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Lost circulation has been a serious problem to be solved in many drilling practices during oil, gas and geothermal
well drillings. Many materials have been developed and evaluated for the purpose. However, their performance
to plug severe leakoff is very limited. Herein, an injectable self-healing hydrogel based on polyampholyte with
sulfonated and quaternary ammonium functionalities (P(MPTC-co-NaSS)) was developed and comprehensively
evaluated to prevent the severe loss of fluids to formation. By incorporating cation-x (x is for aromatic residues)
interaction, the hydrogel shown self-healing property and robustness in severe environment (temperature, salt)
by comparison with other hydrogels merely consisting of cation-anion and H-bonding interactions. Aromatic
residues enhanced thermal stability above 310 °C. The plugging measurement shown that an addition of 2 wt%
dried gel particles can plug high-permeability formation and endure a high pressure of 6 MPa, produce much
lower circulation loss and result in a dramatically increased loss volume reduction rate (63.5%) compared with a
commercial polymer gel product and an inert material (9.4%) after a self-healing process. Markedly, P(MPTC-co-
NaSS) can be used in a wide range of formation temperature (as high as 150 °C) and salt concentrations (NaCl,
CaCly, as high as 15 wt %). In addition to suitable particle size and mechanically robustness, it was also
attributed to the soft, swelling, deformable, toughness and self-healable features of P(MPTC-co-NaSS) gel par-
ticles as well as the strong adhesion to negatively charged formations in water, even under high thermal and
saline condition. These characteristics also contributed to a long-term plugging performance, beneficial to avoid
repeated lost circulation in drilling operation. Besides, this self-healing polyampholyte gel particles dispersed
well in saline fluid and maintained stable rheological properties after hot rolling, which was favorable to drilling
fluid circulation. This study shown the application potential of self-healing materials as plugging material
candidate in petroleum drilling industry.

1. Introduction

Drilling operations are the first step for oil and gas exploration and
exploitation. To suspend the drilling cuttings and weighting material
and stabilize the wellbore, vast drilling fluids have been utilized in oil,
gas and geothermal well drillings (Vipulanandan and Mohammed, 2015;
Celino et al., 2022; Jiang et al., 2021). Although drilling fluid density
has been carefully designed to ensure that the mud weight is lower than
the formation fracture resistance, the lost circulation might still occur
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because of insufficient knowledge about the actual mechanical charac-
teristics. The existence of fissures or fractures in the formation or a
highly porous rock matrix surrounding the borehole would aggravate
the situation. Severe lost circulation might also induce formation dam-
age and complicated issues involving hole collapses, stuck pipe and loss
of well control (Xu et al., 2022; Abbas et al., 2019). Moreover, dealing
with these problems could significantly increase nonproductive time
(NPT) and therefore lead to an escalated drilling cost. According to a
report from the China National Petroleum Corporation in 2017, dealing
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with lost circulation accounted for 70% of the total time spent on ac-
cident treatments in China. It was also reported that the lost circulation
problem has given rise to an expenditure of an additional 1 billion
dollars each year, and 10-20% of the total cost of drilling
high-temperature and high-pressure wells has been expended on drilling
fluid losses (Feng et al., 2018). In these circumstances, filtration control
additives, a common additive to mitigate fluid penetration, become
ineffective to combat the vast drilling fluid leakage for their small size
and the inappropriate mechanism (Dias et al., 2015; Yang et al., 2017a).
Therefore, effective circulation loss control material is of great signifi-
cance to the safety and economic benefits of drilling operations.

Various plugging materials have been employed to add into drilling
fluids, especially for water-based drilling fluid (WBDF), which can pre-
ventatively minimize the occurrence of lost circulation (Cui et al., 2021;
Li et al., 2021; Chu et al., 2019; Magzoub et al., 2020) These plugging
materials can be classified into inert materials (calcium carbonate, plant
fibers, etc.), inorganic cements (sulfoaluminate cements), organic
crosslinked polymers and the composites of these materials. However,
inert materials cannot form very effective slug due to their weak in-
teractions between the material interfaces, whereas inorganic cements
probably face weak cementation problem and probably contaminate
drilling fluids due to abundant Ca?" and Mg>". Polymer-based cross-
linked gel plugging materials have been developed by virtue of its
compactness (Xie et al., 2021; Al-Muntasheri et al., 2009). However,
they cannot be recovered once be damaged, due to the lack of sufficient
interactions between material interfaces, which is disadvantageous for
preventing lost circulation during drilling. There exists a continuing
effort for developing high-performance plugging materials and
achieving long-term plugging.

