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Abstract

Lost circulation in oil-based drilling fluids (OBDFs) remains difficult to mitigate because
particulate lost circulation materials depend on bridging/packing and gel systems for
aqueous media often lack OBDF compatibility and controllable in situ sealing. A dual-
precursor oil-water biphasic metal-organic supramolecular gel enables rapid in situ sealing
in OBDF loss zones. The optimized formulation uses an oil-phase to aqueous gelling-
solution volume ratio of 10:3, with 2.0 wt% Span 85, 12.5 wt% TXP-4, and 5.0 wt% NaAlO,.
Apparent-viscosity measurements and ATR-FTIR analysis were used to evaluate the ef-
fects of temperature, time, pH, and shear on MOSG gelation. Furthermore, the structural
characteristics and performances of MOSGs were systematically investigated by combining
microstructural characterization, thermogravimetric analysis, rheological tests, simulated
fracture-plugging experiments, and anti-shear evaluations. The results indicate that el-
evated temperatures (30-70 °C) and mildly alkaline conditions in the aqueous gelling
solution (pH ~ 8.10-8.30) promote P-O-Al coordination and strengthen hydrogen bond-
ing, thereby facilitating the formation of a three-dimensional network. In contrast, strong
shear disrupts the nascent network and delays gelation. The optimized MOSGs rapidly
exhibit pronounced viscoelasticity and thermal resistance (~193 °C); under high shear
(380 rpm), the viscosity retention exceeds 60% and the viscosity recovery exceeds 70%. In
plugging tests, MOSG forms a dense sealing layer, achieving a pressure-bearing gradient
of 2.27 MPa/m in simulated permeable formations and markedly improving the fracture
pressure-bearing capacity in simulated fractured formations.

Keywords: metal-organic supramolecular gel; oil-water biphasic system; self-healing
material; lost circulation control; drilling fluid; wellbore plugging
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1. Introduction

Oil-based drilling fluids (OBDFs) possess strong shale inhibition, excellent thermal
stability, superior lubricity, and remarkable resistance to contamination, all of which con-
tribute to maintaining wellbore stability [1,2]. They are thus widely used for drilling
through complex formations such as mudstone, shale, and salt-gypsum layers. Never-
theless, the use of OBDFs is increasingly constrained in industry because non-aqueous
(oil-based/invert-emulsion) fluids and oil-contaminated cuttings are subject to stringent
environmental regulation and waste-management requirements, particularly for offshore
operations. In many jurisdictions, direct discharge of oil-based drilling fluids is prohibited.
In some cases, discharge of associated cuttings is also prohibited. Operators must therefore
use total-containment/closed-loop practices and compliant waste handling. Common
options include shipping cuttings for onshore treatment, thermal desorption, or cuttings
re-injection, rather than routine discharge. Accordingly, OBDF-oriented lost circulation
technologies remain practically relevant for scenarios where OBDFs are still necessary or
strongly preferred, such as highly reactive shales, salt/gypsum intervals, HPHT wells, and
extended-reach drilling.

Compared with water-based drilling fluids, OBDFs exhibit lower flow resistance along
formation fractures [3-5]. Once lost circulation occurs, sealing becomes much more dif-
ficult. This increases non-productive time and operating costs. It also generates larger
volumes of oil-contaminated materials. These materials must be contained, managed,
and treated to meet regulatory requirements. At present, there is a lack of efficient lost
circulation materials and standardized operational guidelines for oil-based drilling flu-
ids. Moreover, conventional plugging materials designed for water-based systems cannot
remain stably suspended in oil-based media, leading to a low success rate of field plug-
ging operations [6-8]. Under severe loss conditions, cement slurries are often used as
plugging agents. However, their performance is easily affected by the oil-based drilling
environment [9]. As a result, sealing is often unsatisfactory and may lead to repeated losses
or even wellbore collapse in some cases [10,11]. To effectively mitigate lost circulation
risks in oil-based drilling, researchers have developed various types of plugging mate-
rials, including bridging materials, flexible particulates, in situ crosslinking agents, and
intelligent responsive materials [12,13]. However, traditional plugging materials generally
exhibit insufficient contact with fracture surfaces. During drilling operations, the plugging
layer is prone to damage and detachment under the negative pressure induced by tool
movement, leading to the failure of sealing performance. In recent years, supramolecular
gels have attracted increasing attention owing to their controllable and reversible structural
characteristics [14-16], demonstrating great potential for application in lost circulation
prevention and plugging in oil-based drilling fluids [17].

Metal-Organic Gels (MOGs) are supramolecular soft materials formed by coordination-
capable organic building ligands that self-assemble through noncovalent interactions [18].
Among them, coordination polymer-based MOGs have attracted increasing attention in
recent years because of their high designability and multifunctionality [19]. Typically,
coordination polymers are formed by metal ions bridged with organic ligands to generate
infinitely extended three-dimensional network structures [20]. Within these supramolec-
ular gels, metal-ligand coordination serves as the primary driving force for gel network
formation. Interestingly, some MOG systems exhibit thermoreversible behavior opposite to
that of conventional organogels—gelation occurs upon heating, while the system remains
in a sol state at ambient temperature. Zhang et al. [21] proposed a high-temperature and
salt-resistant polymer gel system based on a “metal ion-organic ligand” hybrid crosslink-
ing strategy. This strategy significantly improved the gel’s thermal stability and salt
tolerance, expanding its applicability in high-temperature and high-salinity reservoirs.

https:/ /doi.org/10.3390/ gels12010074


https://doi.org/10.3390/gels12010074

Gels 2026, 12,74

30f28

Wang et al. [22] developed a rapidly forming MOG system using phosphate esters and Fe*
ions, which demonstrated excellent thermal resistance and considerable potential for field
application. In another study, Wang et al. [23] reported a metal-organic gel with an organic—
inorganic dual-network structure and self-healing capability, and discussed its potential in
controlling circulation loss during drilling operations. Beyond coordination-driven MOGs,
supramolecular gels formed in biphasic systems composed of surfactants, co-surfactants,
oil, and water have also been extensively investigated [14,24-26]. Under specific com-
positions, these systems can spontaneously form three-dimensional network structures.
Typical examples include bicontinuous or sponge phases. Network formation is driven
by noncovalent interactions, such as hydrogen bonding, hydrophobic association, and
electrostatic attraction [14,27-29]. The resulting supramolecular gels immobilize both oil
and water phases within the network, exhibiting high viscosity and reversible rheological
behavior. With outstanding structural tunability, stimuli responsiveness, and self-healing
capability, supramolecular gels are promising for enhanced oil recovery, lost circulation
control, and profile modification and water shutoff in oil and gas field development [30-32].

It is worth noting that supramolecular gels constructed via metal-ligand coordina-
tion (i.e., metal-organic/coordination-driven gels) have already been explored in oilfield
chemistry and related petroleum engineering scenarios, where their designable network
structures and stimuli-responsive rheology can be leveraged for profile control, water shut-
off, and other conformance applications. However, compared with these predominantly
single-phase or non-biphasic coordination-gel systems, supramolecular gels intentionally
engineered in oil-water biphasic media for fracture sealing (lost circulation control) remain
much less investigated. More importantly, to the best of our knowledge, no field-oriented
plugging system has been systematically reported for lost circulation control in oil-based
drilling operations. Such a system would use metal-ligand coordination as the primary
gelation motif while also exploiting an oil-water biphasic supramolecular framework. This
gap motivates the present work on an oil-water biphasic metal-organic supramolecular
gel (MOSG) designed for OBDF lost circulation control.

Based on the principles of metal-organic supramolecular chemistry, this study devel-
ops an oil-water biphasic metal-organic supramolecular gel (MOSG) system for wellbore
loss control in oil-based drilling fluids. MOSG is generated by mixing oil-phase and
aqueous gelation solutions, and its three-dimensional network arises from two synergis-
tic mechanisms: (i) a coordination-driven metal-organic network formed between metal
ions and organic ligands; (ii) a surfactant-stabilized biphasic structure in which hydrogen
bonding and hydrophobic association build an interconnected soft-matter framework.
Meanwhile, the optimized MOSG exhibits rapid gelation, favorable rheological properties,
high thermal stability, strong shear resistance, and excellent fracture-sealing performance.

2. Results and Discussion

2.1. Preparation and Single-Component Optimization of MOSG
2.1.1. Preparation and Field Deployment Methodology of MOSG

The supramolecular gel system developed in this study was mainly composed of
industrial diesel, deionized water, the gelling agent phenolic ether phosphate ester (TXP-4),
the crosslinker NaAlO,, and the emulsifier Span 85. Under the solubilization effect of Span
85, TXP-4 was dissolved in diesel to form the oil-phase gelling solution (OPGS), whereas
NaAlO, was dissolved in water to produce an alkaline aqueous gelling solution (AGS)
containing aluminate-related species. When OPGS and AGS are mixed, Span 85 reduces the
oil-water interfacial tension and promotes a stable oil-water dispersed structure, leading to
localized enrichment of the polar headgroups of TXP-4 and Al(IIl) aluminate/hydrolyzed
aluminum species in the interfacial layer. At the interface, the phosphate headgroup of
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TXP-4 can deprotonate. The phosphate oxygen atoms then serve as coordination sites for
ligand exchange with AI(III) species. This process forms P-O-Al bonds and creates bridg-
ing crosslinking junctions. Meanwhile, multiple hydrogen-bonding interactions among
P=0O/phenoxy ether oxygens, water molecules, and aluminum hydroxyl species further
stabilize the interfacial structure. As these coordination crosslinking junctions continu-
ously form and expand, microscopic crosslinked clusters gradually percolate to generate
a continuous three-dimensional network. Ultimately, the synergistic effects of P-O-Al
coordination crosslinking, interfacial hydrophobic aggregation, and the hydrogen-bonding
network drive the formation of a macroscopic continuous 3D network, yielding an oil-
water biphasic metal-organic supramolecular gel (MOSG). The hydrolysis, neutralization,
and coordination reactions involved in the system are as follows:

AlO,™ +2H,0 = [AI(OH),], 1)

R,HPO, = R,PO,~ + H™, )

[AI(OH)4]™ + (4 — x\)H* = AI(OH)®™* + (4 — x)H,0, 3)
ALOH)®™* + yRyPO,~ = Al(OH) (RoPO4)y 7Y, 4)
AIP* + 30H™ = AI(OH); (s), (5)

where R represents an alkyl group bearing a phenoxy ether moiety; x = 1, 2, or 3, and
y =~ 3 — x. Here, y is the number of phosphate ester groups coordinated to each Al center.
The remaining coordination sites are occupied by OH™ and/or H,O [33].

