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Shale inhibitors is a treatment agent in mud, but most inhibitors cannot balance the relationship between
inhibition performance and environmental protection performance. In this paper, poly-citrulline was
synthesized using citrulline. Fourier transform infrared spectroscopy, gel permeation chromatography,
thermogravimetric analysis and toxicity tests were used to characterize the PCCP, and linear expansion
tests, rolling recovery tests and sodium bentonite dispersion tests were utilized to measure the inhibitory
performance of the PCCP. Its mechanism of action was studied through zeta potential tests, X-ray
diffraction and laser particle size. The experimental results revealed that PCCP is a low-molecular-weight
nontoxic polymer with excellent inhibitory properties. When 1.5 wt% PCCP was added, the linear
expansion rate was 26.4%, the rolling recovery rate was 78.4%, and the Na-Bent dispersion was inhibited

by 16%. PCCP is adsorbed on clay particles, compressing the electric double layer and reducing the
Received 4th June 2025

Accepted 17th July 2025 negative charge. At the same time, the molecules are partially intercalated into the crystal layer space of

the clay but more so by wrapping the clay particles, hindering the water molecules from contacting the
DOI: 10.1039/d5ra039659 clay particles and inhibiting the hydration and dispersion of the clay minerals. This article provides

rsc.li/rsc-advances environmentally friendly and efficient design ideas for shale inhibitors.
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1 Introduction

In an era of rapid development within the petroleum and
natural gas sector, shale gas is being extracted at an accelerated
rate as a clean and efficient energy source, leading to an
increasing demand for drilling programs. As a key fluid in
drilling engineering, mud performs an irreplaceable function in
cooling the drill bit, lubricating the drilling tools and carrying
the rock cuttings.** Commonly used drilling fluids are mainly
oil-based drilling fluids (OBDFs) and water-based drilling fluids
(WBDFs). OBDFs have good lubricating and inhibiting proper-
ties, but their application is constrained by rigorous environ-
mental laws and high costs.*” In contrast, WBDFs have are now
the favored drilling fluid due to their affordability and envi-
ronmental benefits.*'* However, the employment of WBDFs
often leads to expansion and hydration of clay, especially in
shale formations. Shale formations account for 75% of the
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formations drilled, with 90% of the downhole complications
occurring in mud shale formations."* The hydration of mud
shale can easily lead to the instability of the well wall, which in
turn can lead to the collapse of the well wall, the shrinkage of
the borehole, the card drill and other accidents, resulting in
large economic losses and the waste of production time.'>*?
Hence, developing environmentally friendly and effective
inhibitors, especially those that inhibit the hydration and
swelling of clay minerals,it is vital to formulate WBDFs with
efficient inhibition properties.

Over the past fifty years, engineers have attempted to use
various chemicals that can inhibit clay minerals hydration
expansion as shale inhibitors in WBDFs, aiming to enhance
their inhibitory properties and ensure wellbore stability. Before
1990, the inhibitor most commonly in use was KCl, which
inhibited hydration expansion by replacing weakly hydrated
sodium ions with strongly hydrated potassium ions between
clay mineral layers." In most cases, KCl is used in conjunction
with other polymers (such as polyethylene glycol) to enhance its
inhibitory properties.”® However, high concentrations of KClI
cause serious harm to ecosystems and adversely affect other
polymer treatment agents in drilling fluids.'®” To overcome the
shortcomings of KCI inhibitors, engineers continue to look for
alternatives. Organic inhibitors such as quaternary ammonium
salts, poly-etheramines, and asphalt have been developed and
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applied.”* The use of organic inhibitors has been acknowl-
edged as crucial to ecosystem development. However, some
organic inhibitors may have adverse ecological effects, e.g.,
ammonium salts decompose readily into ammonia.** With the
increasingly stringent requirements of environmental protec-
tion policies, it is particularly important to balance the inhibi-
tory properties of inhibitors with environmental protection.