So far, self-healing hydrogel has been fabricated through abundant
noncovalent bonds. Noncovalent bonds endow the hydrogel self-healing
capability, and thereby high mechanical toughness, fatigue resistance,
and other properties. Self-healing hydrogels have attracted extensive
attention for their potential applications in numerous fields, such as
coatings (Yuk et al., 2016), sealants (Korde and Kandasubramanian,
2020), tissue adhesives (Gao et al., 2018), soft robotics (Xu et al., 2020),
tissue engineering (Zhang et al., 2021), and drug delivery (Niamlaem
et al., 2020). A few studies have involved the self-healing hydrogel in
profile control and water shutoff (Wang et al., 2017a; Liu et al., 2015;
Shi et al., 2019). In-situ polyacrylamide-based polymer gels cross-linked
by metallic ions, such as Cr®" and AI**, can prevent drilling fluid
entering the high-permeability rocks by a great extent and have been
successfully applied as plugging materials in recent years (Syed et al.,
2014; Sun et al., 2020). However, it has been reported that the behavior
of metallic ion crosslinked gels is easily affected by high salinity and
high temperature environment. In addition, these metallic ion
cross-linkers are toxic and harmful to environment; even endanger the
health of human. Therefore, it is particularly interesting and intriguing
to investigate whether other self-healing materials are more applicable
for plugging and how to realize self-healing strategy.

In recent years, various noncovalently cross-linked self-healing
hydrogels have been fabricated through synthesis strategies via revers-
ible supramolecular interactions, such as hydrogen bonding (Dai et al.,
2015), supramolecular host-guest interactions (Xiong et al., 2020),
electrostatic interactions (Jing et al., 2019), metal coordination (Wang
et al., 2020), hydrophobic arrangements (Li et al., 2016), and molecular
recognition (Xian and Webber, 2020). Considering the cost effectiveness
of raw materials, the ease of one-step synthesis process and the envi-
ronmentally friendly property, polyampholytes based on electrostatic
interactions seem to be a promising candidate to mass production for
field application (Yang et al., 2020; Rui and Weikai, 2020). Gong et al.
pointed that polyampholyte gels are formed only from bulky and hy-
drophobic ions and successfully synthesized one gel by the copolymer-
ization of 3-(methacryloylamino)propyl-trimethylammonium chloride
(MPTC) and p-styrenesulphonate (NaSS) (Sun et al., 2013). Bai et al. also
studied this kind of polyampholyte particle gel in enhanced oil recovery
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below 80 °C and demonstrated the effectiveness in plugging carbonate
reservoirs (Wang et al., 2017b). However, considering the severer lost
circulation, and much higher formation temperature than 80 °C
encountered as drilling depth increases, it deserves to be further studied
for drilling fluid. By selecting appropriate ionic monomer combinations,
self-healing hydrogels are expected to construct a slug with adequate
strength and toughness, and solve the problem of repeated leakage
caused by slug failure during drilling.

In this work, a self-healing polyampholyte hydrogel was synthesized
though a UV photocatalysis route. Increased temperature and salinity
accelerate the self-healing process, which is easily realized downhole.
The particle gels can form a strong and tough slug in pore and cracks of
sandstone by cooperation with Na-bentonite particles in WBDFs adap-
tive for strata of varied pore sizes. Through a set of studies on the me-
chanical properties, microstructure, and self-healing mechanism of
hydrogels, we have revealed the process of self-healing hydrogel sealing
the lost formations. Such self-healing hydrogel shows great potential in
petroleum drilling as lost control material and also serves as a guide to
water shut-off purpose.

2. Experimental
2.1. Materials

4-Styrenesulfonic acid sodium salt (NaSS, 90%), 3-methacrylamido-
N,N,N-trimethylpropan-1-aminium chloride (MPTC, 45-55 wt % in
deionized (DI) water), 2-oxoglutaric acid (98%), and calcium dichloride
(99.99%) were purchased from Aladdin Chemical Reagent Co., Ltd.
(Shanghai, China). Sodium carbonate mixture (99%), sodium chloride
(99.9%), and Na-bentonite were purchased from Innochem Science &
Technology Co., Ltd. (Beijing, China). Quartz sand disks with 5-180 D
permeability was purchased from Chuangmeng Instrument Co., Ltd.
(Qingdao, China).

2.2. Preparation of P(MPTC-co-NaSS) hydrogel

A hydrogel was synthesized via a photoinitiated polymerization
method. In detail, a certain amount of MPTC, NaSS, DI water, and
photoinitiator 2-oxoglutaric acid were added into a three-necked flask.
The mixture was stirred with mechanical agitation and heated to 37 °C
in a nitrogen atmosphere until complete dissolution was achieved.
Subsequently, the solution was poured into a polytetrafluoroethylene
mold prepared in advance and immediately irradiated with 365 nm UV
light at a light intensity of 35 mw/cm? for 24 h. The resulting product
was a transparent hydrogel and nominated as P(MPTC-co-NaSS)
hydrogel in this study.

The as-prepared hydrogel was dried in an oven at 70 °C for 24 h and
then crushed into particles using a high-speed multifunctional crusher.
Particles with a mesh size of 40-100 were selected for subsequent
studies.