It should be emphasized that Equations (3)—(5) capture the core reaction pathway
governing gelation in this system, namely the pH-dependent transformation of Al species,
the coordination crosslinking with phosphate ester ligands, and the competing hydroly-
sis/precipitation side reaction under extreme conditions. Specifically, Equations (3)—(5)
describe the speciation of aluminum as a function of local acid-base environment and its
competition between forming soluble coordination-active crosslinkers and insoluble hy-
drolysis byproducts. Starting from the tetrahydroxoaluminate anion [AI(OH)4]~ generated
in Equation (1), Equation (3) represents stepwise protonation (partial neutralization) by
available H*, producing a family of hydrolyzed AI(IIT) species, AI(OH),G~* (x = 1-3),
with concomitant water formation. Importantly, these partially hydrolyzed Al centers retain
labile coordination sites (occupied by OH™ /H,0O) and thus act as “reactive” metal nodes.
Equation (4) then describes the key ligand-exchange/coordination step: deprotonated
phosphate ester anions (R,PO,~, from Equation (2)) coordinate to the hydrolyzed Al(III)
species, replacing some OH™ /H,O ligands and generating mixed hydroxo—phosphate
aluminum complexes. Because each Al center can bind multiple phosphate groups (with
y =~ 3 — x), these complexes function as multifunctional junctions that bridge neighboring
TXP-4 headgroups at the oil-water interface, enabling the growth and percolation of a
three-dimensional network through P-O-Al linkages. Finally, Equation (5) describes the
limiting case under stronger hydrolysis/over-neutralization (or locally high OH™ activity),
where AI(III) converts to insoluble AI(OH)3 (s). This precipitation pathway competes with
coordination crosslinking. Moderate hydrolysis favors soluble or partially hydrolyzed
Al species that participate in Equation (4) and promote gelation. In contrast, excessive
hydrolysis drives AI(OH); precipitation, reducing the availability of coordination-active Al
centers and producing inorganic-rich byproducts instead of load-bearing network junctions.
In drilling-engineering practice, MOSG is intended to be applied as an independent lost cir-
culation treatment fluid rather than as an additive to the base mud. The system is typically
implemented via a dual-liquid injection method, in which the oil-phase gelling solution
(OPGS) and aqueous gelling solution (AGS) are prepared separately and pumped into the
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wellbore through two streams (or sequential slugs). The two solutions are mixed within the
wellbore by flow-induced mixing (and/or inline mixing prior to downhole entry), forming
a pumpable mixture that can be transported to the loss zone and penetrate into fractures
driven by the pressure differential.

After entering the fracture space, MOSG undergoes rapid gelation and structural de-
velopment, generating a viscoelastic supramolecular network that progressively increases
viscosity, builds elastic strength (G’), and forms a continuous, deformable plug. The sealing
performance is governed by the coupled effects of (i) gelation kinetics under downhole
temperature and residence time, (ii) shear history during pumping through tubulars, and
(iii) viscoelastic deformation/recovery of the gel under differential pressure and fracture
confinement, which together determine fracture filling, resistance to washout, and ultimate
sealing integrity.

2.1.2. Emulsifier Concentration

Figure 1 illustrates the variation in the apparent viscosity of MOSG as a function of
Span 85 concentration at 30 °C, with a fixed oil- to aqueous-phase gelling solution volume
ratio of 10:3 and TXP-4 and NaAlO, concentrations maintained at 10.0 wt% and 4.0 wt%,
respectively. It can be observed that the addition of Span 85 significantly enhances the
gelation performance of the system, and the apparent viscosity stabilizes when the concen-
tration reaches 2.0 wt%. With increasing Span 85 concentration, its emulsification effect
on the oil-phase gelling solution is strengthened, facilitating the coordination of A1** ions
from NaAlO, with TXP-4 to form a stable three-dimensional network. Moreover, higher
concentrations of Span 85 enhance hydrogen bonding interactions within the system [34].
These multi-point interactions promote further extension and interconnection of the 3D
network, ultimately constructing a high-viscosity supramolecular gel.
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Figure 1. Apparent viscosity of MOSG as a function of Span 85 concentration at 30 °C with a volume
ratio of the oil-phase to the aqueous gelling solution of 10:3, 10.0 wt% TXP-4, and 4.0 wt% NaAlO,.

2.1.3. Oil- to Aqueous-Phase Volume Ratio

Figure 2 shows the variation in the apparent viscosity of the MOSG system with
decreasing volume ratio of the oil-phase to the aqueous gelling solution at 30 °C, where
the concentrations of TXP-4, NaAlO,, and Span 85 were fixed at 10.0 wt%, 4.0 wt%, and
2.0 wt%, respectively. It can be observed that the apparent viscosity of MOSG increases
rapidly with increasing proportion of the aqueous gelling solution and then tends to
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stabilize. The aqueous gelling solution acts as a polar dispersed phase and participates
in the hydrolysis and coordination reactions between the phosphoric ester and sodium
aluminate. On the one hand, a higher aqueous fraction reinforces the hydrogen-bonding
network and electrostatic interactions in the system; On the other hand, increasing the water
content generates more hydrolyzed aluminum hydroxide species. These species provide
abundant metal centers for P-O-Al coordination and network crosslinking. As a result,
a denser and more continuous metal-organic supramolecular network forms, leading to
a pronounced increase in viscosity. When the aqueous fraction is further increased, the
oil-water interface becomes progressively stabilized and the emulsion structure and gel
network approach equilibrium, so that the apparent viscosity tends toward a plateau. At
this stage, the additional water is mainly accommodated within the pores and continuous
domains of the pre-existing network, contributing little to further strengthening of the
overall structure.
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Figure 2. Apparent viscosity of MOSG as a function of the o0il- to aqueous-phase gelling solution
volume ratio at 30 °C, with 10.0 wt% TXP-4, 4.0 wt% NaAlO,, and 2.0 wt% Span 85.

2.1.4. Concentrations of Gelling Agent and Crosslinker

Figure 3 presents the variation in apparent viscosity of the MOSG system as a function
of NaAlO, and TXP-4 concentrations at 30 °C, with a fixed volume ratio of the oil-phase
to the aqueous gelling solution of 10:3 and 2.0 wt% Span 85. It can be observed that the
apparent viscosity of MOSG increases rapidly with increasing NaAlO; concentration, but
shows a slight decline when the NaAlO; concentration exceeds 6.0 wt%. In contrast, the
viscosity increases rapidly with TXP-4 concentration and then gradually reaches a plateau,
attaining 32,071 mPa-s at 12.5 wt% TXP-4.

At low concentrations of NaAlO, and TXP-4, the number of reactive and self-
assembling functional groups in the system increases rapidly, promoting coordination
between phosphate esters and aluminate ions as well as the formation of hydrogen bonds.
These interactions accelerate the construction of the supramolecular network, resulting
in a marked increase in viscosity. As the concentrations continue to rise, the available
crosslinking sites approach saturation, and the network structure becomes more complete.
Consequently, further addition of gelling agent or crosslinker has little effect on network
density, leading to a plateau in viscosity. Notably, when NaAlO; is excessive (>6 wt%), the
increased alkalinity may shift dissolved aluminum toward more stable and less reactive
aluminate species (e.g., [Al(OH)4] ™) [35]. Meanwhile, a higher pH may intensify OH™

https:/ /doi.org/10.3390/ gels12010074


https://doi.org/10.3390/gels12010074

Gels 2026, 12,74

7 of 28

competition for coordination sites, reducing the effective fraction of exchangeable and coor-
dinatively active hydrolyzed Al species [36] and thereby weakening the P-O-Al bridging
crosslinking efficiency. In addition, excessive aluminum sources may induce localized
enrichment or aggregation of inorganic phases. These rigid inorganic domains are difficult
to effectively integrate into the continuous three-dimensional framework network. As a
result of these combined effects, the apparent viscosity of MOSG shows a certain degree
of decline.
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Figure 3. Variation in the apparent viscosity of the MOSG system with NaAlO; (red line) and TXP-4
(black line) concentrations at 30 °C, with a fixed volume ratio of the oil-phase to the aqueous gelling
solution of 10:3 and 2.0 wt% Span 85.

The single-component optimization experiments of the MOSG system indicate that,
considering both economic efficiency and gelation performance, the optimal formulation
is achieved when the oil-phase to the aqueous gelling solution volume ratio is 10:3, the
Span 85 concentration is 2.0 wt%, the NaAlO, concentration is 5.0 wt%, and the TXP-4
concentration is 12.5 wt%. Under these conditions, the MOSG system exhibits excellent
gelation properties and structural stability. Therefore, all subsequent studies on the effects
of pH, temperature, and shear behavior were carried out using this optimized formulation,
so that the structural characterization and plugging performance tests are representative of
the practical operating conditions of MOSG in engineering applications.

2.2. Analysis of Factors Influencing the Gelation Performance of MOSG
2.2.1. Effect of Reaction Time and Temperature

Figure 4 illustrates the variation in the apparent viscosity of the MOSG system with
reaction time under different temperature conditions. As the reaction time increased,
the apparent viscosity of the system gradually rose at all temperatures, indicating the
continuous formation and strengthening of the internal gel network structure. At 30 °C,
the viscosity reached a stable value after approximately 10 min, suggesting that the gel
network was nearly completed. At 50 °C, stabilization occurred around 20 min, whereas
at 70 °C, the system again reached equilibrium within about 10 min. In contrast, at 90 °C,
the viscosity continued to increase slightly even after 20 min, implying that the molecular
motion and reaction rates were higher at elevated temperatures, and the condensation
and self-assembly between phosphate esters and aluminate species were still ongoing.
Overall, increasing temperature accelerates the gelation process; however, excessively
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high temperatures may alter the reaction kinetics or compromise the structural stability of
the system.

40,000

=35,000 | 2 i N

- Vi

]

=

£30,000 -

2

& 25,000 |-

9

2

Z 20,000 |

o ——30C

£15,000 | ——50C

< 70°C
10,000 - ——90C

0 5 10 15 20 25 30

Reaction Time (min)

Figure 4. Variation in the apparent viscosity of MOSG with reaction time under different
temperature conditions.

2.2.2. Effect of pH

Figure 5 shows that the apparent viscosity of MOSG is strongly pH-dependent. As
pH of the aqueous gelling solution increases from 7.21 to 8.24, the apparent viscosity rises
from 15,042 to 34,874 mPa-s, indicating progressive strengthening of the three-dimensional
gel network. Further increasing pH to 8.52 and 9.14 leads to a gradual viscosity decrease,
suggesting that excessively alkaline conditions weaken the effective cross-linking structure.
Overall, MOSG exhibits an optimum gelation window in the mildly alkaline range of
pH ~ 8.10-8.3.