In recent years, several environmentally friendly materials,
such as ionic liquids, nanomaterials, natural plant extracts and
graphene, have been investigated as shale inhibitors.?*** Amino
acids are natural plant extracts that are polymerized to obtain
an important functional polymer (polyamino acid). Polyamino
acids are commonly employed in the food, medical, agricultural
and engineering sectors.”” Citrulline is an « -amino acid with
hydrophobic carbon chains and amino groups and other
functional groups, and is widely present in various melons,
vegetables and fruits. Moreover, it has a relatively high level of
safety and is beneficial to the human body when consumed in
moderation. Poly-citrulline is a polymer composed of citrulline
that has been used in the food industry.”® Due to its advantages
such as simple synthesis method, degradability, low toxicity,
long hydrophobic carbon chain and large amount of amino
groups, it has the potential to be used as a shale inhibitor.

In this paper, polycitrulline (PCCP) was prepared through
thermal polymerization as a high-performance, environmen-
tally friendly shale inhibitor. Its inhibitory performance was
systematically evaluated through linear expansion tests, shale
rolling recovery tests and sodium bentonite (Na-Bent) disper-
sion tests. In addition, the inhibition mechanism of PCCP was
studied by zeta potential tests, X-ray diffraction tests and laser
particle size analysis tests. Then, the toxicity of PCCP was
studied through biological toxicity tests. Finally, it is expected to
obtain an inhibitor PCCP with low toxicity, large molecular
weight and good inhibitory effect, and it is hoped that this study
can provide valuable references for the preparation of envi-
ronmentally friendly high-performance shale inhibitors.

2 Materials and methods
2.1 Materials

Sodium bentonite (Na-Bent) was purchased from Bohai Drilling
Engineering Co., Ltd (CNPC) Mud Technology Service Branch.
Sodium montmorillonite with 98% was sourced from Nanocor
(USA). Shale cuttings were collected from an oil field in the
Sichuan Basin (China). Analytical pure citrulline (CCP) and
sodium hydroxide were obtained from MICXY (Chengdu,
China).

2.2 Synthesis of the PCCP

A 40 wt% sodium hydroxide solution was prepared by dissolving
2.0 g of sodium hydroxide in 3.0 g of deionized water. Citrulline
(5.0 g) and sodium hydroxide solution (1.5 g) were mixed in
a crucible and stirred for 1 h. The mixture was then heated in
a muffle furnace at 220 °C for 4 h and stirred every 1 h. Poly-
citrulline (PCCP) was obtained by dialysis. The synthesis route
is shown in Scheme 1.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of PCCP.

2.3 Characterization of PCCP

2.3.1 Fourier transform infrared (FTIR) spectroscopy test.
FT-IR of the products was performed on a Thermo Scientific,
Nicolet iS50 spectrometer. PCCP and KBr powder were mixed
with the mass ratio of 1:100, and a flake was prepared by
pressing method, then put into the infrared spectrometer for
testing the functional groups. The range was from 4000 cm™ " to
400 cm ™" with a resolution of 2 em™.

2.3.2 Gel permeation chromatography (GPC) test. The
weight average molecular weight (M,,) of PCCP was measured
with GPC, using a mobile phase of 0.1 mol L' NaNO; and
0.05% NaNj, at a flow rate of 0.6 mL, min~"' and a temperature of
35 °C, with calibrated against narrow distribution polyethylene
glycol.

2.3.3 Thermogravimetric analysis (TGA) test. The ther-
mogravimetric curve of PCCP was obtained using a TGA (Mettler
Toledo TGA 2 STARe). A 10 mL min ™" nitrogen atmosphere was
used for protection, and heat samples from 30 °C to 800 °C at
15 °C min~ .

2.3.4 Biological toxicity (EC50) test. A 1.0 wt% PCCP solu-
tion was diluted with 3 wt% NacCl to various concentrations. The
experimental and control groups were tested for ECs, using
a luminescent bacterial assay.® The relative luminescence of the
sample was obtained using formula (1).® Formula (2) was used to
calculate the EC5, number of each sample. When the ECs, value is
greater than 25 000, indicating that the test sample is non-toxic.

T= EI/EZ x 100 [1)

where T is the relative luminosity (%), E; is the luminous
intensity of the experimental group, and E, is the luminous
intensity of the control group.