2.3. Plugging performance in WBDF

The blended P(MPTC-co-NaSS) particle gels mentioned above was
used for the following plugging performance and rheological properties
study. A high-temperature and high-pressure (HTHP) GGS71-A fluid loss
instrument (Tongchun, China) was employed to evaluate the ability of
hydrogel particles to plug and block a permeable sand disk at temper-
atures of 70, 90, 110, 130 and 150 °C. The pressure was increased 1 MPa
every 2 min, and the corresponding fluid losses were recorded. The fluid
loss volume measured immediately when the experiment began was
defined as the instantaneous leakage volume (Vy), while the latter
measured fluid loss volume was defined as the first cumulative leakage
volume (V7).

A secondary plugging experiment was subsequently carried out.
After V; was determined, the pressure was reduced to 1 MPa. After a few
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Fig. 1. (a) Schematic illustration of P(MPTC-co-NaSS) hydrogel crosslinked by dynamic cation-t interaction, cation-anion interaction and hydrogen bonding; (b)
SEM photograph of P(MPTC-co-NaSS) hydrogel; (c) FTIR spectra of PMPTC, PNaSS and P(MPTC-co-NaSS); (d) thermal stability of P(MPTC-co-NaSS).

hours, the fluid loss volume, was measured again and recorded in the
same way as Vi, and defined as the secondary cumulative leakage vol-
ume (Vg). The leakage volume reduction rate (LVRR) of the sand disk
was calculated as follows to quantitatively analyzing the plugging per-
formance of hydrogel particles:
LvRR =1~ "2 )}
Vi

The sand disk porosity before and after plugging was measured by a
nano-Voxel 4000 high-resolution X-ray three-dimensional micro-CT
(Tianjing Sanying, China) at a test tube voltage of 200 kV, a tube current
of 300 pA and a resolution of 23.87 pm.

The salinity tolerance of WBDF was measured by adding NaCl and
CaCl, into WBDF at a wide concentration range (2.5-15 wt %) at 90 °C,
and the secondary plugging experiment was performed after 3 h.

2.4. Characterization of P(MPTC-co-NaSS) hydrogel

2.4.1. Dynamic thermomechanical analysis (DMA) measurement

Dynamic mechanical analysis was performed to evaluate the visco-
elasticity of the P(MPTC-co-NaSS) hydrogel using DMA Q800 equipment
(TA, USA). A rectangular hydrogel sample (dimensions of 11.6 mm x
7.5 mm x 2 mm) was prepared in advance. The test was conducted in
single cantilever beam mode with a frequency of 1 Hz in the temperature
range from 20 to 120 °C at a heating rate of 3 °C/min.

2.4.2. Thermogravimetric (TGA) analysis

The TGA curve of the dried sample was obtained using the STA
449F5 (Netzsch, Germany) in the temperature range of 20-600 °C at a
heating rate of 10 °C-min"! under a N5 flow.

2.4.3. Fourier transform infrared (FTIR) spectroscopy measurement

The compositions and chemical structure of P(MPTC-co-NaSS)
hydrogel was determined through FTIR analysis with a Magna-IR 560
spectrometer (Nicolet, USA) in the wavelength range of 400-4000 cm!

at a resolution of 4 cm™!.

2.4.4. Scanning electron microscopy (SEM) observation
P(MPTC-co-NaSS) hydrogel was immersed in DI water or NaCl so-
lutions at varying concentrations. After swelling equilibrium was
reached, the hydrogel was directly lyophilized to constant weight. The
micromorphologies of the surface and cross section of dried gels were

observed using an SU8010 SEM (Hitachi Limited, Japan) at an acceler-
ating voltage of 10 kV.

2.5. Salt response measurement

2.5.1. Influence of salinity on mechanical properties of P(MPTC-co-NaSS)
hydrogel

P(MPTC-co-NaSS) hydrogel used for tensile test was cut into a
dumbbell shape with a length of 30 mm, a width of 6 mm, and a
thickness of 3 mm. For compression test, a pellet with a diameter of 12
mm and a height of 6 mm was prepared. The prepared hydrogels were
soaked in NaCl solutions with different concentrations. After 12 h, the
hydrogels were collected, and the water on the surface of the hydrogel
was carefully driven away prior to measurement. The tensile and
compression tests were completed using a WH-5000 electronic universal
testing machine (Ningbo Weiheng, China) at a tensile speed of 120 mm/
min and a compression speed of 5 mm/min.

2.5.2. Influence of salt concentration on expansion capacity and light
transmittance of P(MPTC-co-NaSS) hydrogel

P(MPTC-co-NaSS) hydrogel pellets with a diameter of 12 mm and a
thickness of 6 mm were prepared. The pellets were separately immersed
in NaCl solutions at varying concentrations for 24 h. Subsequently, each
hydrogel pellet was placed on a grid paper to measure its approximate
expansion volume and observe the light transmission performance.

