.3.3. Hot-rolling dispersion test
The dispersibility of drilling cuttings was evaluated by the hot-

rolling dispersion test [21]. 50 g of drill cuttings were placed into
an aging tank containing 350 mL solution, rolled at 120�C for 16 h,
and removed for colling. The rock sample in the tank was placed in
a 40-mesh sieve. After the sieve was cleaned in water, the
remaining rock sample in the sieve was dried at 105�C for 4h. The
quality of penetrating cuttings was weighed, and the recuperation
rate of penetrating cuttings was decided. The second and third
recovery was calculated using the last sample.

3. Results and discussion

3.1. Inhibition performance evaluation

3.1.1. Linear swelling tests
The linear expansion heights of NaþBent-inhibitor complex

solutions with different concentrations (0.5 wt%-5.0 wt%) are
shown in Fig. 1. The linear expansion height of NaþBent-HTB in-
creases with time and diminishes with an increase in the concen-
tration of inhibitor HTB. Compared with the swelling height of the
water, the swelling height reduction rates of different concentra-
tions of HTB were 13%, 23%, 40%, 55%, 67%, and 72%, respectively,
which indicates that the addition of inhibitor HTB increases the
inhibition performance. As the concentration of inhibitor HTB in-
creases, the inhibitory performance increases. Fig. 2 shows the in-
fluence of different inhibitors at 4.0 wt% on the swelling height. The
swelling height of NaþBent is minimal when inhibitor HTB is
added, which indicates that HTB has better inhibition performance
than KCl, polyamine, and HMD under the same conditions. HTB and
HMD have the same hydrophobic chain, but the inhibition perfor-
mance of HTB is better than HMD, which indicates that the inhi-
bition performance of two quaternary ammonium groups is better
than two primary amine groups. Overall, the linear expansion ex-
periments showed that the inhibitory effect of HTB is significantly
better than that of KCl, polyamine, and HMD.

3.1.2. Mud making tests
The yield point (YP) and apparent viscosity value (AV) in the

mud test can be utilized to access the inhibitory properties of in-
hibitors. When YP and AV are higher, the inhibition performance
worsens. Compared to the YP and AV at the same concentration of
0.5 wt% (Fig. 1a and b), the lower rank in this order is KCl, polyether
amine, HMD, and HTB. The results indicate that smaller amounts of
the organic inhibitors inhibit clay hydration to a lesser extent.
When the amount of the inhibitors reached 1.0 wt% (Fig. 3c and d),
the AV and PV of the polyether amine are greater, which indicates
that its inhibitory performance is worse, and the inhibitory per-
formance of HTB and HMD is better than that of polyether amine.
The inhibition performance of HMD and HTB was further investi-
gated by increasing the inhibitor concentration and temperature.
Fig. 4a and b shows that when the inhibitor concentration reached
4.0% and the concentration of NaþBent reached 40%, the AV and YP
of the polyether amine increased after being hot-rolled at 120�C for
16h compared to that of HMD and HTB. After hot rolling at 160�C for
16h (Fig. 4c and d), when the concentration of NaþBent reached
50%, the AV and YP of HMDwere greater than HTB, which indicates
that HTB is more effective than HMD.

3.1.3. Rolling recovery tests
Table 1 shows that the roll recovery of drilling cuttings with

fresh water was 10.32%, the secondary recovery was 10.06%, and
the third rolling recovery was 9.68%. Compared with clean water,
the order of rolling recovery rate from high to low is HTB, HMD,
polyetheramine, and KCl. The results show that the inhibition
performance of HTB and HMD is better than that of polyetheramine
and KCl. When the hot rolling was 160�C (Table 2), HTB still
maintained excellent inhibition effects, demonstrating that the
inhibition of HTB is superior to HMD.

3.2. Inhibition mechanism analysis

3.2.1. FT-IR
The FT-IR spectra of HTB-NaþBent and HMD-NaþBent were

measured, as shown in Fig. 5. 1090 cm�1 was SieOeSi bending, and
1640 cm�1 was the OeH stretching; these are the prototypical
properties of the NaþBent Groups [22,23]. In the spectrum of HTB,
the bending of methyl and occurred at 2940 cm�1 and 1485 cm�1,
respectively. The results indicate that the HTB molecules can be
intercalated into the interlamination of the silicates. Similarly,
3380 cm�1 and 1630 cm�1 showcase stretched and bending NeH
vibrations. The results indicate that the HMD molecules can be
intercalated into the interlamination of silicate molecules [24].Fig. 1. The linear swelling of HTB solution with diverse concentration (wt%).