ECso = C x 10® (2)

where C is the concentration of the sample when the relative
luminosity is 50% (g mL ™).

2.4 Evaluation of inhibition performance

2.4.1 Linear expansion test. Na-Bent (8.0 g) was compacted
under 10 MPa for 5 minutes. Swelling height (L) was measured
after 24 hours at different inhibitor concentrations using a NP-
2S dual-channel dilatometer (Tongchun, Qingdao, China), and
linear expansion rate was calculated using formula (3) (Huang
et al., 2020).

W= LIH x 100% (3)
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where W is the linear expansion rate (%), H is the height of the
Na-Bent core (mm), and L is the swelling height (mm).

2.4.2 Rolling recovery test. Large shale blocks are crushed to
obtain shale cuttings with a size of 6 to 10 mesh, which are dried at
105 °C.Shale cuttings (50.00 g) were mixed with 350 mL of inhib-
itor solution at different concentrations and aged at 150 °C for 16
hours. The recovered shale cuttings were obtained by screening
the shale using a 40-mesh screen and slowly rinsing it with clean
water. The recovered shale cuttings are then dried and weighed at
105 °C to determine the rolling recovery rate (R) using formula (4).

R = M/50 x 100% (4)

where R is the rolling recovery rate of the shale cuttings (%), and
M is the recovery mass (g).

2.4.3 Na-Bent dispersion test. Na-Bent (12.0 g) was
dispersed in 300 mL of deionized water or inhibitor solutions
and stirred for 30 minutes. Rheological parameters were
recorded with a ZNN-D6L six-speed rotary viscometer, and
dynamic shear force (YP) was calculated using eqn (5)-(7). Then,
12.0 g of Na-Bent was added, and the above steps were repeated
until the inflection point occurred.

AV = Og00/2 (5)
PV = 6600 — 0300 (6)
YP = AV — PV (7)

2.5 Inhibition mechanism analysis

2.5.1 Laser particle size test. The particle size distribution
of the 4 wt% Na-Bent dispersion was determined using a Mal-
vern Mastersizer 2000. Before the tests, the suspension needs to
be ultrasonic dispersed for 5 min.

2.5.2 X-ray diffraction test. 50 mL inhibitor solution of
different concentrations was prepared, 1.0 g of Na-MMT was
added, and the mixture was stirred for 1 h, followed by centri-
fugation at 5000 rpm for 10 min to obtain solid precipitate. X-
ray diffraction patterns in the range of 26 = 3-40° were ob-
tained using an X'Pert Pro MPD diffractometer. The interlayer
spacing was determined using Bragg's equation.

2.5.3 Zeta potential test. Sodium montmorillonite was
dispersed in deionized water and 4.0 wt% Na-Bent dispersion
was prepared using magnetic stirring for 12 h. The sodium
montmorillonite dispersion was then mixed with 2.0 wt%
inhibitor and vigorously stirred for 12 h. The supernatant of the
dispersion was diluted and loaded into the sample cell of
a dynamic light scattering instrument (Zeta PALS 190 Plus) and
measurement parameters were set for characterization.

3 Results and discussion
3.1 Characterization of PCCP

3.1.1 Fourier transform infrared spectroscopy test. FTIR is
used to analyse chemical bonds in compounds to determine
their molecular structure (Smith, 2011). Fig. 1 shows the FTIR

28250 | RSC Adv, 2025, 15, 28248-28254

View Article Online

Paper

135\0 cn:‘\

1117 cm™’

7
1627 cm’! ™ 1594 cm”’!

~— 3430 cm™’

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers /cm™’

Fig. 1 Infrared spectrum of the PCCP.

Table 1 GPC test results for the PCCP

Weight-average

Sample molecular weight

PCCP 984

spectrum of the PCCP. The characteristic peak at 3430 cm™*

responds to the O-H stretching vibration in the amino group
and hydroxyl group, the characteristic peak at 1627 cm ™"
corresponds to the C=0 stretching vibration in the urea group
and amide, and the characteristic peak at 1594 cm ' corre-
sponds to the N-H bending vibration in the amide. The char-
acteristic peak at 1350 cm ™" corresponds to the C-H in-plane
bending vibration in the methylene group, and the character-
istic peak at 1117 cm ' corresponds to the C-C stretching
vibration in the methylene group(Smith, 2011). According to the
experimental results, PCCP was successfully prepared.