35,000

30,000

25,000

20,000

Apparent Viscosity (mPa-s)

15,000

7.0 7.5 8.0 8.5 9.0 9.5
pH of the aqueous gelling solution
Figure 5. Effect of pH of the aqueous gelling solution on the apparent viscosity of the MOSG system.

The FTIR maps in Figure 6a,b provide structural evidence for this pH response. De-
tailed assignments of peak positions and corresponding bonding modes in the MOSG
spectra are provided in Section 2.3.1 (“FTIR Analysis”). In the O-H stretching region
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(3700-3000 cm 1), the broad hydrogen-bonded band becomes progressively stronger and
slightly broader when pH increases from 7.21 to 8.05-8.24, consistent with the formation of
a denser hydrogen-bond network involving phosphoric ester headgroups, AI-OH species
and bound water [37-39]. At the same time, the H-O-H bending band of free/bulk water
around ~1600 cm ™! slightly decreases, implying that more water molecules are converted

from “free” to “structurally bound” states within the gel network.
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Figure 6. C-H-normalized FTIR spectra of MOSGs at different pH values of the aqueous gelling
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More pronounced pH-induced changes appear in the phosphate- and aluminum-
related regions. In the 1250-950 cm ™! region, assigned to P=0O and P-O stretching as well
as P-O-Al coordination, the color in Figure 6b clearly intensifies from pH 7.21 to 8.05-8.24,
and then becomes slightly weaker at pH 8.73 and 9.14. This trend parallels the viscosity
evolution in Figure 5, indicating that the number and/or strength of P-O-Al coordina-
tion bonds is the key factor controlling gel strength [37—40]. At low pH, TXP-4 is partly
protonated and the fraction of deprotonated phosphate anions capable of coordinating
Al is limited, so only a loose coordination network is formed. Near pH 8.10-8.3, TXP-4 is
sufficiently deprotonated while Al species from the NaAlO,;-Al(OH); system are mainly
present as polymeric hydroxo complexes that can efficiently bridge between neighboring
phosphate groups, giving rise to abundant P-O-Al cross-links and a highly connected
supramolecular framework [37-40]. In the 900460 cm ! region, corresponding to Al-O
and Al-O-P skeletal vibrations, the integrated intensity generally increases with pH, con-
firming the progressive development of aluminum-containing inorganic domains [38,40].
However, at high pH (>8.73) the P-O-Al band intensity begins to decrease while the
Al-O framework band remains relatively strong. This suggests that a growing fraction of
Al species exists as more isolated or over-hydrolyzed hydroxide/aluminate units rather
than as effective bridging centers. Excess OH™ and highly charged aluminate anions may
also compete with phosphate for coordination sites and enhance electrostatic repulsion
between phosphate chains [40,41]. As a result, although the amount of Al-O species re-
mains high, their ability to form extended, flexible P-O-Al cross-links is reduced, leading
to partial disruption or fragmentation of the supramolecular network and the observed
drop in viscosity.

Taken together, Figures 5 and 6 demonstrate that pH regulates the balance among de-
protonation of the phosphoric ester TXP-4, hydrolysis and speciation of NaAlO,—-Al(OH)3,
and the hydrogen-bonding structure of water. Optimal gel performance is achieved in a
narrow mildly alkaline window, where P-O-Al coordination cross-linking and O-H- - - O
hydrogen bonding act cooperatively to build a dense yet reversible supramolecular network.
At lower pH, coordination is insufficient. Outside this window, gelation is compromised.
At higher pH, Al species become over-hydrolyzed and less effective. In both cases, the
supramolecular gel network is weakened.

2.2.3. Effect of Shearing Intensity

Figure 7 illustrates the variation in apparent viscosity of the metal-organic supramolec-
ular gel (MOSG) over time under different imposed stirring (shearing) intensities
(60-380 rpm) at 30 °C, applied using an OS60 Pro overhead electric stirrer. Overall, the
viscosity of MOSG increased with time under all shear conditions, indicating the con-
tinuous formation and strengthening of the gel network. Under lower imposed stirring
(60 rpm), the initial viscosity was relatively high (8124 mPa-s) and reached 34,501 mPa-s
after 60 min. In contrast, at a higher imposed stirring of 380 rpm, the initial viscosity was
only 3874 mPa-s, increasing to 25,514 mPa-s at the end of the test. These results demonstrate
that increasing imposed stirring intensity inhibits gelation kinetics and reduces the final
viscosity of the system. Shear forces influence both the initial formation and the subsequent
evolution of the supramolecular network: mild shear facilitates the assembly of network
structures, whereas intense shear disrupts nascent frameworks and delays the develop-
ment of a continuous three-dimensional structure. The gelation of MOSG relies on metal
coordination, hydrogen bonding, and hydrophobic association, exhibiting typical shear
sensitivity and self-healing characteristics.
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Figure 7. Evolution of MOSG apparent viscosity during gelation at 30 °C under different stirring
speeds (60-380 rpm).

2.3. Physicochemical Characterization and Performance of MOSG
2.3.1. FTIR Analysis

Figure 8 compares the globally normalized FTIR spectra of the aqueous gelling solution
(AGS), oil-phase gelling solution (OPGS) and the final supramolecular gel (MOSG). The
precursor spectra of AGS and OPGS display the typical features of hydrated aluminum
hydroxide and organic phosphoric ester systems, respectively, whereas the MOSG spectrum
exhibits a number of new bands and band redistributions that cannot be explained by
simple superposition. These differences provide spectroscopic evidence consistent with the
formation of an organic-inorganic supramolecular network.
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Figure 8. Globally normalized FTIR spectra of the aqueous gelling solution (AGS_global), oil-phase
gelling solution (OPGS_global), and supramolecular gel MOSG_global, highlighting the characteristic
O-H, P-O and Al-O bands.

For the OPGS, four main bands are resolved at 1740, 1600, 1250 and 1118 cm L. The
strong band at 1740 cm ™! arises from the C=0 stretching of ester groups in TXP-4 and Span
85, and represents the dominant carbonyl signature of the oil phase. The 1600 cm ! band
with medium intensity is attributed to C=C/C=0 coupled vibrations of unsaturated chains
in Span 85. In the fingerprint region, the strong band at 1250 cm ™! corresponds mainly
to the P=0O stretching of the phosphoric ester headgroup, while the 1118 cm~! band is
associated with P-O-C and C-O-C stretching, reflecting the ether/ester backbone of TXP-4
and Span 85 [37-39]. In contrast, the AGS spectrum is dominated by inorganic features
of hydrated AI(OH);. Four major bands are observed at 3426, 1632, 846 and 546 cm L.
The broad, intense band at 3426 cm ™! originates from O-H stretching of abundant water
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molecules and hydroxyl groups, indicating the coexistence of free water, bound water and
surface ~OH. The 1632 cm~! band corresponds to H-O-H bending of water, confirming
a strongly hydrated and hydrogen-bonded aluminum hydroxide colloid [37,42]. In the
low-frequency region, the bands at 846 and 546 cm~! arise from Al-OH bending/Al-O-Al
bridging vibrations and Al-O lattice vibrations, respectively, and indicate the presence of
multinuclear, polymerized aluminum-oxygen/hydroxide structures [37,42].

After mixing the two gelling solutions and allowing MOSG to form, the global spec-
trum in Figure 8 exhibits six main bands centered at 3432, 1742, 1600, 1234, 996 and
624 cm L. Among them, the evolution of the O-H, P-containing and Al-O related bands
is most diagnostic. The broad band at 3432 cm ™! is still assigned to O-H stretching, but
its integrated intensity decreases slightly and the band becomes even broader compared
with AGS. This suggests that water and hydroxyl groups no longer interact solely with
Al(OH)3, but participate in multi-point hydrogen bonding among phosphoric ester head-
groups, aluminum hydroxide species and the organic phase. The more heterogeneous
O-H environments in MOSG are consistent with a complex supramolecular hydrogen-
bond network [37-39,42]. The carbonyl band at 1742 cm~! remains strong and appears
at essentially the same position as the 1740 cm~! band in OPGS, indicating that the ester
backbone of TXP-4 and Span 85 is preserved during gelation and that no significant ester
hydrolysis or transesterification occurs. Therefore, the construction of MOSG is most
plausibly governed by noncovalent interactions and metal-ligand coordination, rather
than by covalent modification of the organic backbone. The most striking changes occur
in the phosphate-related fingerprint region. The 1250 cm~! P=0 band and the 1118 cm !
P-O-C/C-O-C band of OPGS evolve into a medium band at 1234 cm ! and a new strong
band at 996 cm ™! in MOSG. The slight red shift of the P=O band (1250 — 1234 cm™ 1)
reflects a more electron-deficient environment around phosphorus, consistent with stronger
coordination of P=O to AI** and enhanced hydrogen bonding with water and neighboring
~OH/ethoxy groups [37-39]. The new band at 996 cm !, which is absent in both AGS and
OPGS, is reasonably assigned to P-O-Al stretching and related P-O-Al bridging vibrations.
Its high intensity (accounting for roughly one-fifth of the total integrated area) supports the
involvement of phosphate—Al interactions, suggesting that TXP-4 phosphoric esters likely
coordinate with aluminum hydroxide species to form extended P-O-Al cross-links [37-39].

Figure 9 further resolves the Al-O and P-O regions by regional normalization. In
the AI-O region (Figure 9a), the 846 and 546 cm~! bands of AGS are redistributed into
a medium band at 624 cm~! and the composite band around 996 cm~! in MOSG. The
624 cm~1 band is stronger and broader than the 546 cm~! band of AGS, indicating that
part of the aluminum-oxygen framework has transformed from pure Al-O-Al/Al-OH
structures into P-O-Al-bridged aluminum—phosphate networks [37-39]. In the P-O region
(Figure 9b), the growth of the 996 and 1234 cm~! bands in MOSG relative to OPGS confirms
the formation of new coordination-driven cross-links [37-39].

Overall, comparison of the globally and regionally normalized spectra of AGS, OPGS
and MOSG demonstrates that the oil phase provides P=O and P-O-C functional groups,
while the aqueous phase supplies AI-O/Al-OH inorganic motifs. In MOSG, these features
are not simply additive. Instead, the emergence of the ~996 cm~! P-O-Al band, the slight
red shift of the P=0O peak, and the redistribution/broadening of Al-O vibrations collectively
suggest metal-phosphate coordination interactions consistent with P-O-Al linkage for-
mation. In parallel, hydrogen bonding and localized inorganic aggregation/precipitation
may also contribute to the heterogeneous network features. Together with multi-point
hydrogen bonding and hydrophobic association of organic chains, these interactions co-
operatively drive the assembly of a three-dimensional supramolecular gel network. The
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network can be viewed as tri-phase building blocks of “organic phosphoric ester-aluminum
hydroxide-water”.
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Figure 9. Region-normalized FTIR spectra of MOSG and its precursor gelling solutions in the Al-
O and P-O regions: (a) Al-O region (400-1000 cmfl) spectra of AGS_Alnorm and MOSG_Alnorm;
(b) P-O region (900-1350 cm_l) spectra of OPGS_Pnorm and MOSG_Prorm.

