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a b s t r a c t

As drilling wells continue to move into deep ultra-deep layers, the requirements for temperature
resistance of drilling fluid treatments are getting higher and higher. Among them, blocking agent, as one
of the key treatment agents, has also become a hot spot of research. In this study, a high temperature
resistant strong adsorption rigid blocking agent (QW-1) was prepared using KH570 modified silica,
acrylamide (AM) and allyltrimethylammonium chloride (TMAAC). QW-1 has good thermal stability,
average particle size of 1.46 mm, water contact angle of 10.5�, has a strong hydrophilicity, can be well
dispersed in water. The experimental results showed that when 2 wt% QW-1 was added to recipe A (4 wt
% bentonite slurryþ0.5 wt% DSP-1 (filtration loss depressant)), the API filtration loss decreased from 7.8
to 6.4 mL. After aging at 240 �C, the API loss of filtration was reduced from 21 to 14 mL, which has certain
performance of high temperature loss of filtration. At the same time, it is effective in sealing 80e100
mesh and 100e120 mesh sand beds as well as 3 and 5 mm ceramic sand discs. Under the same conditions,
the blocking performance was superior to silica (5 mm) and calcium carbonate (2.6 mm). In addition, the
mechanism of action of QW-1 was further investigated. The results show that QW-1 with amide and
quaternary ammonium groups on the molecular chain can be adsorbed onto the surface of clay particles
through hydrogen bonding and electrostatic interaction to form a dense blocking layer, thus preventing
further intrusion of drilling fluid into the formation.
© 2024 The Authors. 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

With the current rapid expansion and increase in China's de-
mand for oil and natural gas, crude oil's dependence on the outside
world is increasing year by year. It has reached 70.9% in 2022, well
above the internationally recognised safety threshold of 50%. Nat-
ural gas external dependence reaches 42.5% in 2022. Deep and
ultra-deep oil and gas resources are abundant, and are the most
realistic replacement energy source for China. China's total deep
and ultra-deep oil and gas resources amount to 67.1 billion tonnes
of oil equivalent, accounting for 34% of the country's total oil and
gas resources. Deep and ultra-deep layers have become the main
un), liujingping20@126.com
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position for major oil and gas discoveries in China, and accelerating
deep oil and gas exploration and development has also become an
inevitable choice for guaranteeing national energy security. With
the increase of reservoir depth, the complexity of formation and
pressure system, high temperature and high pressure and high
geostress bring great challenges to drilling (Guo et al., 2020; Wang
et al., 2022). Among them, drilling fluid is one of the core engi-
neering technologies for deep and ultra-deep well drilling, which is
the key to ensure the success of drilling (Feng et al., 2020; Gautam
et al., 2022; Lou et al., 2022; Xu et al., 2022). However, the intrusion
of drilling fluid into the formation causes hydration of clay parti-
cles, leading to downhole accidents, seriously affecting the effi-
ciency of well construction and even preventing well completion.
Therefore, strengthening the sealing ability of drilling fluids and
stopping the intrusion of drilling fluids is the key to stabilising the
well wall.

It is well known that inorganic materials are widely used in
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drilling fluids due to their advantages of good temperature resis-
tance, high strength, and wide material sources (Bai et al., 2021;
Ismail et al., 2016; Villada et al., 2022). Mainly include: silica and its
modified products, calcium carbonate, nano Fe3O4, etc. Among
them, silica has high thermal stability and can keep its physical and
chemical properties stable in high-temperature environments.
Meanwhile, silica has high mechanical strength and hardness,
which makes it exhibit good wear, pressure and impact resistance
in material processing and engineering applications (Boyou et al.,
2019; K€ok and Bal, 2019). Due to the presence of a large number
of hydroxyl groups (eOH) on the surface of silica, it is easy to absorb
water and cause agglomeration, thus limiting the application of
silica, and it is usually necessary to modify the surface of silica.
Silica modified by coupling agents (vinyltrimethoxysilane (VTMS),
g-methacryloyloxypropyltrimethoxysilane (KH570), etc.) not only
has improved dispersion. It also has a carbon-carbon double bond
and can copolymerise with polymerisationmonomers. The thermal
stability of silica can be utilized to improve the temperature
resistance of the copolymer to some extent. Therefore, the devel-
opment of polymer/silica composites has become a hotspot in
recent years to overcome the high temperature failure of drilling
fluid treatments.