2.6. Self-healing performance test

2.6.1. Half-dumbbell hydrogel self-healing test

Two dumbbell-shaped P(MPTC-co-NaSS) hydrogels were immersed
in DI water and rhodamine solution to obtain white and red color
samples, respectively. Subsequently, the gels were cut in half across the
middle. The different colored half-dumbbell samples were kept in con-
tact along the cut section, and a mechanical tensile test was performed a
few hours later.

2.6.2. Hydrogel particle reconstruction test

P(MPTC-co-NaSS) particle gels with mesh sizes of 40-60 and 60-100
were blended and put into a syringe at a ratio of 1:1. After static setting
for 2 d, the excess water in the needle tube was drained, and the formed
gel in the syringe was collected for the mechanical compression test.
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2.7. Rheological performance in WBDF

Na-bentonite base fluid was prepared at a concentration of 4 wt % in
advance. Subsequently, 2 wt % gel particles and NaCl at varied con-
centrations were added to the base fluid, and then a ZNN-D6B electric
six-speed viscometer (Tongchun, China) was utilized to assess the
rheological properties. For comparison, the base fluid was also measured
as a control. The formula for calculating the rheological parameters of
the drilling fluid are as follows (Yang et al., 2017b):

AV =00 /2 2)
PV =000 — 300 3
YP=0.511(6500 — PV) 4)

where AV is the apparent viscosity of WBDF, mPa-s; PV is the plastic
viscosity of WBDF, mPa-s; and YP is the yield point of WBDF, Pa.

The rheological performance of drilling fluid as a function of tem-
perature and pressure was determined by a Fann iX77 rheometer (Fann,
USA). The WBDF was stirred at 10,000 rad/min for 20 min in advance.
The rheological measuremnts were performed at a set of temperatures
and pressures.

3. Results and discussion
3.1. Characterization of P(MPTC-co-NaSS)

A series of hydrogels were synthesized by changing molar ratios of
MPTC and NaSS (MPTC/NaSS ratio) (Fig. 1). When the total monomer
concentration is over 1.0 mol/L, a hydrogel was formed near an equi-
molar ratio (Figure Sla and Slc and S1d). It was also found that NaSS
was allowed to be added at a slightly higher ratio, for example, a MPTC/
NaSS ratio of 3/7 (Figs. Slc and S1d). Herein, A P(MPTC-co-NaSS)
hydrogel formed at a total monomer concentration of 2 mol/L and a
MPTC/NaSS ratio of 5/5 was selected for following study (Sun et al.,
2013). As depicted in the FTIR spectra (Fig. 1b), the peaks corre-
sponding to phenyl ring, sulfonate, and quaternary ammonium group
marginally blue shifted from 1406, 1184 and 965 cm™! in PMPTC and
PNaSS homopolymers to 1410, 1186, and 966 cm™! in P(MPTC-co--
NaSS), respectively. These small shifts indicate the formation of intra-
chain and interchain noncovalent interactions between phenyl,
sulfonate, and quaternary ammonium salts (Yang et al., 2005; Jiang
et al., 2013; Karthik, 2009). From the SEM photographs (Fig. 3c), a
dense, porous, three-dimensional network structure was observed,
demonstrating that a stable supramolecular network structure was
generated inside the hydrogel.

Some self-healing hydrogels may not be suitable for plugging pur-
pose. As shown in Fig. S2, a hydrogen bond-based hydrogel, poly(N-
acryloyl glycinamide) (PNAGA), become a sol or even solution at high
temperatures. When MPTC was copolymerized with 2-acrylamido-2-
methylpropane sulfonic acid (AMPS), a copolymer (P(MPTC-co-AMPS)
based on pure ionic bond was prepared. The electrostatic interaction,
however, normally diminishes due to Debye screening effect in saline
water, especially at high ionic-strength conditions. Incorporation of a
styrene sulfonate moiety can enhance the robustness of the hydrogel by
forming cation-n (n is for aromatic composition from NaSS monomer)
interactions, which is in consistence with adjacently located amino acids
of cationic and aromatic residuals in biological systems (Fan et al.,
2019). At high temperatures, pure electrostatic interaction is weakened
as well because of increased kinetic energy (Fig. S1b). The phenyl group
in NaSS can endow the macromolecule with sufficient thermal stability
(Mohamed et al., 2021). P(MPTC-co-NaSS) shows a higher tensile
strength than P(MPTC-co-AMPS) (and S3). As shown in Fig. 1c, the
initial decomposition temperature of P(MPTC-co-NaSS) reaches 310 °C,
showing sufficient thermal stability for most field applications.

Journal of Petroleum Science and Engineering 212 (2022) 110249

Pressure gauge

Value Mud Cup

Heating

jacket WBDE

Gas source

Sand disk

—/

Cylinder

Fig. 2. Schematic diagram of the high-permeability sand disk plugging exper-
iment for WBDF.