2.3.2. Morphological Characterization

Figure 10 provides a multiscale view of the MOSG microstructure and provides evi-
dence for a hierarchical gelation mechanism. The optical micrograph in Figure 10a shows
uniformly dispersed bright microdomains, which can be interpreted as micron-sized water
droplets or interfacial regions encapsulated in the oil phase. At the oil-water interface, the
localized enrichment of A13* species and phosphate-ester headgroups accelerates coordina-
tion crosslinking and provides nucleation sites for subsequent network growth. At higher
magnification, Figure 10b reveals a continuous three-dimensional fibrous network spanning
surface asperities and pore-scale heterogeneities. This morphology indicates cooperative
assembly, in which AI**-phosphate coordination and noncovalent interactions (hydrogen
bonding, hydrophobic association, and electrostatic attraction) jointly build a mechani-
cally robust supramolecular skeleton. In contrast, the discontinuous dendritic deposits in
Figure 10c likely result from localized supersaturation and rapid coordination under re-
stricted diffusion. This interpretation is consistent with diffusion-reaction-controlled
precipitation, which commonly produces branched dendritic motifs in inorganic gels and
metal-oxide systems [43—45]. Figure 10d further displays well-defined plate-like crys-
talline structures with sharp edges, characteristic of inorganic-rich precipitates such as
aluminum phosphate or related hydrolysis products formed under over-coordination or
over-hydrolysis conditions; these crystals typically grow as discrete domains within gel
matrices and remain structurally separated from the main load-bearing network [45-47].
Notably, the presence of these isolated inorganic-rich domains (Figure 10d) supports the in-
terpretation that excessive NaAlO; can induce localized inorganic enrichment/aggregation,
rather than contributing to a more integrated load-bearing network.
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Figure 10. Optical and SEM micrographs of the MOSG system at different magnifications: (a) optical
microscopy image at 1000x showing dispersed microdomains; (b) SEM image at 500x revealing a
three-dimensional supramolecular fibrous network; (c) SEM image at 7.0k x displaying dendritic
crystalline aggregates; (d) SEM image at 20.0k x showing well-defined plate-like crystalline structures.
Note: SEM images were obtained from freeze-dried samples; therefore, porosity-related features are
discussed qualitatively and cross-checked against wet-state optical microscopy.

The coexistence of a continuous supramolecular network and isolated rigid domains
suggests a multi-scale structural organization within the MOSG system. The flexible 3D
framework enables elasticity, fracture-conforming ability, and self-healing, whereas the
localized hard regions may enhance dimensional stability and resistance to deformation
under confinement. This hierarchical morphology provides a structural basis for effective
fracture bridging and pressure-bearing performance observed in plugging tests. Overall,
the microscopic observations support a heterogeneous gelation mechanism, in which
coordination-driven assembly yields a dominant supramolecular network while minor
inorganic-rich domains arise from localized supersaturation. This hybrid microstructure is
intrinsic to metal-organic supramolecular gels and clearly distinct from purely crystalline
or purely polymeric systems.

2.3.3. Thermal Stability of MOSG (TGA)

The TG-DTG curves of the freeze-dried MOSG are presented in Figure 11. Under
a nitrogen atmosphere, the sample was heated from 30 °C to 800 °C at a heating rate of
10 °C/min, and four stages can be observed. Stage 1 occurs below 193 °C and shows a
DTG peak at 118 °C (—1.54%/min), which is mainly attributed to the removal of physically
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adsorbed water and weakly bound water remaining in the gel network after freeze-drying.
Only a slight mass loss is observed in this temperature range, indicating the good low-
temperature thermal stability of MOSG. Stage 2 occurs between 193 and 296 °C with a DTG
peak at 263 °C (—1.89%/min). This stage may be related to the dehydroxylation transfor-
mation of aluminum hydroxyl species and the initial thermal cracking of a small amount of
organic/interfacial components. Since the overall mass loss in this stage is small and the
DTG peak intensity is relatively low, these results suggest that MOSG mainly undergoes
structural relaxation and partial degradation rather than complete decomposition of the net-
work backbone. Stage 3 is the major degradation stage, occurring between 296 and 550 °C,
with a pronounced DTG peak at 380 °C (—6.70%/min). This stage mainly corresponds to
the thermal cracking/carbonization of organic components such as diesel, Span 85, and
TXP-4, accompanied by the destabilization and overall collapse of the network supported
by hydrophobic association and Al(IIl)-phosphate ester coordination. Stage 4 (>550 °C)
shows a nearly constant mass, indicating a relatively thermally stable residue mainly com-
posed of inorganic phases and carbonaceous char. From an operational standpoint, the
negligible mass loss and the absence of major degradation below ~193 °C indicate intrinsic
thermal robustness, suggesting that MOSG is expected to remain structurally stable during
typical downhole circulation/placement and sealing stages under elevated-temperature
drilling conditions.
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Figure 11. TG and DTG curves of the freeze-dried MOSG under N at a heating rate of 10 °C/min,
showing multi-stage mass-loss events at approximately 118 °C, 263 °C, and 380 °C.

2.3.4. Rheological Behavior

Figure 12 presents the shear-rate sweep results of MOSG at 30 °C. In the low-shear
region (0.05-1 s~ 1), the viscosity remained around 34,000 mPa-s, indicating a highly struc-
tured network, consistent with the solid-like response (G’ > G”) shown in Figure 13. As the
shear rate increased to the intermediate-shear region (1-50 s 1), the viscosity decreased
sharply, suggesting progressive disruption and reorganization of reversible coordination
and hydrogen-bonding interactions. In the high-shear region (50400 s '), the decrease in
viscosity gradually slowed and stabilized at approximately 5000-6000 mPa-s, implying that
part of the supramolecular network remained. These results clearly show a shear-thinning
transition followed by a high-shear stabilization zone. Such shear-dependent behavior pro-
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vides an experimental basis for pumpability through the drill string and effective plugging
in fractured formations.
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Figure 12. Shear rate dependence of apparent viscosity of MOSG at 30 °C.
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Figure 13. Variation in storage modulus (G’) and loss modulus (G”) of MOSG with shear strain (y) at
30°C.
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Figure 13 illustrates the variation in storage modulus (G’) and loss modulus (G")
of MOSG with shear strain (y). It can be seen that MOSG is elasticity-dominated and
structurally stable in the low-strain regime, whereas in the high-strain regime it yields
and becomes viscous (liquid-like) dominated. At low strain (y < 0.3%), G’ and G” are
nearly constant, with G’ (=2.2-2.5 kPa) far above G’ (~0.24-0.25 kPa), indicating a stable,
elasticity-dominated network. With increasing strain, G’ decreases while G” increases,
reflecting nonlinear softening and enhanced dissipation. The moduli intersect at y = 15%
(G’ = G” = 0.602 kPa), marking the yield point. After yielding, G” reaches a maximum at
v = 30% (0.734 kPa) and then declines, whereas G’ continues to drop, indicating progressive
network breakdown. At high strain (y > 50%), both moduli decrease substantially and the
response becomes predominantly liquid-like.

The rheological behavior discussed above can be rationalized by integrating the spec-
troscopic and microstructural evidence presented in Sections 2.3.1 and 2.3.2. FTIR analysis
reveals the formation of P-O-Al coordination bonds and extensive hydrogen-bonding
interactions between phosphate groups, aluminum hydroxide species, and residual water
molecules, which together establish a physically crosslinked supramolecular network. The
development of such coordination-driven junctions provides the molecular basis for the
pronounced elastic response (G’ > G”) observed at low strains. Meanwhile, SEM observa-
tions demonstrate a heterogeneous but continuous network composed of interconnected
fibrous domains and localized inorganic-rich regions. This microstructure is consistent with
the rheological behavior characterized by shear thinning and a well-defined yield point,
where deformation induces progressive disruption of noncovalent interactions rather than
catastrophic network failure. The combined FTIR, rheological, and morphological evidence
therefore supports a gelation mechanism governed by reversible metal-ligand coordination
and hydrogen bonding, resulting in a mechanically robust yet deformable supramolecular
network suitable for plugging applications under dynamic flow conditions.

2.3.5. Plugging Performance
(1) Seepage-type Loss

In the seepage-loss simulation tests, MOSG exhibited a pressure-bearing capacity of
453.4 kPa in the model permeable formation, which is equivalent to an increase of 2.27 MPa
per metre of lost zone. The results indicate that MOSG can effectively crosslink and form
a continuous network under elevated-temperature conditions, producing a dense and
mechanically robust sealing layer within permeable formations. Consequently, MOSG
markedly enhances the resistance of high-porosity / permeability channels to fluid flow and
enables reliable plugging of seepage-type loss pathways.

(2) Fracture-type Loss

Table 1 presents the pressure-bearing capacity and pressure gradient of MOSG un-
der different fracture apertures during the fracture-loss tests. MOSG exhibits excellent
pressure-bearing and plugging performance under conditions of higher injection pressure
and smaller fracture apertures. Both the gel initiation pressure and pressure gradient
significantly increase with the injection pressure. For instance, when the injection pressure
was raised from 0.50 MPa to 1.5 MPa, the initiation pressure for a fracture aperture of
0.50 mm increased from 42.1 kPa to 624 kPa, and the corresponding pressure gradient rose
from 0.842 MPa/m to 12.48 MPa/m. These results indicate that higher injection pressures
facilitate deeper penetration of the gel into fractures and enhance its plugging strength.
Conversely, at the same injection pressure, both initiation pressure and pressure gradient
decreased noticeably with increasing fracture aperture. For example, at 1.0 MPa injection
pressure, the initiation pressure dropped from 408 kPa to 298 kPa, and the pressure gradi-
ent decreased from 8.16 MPa/m to 5.96 MPa/m as the fracture aperture increased from
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0.50 mm to 1.5 mm. This indicates that in narrower fractures, the gel more readily forms a
dense sealing layer, whereas wider fractures allow gel dispersion and flow, reducing the
plugging efficiency.

Table 1. Pressure-bearing capacity and pressure gradient of MOSG in fracture-type loss tests under
different fracture apertures and injection pressures.