Liu et al. (2021) used VTMS for surface modification of silica and
grafted N, N-dimethylacrylamide (DMAA) and 2-acryloylamino-2-
methyl-1-propanesulfonic acid (AMPS) on the surface to obtain a
filter loss depressant (NS-DA). NS-DA is resistant to temperatures
up to 180 �C. After high temperature action, the filtration loss of
drilling fluid with NS-DA added was only 5.6 mL at medium pres-
sure (0.7 MPa). Li et al. (2023) grafted acrylamide (AM), AMPS and
N-vinyl caprolactam (NVCL) onto KH570-modified silica nano-
particles to obtain a water-based drilling fluid filter loss reducer
(AAN-g-SiO2), which is temperature resistant up to 220 �C. Mao
et al. (2015) synthesized polymeric silica nanocomposites (SDFL)
by reacting AM, AMPS, styrene (St) with silica nanocomposites. The
material is resistant to temperatures up to 230 �C, which signifi-
cantly reduces the loss of filtration and improves the pressure-
bearing capacity of the formation. Ao et al. (2021) prepared an
amphiphilic silica-based inorganic/organic hybrid material
(ZSHNM) by polymerisation of AMPS, N-vinylpyrrolidone (NVP)
and a cationic monomer (dimethyldiallylammonium chloride,
DMDAAC) with silica bearing vinyl groups on the surface. ZSHNM
has a good filtration loss reduction effect even at 240 �C. Martin
et al. (2023) modified silica using a cationic surfactant (cetyl-
trimethylammonium bromide) to give good high temperature
stability both at 149e232 �C. The author also developed a blocking
agent (PANS) that can resist temperatures up to 180 �C using silica
polymerised with other monomers in preliminary experiments (Xu
et al., 2023).

Numerous studies have shown that the introduction of silica and
modified silica improves the temperature resistance of polymers.
Meanwhile, cationic nanosilica has better blocking effect than
anionic nanosilica. The introduction of cationic monomer makes
the prepared treatment agent positively charged, which can be
adsorbed onto clay particles (negatively charged) under the action
of electrostatic gravity, forming a dense mud cake and preventing
the drilling fluid from intruding into the formation. Among them,
quaternary ammonium cations have strong temperature resistance
and resistance to inorganic ion contamination, making them
commonly used as synthetic temperature- and salt-resistant dril-
ling fluid treatments (Cescon et al., 2018; Hoxha et al., 2019; Yu,
2015).

Therefore, in this paper, a temperature-resistant adsorbent rigid
blocking agent (QW-1) was developed by using the thermally
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stable and rigid KH570-modified silica (KH570eSiO2), the cationic
monomer allyltrimethylammonium chloride (TMAAC) with a short
molecular chain, and AM as the polymerisation monomer.

2. Experimental section

2.1. Experimental materials

Acrylamide (AM), allyltrimethylammonium chloride (TMAAC),
and silica (5 mm) were obtained from Aladdin Biochemical Tech-
nology Co. KH570eSiO2 was purchased from Andy's Metal Mate-
rials Ltd. KH570eSiO2 has an average particle size of about 1 mm
and is hydrophobic. Anhydrous ethanol, anhydrous calcium car-
bonate, sodium chloride (NaCl) and potassium persulfate (APS)
were purchased from Sinopharm Chemical Reagent Co. Ltd (China).
Calcium carbonate (2.6 mm) was purchased from Changxing Qing-
sheng Calcium Co. Ltd (China). DSP-1 (Filtration Loss Reducer) was
purchased from Desunyuan Petroleum Technology Co. (China). All
other chemicals used are of analytical grade and do not require
further purification.

2.2. Preparation of strong adsorption rigid blocking agent

First, a certain amount of KH570eSiO2 was added to anhydrous
ethanol for dispersion. Then, AM (5 g) and TMAAC (3 g) were added
to water and stirred until dissolved. Then, the above two liquids
were added to the three-necked flask sequentially. The rotational
speed was set to 350 r/min, the water bath was heated to 60 �C, and
nitrogen was passed for 30 min. Then, APS (0.1 g) was dissolved in
water (2 g) and added dropwise into a three-necked flask using a
dropper for 5 h. The reaction was carried out. Finally, the obtained
product was kept in a glass bottle for reserve, which was named
QW-1. The synthetic schematic of QW-1 is shown in Fig. 1.