3.2. Plugging performance of P(MPTC-co-NaSS) gel particles in WBDF

3.2.1. Comparison between P(MPTC-co-NaSS) gel particles and other
commercial products

Considering the requirements for transportation into wellbores and
sealing abundant natural and artificial micropores and cracks in for-
mations, particle gels were fabricated. Particle gels were utilized for all
following plugging performance evaluations unless indicated otherwise.

The plugging performance was evaluated by means of the instrument
with a schematic diagram shown in Fig. 2. The pressure was controlled
by a gas source. After a traditional plugging evaluation, the differential
pressure was reduced to 1 MPa for a period before a second measure-
ment to accomplish self-healing process. By observing a sand disk with
an original permeability of 180 D before and after plugging through the
X-ray CT technique, we found that the average porosity was markedly
dropped from 9.86% to 1.06%, by a reduction rate of 90% (Fig. 3a and
b). The pore space (shown in blue) was reduced and plugged (shown in
white). After the sand disk was recollected and dried, a connected
structure was observed, showing strong adhesion affinity to negatively
charged surface. These results indicate that P(MPTC-co-NaSS) gel par-
ticles can pronouncedly decrease the porosity of high permeability
formations.

To further illuminate the plugging performance of P(MPTC-co-NaSS)
gel particles, commercial polymer gel particles and an inert material
(mixture of nut shells and CaCOg particles) of similar size were also
evaluated (Fig. 3c and d). Compared with pure Na-bentonite fluid, the
instantaneous leakage volume V, was reduced from almost the total
volume to 17.0, 24.0, and 40.0 ml, respectively, which indicated that all
three materials are capable of bridging and blocking pores. Notably, the
healable P(MPTC-co-NaSS) gel particles performed the best. After the
initial plug was formed, the first cumulative leakage volume V; was
reduced to 31.5, 32.0, and 40.0 ml as the pressure was increased suc-
cessively from zero to 6 MPa over 12 min. This indicated that the pro-
posed P(MPTC-co-NaSS) gel particles and the commercial gel particles
form a compacter packing in the pores compared to inert material.
Specifically, the P(MPTC-co-NaSS) gel particles shown a better ability to
mitigate leakage than the commercial hydrogel product for the instan-
taneous and first filtration stages. After the pressure was reduced to 1
MPa for an hour, it was applied again to start the second cumulative
leakage stage. The leakage volume in this stage (V3) was 11.5, 29.0, and
39.0 ml, respectively. It can be seen that P(MPTC-co-NaSS) gel particles
were able to construct a strong, firm, and dense sealing compared with
the other two materials. The loss volume reduction rate (LVRR) reached
63.5%, 9.4%, and 2.5%, respectively, demonstrating that the P(MPTC-
co-NaSS) gel particles formed a compact bulk gel through its superior
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Fig. 4. (a) Cumulative loss volume (Vy, V3, and V5) and (b) LVRR of P(MPTC-co-NaSS) gel particles at different temperatures, in which V, is measured after self-
healing for 3 h; (c) Cumulative loss volume (Vy, V;, and V5) and (d) LVRR of P(MPTC-co-NaSS) gel particles after self-healing for different times at 90 °C.
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Fig. 5. (a) Vo, (b) V5 and V5, and (c) LVRR of P(MPTC-co-NaSS) gel particles at different NaCl concentrations; (d) Vy, (e) V; and V,, and (f) LVRR of P(MPTC-co-NaSS)
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gel particles at different CaCl, concentrations. All tests were conducted at 90 °C, and V, was measured after self-healing for 3 h.

self-healing properties. It was also verified by the observation of a

merged gel using an optical microscope (Fig. S4). It is also concluded
that a reduced differential pressure can promote particles self-healing,
probably because that it facilitate the recontact between each other

and reabsorption onto the sand, which was operable in field application.
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T

Fig. 7. (a) Swelling of P(MPTC-co-NaSS) hydrogel in saline solutions at varied concentrations; (b) Light transmittance of P(MPTC-co-NaSS) hydrogel that was freshly
prepared, soaked in DI water and 10 wt% NaCl solution, respectively; (c) SEM images of P(MPTC-co-NaSS) hydrogels in saline solutions at varied concentrations. The

scale in (c) is 20 pm.

3.2.2. Influence of temperature on the plugging ability of P(MPTC-co-
NaSS) gel particles

To explore the adaptiveness of P(MPTC-co-NaSS) gel particles to high
temperature and salinity condition, we carried out a series of plugging
experiments at temperatures of 70, 90, 110, 130, and 150 °C. Remark-
ably, it can withstand a pressure of 6 MPa, even in a 150 °C environ-
ment. The experimental results (Fig. 4a) show that Vg, V1, and V, were
increased from 14 to 28 ml, 23-61 ml, and 8-35.5 ml, with increasing
temperature from 70 to 150 °C, respectively. The LVRR values (Fig. 4b)
are 65.2%, 63.5%, 56.3%, 51.8%, and 41.8%, respectively.