Fracture Aperture (mm)

Injection Pressure (MPa) Pressure-Bearing Capacity (kPa)  Pressure Gradient (MPa/m)

0.50 421 0.842
0.50 1.0 408 8.16
1.5 624 12.48
0.50 35.7 0.714
1.0 1.0 343 6.86
1.5 475 9.5
0.50 30.4 0.608
1.5 1.0 298 5.96
1.5 405 8.10

2.3.6. Shear Resistance

Figure 14 shows the variation in viscosity retention of MOSG with shearing time
under different imposed shearing intensities (stirring speeds, 60-380 rpm). With increasing
imposed shearing intensity (60-380 rpm) and shearing time (0-60 min), the viscosity reten-
tion first decreases gradually and then tends to stabilize. MOSG exhibits excellent shear
resistance and rapid recovery capability. The initial viscosity is 34,512 mPa-s, indicating that
MOSG has built a dense three-dimensional network through hydrogen bonding and metal
coordination. During the first 10 min of shearing (60 rpm), the viscosity retention decreases,
suggesting that part of the network is disrupted, while the overall structure remains largely
intact. Even under imposed shearing intensity (380 rpm), the viscosity retention remains
above 60%. This behavior is attributed to the dynamic reversibility of noncovalent inter-
actions in the gel (hydrogen bonding, electrostatic interactions, and metal coordination).
Shearing can temporarily disrupt the gel network and reduce viscosity. However, once the
external force is removed, intermolecular interactions can be re-established and the network
can self-assemble and recover, leading to viscosity rebound. This rheological behavior
helps MOSG maintain stability and plugging performance under drilling flow conditions.

Figure 15 shows the variation in viscosity recovery of MOSG with rest time following
shear. The results indicate that after gelation and shear disruption (shearing at imposed
shearing intensities of 60-380 rpm for 30 min), the viscosity of MOSG gradually recovers
during rest, demonstrating an evident self-healing capability. Under a lower imposed
shearing intensity (60 rpm), the initial viscosity retention is relatively high (90.2%) and
the recovery is rapid, with the viscosity ultimately recovering to 98.5% of the initial value.
Under a higher imposed shearing intensity (380 rpm), the initial retention is lower (60.6%),
the recovery is slower, and the viscosity finally recovers to 74.5%. Mechanistically, viscosity
recovery relies on the dynamically reversible reconstruction of supramolecular noncovalent
interactions (e.g., hydrogen bonding, electrostatic interactions, and hydrophobic aggrega-
tion) as well as metal-ligand coordination crosslinking. Under high-intensity shear, MOSG
undergoes more severe structural disruption and may experience irreversible changes at
certain coordination sites or within the emulsified microstructure, thereby limiting the
reversible reassembly process.
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Figure 14. Variation in viscosity retention of MOSG with shear time under different imposed shearing
intensities (stirring speed, rpm) at 30 °C.
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Figure 15. Viscosity recovery of MOSG versus resting time following shear for 30 min under different
imposed shearing intensities (stirring speeds, 60-380 rpm) at 30 °C.

3. Conclusions

To address lost circulation in oil-based drilling fluids, this study investigated an oil-
water biphasic metal-organic supramolecular gel (MOSG) system through formulation
optimization, parametric evaluation, multiscale characterization, and plugging tests. The
main conclusions are as follows.

(1) The optimal MOSG formulation is an oil-phase-to-aqueous-gelling-solution vol-
ume ratio of 10:3, 2.0 wt% Span 85, 5.0 wt% NaAlO;, and 12.5 wt% TXP-4. Under these
conditions, the system exhibits rapid gelation, high apparent viscosity, and good structural
stability. Emulsifier, gelling agent, crosslinker contents and the oil-water ratio jointly
control the formation, connectivity, and density of the supramolecular network.

(2) Gelation of MOSG is strongly affected by temperature, pH, and shear history.
Moderate heating accelerates gel-network development, whereas excessively high tem-

peratures can weaken structural integrity. The system shows optimal gelation and three-

dimensional network stability under mildly alkaline conditions of the aqueous gelling
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solution (pH ~ 8.10-8.30). Low shear (lower imposed stirring) promotes network assem-
bly, while high shear (higher imposed stirring) disrupts nascent structures and delays the
formation of a continuous network.

(3) Spectroscopic, microscopic, and thermal analyses indicate that the MOSG network
is built by P-O-Al coordination between phosphate ester headgroups and aluminum
hydroxide species, assisted by hydrogen bonding and hydrophobic association in the oil-
water biphasic system. The resulting hierarchical microstructure, combining a continuous
supramolecular network with localized inorganic-rich domains, provides a robust yet
deformable framework that underlies the observed viscoelasticity, shear resistance, and
self-healing behavior.

(4) The MOSG system displays good rheological stability, shear-thinning behavior, and
thixotropic self-recovery, maintaining a stable three-dimensional network at low strain and
partial integrity under high shear. Plugging tests show that MOSG effectively seals both
seepage-type and fracture-type losses, and that higher injection pressures and narrower
fractures enhance penetration and sealing strength. Even under intense shear, viscosity
retention remains above 60% and the gel still shows clear self-healing, supporting its use as
an adaptive gel-based lost circulation material in complex reservoirs.

4. Materials and Methods
4.1. Experiment Materials

Span 85, sodium aluminate (NaAlO;), hydrochloric acid (HCI), and sodium hydroxide
(NaOH) were of analytical grade and purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). Phenolic ether phosphate ester (TXP-4, >99%) was supplied by
Hai’an Petroleum Chemical Plant (Hai’an, China). Industrial diesel (industrial grade) was
obtained from Exxon (Xiamen) Petrochemical Co., Ltd. (Xiamen, China).

4.2. Experiment Instruments

Electronic analytical balance (Shanghai Precision Scientific Instrument Co., Ltd., Shang-
hai, China); Brookfield DV2 Plus-LV viscometer (Brookfield Engineering Laboratories, Inc.,
Middleboro, MA, USA); OS60 Pro overhead electric stirrer (Shanghai Kexing Instrument
Co., Ltd., Shanghai, China); HH-M6 thermostatic water bath (Jiangsu Xinchunlan Scien-
tific Instrument Co., Ltd., Changzhou, China); High-temperature roller oven (Qingdao
Xinruide Petroleum Instrument Co., Ltd., Qingdao, China); Polarized optical microscope
(CX40P, Ningbo Sunny Instruments Co., Ltd., Ningbo, China); Scanning electron micro-
scope (JSM-6610Lv, JEOL Ltd., Tokyo, Japan); Thermogravimetric analyzer (STA 449F3
Jupiter, NETZSCH-Gerdtebau GmbH, Selb, Germany); Fourier-transform infrared spec-
trometer (Nicolet iS10, Thermo Fisher Scientific, Madison, W1, USA); PHSJ-3F pH meter
(Shanghai INESA Scientific Instrument Co., Ltd., Shanghai, China); MCR302 rotational
rheometer (Anton Paar, Shanghai, China); and Self-designed plugging test apparatus.

4.3. Single-Component Optimization of MOSG

Formulation optimization was conducted using a single-factor (one-variable-at-a-time)
strategy. In each set of experiments, only one formulation parameter (Span 85 concentration,
oil-to-aqueous phase volume ratio, TXP-4 concentration, or NaAlO, concentration) was
varied while the other parameters were kept constant, and the resulting formulations were
evaluated after standing for 1 h at 30 °C.

To optimize the supramolecular gel system (MOSG), the apparent viscosity was se-
lected as the primary evaluation parameter to reflect the formation of the network structure
and variations in gelation performance. Viscosity serves as an important macroscopic
parameter that characterizes the intermolecular interactions and structural compactness
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within the gel system. It is highly sensitive to changes in the concentrations of the gelling
agent, crosslinker, and emulsifier, thus allowing for rapid screening and comparison of
different formulations in terms of their gelation tendency and stability [14,48]. Although
this method provides an indirect characterization, it has been widely adopted for prelim-
inary optimization and performance assessment of gel systems. Apparent viscosity was
measured using a Brookfield DV2 Plus-LV viscometer (Brookfield Engineering Laborato-
ries, Inc., Middleboro, MA, USA) equipped with an LV-4 spindle (entry code 64) at 30 °C
and a constant rotational speed of 12 rpm. After spindle immersion to the marked depth,
the spindle was rotated for at least five revolutions (or 1 min, whichever was greater)
before recording readings, and the reported values were taken after the display stabilized.
Viscosity values are reported as apparent viscosity (mPa-s) at the specified speed (12 rpm).
In addition, all viscosity measurements described in Sections 4.3—4.5 were conducted at
least in triplicate, and the associated errors were within acceptable limits.

4.3.1. Effect of Emulsifier Concentration

At 30 °C, the volume ratio of the oil-phase to the aqueous gelling solution was fixed
at 10:3, with TXP-4 and NaAlO, concentrations maintained at 10.0 wt% and 4.0 wt%,
respectively. Different MOSG formulations were prepared by varying the concentration of
Span 85. After standing for 1 h, the apparent viscosity of each system was measured using
a Brookfield DV2 Plus-LV viscometer to evaluate the influence of emulsifier concentration
on the MOSG network formation.

4.3.2. Effect of the Oil-to-Aqueous-Phase Volume Ratio

At 30 °C, TXP-4 and NaAlO; concentrations were fixed at 10.0 wt% and 4.0 wt%,
and Span 85 concentration was set at 2.0 wt%. MOSG systems with different oil-phase-to-
aqueous-gelling-solution volume ratios were prepared. After 1 h of standing, the apparent
viscosity of each system was measured using a Brookfield DV2 Plus-LV viscometer to
investigate the effect of oil-water ratio on MOSG gelation.

4.3.3. Effect of Gelling Agent Concentration

At 30 °C, the volume ratio of the oil-phase to the aqueous gelling solution was fixed
at 10:3, and the concentrations of NaAlO; and Span 85 were maintained at 4.0 wt% and
2.0 wt%, respectively. Different MOSG formulations were obtained by varying the TXP-4
concentration in the oil-phase gelling solution. After standing for 1 h, the apparent viscosity
of each system was measured using a Brookfield DV2 Plus-LV viscometer to assess the
influence of gelling agent concentration on the gelation performance of MOSG.

4.3.4. Effect of Crosslinker Concentration

At 30 °C, the oil- to aqueous-phase gelling solution volume ratio was fixed at 10:3,
and the concentrations of TXP-4 and Span 85 were maintained at 12.5 wt% and 2.0 wt%,
respectively. MOSG systems with different NaAlO, concentrations in the aqueous phase
gelling solution were prepared. After standing for 1 h, the apparent viscosity of each
system was measured using a Brookfield DV2 Plus-LV viscometer to evaluate the effect of
crosslinker concentration on MOSG gelation.