2.3. Characterisation method

QW-1 was purified with anhydrous ethanol and dried by drying
oven. Grinding was carried out using an agate mortar to obtain the
sample to be tested. An infrared spectrometer (IRTrancer-100,
Shimadzu, Japan) was used to study the molecular structure of the
strongly adsorbed rigid blocking agent QW-1 with a resolution of
4 cm�1 and a wavelength range of 4000e400 cm�1. The thermal
stability analysis of QW-1was carried out under nitrogen protective
atmosphere in the temperature range of 40e800 �C at a heating
rate of 10 �C/min�1, using a thermogravimetric analyser (TGA,
Mettler Toledo, USA).

The solid particles obtained above were dispersed into water
and sonicated for 10 min. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) were used to observe the
QW-1 microscopic morphology.

The particle size distribution of QW-1 in water was determined
by laser particle sizer (Malvern, UK). Disperse QW-1 in water, add
drops to the slide with a dropper, and then dry, repeating several
times so that QW-1 is evenly dispersed on the slide. The water
contact angle of QW-1 was determined by optical contact angle
measuring instrument (OCA25). Weigh 0.2 g of QW-1 powder in a
glass bottle, add 20 mL of water and sonicate for 30 min to observe
its dispersion in water.

2.4. Performance evaluation methods

Since QW-1 was a cationic blocking agent, the drilling fluid
formulation chosen for this experiment was 4 wt% bentonite



Fig. 1. Schematic of the synthesis of QW-1.
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slurryþ0.5 wt% DSP-1. DSP-1 can increase the viscosity of bentonite
slurry, prevent the aggregation and deposition of clay particles,
improve the stability of bentonite slurry and reduce the amount of
filtration loss. 16 g bentonite and 1.2 g anhydrous sodium carbonate
were added sequentially under stirring conditions in 400 mL of
water, stirred at high speed for 30 min, and then sealed and
maintained for 24 h. 4 wt% bentonite slurry was obtained. The
drilling fluid used in the experiment was obtained by adding 0.5 wt
% DSP-1 to 4 wt% bentonite slurry (noted as recipe A).

Different amounts of QW-1 were added to recipe A. The rheo-
logical, filtration loss and blocking properties of the drilling fluids
before and after aging were determined by using a six-speed
rotational viscometer, API medium-pressure filtration loss meter,
high-temperature and high-pressure (HTHP) filtration loss meter,
and sand-bed blocking meter.
Fig. 2. Infrared spectra of QW-1.
2.5. Mechanism of action evaluation methods

Take 2 g of bentonite in deionized water and different concen-
trations of QW-1 dispersions and stir well at room temperature
until well mixed. It was left for 24 h to make the adsorption suffi-
cient. The precipitate was washed multiple times and then dried in
an oven. Infrared spectroscopy was used to determine the struc-
tural changes in the clay after the action of QW-1. Changes in the
spacing of bentonite crystal layers were characterized by X-ray
diffractometry (XRD, X'pert PRO MPD), experimentally using a Cu
target with a scanning range of 4�e13�. Thermal decomposition of
QW-1 treated bentonite was studied by thermogravimetric
analyser.

Weigh 6 g of QW-1 into 200 mL of deionized water and slowly
add 5 g of bentonite during mixing. Stir at 5000 r/min for 20 min to
ensure that the bentonite was well dispersed in the solution. The
mixture was kept airtight and allowed to stand for 24 h in a ther-
mostat at 30 ± 1 �C. The mixture was then stored in a sealed
container. The rested mixture was filtered and the content of
various cations (Ca2þ, Mg2þ, Naþ) in the filtrate was determined by
2652
ICP. A blank control test was also done, i.e., only 5 g of bentonitewas
added to 200 mL of deionized water to determine the content of
various cations in the filtrate after the same operation.

The dispersion solution of QW-1 was prepared, and the shale
flakes were suspended in the dispersion solution and left to stand
for 24 h. The shale flakes were then dried in an oven at 105 �C.
Remove the shale flakes, rinse with water, and place them in an
oven at 105 �C for drying. The adsorption of QW-1 on the surface of
shale flakes was observed by scanning electron microscopy. The
mud cake formed after API filtration loss was placed in an oven at
105 �C for drying. The blocking of QW-1 was observed by scanning
electron microscopy.
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3. Analysis and evaluation