The long-term effectiveness of P(MPTC-co-NaSS) gel particle plug-
ging was evaluated by measuring Vy, after different time intervals (0.5 h,
1h,2h,3h, and 12 h). We found that the plugging ability of P(MPTC-co-
NaSS) gel particle slightly decreased in the first 2 h and then remained
constant; the corresponding V; values were 9.0, 10.0, 12.0, 11.5, and
11.8 ml (Fig. 4c), respectively. Additionally, the LVRR was calculated to
be 71.4%, 68.3%, 61.9%, 63.5%, and 62.5% (Fig. 4d), respectively.
Therefore, the plugging efficiency of the self-healing hydrogel on the
sand disk remained approximately 63% at 90 °C, indicative of that P
(MPTC-co-NaSS) gel particle plugging was effective for long-term dril-
ling purposes.

3.2.3. Influence of salinity on the plugging ability of P(MPTC-co-NaSS) gel
particles

During the drilling process, high salinity, especially high-calcium
formations are often encountered, which can lead to a sudden increase
in the salinity of the drilling fluid, further affecting its performance. To

explore the plugging performance of P(MPTC-co-NaSS) gel particles
under high saline conditions, we measured Vy, V;, and Vg over a wide
concentration range (2.5-15 wt %) of NaCl and CaCly.

The results (Fig. 5 a-c) shown that with the increase in NaCl con-
centration, Vo gradually increased from 17.0 ml to 27.0 ml, while V; and
V,, first increased and then decreased, reaching maximum values of 47.0
ml and 23.0 ml at a concentration of 7.5 wt %, respectively. The LVRR
exhibited the opposite trend, reaching a minimum value of 51.1% when
the concentration of NaCl was 7.5 wt %. When the saline solution was
replaced by CaCly solution (Fig. 9 d-f), as the CaCl, concentration
increased, V first decreased and then increased, reaching a minimum
value of 9.0 ml when the concentration of CaCl; was 7.5 wt %. V; and V4
both gradually decreased from 58.0 to 35.5 ml and 24.0-13.0 ml,
respectively, and the LVRR increased from 58.6% to 63.4%. The results
shown that P(MPTC-co-NaSS) gel particles still maintained excellent
plugging performance when the concentration of NaCl and CaCly
increased to 15 wt %, which suggested that P(MPTC-co-NaSS) gel par-
ticles possessed extraordinary salt tolerance when used as a plugging
material.

3.3. Plugging mechanism analysis

The plugging performance was directly related to mechanical prop-
erties and swelling ability, according to previous reports. As for P
(MPTC-co-NaSS) gel particles, self-healing process was also considered
since a lowering pressure for a period improved the plugging perfor-
mance, which was attributed to its self-healing capacity. Bulk hydrogel
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might be employed instead of gel particles in some measurements.

3.3.1. Mechanical properties of P(MPTC-co-NaSS) hydrogel
P(MPTC-co-NaSS) hydrogel was able to withstand compression
deformation at room temperature and restore its original shape imme-
diately when the pressure was removed (Fig. 6a), indicative of its highly
elastic nature. The considerable elasticity allowed the hydrogel to
deform flexibly, enter pores and fractures easily, and then gently regain
its original shape. The hydrogel exhibited reversible self recovery per-
formance, which was attributed to rubber-like entropy elastic defor-
mation. When the polymer molecular chain changed from a curled state
to a stretched state under external force, its entropy was reduced. Once
the external force was removed, the molecular chain spontaneously
adopted a state of increased entropy due to thermal movement and
returned to the curled state, thereby returning the hydrogel to its

original shape. Therefore, the P(MPTC-co-NaSS) hydrogel was a highly
elastic and shape memory material at room temperature.

The performance of P(MPTC-co-NaSS) hydrogels at high tempera-
tures was of even greater concern considering the high-temperature
wellbore environment. From the DMA test results, the G’ and G” of the
self-healing hydrogel were found to increase as the temperature
increased in the range of 20-120 °C (Fig. 2c). Within the temperature
range of 25-100 °C, the G’ values increased to 14.6 MPa from 0.24 MPa,
rising most dramatically above 57 °C. It suggested that dynamic cation-n
crosslinking were generated by heating, since H-bonding, cation-anion,
and dipole-dipole interactions tend to diminish at elevated tempera-
tures. These phenomena illustrated the enhanced thermal stability of the
cross-linked network of the P(MPTC-co-NaSS) hydrogel at high tem-
peratures, which is advantageous to deal with the lost circulation in high
temperature deep well. When the hydrogel specimen was immersed in 1
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Fig. 9. Evolution of P(MPTC-co-NaSS) gel particles in plugging process.

wt % NacCl solution, the G’ and G” curves adopted the similar trends as
that in DI water, despite of reduced G’ and G” and a decreased trans-
formation temperature (96 °C). Further increase in salt concentration
would aggravate the phenomena. A potential explanation for this result
was that the bonds of the internal structure were discounted due to the
Debye shielding effect and Na™ competing with polycations to bind with
phenyl groups in the hydrogel.