Fig. 2. The linear swelling of diverse inhibitors in the condition of 4.0 wt%.
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3.2.2. XRD
When NaþBent is fully hydrated, the d001 value of the NaþBent

increases from 1.01 nm to 1.91 nm, indicating that NaþBent has
strong hydration and expansion capabilities [24,25]. Figs. 6 and 7
show that after adding 1.0 wt%d4.0 wt% HTB, HMD inhibitor, the
d001 value of wet NaþBent-HTB and NaþBent-HMD inhibitor
complexes decreased from 1.91 nm to 1.40 nm and 1.32 nm,
respectively, indicating that HTB and HMD can enter the NaþBent
interlayer and shorten the distance between adjacent layers.
Furthermore, the binding energy of the inhibitor and clay minerals
is much greater than the hydration swelling energy of clay min-
erals. With an increase in the concentration of the inhibitor, the
d001 value of NaþBent-HTB and NaþBent-HMD systems remained
unchanged. The d001 value of the dry NaþBent-HTB and NaþBent-
HMD systems were 1.39 nm and 1.30 nm, respectively. It was only
0.1e0.2 nm smaller than the d001 value in the wet state, indicating
that the HTB and HMD could bond into the interlayer in the form of
a single flat layer [26e28].

In addition, the d001 value of the one-layer hydration and two-
layer hydrations were 1.25 nm and 1.55 nm, respectively. The d001
value of the NaþBent-HTB and NaþBent-HMD were 1.40 nm and
1.32 nm, indicating that there may be a layer of water between the
layers. These values also do not consider the size of the HTB and
HMD molecules; the size of the primary molecule are 0.34 and
0.37 nm, respectively, for the amine group and protonated pri-
mary amine [29], while the diameter of a molecule of water is
0.25 nm. The difference of d001 values between the NaþBent-HMD

system (1.32 nm) and dry NaþBent (1.01 nm) was 0.31 nm. The
d001 values of the NaþBent-HTB (1.39 nm) and dry NaþBent
(1.01 nm) were 0.38 nm different. These values minus the mo-
lecular water diameter (0.25 nm) give 0.32 and 0.38 nm, which
both are less than 0.15 nm, indicating that the interlayer space of
NaþBent-HTB and NaþBent-HMD contains at most one layer of
water molecules.

3.2.3. SEM
Fig. 8 shows the micromorphology of the NaþBent with and

without the inhibitor. The micromorphology of wet NaþBent
changed from a state that gathers particles to a diffuse lamellar and
crimped state, indicating that NaþBent has strong hydration and
swilling capacity.When 1.0wt%HTB and 1.0wt%HMDwere added to
the wet NaþBent, the microstructure of NaþBent changed from a
state of lamellar and crimp to agglomeration. The results indicate that
HTB and HMD can inhibit clay hydration and expansion. Further-
more, the number of balls gathered in HTB is greater than HMD,
indicating that HTB has a stronger inhibition performance thanHMD.

3.2.4. Zeta potential
Fig. 9 shows the Zeta potential of NaþBent-inhibitor complexes

containing varied concentrations of HTB or HMD. The Zeta potential
of the NaþBent dispersion inwater was�38mV.When 1.0 wt% HTB
was added to the NaþBent dispersion, the Zeta potential of the
NaþBent-HTB composite dispersion reversed and reached 3.5 mV.
With an increase in the HTB addition, the Zeta potential became

Fig. 3. (a), (c): AV date with the diverse concentrations of NaþBent; (b), (d): YP date with the diverse concentrations of NaþBent. (The concentrations of inhibitor in (a) and (b) were
0.5 wt% and 1.0 wt%, respectively. The hot roll conditions in (c) and (d) were 160�C, 16h.)

G. Xie, Y. Luo, C. Wang et al. Petroleum 9 (2023) 526e533

529



greater. When the HTB addition was 5 wt%, the Zeta potential
reached its peak value of 38 mV.

The quaternary ammonium group contains a positive charge, so
the surface charge of the NaþBent reverses. When HMD is added,
the zeta potential of the NaþBent-HMD composite dispersion also
changes and increases with the increase in the amount of HMD,
although to a lesser extent compared to HMD. The NaþBent -HMD
complex is due to the HMD protonated primary amine neutralizing

the negative charge, causing a charge reversal. If the zeta potential
of NaþBent>þ30 mV, the dispersion of the suspension in water is
stable. It further proves that the inhibitory performance of HTB on
clay minerals is greater than that of HMD.

3.2.5. TGA
A thermogravimetric analysis curve of NaþBent with 1.0 wt%

inhibitors complexes is shown in Fig. 10. Overall, HMD and

Table 1
Heat roll recovery rate(120�C,16 h) of diverse inhibitive systems.

Inhibitive system One-time rolling recovery (%) Second rolling recovery (%) Three-time rolling recovery (%)

Fresh water 10.32 10.06 9.680
1% KCl 66.78 61.40 60.45
1% polyether amine 75.80 70.72 68.15
1% HMD 80.44 78.76 70.55
1% HTB 94.60 93.62 90.34

Table 2
Heat roll recovery rate(160�C,16 h) of diverse inhibitive systems.