3.1. Characterisation

3.1.1. Infrared spectral analysis
Fig. 2 shows the infrared spectral analysis of SiO2, KH570eSiO2,

and QW-1. On the infrared spectrogram of SiO2, the stretching vi-
bration of eOH appeared at 3446 cm�1; the antisymmetric
stretching vibration peak of SieOeSi at 1120 cm�1; the symmetric
stretching vibration peak of SieOeSi at 806 cm�1; and bending
stretching vibratio peak of SieOeSi at 476 cm�1 (Luz et al., 2019;
Wang Y.T. et al., 2023; Yu et al., 2020). After the modification of SiO2
by KH570, new absorption peaks appeared near 1836 and
1637 cm�1, the stretching vibration peak of the C]O group in
KH570. Meanwhile, a CeO stretching vibration peak existed in the
range of 1200e1000 cm�1. It showed that KH570 has been grafted
onto SiO2 (Jiang et al., 2017). In contrast to KH570-modified SiO2,
QW-1 showed a eNH2 stretching vibration peak at 3396 cm�1. The
NeH stretching vibration peak on the amide group at 3196 cm�1.
The eCH3 deformation stretching vibration peak on the quaternary
ammonium group appeared at 3028 cm�1. The eCH3 stretching
vibration peak at 2951 cm�1. The eCH2 stretching vibration peak at
2868 cm�1. 1672 cm�1 for the stretching vibration peak of the C]O
group (Jia et al., 2022; Shen et al., 2023). The results showed that
the characteristic peaks related to AM, TMAAC, and modified SiO2

were reflected in the infrared spectrograms of the products, which
verified that the product molecular chain had a designed molecular
structure.
3.1.2. TGA analysis
Fig. 3 shows the thermogravimetric curve of QW-1. From the

curves, it can be seen that the thermal decomposition of QW-1 is
roughly divided into the following stages. The weight loss of QW-1
before 247 �C was 0.7%. Heat loss in the range of 40e247 �C is
mainly volatilization of adsorbed water from the sample. Little
thermal decomposition of molecular chains occurs at this stage.
Therefore, the samples have a certain resistance to temperature
until 247 �C. Thermal decomposition of the branched chains of the
molecular chain was initiated at 247e331 �C with a weight loss of
3.1%. Of these, the main ones are amide groups, quaternary
ammonium groups, and the decomposition of methyl groups.
When the temperature is higher than 337 �C, the main chain of
Fig. 3. Thermogravimetric curve of QW-1.
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QW-1 starts to undergo thermal decomposition. From the ther-
mogravimetric curve, it can be seen that the sample was only
thermally decomposed by about 3% before 300 �C, indicating that
QW-1 has good thermal stability.

3.1.3. SEM and TEM analysis
Fig. 4 shows the SEM (Fig. 4(a)) and TEM (Fig. 4(b)) of QW-1 after

dispersion in clear water. As shown in Fig. 4(a), QW-1 was spherical
in shape, and all particles maintained a goodmonodispersity with a
homogeneous particle size distribution. The dispersion in water
was good, no agglomeration, and the particle size was about 1 mm.
Meanwhile, Fig. 4(b) further confirms the authenticity of SEM. It
can be observed on the TEM image that the QW-1 particle size is
consistent with the SEM-determined particle size.

3.1.4. Particle size analysis
Fig. 5 shows the particle size distribution of QW-1 in water. The

average particle size of QW-1 is 1.46 mm, which is slightly larger
than that tested by SEM and TEM. This may be due to the presence
of hydrophilic groups (amide groups) on the surface of QW-1,
which can absorb water in aqueous environments, placing QW-1
in a state of being dissolved by water. During SEM and TEM ex-
periments, due to the need to dry the samples first and the
bombardment of high-speed electrons under high vacuum condi-
tions, the water in QW-1 volatilized, causing the particles to shrink.

3.1.5. Dispersibility analysis in water
The water contact angle and dispersion of QW-1 in water are

shown in Fig. 6. From Fig. 6(a), the water contact angle of QW-1 is
10.5�. Hydrophilic groups were introduced during the synthesis of
QW-1 to give it a better hydrophilicity. It can be observed from
Fig. 6(b) that QW-1 can be well dispersed in water to form a milky
suspension. It is because of the amide group and quaternary
ammonium group grafted on the surface of QW-1, which can form
hydrogen bond with water molecules and enhance hydrophilicity,
so it can be dispersed in water to form a suspension.