The compressive strength and tensile strength of P(MPTC-co-NaSS)
hydrogel were further quantitatively assessed by immersing in 0, 5.0,
10.0, 15.0 and 20.0 wt % NaCl solutions (Fig. 6¢ and d). The compres-
sive strength and tensile strength decreased from 7.3 to 1.9 MPa and
80.0- 16.0 KPa, respectively. The hydrogel can bear deformation with a
strain of up to 600%, showing a much higher elongation rate at fracture
after soaking in 20.0 wt % NaCl solution. It can be seen the robustness of
P(MPTC-co-NaSS) hydrogel was decreased, but the toughness was
increased on the contrary. Mechanical properties play a key role in
achieving efficient plugging.

3.3.2. Swelling ability and microstructure of P(MPTC-co-NaSS) hydrogel in
saline solution

An increase in the total volume of the hydrogel was observed for P
(MPTC-co-NaSS) hydrogel immersed in saline solutions at a concentra-
tion less than 10.0 wt % (Fig. 7a and b). Final swelling ratio depended on
the salinity. Notably, volume swelling was observed as the salt con-
centration increased from zero to 5 wt %. The theoretically concentra-
tion of NaCl existed in the product was approximately 5.8 wt %, and
water in the external environment entered the hydrogel because of os-
motic pressure and promoted volume swelling by absorbing water. The
hydration functionalities also contributed to the total swelling ratio. It
was verified when the hydrogel in 7.5 wt % salt solution swelled to twice
its original volume, although osmotic pressure mildly inhibited water
absorption at this concentration. When the concentration was further
increased to 10 wt % and above (15 wt % taken as an example), a
decrease in hydrogel volume was observed, indicating that water began
escaping from the hydrogel to the external environment because of the
significant osmotic pressure.

It was also reflected by the transparency of P(MPTC-co-NaSS)
hydrogel (Fig. 7b). The in-situ polymerized hydrogel is a homogeneous,
transparent gel before soaking, but it gradually whitens after being
soaked in DI water or saline solutions at concentrations less than 5.0 wt
%. Furthermore, the hydrogel became slightly translucent at a concen-
tration of 7.5 wt %, while the hydrogel recovered homogeneous trans-
parency when the NaCl concentration reached 10 wt % and began
shrinking.

The swelling along with transparency reduction as salinity increased
can be interpreted by microstructure of P(MPTC-co-NaSS) hydrogel.
From the SEM results (Fig. 7c), it was found that when the concentration
was less than 10 wt %, the pore size and skeleton thickness both pro-
gressively increased with increasing salt concentration; when the salt
concentration was higher than 10%, the gel shrunk, the pore size
decreased, and the gel skeleton thickness increased continuously. The
swelling behavior of plugging material is beneficial to further
improvement of plugging performance.

3.3.3. Self-healing performance of P(MPTC-co-NaSS) hydrogel in saline
solution

The self-healing properties were explored by two approaches. In the
first method, two dumbbell-shaped hydrogel plates, one of which dyed
red, were cut into half-dumbbell pieces, and two halves with different
colors were put back into the original mold and sealed (Fig. 8a). The
microscopic observation in Fig. 8e shown the incision of the two
hydrogels merged together within several hours. Additionally, the self-
healed P(MPTC-co-NaSS) hydrogel was able to sustain a large tensile
force, which confirmed the significant self-healing of the hydrogels. The
tensile strengths were 0.14 MPa, 0.26 MPa, and 0.36 MPa, and the
tensile deformation rates were 113%, 153%, and 199% after 3 h, 5 h,
and 12 h healing, respectively (Fig. 8b). Compared to the original
hydrogel, recovery of stress reached 29.2%, 54.2%, and 75%, and re-
covery of elongation at breaking reached 44.6%, 60.5%, and 78.7%,
respectively. The self-healing mechanism resulted from the reconstruc-
tion of ionic bonds and cation-n bonds between two surfaces.

The self-healing ability of P(MPTC-co-NaSS) gel particles was
accessed by using a syringe as a mold to observe the bulk reconstruction
performance (Fig. 8c). After aging for over 4 h, the particle gels held
together and formed a bulk hydrogel slug, which plug the syringe
tightly. When the temperature was increased from room temperature to
70 °C, the mechanical strength was increased from 4.9 MPa to 6.7 MPa
(Fig. 8d). It inferred that heating can accelerate the self-healing process.
Increasing salt concentration has the same effect below 5 wt%.

Under high-temperature conditions, the internal self-healing mech-
anism may involve the accelerated movement of long molecular chains
inside the hydrogel along with the faster dissociation of ionic bonds,
thereby forming new bonds at the interface faster. Salt solution pro-
moted the dynamic dissociation of P(MPTC-co-NaSS) residues on the
surface due to shielding effect and accelerated the self-healing process.
The saline solution gradually destroyed the weaker and stronger bonds,
and new bonds were formed at the interface, facilitating the self-healing
process. Thus, P(MPTC-co-NaSS) hydrogel processed good self-healing
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Table 1
Influence of NaCl concentration on rheological properties of WBDFs added with
P(MPTC-co-NaSS) gel particles.