4.4. Factors Influencing the Gelation Performance of MOSG
4.4.1. Reaction Time and Temperature

In field applications, the metal-organic supramolecular gel (MOSG) is typically in-
jected through a dual-liquid method for lost circulation control. The two gelling solutions
are mixed within the wellbore to form a gel; therefore, it is necessary to investigate the
influence of reaction time on gelation performance. At 30 °C, the oil-phase and aqueous
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gelling solutions were mixed using an OS60 Pro overhead electric stirrer (Shanghai Kexing
Instrument Co., Ltd., Shanghai, China), and the viscosity evolution of the mixed system
over time was monitored using a Brookfield DV2 Plus-LV viscometer to evaluate the effect
of reaction time on gelation. Similarly, the variation in apparent viscosity of the MOSG
system with time was measured at 50 °C, 70 °C, and 90 °C to assess the influence of
temperature on gelation behavior.

4.4.2. pH Value

The pH of the aqueous gelling solution was adjusted by adding different amounts
of HCl or NaOH, and measured using a PHSJ-3F pH meter (Shanghai INESA Scientific
Instrument Co., Ltd., Shanghai, China). The pH-adjusted aqueous gelling solution was then
mixed with the oil-phase gelling solution and stirred for 5 min, followed by standing for
1 h to allow the system to stabilize. The apparent viscosity of the mixture was subsequently
measured using a Brookfield DV2 Plus-LV viscometer to determine the effect of pH on the
gelation performance of the MOSG system. For each pH, the corresponding wet MOSG
sample was also analyzed by ATR-FTIR (4000-400 cm~!), and the spectra were uniformly
processed and area-normalized to the diesel C-H stretching region (3032-2770 cm~1), so
that band-intensity changes directly reflect the influence of pH on supramolecular structure
(see Section S1 of Supporting Information).

4.4.3. Shear Effect

During field application, MOSG is typically injected via a dual-liquid method and
undergoes continuous high-shear stress as it flows through the wellbore and tubular
strings. At this stage, the gelling system remains in a dynamic balance between gelation
reactions and structural development; external shear may disrupt the initially formed
supramolecular network, thereby affecting the subsequent gelation rate and the final gel
strength. To systematically analyze this effect, the oil-phase and aqueous gelling solutions
were pre-sheared separately for 50 min at different stirring speeds (60, 140, 220, 300, and
380 rpm) using an OS60 Pro overhead electric stirrer at 30 °C. In this study, rpm is used
to represent the imposed shearing intensity via stirring rather than a true shear rate. The
two pre-sheared solutions were then mixed and continuously stirred for 3 h under the
same stirring speeds. The apparent viscosity of the MOSG system was measured using a
Brookfield DV2 Plus-LV viscometer after various standing times to evaluate the influence
of shear on gelation kinetics and gel strength.

4.5. Characterization and Performance Evaluation of MOSG
4.5.1. Structural and Morphological Characterization of MOSG

(1) FTIR Analysis

ATR-FTIR spectra of the aqueous gelling solution (AGS), oil-phase gelling solution
(OPGS), and the metal-organic supramolecular gel (MOSG) were collected on the FTIR
spectrometer (Nicolet i510, Thermo Fisher Scientific, Madison, WI, USA) equipped with a
single-reflection diamond ATR accessory. Characteristic shifts in phosphate and hydroxyl
group vibrations were used to evaluate coordination interactions and supramolecular
assembly behavior. All measurements were conducted within 4000-400 cm ™! at a resolution
of 2 cm ™! with 32 scans, using air as the background. The same testing conditions were
applied for all samples to ensure spectral comparability.

(1) Aqueous gelling solution (AGS)

The AGS (NaAlO,—-Al(OH); coexistence system) was tested in its wet-gel state. Ex-
cess surface water was gently removed prior to measurement to avoid dominating O-H
absorption, while maintaining the intrinsic colloidal structure.
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(2) Oil-phase gelling solution (OPGS)

Since diesel serves as the continuous oil phase in OPGS, its ATR-FTIR spectrum was
first measured as a blank reference. The OPGS spectrum was then acquired under identical
conditions. Diesel contributes strong CH,/CHj stretching absorptions; therefore, diesel
blank subtraction was required to reveal the characteristic bands of TXP-4 and Span 85.

(3) Metal-organic supramolecular gel (MOSG)

MOSG was analyzed directly in its wet-gel form without drying or heating to preserve
the native structural environment. Because MOSG also contains diesel, blank diesel subtrac-
tion was applied in the same manner as for OPGS to eliminate hydrocarbon background
and obtain comparable spectra.

(4) Spectral processing

All spectra were uniformly processed, including baseline correction, smoothing, diesel
background subtraction, and normalization. The detailed procedures, normalization
windows, equations, and corresponding figures (Figures S4-56, Tables S2 and S3, and
Equations (54)—(512)) are provided in the Supporting Information.

(2) Polarized Optical Microscopy and SEM Observation

Fresh MOSG samples were placed on glass slides, covered with coverslips, and ob-
served under bright-field conditions using a polarized optical microscope (CX40P, Ningbo
Sunny Instruments Co., Ltd., Ningbo, China) to examine droplet distribution and mi-
crophase morphology in the wet state.

For SEM, freeze-dried gel samples (—50 °C, 48 h) were fractured in liquid nitrogen,
mounted on conductive carbon tape, and sputter-coated with gold. Imaging was performed
using a scanning electron microscope (JSM-6610Lv, JEOL Ltd., Tokyo, Japan) at 1-5 kV
and 20 kV to analyze the porous structure, fiber-like networks, and coordination-induced
crystalline domains.

4.5.2. Thermogravimetric Analysis (TGA)

Approximately 8 mg of freeze-dried gel sample was placed into an alumina crucible
for thermal analysis. Thermogravimetric measurements were carried out using a thermo-
gravimetric analyzer (STA 449F3 Jupiter, NETZSCH-Gerdtebau GmbH, Selb, Germany)
under a nitrogen atmosphere. The temperature range was set from 30 to 800 °C with a
heating rate of 10 °C/min.

4.5.3. Rheological Properties

After placement in fractures, MOSG must simultaneously maintain pumpability dur-
ing injection/transport and rapidly develop solid-like elasticity to form a stable seal under
differential pressure. Therefore, oscillatory rheology (G/, G”) and steady-shear measure-
ments were performed to quantify the viscoelastic transition and shear-thinning behavior
of the MOSG system.

Supramolecular gels are typical viscoelastic materials, exhibiting both viscous and
elastic characteristics. When an external stress induces deformation, part of the energy
is stored as elastic potential energy, while the remainder is dissipated as heat. When the
storage modulus (G’) exceeds the loss modulus (G”), the material behaves like a solid and
the deformation is recoverable; conversely, when G"is greater than G/, the material exhibits
fluid-like behavior and the deformation is irreversible.

To systematically investigate the viscoelastic response of MOSG after gelation, the
storage modulus (G’) and loss modulus (G”) were measured under small-amplitude oscil-
latory shear using a rotational rheometer. The variations in G’ and G” with shear strain

https:/ /doi.org/10.3390/ gels12010074


https://doi.org/10.3390/gels12010074

Gels 2026, 12,74

24 of 28

Water-based gel precursor

DI water|

were recorded to elucidate the energy storage and dissipation behavior of the system. The
experimental conditions were as follows: 30 °C, PP50 rotor, oscillation frequency 1.0 Hz,
and strain range 0.01-100%. In addition, steady shear measurements were conducted to
determine the apparent viscosity as a function of shear rate, allowing analysis of the flow
behavior and shear-thinning characteristics of the MOSG system. Steady shear tests were
performed at 30 °C with a PP50 rotor, 1.0% strain, and a shear rate range of 0.01-600 s~ 1

4.5.4. Plugging Performance Test

According to the mechanism of lost circulation, potential loss types can be classified
into four categories: seepage loss, fracture loss, cavernous loss, and induced loss [12,49,50].
Among them, cavernous loss is typically mitigated by cement slurry injection, while
induced loss can be prevented by controlling the bottom-hole pressure. In contrast, seepage
loss and fracture loss are the major challenges frequently encountered when drilling with
oil-based fluids. In this work, the plugging performance of the supramolecular gel (MOSG)
was evaluated against both seepage-type and fracture-type losses.

(1) Seepage-Loss Simulation

The plugging performance of MOSG in permeable formations was evaluated using
the experimental setup shown in Figure 16. The gravel-packed sand tube (inner diameter:
2.5 cm, length: 20 cm, maximum pressure: 10.0 MPa) was packed with quartz gravel
(particle size: 4.75-4.00 mm) to simulate a high-porosity formation. Water-based and
oil-based gel precursors were injected into the sand tube using a metering plunger pump
at flow rates of 1.00 mL/min and 0.40 mL/min, respectively, until viscous pre-gel effluent
appeared at the outlet. The sand tubes containing the injected gels were then aged in
an oven at 120 °C for 16 h. Finally, deionized water was injected into the sand tube at
1.00 mL/min, and the pressure recorded at the moment the first water droplet appeared
at the outlet was taken as the pressure-bearing capacity of the supramolecular gel in the
simulated permeable formation.

Pressure sensor
Gravel-packed sand tube

Valve

Oil-based gel precursor

Storage tank Graduated cylinder

Metering plunger pump

Figure 16. Experimental setup of gel plugging test for seepage-loss simulation. DAPS = Data
Acquisition and Processing System.
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Metering plunger pump Piston Displacement Reservoir

(2) Fracture-Loss Simulation

The experimental setup shown in Figure 17 was used to assess the plugging perfor-
mance of MOSG in fractured formations. The piston displacement reservoir was filled
with the prepared supramolecular gel, and the core holder was set under a confining
pressure of 10.0 MPa. The gel was injected into the fractured core model at a flow rate
of 0.50 mL/min using a metering plunger pump. Once gel effluent was observed at the
outlet, the downstream valve was closed, and gel injection continued until the injection
pressure sequentially reached 0.50 MPa, 1.0 MPa, and 1.5 MPa. The core holder was then
aged in a roller oven at 120 °C for 16 h. Finally, deionized water was injected into the core
holder at a rate of 0.50 mL/min, and the pressure at which the first water droplet appeared
at the outlet was recorded as the pressure-bearing capacity of MOSG in the simulated
fractured formation.

Confining Pressure Pump
SPressure gauge

]

>

Pressure sensor Core Holder

Valve
MOSG

Graduated cylinder

Figure 17. Experimental setup of gel plugging test for fracture-loss simulation. DAPS = Data
Acquisition and Processing System.

The fractured core model consisted of two semi-cylindrical steel halves and was used
to simulate a single fracture with a length of 2 inches, width of 2 inches, and fracture
apertures of 0.5, 1.0, and 1.5 mm, respectively.