3.2. Performance evaluations

3.2.1. Effect of dosage on drilling fluid performance
Different amounts of QW-1 were added to recipe A to determine

the rheological and leaching properties, and the test results are
shown in Fig. 7. As shown in the figure, the apparent viscosity (AV),
plastic viscosity (PV) and dynamic shear force (YP) of the drilling
fluid change less with the increase of QW-1 concentration, indi-
cating that QW-1 has less influence on the rheological properties of
the drilling fluid. Drilling fluid filtration loss decreases with
increasing QW-1 concentration. At a concentration of 2 wt%, the
filtration loss was reduced from 7.8 to 6.4 mL. The performance was
better at this concentration and therefore, this concentration was
chosen for the next experiments.

3.2.2. Temperature resistance
As the scope of oil and gas exploration and development is

gradually moving towards the deep ultra-deep layer, the high
temperature stability performance of the drilling fluid treatment
agent puts forward higher requirements. Therefore, the tempera-
ture stability performance of QW-1 was experimentally evaluated.
2 wt% of QW-1 was added to the drilling fluid to determine the
rheological and filtration loss properties of the drilling fluid after
aging at different temperatures, and the experimental results are
shown in Fig. 8. As shown in the figure, the rheological properties of
the drilling fluid change a lot before and after aging, which is partly
mainly due to the thermal degradation of DSP-1 under the action of
high temperature, resulting in the reduction of the viscosity of the



Fig. 4. Microscopic morphology of QW-1.

Fig. 5. Particle size distribution of QW-1.

Fig. 6. Water contact angle and d

Z. Xu, J.-S. Sun, J.-P. Liu et al. Petroleum Science 21 (2024) 2650e2662

2654
drilling fluid. With the increase of QW-1 concentration in the
drilling fluid, the apparent viscosity changes before and after the
aging of the drilling fluid at 200e260 �C were small, which indi-
cated that QW-1 had little effect on the rheological properties of the
drilling fluid. It was because QW-1 was a low molecular weight
rigid blocking agent, which had less influence on the rheological
properties of the drilling fluid due to its lowmolecular weight. After
aging at 240 �C for 16 h, the filtration loss of drilling fluid without
QW-1 was 21 mL. When QW-1 was spiked at 2 wt%, the loss on
filtrationwas 14 mL. It shows that QW-1 can still further reduce the
filtration loss of drilling fluid at high temperature.

3.2.3. Salt resistance
Fig. 9 shows the apparent viscosity and filtration loss properties

of drilling fluids with recipe A and recipe Aþ2 wt% QW-1 before
and after aging at 240 �C under different NaCl concentrations,
respectively. As shown in Fig. 9(a), the trends of apparent viscosities
of drilling fluids without QW-1 and with QW-1 at different NaCl
concentrations were similar. As shown in Fig. 9(b), the filtration loss
of drilling fluid increased with the increase of NaCl concentration,
and the addition of QW-1 could further reduce the filtration loss of
ispersion in water of QW-1.



Fig. 7. Effect of QW-1 concentration on drilling performance.

Fig. 8. Effect of temperature on drilling performance.
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drilling fluid. When the NaCl concentration was 15 wt%, the filtra-
tion loss before and after aging of drilling fluid without QW-1 was
25.6 and 83.4 mL, respectively. And the filtration loss before and
after adding QW-1 drilling fluid aging were 14.8 and 68.8 mL,
respectively. Before the NaCl concentration of 15 wt%, the filtration
loss before and after aging of drilling fluid was relatively low. This
suggests that QW-1 can play a role in reducing the filtration loss
under ultra-high temperature and high salt conditions.
3.2.4. Sand bed plugging performance
Using visualised medium-pressure sand bed plugging filtration

loss apparatus, the permeability sand bed plugging performance of
commonly used domestic and foreign treating agents (SiO2, CaCO3)
was evaluated in comparative experiments using 80e100mesh and
100e120 mesh sand beds as the evaluation media, and the exper-
imental results are shown in Fig. 10. The shallower the depth of
sand bed intrusion, the better the sealing of the blocking agent. As
shown in the figure, for recipe A, the addition of the blocking agent
significantly reduces the depth of intrusion into the sand bed. The
2655
80e100 mesh sand bed was intruded at a depth of 10.8 cm for
recipe A. The depth of intrusion of the drilling fluid with SiO2 and
CaCO3 added was 5.6 and 6.5 cm, respectively. In contrast, the
depth of drilling fluid intrusion was significantly reduced to 3.9 cm
with the addition of QW-1. Similarly, for the 100e120 mesh sand
bed, the depth of intrusion for recipe A was 9.4 cm. The depth of
intrusion of the drilling fluid with SiO2 and CaCO3 added was 4.2
and 5.1 cm, respectively. However, the depth of drilling fluid
intrusion with the addition of QW-1 was 2.6 cm. This is mainly due
to the presence of a large number of cationic groups on the surface
of QW-1, which can be adsorbed on the surface of quartz sand
through electrostatic action. And it bridges the gap before the sand
grains to form a blocking layer, preventing the drilling fluid from
further intruding into the sand bed.
3.2.5. Ceramic sand disc blocking performance
The ceramic sand disc blocking experiment is mainly to deter-