Cna- Cpemprc-co-  Cnacl  B600/0300/0200/ AV PV YP

bentonite Nass) 6100/06/03 mPa.s mPa.s Pa

4 wt % 2 wt % 0 20/16/14/12/ 10 4 6
10/9

4wt % 2wt % 0 29/24/22/20/ 14.5 5 9.5
14/13

4 wt % 2wt % 2.5 31/26/24/22/ 15.5 5 10.5
16/15

4 wt % 2 wt % 5 40/36/34/30/ 20 4 16
24/19

4wt % 2wt % 7.5 53/44/40/35/ 26.5 9 17.5
19/10

4 wt % 2wt % 10 45/35/29/23/ 22.8 10 12.5
8/6

4wt % 2wt % 15 46/33/26/19/ 23 13 10
7/5

ability and tough mechanical strength. When salinity was increased, the
original electrostatic interaction between quaternary ammonium and
sulfonate groups and cation-r interaction between quaternary ammo-
nium and phenyl groups were screened while inorganic cations bnded
with phenyl groups instead. This variation can retain the self-healing
ability but not mechanical property. When salinity was over 5 wt%,
the mechanical strength was greatly weakened. Extending the recon-
struction time can strengthen the self-healed hydrogel, which can be
considered in practice.

In the humid, hot, and probably saline environment of the wellbore,
the internal crosslinked network inside P(MPTC-co-NaSS) hydrogel
particles would be partially destroyed, causing the deformation and
softening of the particle, according to the DMA results (Fig. 2c).
Hydrogel particles become easier to enter pores and cracks of irregular
shape (Fig. 9). Only a slight decrease in plugging performance was
observed with elevating temperature and increasing salinity, probably
due to the decrease of mechanical strength. It also gives us enlighten-
ment that the reduction of mechanical strength of the hydrogel can be
partially counteracted by the increase of the deformation ability.
Accordingly, V; and V, were observed to first increase and then decrease
as Na' concentration increases can be interpreted that when the NaCl
concentration exceeds 7.5 wt %, the P(MPTC-co-NaSS) gel particles are
more easily squeezed into the pores of the sand disk, further improving
the plugging effect. The plugging performance was not deteriorated
when CaCl, was added instead, showing the adaptiveness of P(MPTC-co-
NasSS) gel particles to different saline environment. The strong plugging
ability are primarily attributed to the swelling, deformation, toughness,
and self-healing effects of P(MPTC-co-NaSS) gel particles in water.
Furthermore, they were also ascribed to the strong adhesion with
negatively charged Na-bentonite particles and quartz sands, even in high
ionic-strength media. These effects synergistically achieve the goal of
effective plugging. The internal structure, based on noncovalent cross-
linked ionic bonds and cation-n bonds, can serve as a basis for the
reference to design better self-healing plugging materials.

3.4. Rheological properties of WBDF

Drilling fluid plays an essential role in suspending and carrying
cuttings and weighing materials. Additives for drilling fluid must not
excessively affect the original rheological properties of the drilling fluid.
On the other hand, the additives should not increase the viscosity of the
drilling fluid too much, or it will increase the power consumption of the
mud pump and even stall the pump. Therefore, we studied the influence
of plugging materials on the rheology of WBDF. As shown in Table 1, the
self-healing hydrogel did not increase the viscosity of WBDF. When NaCl
was added at different dosages, only a slight increase in apparent vis-
cosity even at a high concentration, showing its compatibility of P

10
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(MPTC-co-NaSS) gel particles in saline base fluid for drilling process in
field application.

4. Conclusion

In summary, a P(MPTC-co-NaSS) hydrogel with self-healing ability
was synthesized and innovatively used as plugging material for oil, gas
and geothermal drilling. Such polyampholyte hydrogel had outstanding
salt adaptability and high-temperature resistance that allowed it to
maintain plugging performance even in presence of salinity exceeding
15 wt % and at high temperatures, e.g., 150 °C. P(MPTC-co-NaSS) gel
particles can be easily transported into formations and rapidly formed a
bulk gel adaptive to its surroundings via the synergy of deformation,
swelling, robustness, self-healing properties, and adhesion to the for-
mations. Plugging experiments demonstrated that P(MPTC-co-NaSS) gel
particles performed excellent plugging ability and could significantly
reduce the porosity of a high permeability sand disk. Furthermore, by
lowering drilling operation pressure, a slug was facially reestablished
and shown an enhanced plugging performance than before, far superior
to a commercial gel particle and an inert plugging material. In addition,
this self-healing hydrogel was nontoxic, and had no significant impact
on the rheology of WBDF. Therefore, it is a promising material for
intelligent and efficient plugging of high-permeability formations in
drilling and water flooding process.
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