Inhibitive system One-time rolling recovery (%) Second rolling recovery (%) Three-time rolling recovery (%)

Fresh water 13.58 13.26 12.18
1% KCl 69.87 65.04 62.23
1% polyether amine 78.82 75.65 71.53
1% HMD 85.48 80.71 75.85
1% HTB 96.25 94.42 92.35

Fig. 4. (a), (c): AV date with diverse concentration of NaþBent; (b), (d): YP date with diverse concentration of NaþBent. (When the inhibitor concentration was 4.0 wt%, the hot
rolling conditions of (a) and (b) were 120�C, 16h, and those of (c) and (d) were 160�C, 16h.)
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HTB reduced the water content of NaþBent from 89.72 wt% to
64.27 wt% and 60.97 wt% compared to the water content of hy-
drated NaþBent. Compared to HMD, the water content of NaþBent
with HTB decreased from 64.27 wt% to 60.97 wt%. This indicates
that the inhibition performance of HTB is greater than HMD.
Because it is not clear what steps the freewater and adsorbedwater
on the TG curve correspond to, this step was confirmed by its DTG
curve. A shoulder peak occurs in the DTG curve that corresponds to
the adsorbed water.

The differential thermogravimetric (DTG) process can be parti-
tioned into several steps for convenience. The primary step is the
ultimate loss of adsorbed water within the DTG curve, and the
second step is the rapid loss of the most easily removable free
water. According to the DTG curve, the adsorbed water content can
be calculated using the TG curve, as shown in Table 3.

When the added amount of inhibitor was 1.0 wt%, compared to
the adsorbed water content of hydrated NaþBent, the adsorbed
water content of the NaþBenteinhibitor sharply decreased.
Compared to HMD, the adsorbed water content of NaþBent with
HTB decreased from 77.40 wt% to 35.19 wt%. This indicates that the
inhibitive performance of the alkylammonium with biquaternary
ammonium groups is greater than the alkylamine with two pri-
mary amine groups.

Fig. 6. XRD designs of NaþBent with diverse concentrations of HTB.

Fig. 5. The FTIR spectrum of NaþBent -inhibitor complexes.

Fig. 7. XRD designs of NaþBent with diverse concentrations of HMD.

Fig. 8. SEM images of NaþBent and with inhibitor.

Fig. 9. Zeta potential of NaþBent in HTB and HMD solutions with diverse
concentration.
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3.2.6. Particle size distribution
The particle size distribution of the dispersion is shown in

Fig. 11. The particle size of NaþBent with HMD and HTB, d50 and
d90, incrementally changes with the expansion of concentration
inhibitors. The particle size of NaþBent with HTB is more promi-
nent than the particle size of NaþBent with HMD, which demon-
strates that the inhibitive performance of HTB is more satisfactory
to HMD. Overall, the inhibitive performance of alkylammonium
with two quaternary ammonium groups is more significant than
alkylamine with two primary amine groups.

3.2.7. Probable inhibition mechanism
HTB and HMD molecules with flat monolayer arrangements

were inserted into the interlamination of NaþBent to replace the
sodium ions. The water molecules within the clay interlayer were
released to decrease the influence of the interlamination of the clay.
However, there are some differences in the inhibitory mechanisms
between HTB and HMD. The negative charge in the NaþBent is
neutralized by electrostatic attraction and hydrogen bonding. Then
a portion of the HTB is adsorbed to the side of the NaþBent
molecule. By electrostatic attraction and hydrogen bond coordi-
nation, the positive charge of the partially protonated primary
amine in the HMD neutralizes the negative charge. After that, the
HMD is adsorbed chiefly on the side of the NaþBent. Therefore, the

electrostatic interaction and hydrogen bonding between the qua-
ternary ammonium groups and the clay crystal layer is stronger
than the primary amine. Therefore, the inhibitory performance of
HTB is more prominent than that of HMD.

4. Conclusions

After adding HMD and HTB, the interlamination of NaþBent
sharply decreased, indicating that HMD and HTB molecules were
inserted into this space. With an increase in the inhibitor concen-
tration, the interlamination of NaþBent did not significantly
change. HTB and HMD molecules with flat monolayer arrange-
ments were inserted into the interlamination of NaþBent to replace
the sodium ions. The water molecules within the clay interlayer are
released to play down the interlamination of the clay.

The negative charge is mainly neutralized by the positive charge
in HTB through electrostatic attraction, which is larger than the
partial protonation and hydrogen bonding of the primary amine.
Therefore, HTB is a promising intercalation inhibitor that can be
used together with WBDF and has a broad application prospect.
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