4.5.5. Shear Resistance Test

Due to the short gelation time of MOSG, partial or complete gelation may occur while
the fluid is still flowing within the drilling string and wellbore. Consequently, the formed
gel can be subjected to sustained shear stress during continued pumping/circulation, and
may also experience downhole circulation and pressure fluctuations (e.g., transient shear
and intermittent resting). Therefore, it is necessary to evaluate the shear resistance of
MOSG in terms of its structural stability under prolonged shear and its ability to recover
during resting, which are critical for maintaining sealing integrity and preventing washout
in field operations. At 30 °C, the supramolecular gel was subjected to different imposed
stirring (shearing) intensities (60, 140, 220, 300, and 380 rpm) using an OS60 Pro overhead
stirrer, and its viscosity was measured over time with a Brookfield DV2 Plus-LV viscometer.
Viscosity retention was defined as the ratio of the gel viscosity after a given shear duration
to its initial viscosity, reflecting the gel’s ability to withstand shear. Viscosity recovery was
defined as the ratio of the gel viscosity after resting for a certain period following shear
to its initial viscosity, indicating the gel’s capacity to restore its structure post-shear. Both
parameters were monitored to assess the effect of shear on the gel’s rheological stability.
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Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/gels12010074/s1, Figure S1: Raw FTIR spectra of MOSGs
at different pH values; Figure S2: Uniformly processed FTIR spectra of MOSGs at different pH values
following denoising, smoothing, baseline correction, and non-negative trimming; Figure 53: Area-
normalized FTIR spectra of MOSGs using the 3032-2770 cm~! C-H region; Figure S4: Raw ATR~
FTIR spectra of the samples. OPGS = oil-phase gelling solution; AGS = aqueous gelling solution;
MOSG = metal-organic supramolecular gel; Figure S5: ATR-FTIR spectra after baseline correction,
denoising, and smoothing. OPGS = oil-phase gelling solution; AGS = aqueous gelling solution;
MOSG = metal-organic supramolecular gel; Figure S6: Diesel-subtracted ATR-FTIR spectra of the
oil-phase gelling solution (OPGS) and the metal-organic supramolecular gel (MOSG), together with
the spectrum of the aqueous gelling solution (AGS); Table S1: Integrated peak areas (3032-2770 cm™ 1)
of MOSGs at different pH values; Table S2: Integrated peak areas (3032-2770 cm 1) of diesel, OPGS,
and MOSG, and the corresponding scaling factors k; Table S3: Integrated absorbance areas used for
global, P-region, and Al-region normalization of the OPGS, AGS, and MOSG spectra.
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Abbreviations

The following abbreviations are used in this manuscript:

AGS Aqueous Gelling Solution

DTG Derivative Thermogravimetry

FTIR Fourier Transform Infrared Spectroscopy
HPHT  High-Pressure High-Temperature

LCM Lost Circulation Material

MOG  Metal-Organic Gel

MOSG  Oil-Water Biphasic Metal-Organic Supramolecular Gel
OBDF  Oil-Based Drilling Fluid

OPGS  Oil-Phase Gelling Solution

SEM Scanning Electron Microscopy

TG Thermogravimetry

TGA Thermogravimetric Analysis

TXP-4  Phenolic Ether Phosphate Ester (Gelling Agent)

https:/ /doi.org/10.3390/ gels12010074


https://www.mdpi.com/article/10.3390/gels12010074/s1
https://doi.org/10.3390/gels12010074

Gels 2026, 12, 74 27 of 28

References

1.  Fakoya, M.E; Ahmed, R.M. A generalized model for apparent viscosity of oil-based muds. J. Pet. Sci. Eng. 2018, 165, 777-785.
[CrossRef]

2. Xu, P; Xu, M.B,; Tao, Z.W.; Wang, Z.H.; Huang, T. Rheological properties and damage-control mechanism of oil-based drilling
fluid with different types of weighting agents. R. Soc. Open Sci. 2018, 5, 17. [CrossRef] [PubMed]

3. Yan, X;; Li, M;; Deng, S.; Xu, C.; Peng, M,; Jing, H.; Lian, X.; Li, W.; You, Z. Fracture plugging failure under oil-based drilling
fluids condition in deep geoenergy formations: A mesoscopic mechanical structure evolution perspective. Powder Technol. 2026,
469, 121730. [CrossRef]

4. Meng, X,; Huang, X,; Sun, J; Lv, K,; Li, H.; Wang, Z.; Yuan, Z. Ultra-high temperature resistant polystyrene/acrylic resin
microspheres for enhanced wellbore stability of oil-based drilling fluids. Colloids Surf. A Physicochem. Eng. Asp. 2025, 725, 137637 .
[CrossRef]

5. Bin Irfan, M.W.; Busahmin, B. Rheological Characterization and Shale Inhibition Potential of Single- and Dual-Nanomaterial-Based
Drilling Fluids for High-Pressure High-Temperature Wells. Processes 2025, 13, 1957. [CrossRef]

6. Klungtvedt, K.R.; Saasen, A. Comparison of Lost Circulation Material Sealing Effectiveness in Water-Based and Oil-Based Drilling
Fluids and Under Conditions of Mechanical Shear and High Differential Pressures. J. Energy Resour. Technol.-Trans. ASME 2022,
144, 11. [CrossRef]

7. Kibikas, W.; Nakagawa, S.; Ingraham, M.; Bauer, S.; Chang, C.; Dobson, P.; Kneafsey, T.; Samuel, A. Evaluation of Lost Circulation
Material Sealing for Geothermal Drilling. Energies 2024, 17, 2703. [CrossRef]

8.  Saiful Syazni Bin Haji, S.; Bashir, B.; Reddy Prasad, D.M.; Saber, E. Evaluation of Different Well Control Methods Concentrating
on the Application of Conventional Drilling Technique. ARPN J. Eng. Appl. Sci. 2023, 18, 1851-1857.

9.  Arbad, N,; Teodoriu, C. A Review of Recent Research on Contamination of Oil Well Cement with Oil-based Drilling Fluid and the
Need of New and Accurate Correlations. ChemEngineering 2020, 4, 28. [CrossRef]

10. Ashena, R.; Ghalambor, A.; Elmgerbi, A.; Hekmatinia, A.-A.; Mubashir, M. ‘Level-off” cement plugging method to cure lost
circulation verified with case studies. |. Pet. Explor. Prod. Technol. 2021, 11, 2777-2789. [CrossRef]

11. Gaurina-Medimurec, N.; Pasi¢, B.; Miji¢, P.; Medved, I. Drilling Fluid and Cement Slurry Design for Naturally Fractured
Reservoirs. Appl. Sci. 2021, 11, 767. [CrossRef]

12.  Elahifar, B.; Hosseini, E. Laboratory study of plugging mechanism and seal integrity in fractured formations using a new blend of
lost circulation materials. J. Pet. Explor. Prod. Technol. 2023, 13, 1197-1234. [CrossRef]

13.  Zhu,].; Wang, T.; Zhang, S.; Bai, Y.; Qin, G.; Yang, J. Study on Gel-Resin Composite for Losting Circulation Control to Improve
Plugging Effect in Fracture Formation. Gels 2025, 11, 617. [CrossRef]

14. Terech, P.; Weiss, R.G. Low Molecular Mass Gelators of Organic Liquids and the Properties of Their Gels. Chem. Rev. 1997, 97,
3133-3160. [CrossRef]

15. Yu, G.C; Yan, X.Z;; Han, C.Y,; Huang, FH. Characterization of supramolecular gels. Chem. Soc. Rev. 2013, 42, 6697-6722.
[CrossRef] [PubMed]

16. Chivers, PR.A.; Smith, D.K. Shaping and structuring supramolecular gels. Nat. Rev. Mater. 2019, 4, 463-478. [CrossRef]

17.  Yang, L.;Ma,].; Chang, X.; Wu, Y,; Jiang, G.; Qiu, S.; Kinkeyi Moukoko, A.D. Novel polymeric organic gelator as lost circulation
material for oil-based drilling fluids. Geoenergy Sci. Eng. 2023, 231, 212414. [CrossRef]

18. Liu, G, Li, S; Shi, C.; Huo, M,; Lin, Y. Progress in Research and Application of Metal-Organic Gels: A Review. Nanomaterials 2023,
13,1178. [CrossRef]

19. Cao, W,; Lin, Z; Zheng, D.; Zhang, ].; Heng, W.; Wei, Y.; Gao, Y.; Qian, S. Metal-organic gels: Recent advances in their classification,
characterization, and application in the pharmaceutical field. . Mater. Chem. B 2023, 11, 10566-10594. [CrossRef]

20. Dastidar, P.; Ganguly, S.; Sarkar, K. Metallogels from Coordination Complexes, Organometallic, and Coordination Polymers.
Chem.—Asian J. 2016, 11, 2484-2498. [CrossRef]

21. Zhang, X.; Zhang, S.; Li, L.; Wu, R,; Liu, D.; Wu, J.; Wu, W. High-temperature-resistant polymer gel system with metal-organic
mixed cross-linking agents. J. Appl. Polym. Sci. 2015, 132, 42261. [CrossRef]

22. Wang, M.; He, J.; Zhang, W. Performance Research of Oil-based Gelled Fracture Fluid Based on the Phosphoric Acid Ester and
Ferric Iron. J. Southwest Pet. Univ. 2013, 35, 150-154.

23. Wang, C,; Sun, J; Long, Y.; Huang, H.; Song, J.; Wang, R.; Qu, Y,; Yang, Z. A Self-Healing Gel with an Organic-Inorganic Network
Structure for Mitigating Circulation Loss. Gels 2024, 10, 93. [CrossRef]

24. Smith, D.K. Supramolecular gels—A panorama of low-molecular-weight gelators from ancient origins to next-generation
technologies. Soft Matter 2024, 20, 10-70. [CrossRef]

25.  Martin, B.; Brouillet, F,; Franceschi, S.; Perez, E. Evaluation of Organogel Nanoparticles as Drug Delivery System for Lipophilic
Compounds. AAPS PharmSciTech 2017, 18, 1261-1269. [CrossRef]

26. Willimann, H.; Walde, P; Luisi, PL.; Gazzaniga, A.; Stroppolo, F. Lecithin organogel as matrix for transdermal transport of drugs.