3.1.2 Gel permeation chromatography test. Table 1 shows
the GPC results for the PCCP. the weight average molecular
weight of PCCP is 984, indicating that PCCP is between large
molecules and small molecules.

3.1.3 Thermogravimetric analysis test. Thermogravimetric
analysis is used to evaluate changes in the weight of materials

due to temperature changes. Fig. 2 reveals the
100 0 o
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70 £
f:j 601 64% °2
5 507 |32
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20+
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Fig. 2 Thermogravimetric curve of the PCCP.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03965g

Open Access Article. Published on 11 August 2025. Downloaded on 11/9/2025 1:14:04 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

thermogravimetric analysis curve of the PCCP. The first degra-
dation observed in the temperature range of 30-200 °C can be
attributed to the volatilization of free water, resulting in a mass
loss of approximately 13% for PCCP. The second degradation
phase occurs between 200 and 800 °C with a 64% mass loss,
probably due to the decomposition of the PCCP sample. The
experimental results show that PCCP has a good thermal
stability to minimize the interaction between shale and water
during drilling.

3.1.4 Biological toxicity test. Fig. 3 shows the PCCP sample
concentration as a function of the relative luminescence
intensity. As calculated through formula (5), the concentration
of the PCCP solution when the relative luminescence intensity
was 50% was 0.00062 ¢ mL™", and the ECs, value was 62 000.
This value is greater than 25 000 where the PCCP is nontoxic.

3.2 Evaluation of inhibition performance

3.2.1 Linear expansion test. The linear expansion test is
a method used to measure an inhibition of the hydrological
swelling of clay.” Fig. 4 illustrated the swelling of Na-Bent in
PCCP solutions at various concentrations. The swelling rate of
the blank group sample at 24 h was 38.6%, demonstrating the
strong hydration potential of Na-Bent. With the addition of
0.5 wt% PCCP, the linear expansion rate decreased to 34.4%,
indicating that PCCP has the ability to inhibit the hydration of
Na-Bent. As the PCCP concentration increases, the inhibitory
performance gradually increases. Increasing the PCCP concen-
tration to 1.5 wt% results in a linear expansion rate of 26.4%,
with only a minor further decrease, indicating that the inhibi-
tory effect of 1.5 wt% PCCP tended to be optimal. The experi-
mental results show that 1.5 wt% PCCP has a good capacity to
inhibit the hydration of clay minerals.

3.2.2 Rolling recycling test. The rolling recovery experi-
ment is a common method for evaluating the inhibition
performance by measuring the hydration and dispersion of
shale cuttings.* Fig. 5 shows the recovery rate of shale cuttings
in PCCP solutions with various concentrations. The recovery
rate of the blank group sample is 33.4%, indicating that the
cuttings are standard cuttings for shale rolling recovery exper-
iments. With the addition of 0.5 wt% PCCP, the rolling recovery
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Fig. 3 Biological toxicity of PCCPs.
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Fig. 4 Linear expansion rate of Na-Bent in PCCP solutions with
different concentrations.

rate increased to 51.3%, indicating that PCCP can prevent the
dispersion of cuttings. As the concentration increases, the
ability of PCCP in inhibiting the of cuttings increases. When the
PCCP concentration was increased to 1.5 wt%, the rolling
recovery was 78.4%, indicating that PCCP had good inhibition
properties. When the concentration was further increased to
2.0 wt%, the rolling recovery was only increased by 2.5%. Given
the relatively limited performance gain from increasing the
inhibitor concentration, combined with cost factors, 1.5 wt%
was determined to be the optimal concentration for PCCP
application.