mine the amount of filtration loss of drilling fluid in 30 min after
aging at 240 �C under the condition of temperature 200 �C and



Fig. 9. Effect of NaCl concentration on drilling performance.

Fig. 10. Experimental results of sand bed blocking. Fig. 11. Experimental results of ceramic sand disc blocking.
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differential pressure 3.5 MPa, and the experimental results are
shown in Fig. 11. For 3 and 5 mm sand discs, the sand disc filtration
loss for recipe Awas 110 and 138mL, respectively. After adding 2wt
% QW-1, the sand disc filtration loss of drilling fluid was reduced to
62 and 70 mL, respectively, and was significantly lower than the
sand disc filtration loss of SiO2 and CaCO3 at the same dosage.
Meanwhile, the sand disc filtration loss was reduced by 43.6% and
49.3%, respectively, compared to recipe A. Experiments show that
QW-1 can effectively seal the pores of sand discs under high tem-
perature and high pressure conditions, thus effectively reducing
the filtration loss of drilling fluid and having good sealing
performance.
3.3. Mechanism of action analysis

3.3.1. Infrared spectral analysis
The results of infrared analysis of bentonite before and after

interactionwith QW-1 are shown in Fig. 12. As can be seen from the
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figure, both bentonite and bentonite treated with QW-1 produced
infrared absorption peaks at wavelengths of 3624, 1645, 1037, 914,
794, and 625 cm�1, which belong to the typical absorption peaks of
sodium-montmorillonite (Dong et al., 2019, 2022; Sun et al., 2022).
Among them, 3624 cm�1 is the peak of stretching vibration of
AleOH in aluminium-oxygen octahedron. 1645 cm�1 is the peak of
bending vibration of HeOH.1037 cm�1 is the stretching vibration of
SieOeSi bond and SieO bond. 914 cm�1 is the peak of infrared
characteristics of AleAleOH. 794 cm�1 is the peak of SieO
stretching vibration. This indicates that the silicate skeleton of
montmorillonite did not change after QW-1 treatment. The eNH2

stretching vibration peak appears at 3396 cm�1. 3196 cm�1 is the
NeH stretching vibration peak on the amide group. 3028 cm�1 is
the eCH3 deformation stretching vibration peak on the quaternary
ammonium group. 2951 cm�1 is the eCH3 stretching vibration
peak. 2868 cm�1 is the eCH2 stretching vibration peak. 1672 cm�1

is the stretching vibration peak on the C]O group. The antisym-
metric stretching vibration peak of SieOeSi is at 1120 cm�1. All



Fig. 12. Infrared spectra of bentonite before and after QW-1 treatment.
Fig. 13. XRD graph of bentonite before and after QW-1 treatment.
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these absorption peaks belong to QW-1 synthesized in this paper,
which indicates that QW-1 undergoes strong adsorption with
bentonite. It is also complemented by the results of the QW-1
infrared analysis.
Fig. 14. TGA curves of bentonite before and after QW-1 treatment.
3.3.2. XRD analysis
Clay minerals have a lamellar crystalline structure. In the case of

montmorillonite, for example, the cell in its crystal structure is
composed of two layers of SieO tetrahedra and one layer of AleO
octahedra. When clay minerals are exposed to water, water mole-
cules will enter the clay mineral crystal layer, leading to changes in
the spacing of the crystal layers. XRD can measure the montmo-
rillonite d001 spacing by the diffraction angle formed when X-rays
are irradiated onto the montmorillonite. Specifically, it is calculated
by Bragg's formula: 2dsinq ¼ nl. Where: d is the crystal layer
spacing (Å); q is the diffraction angle (�); n is the refractive angle,
which takes the value of 1; and l is the wavelength of X-rays (nm).