J. Pharm. Sci. 1992, 81, 871-874. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/ gels12010074


https://doi.org/10.1016/j.petrol.2018.03.029
https://doi.org/10.1098/rsos.180358
https://www.ncbi.nlm.nih.gov/pubmed/30109090
https://doi.org/10.1016/j.powtec.2025.121730
https://doi.org/10.1016/j.colsurfa.2025.137637
https://doi.org/10.3390/pr13071957
https://doi.org/10.1115/1.4054653
https://doi.org/10.3390/en17112703
https://doi.org/10.3390/chemengineering4020028
https://doi.org/10.1007/s13202-021-01177-3
https://doi.org/10.3390/app11020767
https://doi.org/10.1007/s13202-023-01607-4
https://doi.org/10.3390/gels11080617
https://doi.org/10.1021/cr9700282
https://doi.org/10.1039/c3cs60080g
https://www.ncbi.nlm.nih.gov/pubmed/23744396
https://doi.org/10.1038/s41578-019-0111-6
https://doi.org/10.1016/j.geoen.2023.212414
https://doi.org/10.3390/nano13071178
https://doi.org/10.1039/D3TB01612A
https://doi.org/10.1002/asia.201600814
https://doi.org/10.1002/app.42261
https://doi.org/10.3390/gels10020093
https://doi.org/10.1039/D3SM01301D
https://doi.org/10.1208/s12249-016-0587-y
https://doi.org/10.1002/jps.2600810906
https://www.ncbi.nlm.nih.gov/pubmed/1432631
https://doi.org/10.3390/gels12010074

Gels 2026, 12, 74 28 of 28

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

Nishida, Y.; Tanaka, A.; Yamamoto, S.; Tominaga, Y.; Kunikata, N.; Mizuhata, M.; Maruyama, T. In Situ Synthesis of a Supramolec-
ular Hydrogelator at an Oil/Water Interface for Stabilization and Stimuli-Induced Fusion of Microdroplets. Angew. Chem. Int. Ed.
2017, 56, 9410-9414. [CrossRef]

Williams, G.T.; Haynes, C.J.E.; Fares, M.; Caltagirone, C.; Hiscock, ].R.; Gale, P.A. Advances in applied supramolecular technolo-
gies. Chem. Soc. Rev. 2021, 50, 2737-2763. [CrossRef]

Dai, L.; Sun, J; Lv, K.; Bai, Y.; Wang, J.; Liu, C.; Li, M.-C. Research Progress of Supramolecular Gels in the Field of Petroleum
Engineering. Gels 2025, 11, 661. [CrossRef] [PubMed]

Du, X,; Feng, S.; Lu, H.; Bai, Y.; Lv, Z. Evaluation of Supramolecular Gel Properties and Its Application in Drilling Fluid Plugging.
Processes 2023, 11, 2749. [CrossRef]

Zhang, H.; Jiang, G. A self-breaking supramolecular plugging system as lost circulation material in oilfield. Open Chem. 2020, 18,
757-763. [CrossRef]

Dai, L.; Sun, J.; Lv, K; Bai, Y.; Wang, J.; Liu, C.; Li, M.-C. Influences of Reservoir Conditions on the Performance of Cellulose
Nanofiber/Laponite-Reinforced Supramolecular Polymer Gel-Based Lost Circulation Materials. Gels 2025, 11, 472. [CrossRef]
[PubMed]

Fukasawa, J.; Tsutsumi, H.; Ishida, A. New oil-gelling agents for cosmetics: Formation mechanism of oil gels. Int. J. Cosmet. Sci.
1989, 11, 153-165. [CrossRef]

Kaddoori, Z.S.; Mohamed, M.B.M.; Kadhum, W.R.; Numan, N.A. To Consider The Organogel of Span 40 and Span 60 in Sesame
Oil as a New Member in the Gastro Retentive Drug Delivery Systems. Syst. Rev. Pharm. 2020, 11, 850-861.

Graham, T.R,; Hu, J.Z.; Jaegers, N.R.; Zhang, X.; Pearce, C.I.; Rosso, K.M. An amorphous sodium aluminate hydrate phase
mediates aluminum coordination changes in highly alkaline sodium hydroxide solutions. Inorg. Chem. Front. 2022, 9, 6344-6357.
[CrossRef]

Tanada, S.; Kabayama, M.; Kawasaki, N.; Sakiyama, T.; Nakamura, T.; Araki, M.; Tamura, T. Removal of phosphate by aluminum
oxide hydroxide. J. Colloid Interface Sci. 2003, 257, 135-140. [CrossRef]

Guan, X.-H.; Liu, Q.; Chen, G.-H.; Shang, C. Surface complexation of condensed phosphate to aluminum hydroxide: An ATR-FTIR
spectroscopic investigation. J. Colloid Interface Sci. 2005, 289, 319-327. [CrossRef] [PubMed]

Li, W,; Pierre-Louis, A.-M.; Kwon, K.D.; Kubicki, J.D.; Strongin, D.R.; Phillips, B.L. Molecular level investigations of phosphate
sorption on corundum (x-Al,Os3) by 31p solid state NMR, ATR-FTIR and quantum chemical calculation. Geochim. Cosmochim.
Acta 2013, 107, 252-266. [CrossRef]

Luengo, C.V,; Castellani, N.J.; Ferullo, R M. Quantum chemical study on surface complex structures of phosphate on gibbsite.
Spectrochim. Acta A Mol. Biomol. Spectrosc. 2015, 147, 193-199. [CrossRef]

Wang, X.; Phillips, B.L.; Boily, J.-F; Hu, Y.; Hu, Z.; Yang, P; Feng, X.; Xu, W.; Zhu, M. Phosphate Sorption Speciation and
Precipitation Mechanisms on Amorphous Aluminum Hydroxide. Soil Syst. 2019, 3, 20. [CrossRef]

Wan, B.; Huang, R.; Diaz, ] M.; Tang, Y. Polyphosphate Adsorption and Hydrolysis on Aluminum Oxides. Environ. Sci. Technol.
2019, 53, 9542-9552. [CrossRef]

Wang, S.-L.; Johnston, C.T. Assignment of the structural OH stretching bands of gibbsite. Am. Mineral. 2000, 85, 739-744. [CrossRef]
Nabika, H.; Itatani, M.; Lagzi, I. Pattern Formation in Precipitation Reactions: The Liesegang Phenomenon. Langmuir 2020, 36,
481-497. [CrossRef]

Sui, R.; Charpentier, P.A.; Marriott, R.A. Metal Oxide-Related Dendritic Structures: Self-Assembly and Applications for Sensor,
Catalysis, Energy Conversion and Beyond. Nanomaterials 2021, 11, 1686.

Lo Presti, L.; Moret, M.; Rizzato, S. Phase Stability and Morphology of Gel Grown Crystals: The Case of CdCl,-bpp Polymeric
System. Crystals 2019, 9, 363. [CrossRef]

Contreras-Montoya, R.; Alvarez de Cienfuegos, L.; Gavira, J.A.; Steed, ].W. Supramolecular gels: A versatile crystallization
toolbox. Chem. Soc. Rev. 2024, 53, 10604-10619. [CrossRef] [PubMed]

Pintos, B.; Gomez-Garay, A. Aluminum Phosphate Nanoplates Synthesized via Green Method Using Cork Oak Somatic Embryo-
Derived Phytates. Appl. Sci. 2024, 14, 8681. [CrossRef]

Weiss, R.G. The Past, Present, and Future of Molecular Gels. What Is the Status of the Field, and Where Is It Going? J. Am. Chem.
Soc. 2014, 136, 7519-7530. [CrossRef] [PubMed]

Yang, J.; Sun, ].; Bai, Y.; Lv, K.; Zhang, G.; Li, Y. Status and Prospect of Drilling Fluid Loss and Lost Circulation Control Technology
in Fractured Formation. Gels 2022, 8, 260. [CrossRef]

Elkatatny, S.; Ahmed, A.; Abughaban, M.; Patil, S. Deep Illustration for Loss of Circulation While Drilling. Arab. ]. Sci. Eng. 2020,
45, 483-499. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/ gels12010074


https://doi.org/10.1002/anie.201704731
https://doi.org/10.1039/D0CS00948B
https://doi.org/10.3390/gels11080661
https://www.ncbi.nlm.nih.gov/pubmed/40868791
https://doi.org/10.3390/pr11092749
https://doi.org/10.1515/chem-2020-0057
https://doi.org/10.3390/gels11070472
https://www.ncbi.nlm.nih.gov/pubmed/40710634
https://doi.org/10.1111/j.1467-2494.1989.tb00505.x
https://doi.org/10.1039/D2QI01642G
https://doi.org/10.1016/S0021-9797(02)00008-5
https://doi.org/10.1016/j.jcis.2004.08.041
https://www.ncbi.nlm.nih.gov/pubmed/15993415
https://doi.org/10.1016/j.gca.2013.01.007
https://doi.org/10.1016/j.saa.2015.03.013
https://doi.org/10.3390/soilsystems3010020
https://doi.org/10.1021/acs.est.9b01876
https://doi.org/10.2138/am-2000-5-612
https://doi.org/10.1021/acs.langmuir.9b03018
https://doi.org/10.3390/cryst9070363
https://doi.org/10.1039/D4CS00271G
https://www.ncbi.nlm.nih.gov/pubmed/39258871
https://doi.org/10.3390/app14198681
https://doi.org/10.1021/ja503363v
https://www.ncbi.nlm.nih.gov/pubmed/24836858
https://doi.org/10.3390/gels8050260
https://doi.org/10.1007/s13369-019-04315-6
https://doi.org/10.3390/gels12010074

	Introduction 
	Results and Discussion 
	Preparation and Single-Component Optimization of MOSG 
	Preparation and Field Deployment Methodology of MOSG 
	Emulsifier Concentration 
	Oil- to Aqueous-Phase Volume Ratio 
	Concentrations of Gelling Agent and Crosslinker 

	Analysis of Factors Influencing the Gelation Performance of MOSG 
	Effect of Reaction Time and Temperature 
	Effect of pH 
	Effect of Shearing Intensity 

	Physicochemical Characterization and Performance of MOSG 
	FTIR Analysis 
	Morphological Characterization 
	Thermal Stability of MOSG (TGA) 
	Rheological Behavior 
	Plugging Performance 
	Shear Resistance 


	Conclusions 
	Materials and Methods 
	Experiment Materials 
	Experiment Instruments 
	Single-Component Optimization of MOSG 
	Effect of Emulsifier Concentration 
	Effect of the Oil-to-Aqueous-Phase Volume Ratio 
	Effect of Gelling Agent Concentration 
	Effect of Crosslinker Concentration 

	Factors Influencing the Gelation Performance of MOSG 
	Reaction Time and Temperature 
	pH Value 
	Shear Effect 

	Characterization and Performance Evaluation of MOSG 
	Structural and Morphological Characterization of MOSG 
	Thermogravimetric Analysis (TGA) 
	Rheological Properties 
	Plugging Performance Test 
	Shear Resistance Test 


	References