3.2.3 Na-Bent dispersion test. The Na-Bent dispersion
experiment was used to assess the effectiveness of shale
inhibitors in preventing the hydration and dispersion of Na-
Bent. The dynamic shear force of WBDFs reflects the strength
of the internal network structure created by dispersed Na-Bent
particles under laminar flow. The greater the dynamic shear
force is, the greater the number of dispersed particles and the
stronger the network structure. Fig. 6 shows the dynamic shear
force of the Na-Bent/PCCP dispersion. The degree of dispersion
of Na-Bent is affected by the PCCP concentration. Since the
amount of PCCP adsorbed on Na-Bent particles is smaller, the

100
90
80 ~
70+
60
50 ~ [
404
30 |
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78.4 80.9
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Black 0.5wt% 1.0wt% 1.5wt% 2.0 wt%
Concentration of PCCP

Fig. 5 Rolling recovery rate of shale cuttings in PCCP solutions with
different concentrations.
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Fig. 6 Relationship between the dynamic shear force of the Na-Bent/
PCCP suspension and the Na-Bent concentration.

degree of dispersion in lower concentration solutions is greater
than that in higher concentration solutions. As the Na-Bent
concentration increases, the dynamic shear forces of all the
samples increase, and the gap between the dynamic shear
forces gradually increases.

In deionized water, Na-Bent disperses better, as manifested
by greater dynamic shear forces at low Na-Bent concentrations.
In the inhibitor solution, under low Na-Bent concentration
conditions, only a small amount of PCCP molecules can
undergo saturated adsorption on Na-Bent, resulting in similar
inhibitory properties of PCCP at different concentrations.
However, at relatively high Na-Bent concentrations, a smaller
number of PCCP molecules are available for adsorption onto
Na-Bent, resulting in a more pronounced inhibitory effect in
samples with high PCCP concentrations.

3.3 Inhibition mechanism analysis

3.3.1 Zeta potential. Zeta potential studies were employed
to analyse the effects of the inhibitors on the stability of the
system. As the absolute value of the zeta potential decrease, the
system become more unstable. Fig. 7 shows the zeta potential of

Black 2 wt% KCI 2 wt% PCCP 2 wt% HIH

-20

Zeta potential /mV
&
o

|
]
o
1

-53

-60

Fig. 7 Zeta potential of Na-Bent/inhibitor under different inhibitor
conditions.
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Fig. 8 X-ray diffraction pattern of Na-MMT/PCCP.

Na-Bent after treatment with the inhibitors. In the blank group,
Na-Bent was completely hydrated and dispersed, and the zeta
potential was —53 mV, indicating that Na-Bent has a character-
istic negative charge and significant stability. The addition of
inhibitors led to an increase in zeta potential values, indicating
that the inhibitors adsorbed on the surface of the Na-Bent
particles, compressed the diffusion double electric layer,
reduced the repulsive force between the particles, and made the
dispersion less stable. The zeta potential values of 2wt%XKCl,
2wt%HIH, and 2wt%PCCP are —41 mV, —25 mV, and —20 mV,
respectively, indicating that the ability to compress the diffu-
sion double electric was in order of PCCP > HIH > KCl from the
strongest to the weakest.

3.3.2 X-ray diffraction test. The mechanism of PCCP was
analysed by studying the changes in the interlayer spacing of
Na-MMT with X-ray diffraction. Fig. 8 shows that the interlayer
spacing of the fully hydrated and dispersed Na-MMT in the
blank group sample was 2.10 nm. When PCCP is added, the
interlayer spacing of Na-MMT decreases, indicating that PCCP
may enter the intercalation space of Na-MMT and reduce the
interlayer spacing to inhibit hydration and dispersion. As the
amount of PCCP increases from 0.5 wt% to 2.0 wt%, the inter-
layer spacing of Na-MMT decreases from only 1.98 nm to
1.87 nm, indicating that reducing the interlayer spacing
through intercalation does not main effect of inhibiting the
hydration and dispersion of clay mineral. According to the
experimental data, PCCP does not inhibit the hydration and
dispersion of clay minerals through intercalation but may
inhibit their hydration and dispersion by wrapping clay
minerals. Laser particle size analysis was further employed to
study the particle size distribution of Na-MMT/PCCP.