The adsorption of QW-1 on bentonite is mainly by electrostatic
attraction. This electrostatic action occurs through protonated
amines exchanging out montmorillonite interlayer cations. This
exchange inevitably leads to a certain change in the layer spacing,
which can be further confirmed by XRD experiments. Fig. 13 shows
the XRD spectrum of dry bentonite after treatment with water and
different concentrations of QW-1. From the figure, it can be seen
that the crystal layer spacing of the original bentonite is 12.68 Å in
the dry state. The crystal layer spacing of bentonite gradually in-
creases with increasing QW-1. The crystal layer spacing of
bentonite was 14.74 Å when QW-1 was added at 2 wt%. This in-
dicates that the molecular chains on QW-1 entered the bentonite
interlayer and interacted with the negative charges on the
bentonite surface to form a chemisorption layer, resulting in an
increase in the spacing of the bentonite crystal layers (Dong et al.,
2023; Luo et al., 2023; Wang Z.L. et al., 2023).
3.3.3. TGA analysis
In order to assess the effect of QW-1 on the clay, TGAwas used to

study the thermal decomposition of QW-1 treated bentonite, and
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the experimental results are shown in Fig. 14. The thermal
decomposition temperature of QW-1 is 247 �C from Fig. 3. From
Fig. 14, it can be seen that the temperature from 40 to 100 �C, the
fastest heat loss was observed for the bentonite treated with water,
with a loss rate of 3.8%. Only 0.8% was lost from 100 to 247 �C,
which indicates that some water was adsorbed on the surface and
interlayers of the bentonite treated with fresh water and was
removed before 100 �C. The weight loss of the QW-1 treated
bentonite was significantly less than that of the original bentonite
up to 247 �C. The weight loss of the bentonite from the 1 wt% QW-1
treatment was 3.9%. The weight loss of the bentonite from the 2 wt
% QW-1 treatment was 1.8%. This indicates that the addition of QW-
1 resulted in fewer water molecules adsorbed by the bentonite,
which in turn suggests that the hydration and swelling of the clay
surface is weak. Figs. 13 and 14 indicate that QW-1 can be adsorbed



Table 1
ICP ion concentration measurement results.

Type Ion concentration in
solution before
exchange, mg/L

Ion concentration in
solution after exchange,
mg/L

Ca2þ Mg2þ Naþ Ca2þ Mg2þ Naþ

Blank base slurry 3.13 0.23 324.68 e e e

QW-1 after treatment 5.58 0.71 453.5 2.45 0.48 128.82
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on the surface of bentonite or into the interlayer, which hinders the
entry of water molecules and retards the hydration and swelling of
bentonite.
3.3.4. Cation exchange analysis
Montmorillonite is more negatively charged due to the presence

of lattice substitutions, so the number of adsorbed cations around it
is higher (mainly Naþ, Ca2þ), and the number of exchangeable
cations is also higher, and the hydrated cations bring a thick hy-
dration film to the clay, whichmakes themontmorillonite hydrated
and swollen (Sun et al., 2019; Yi et al., 2016). The larger the ionic
radius and the greater the charge, the greater the ion exchange
capacity, irrespective of the ionic concentration. Table 1 shows the
results of inductively coupled plasma (ICP) measurements. From
the table, it can be seen that the blank base slurry filtrate has the
highest concentration of Naþ, while the concentrations of Ca2þ and
Mg2þ are relatively low, which indicates that the hydrated cations
in the clay crystal layer are mainly Naþ. Therefore, this bentonite
has strong hydration dispersion and swelling ability. After the
addition of QW-1, the Naþ content increased significantly, indi-
cating that the NH4þ in QW-1 exchanged the Naþ in the clay by
cation exchange.
3.3.5. Adsorption on rocks
Fig. 15 shows the adsorption of QW-1 on shale sheets. In the

figure, a large number of QW-1 particles are adsorbed at the cracks
and pores of the shale sheet. As the rock surface is negatively
charged, and QW-1 is a cationic blocking agent, it can have elec-
trostatic adsorption effect with the rock surface. Through this ac-
tion, QW-1 is firmly adsorbed on the rock surface and can fill in the
cracks and pores to play the role of sealing.
Fig. 15. Adsorption o
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3.3.6. Microscopic morphology of the mud cake
Fig. 16 shows the micro-morphology of drilling fluid mud cake

after aging at different temperatures. Among them, Fig. 16(a), (c),
(e), (g), (i) are SEM images of recipe A, and Fig. 16(b), (d), (f), (h), (j)
are SEM images of recipe Aþ2 wt% QW-1. For recipe A, the surface
of the mud cake was relatively flat at 25 �C, with no obvious cracks
or pores. As the aging temperature increases, the high temperature
effect causes clay particles to aggregate, resulting in cracks and
pores on the surface of the mud cake. This is one of the reasons for
the increase in filtration loss after high temperatures. However, the
surface of the mud cake after adding QW-1 was flat, and no cracks
or pores appeared on the surface as the temperature increased. The
partially enlarged picture observes a large amount of QW-1
together with clay particles to form a mudcake skeleton, which
stops the filtration loss of drilling fluid. Meanwhile, a large number
of QW-1 microspheres still existed on the surface of the mud cake
even after the action of high temperature at 260 �C, and the shape
did not change. This shows that even at ultra-high temperatures,
QW-1 still maintains the shape of the microspheres without
destroying them, thus providing a sealing effect.
3.3.7. Microscopic morphology of sanding discs
Fig. 17 shows the SEM images of the 3 and 5 mm ceramic sand

discs before and after blocking, respectively. From the figure, it can
be seen that there are a large number of pores and cracks in the
sand disc before blocking, leading to easy filtration of drilling fluid.
Compared with the porous structure of the sand disc before
blocking, the tiny pore slits of the sand disc after blocking are filled
with a large number of nanoparticles, forming a denser blocking
layer. This indicates that QW-1 effectively sealed the microporous
seams of the sand disc.
3.3.8. Research on blocking mechanism
The blocking mechanism of strong adsorption rigid blocking

agent QW-1 is shown in Fig. 18. QW-1 molecular chain with amide
groups and quaternary ammonium groups, and clay particles in
addition to hydrogen bonding force, but also through the principle
of negative charge anisotropic charge attractionwith the formation,
so that the QW-1 particles adsorbed in the well wall clay particles
and retained in the well wall. At the same time, particles of
reasonable size enter the cracks, create adhesion and aggregate
with each other to form an inner mud cake, establishing a dense
f QW-1 on rock.



Fig. 16. Microscopic morphology of mud cake.
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Fig. 17. Microscopic morphology of sand disc. (a) sand disc (3 mm) before blocking; (b) sand disc (3 mm) after blocking; (c) sand disc (5 mm) before blocking; (d) sand disc (5 mm)
after blocking.
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sealing layer and preventing infiltration of filtrate. In contrast to
silica, strongly adsorbing rigid blocking agents not only rely on
particle bridging, but also have an adsorption effect. At the same
time, QW-1 can participate in the formation of mud cake inside and
outside the well wall.

4. Conclusion

In this study, a high temperature resistant strong adsorption
rigid blocking agent (QW-1) was prepared by grafting amide groups
and quaternary ammonium groups on the surface of KH570
modified silica. TGA experiments show that QW-1 has good ther-
mal stability, and the initial decomposition temperature is as high
as 247 �C. It has good application prospect in high temperature
resistant and strong blocking water-based drilling fluid system.
Meanwhile, the average particle size of QW-1 is 1.46 mm, and the
water contact angle is 10.5�, which has strong hydrophilicity and
can be well dispersed in water. The experimental results showed
that when 2 wt% QW-1 was added to recipe A (4 wt% bentonite
slurryþ0.5 wt% DSP-1), the API filtration loss decreased from 7.8 to
6.4 mL. After aging at 240 �C, the API filtration loss was reduced
2660
from 21 to 14 mL, which has a certain performance of high tem-
perature reduction of filtration loss, and has a certain performance
of salt resistance. At the same time, the sealing effect is good for
80e100 mesh and 100e120 mesh sand beds as well as 3 and 5 mm
ceramic sand discs, indicating that QW-1 can be effective in sealing
conventional cracks and pores as well as tiny cracks and pores. In
addition, the mechanism of action of QW-1 was further investi-
gated. The results show that QW-1 with amide and quaternary
ammonium groups on the molecular chain can be adsorbed onto
the surface of clay particles through hydrogen bonding and elec-
trostatic interaction to form a dense blocking layer, thus preventing
further intrusion of drilling fluid into the formation. In conclusion,
the research of high temperature resistant and strong adsorption
rigid blocking agent is of great significance to the safe and efficient
development of ultra-deep and ultra-deep oil and gas resources.
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Fig. 18. Schematic diagram of blocking mechanism of QW-1.
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