3.3.3 Laser particle size test. Na-Bent forms fine particles
after being hydrated and dispersed in water. By studying the
changes in Na-Bent particle size after the addition of the
inhibitor, we analyse the inhibition mechanism of the inhibitor.
Table 2 shows the D50 values after adding different inhibitors.
Fig. 9 shows the particle size distribution of Na-Bent under the
action of different inhibitors.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Dsg values of Na-Bent under different inhibitor conditions

Dso/um
Black 8.016
2 wt% KCI 8.430
2 wt% HIH 14.560
2 wt% PCCP 49.320

12
—a— Black

—e— 2 wt% KCI
104 ——2 wt% HIH
—e— 2 wt% PCCP

Content /%
()]

0.1 1 10
Particle size /um

100 1000

Fig. 9 Particle size distribution of Na-Bent under different inhibitor
conditions.

In the blank group sample, Na-Bent hydrated and dispersed
to form a suspension with a D50 of 8.016 pm. Adding 2 wt% KCl
had no obvious effect on the size of the Na-Bent particles, with
Ds, being 8.430 pm. This is because KCI inhibits its hydration
and dispersion by replacing the strongly hydrated sodium ions
in Na-Bent with weakly hydrated potassium ions. With the
addition of 2 wt% HIH (Hydrophobic inhibitors) and 2 wt%
PCCP, the particle size of Na-Bent increased significantly, and
that of D5, increased to 14.560 pm and 49.320 um, respectively,
indicating that the inhibitor encapsulates Na-Bent to prevent
hydration and dispersion.

Firstly, the surface of PCCP has positively charged amino
groups, which can be electrostatically adsorbed onto the nega-
tively charged surface of shale. Moreover, its hydrophobic
carbon chains can form a dense hydrophobic layer on the
surface of clay minerals, preventing water molecules from
approaching the clay and thereby reducing the driving force for
surface hydration. Zata potential measurement indicates that
PCCP adsorbs on the surface of clay minerals, compresses the
double electric layer around the clay minerals, and increases the
zeta potential of Na-Bent.

Secondly, the XRD experiments indicated that some PCCP
molecules were inserted into the crystal layer spaces between
the clay minerals, slightly reducing the crystal layer spacing.
Finally, laser particle size analysis indicated that more PCCP
molecules were adsorbed on the surface of clay minerals,
bridging and encapsulating the clay minerals, increasing the
particle size of Na-Bent, thereby effectively inhibiting the
hydration expansion of clay minerals.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusion

It is important to balance the inhibitory properties and envi-
ronmental protection of shale inhibitors. Organic inhibitors
have excellent inhibitory properties, but most of them are toxic
compounds and cannot be discharged directly. In this article,
an environmentally friendly PCCP was prepared as a shale
inhibitor, and the following conclusions were obtained:

(1) At a concentration of 1.5 wt%, the linear expansion rate of
PCCP was only 26.4%. Under conditions of 150 °C, its rolling
recovery reached 78.4%, suggesting that it is more effective in
inhibiting the hydration swelling of clay minerals and is suit-
able for use as a shale inhibitor in water-based drilling fluids.

(2) Based on our inhibition mechanism analysis, we eluci-
dated the inhibition mechanism of PCCP. The surface of PCCP
has a positively charged amino group, which can have electro-
static interaction with negatively charged sodium montmoril-
lonite. The zata potential indicates that PCCP compresses the
diffusion electric double layer and adsorbs on the surface of
sodium montmorillonite. At the same time, the XRD results
showed that a part of the PCCP intercalation entered sodium
montmorillonite. Moreover, the zata potential showed that
PCCP encapsulated sodium montmorillonite particles and
prevented the invasion of water molecules, thereby successfully
inhibiting the hydration and dispersion of clay minerals.

At present, this paper only focuses on the direct polymeri-
zation of amino acids to prepare polyamino acid compounds,
and the next step will be to carry out the modification of amino
acids and then polymerization to enhance the inhibitory prop-
erties of polyamino acids and reduce the dosage of polyamino
acids. This study offers a valuable reference for the preparation
of environmentally friendly high-performance shale inhibitors.
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