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ABSTRACT

Water invasion is a widely encountered challenge in deep fractured gas reservoirs. Gel treatment is an
effective method for controlling excessive water production, yet existing gel systems cannot fully meet
the requirements of long-term, large-volume injection in terms of cost, injectivity, gelation time control,
and stability. In this study, a high-temperature, high-salinity-tolerant inorganic gel system based on
polyaluminum chloride (PAC) was developed, and the factors influencing gelation time and gel strength
were systematically evaluated. The injectivity and plugging performance of the PAC gel were also
investigated using sandpack and fracture models. Results indicate that the addition of methyl lactate
effectively delays gelation at high temperatures, allowing gelation time at 150 °C to be controlled from a
few hours to several days. The PAC gelant can be easily injected into the rock matrix with an injection
pressure gradient below 1.2 MPa/m, achieves over 99% plugging efficiency for 1.2 mm open fractures,
and delivers a water breakthrough pressure gradient of 2.6 MPa/m. A 50-m long-tube dynamic gelation
test further confirmed that the PAC system can gel in open fractures under dynamic conditions, with
gelation time effectively regulated at high temperatures. The PAC gel exhibits excellent thermal stability
at high temperatures, with only slight syneresis observed at 150 °C over a 200-d stability test. Overall,
the PAC inorganic gel system developed in this study addresses the key bottlenecks of traditional gels
applied in high-temperature, high-salinity fractured gas reservoirs, provides a low-cost, high-perfor-
mance solution for water invasion control in gas reservoirs, and lays a solid laboratory foundation for
subsequent field pilot tests and large-scale industrial application.
© 2026 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

gelant composition and placement design (Bai et al., 2015; Pu et al.,
2019, 2024; Smith, 2023; Tugan, 2020).

Most deep, bottom- or edge-water-drive fractured-gas reser-
voirs face severe water invasion issues, and the formation water
can preferentially flow through these high-permeability zones,
causing early water breakthrough and a dramatic loss in gas pro-
duction (Amani et al., 2022; Hearn, 2010; Roozshenas et al., 2021;
Zhao et al., 20244, 2024b). Gel treatments, which have been widely
applied in oil reservoirs, can also be used to address water pro-
duction issues in gas reservoirs after detailed modifications to the
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In our previous work, we reported a pilot test using organic
polymer gels to plug the inter-well fractures or high-permeability
zones in the Tarim Basin (Song et al., 2025). The aim of this job is to
evaluate the feasibility of placing gels in structural low position to
delay water invasion to gas wells located in structural high posi-
tions, as these wells are connected by lots of tiny fractures and
high-permeability matrix. The result is quite invigorating, and the
inter-well water invasion was reduced by over 40% after injecting
1875 m° of gel. Therefore, based on the previous work we decided
to increase the gel volume and switch from organic gel to inorganic
polymer gels with significantly improved thermal stability at high
temperatures. To be more precise, the temperature and salinity of
next well we plan to treat is extremely high (150 °C, 200,000 mg/
L). Even though several organic polymer gels were reported to
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have excellent thermal stability and controllable gelation time, it is
still impossible to place large volumes of such gelant considering
the high chemical cost (Song et al., 2023, 2024; Zhu et al., 2017).

Therefore, we focus on inorganic polymer gels with acceptable
cost, gelation time, thermal stability, and high injectivity. Several
inorganic gels have been developed and applied during steam
flooding, including silicate, AlCl3, and other metal ions that could
form gel aggregates after hydrolysis (Chen et al., 2022, 2024;
Karadkar et al., 2023).

The enzyme-induced calcium carbonate precipitation (EICP)
method utilized urease enzyme to hydrolyze urea, producing bi-
carbonate ions that react with Ca’" to precipitate CaCOs;
(Ahenkorah et al., 2021; Larsen et al., 2006). This technique offers
controlled, in situ consolidation with adjustable kinetics at low to
medium temperatures. The precipitation time is highly
temperature-dependent, typically requiring less than 12 h at
temperatures over 50 °C. The maximum application temperature
is generally below 80 °C due to the biological activity limitations of
the enzymes.

Aluminum chloride/urea (AlCl3-urea) system, also designated
as the GALCA/GALKA system, was first developed and systemati-
cally investigated by Altunina and co-workers from the Institute of
Petroleum Chemistry, Russian Academy of Sciences, in the 1990s
(Altunina et al., 1995). This system was originally engineered to
address conformance control challenges in high-temperature
sandstone reservoirs, where conventional organic polymer gels
often suffer from thermal degradation and long-term stability
issues.

The core working mechanism of the AICI3-urea system relies on
thermally triggered in situ gelation, driven by sequential hydro-
lysis reactions occurring under reservoir temperature conditions.
Under surface conditions, the system is formulated as a low-
viscosity aqueous solution with an initial pH of 2.5-3.5. It pri-
marily consists of aluminum chloride, urea, and minor functional
additives, allowing for easy injection into the reservoir using
standard oilfield equipment without premature viscosity buildup.
Once placed in the target formation, the hydrolysis of urea was
initiated, elevating the solution pH. When the pH reaches the
narrow critical window of 3.8-4.2, rapid hydrolysis and poly-
condensation of aluminum ions occur, leading to instantaneous
formation of a three-dimensional coagulated aluminum hydroxide
gel (Altunina and Kuvshinov, 2007). AlCls-urea system has been
extensively validated in pilot tests and commercial field applica-
tions across multiple oil fields globally. The earliest and most
extensive field implementations were conducted in Upper Jurassic
high-temperature reservoirs (340-400 K, 67-127 °C) of West
Siberia, including the Nivagalskoye, Las-Eganskoye, Pokama-
sovskoye, and Ershovoye oil fields. In these applications, 24-50 m>
of gel-forming solution was injected per well, with a designed
gelation time of 3-14 d (Altunina and Kuvshinov, 2008). Field re-
sults demonstrated that the system effectively modified the water
injection profile, reduced production well water cut by 10%-50%,
and achieved incremental oil production of nearly 40-60 tons per
ton of injected gel-forming system. Following success in West
Siberia, the system was successfully applied in the White Tiger
offshore oil field in Vietnam, withstanding formation tempera-
tures up to 170 °C. In the Usinskoye oil field in Russia's Komi Re-
public, the commercial GALKA was applied in steam injection
wells, withstanding temperatures up to 300-320 °C, reducing
water cut by 3%-45% and increasing oil production by an average of
23% across 29 production wells (Altunina et al., 2011). In addition,
this gel system has been applied to control water production in the
Tunu gas reservoirs, achieving relatively good results in reducing
the volume of water invasion (Chaabouni et al., 2007; Cheneviere
et al, 2005). However, the gas production rate of several wells also
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dropped significantly. These field applications have proven the
technical and economic feasibility of the AlCl3-urea system in
specific high-temperature reservoir conditions, establishing it as a
classic inorganic gel system for water shutoff and profile control.

However, despite its successful applications, the inherent lim-
itations and application defects of the traditional AlCl3-urea sys-
tem have severely restricted its widespread promotion and
adaptation to complex reservoir conditions, especially in high-
temperature, high-salinity, and strongly heterogeneous reservoirs.
The gelation is excessively strong temperature and pH dependent.
The gelation process is governed by two consecutive reactions:
urea hydrolysis acts as the rate-limiting step at 70-100 °C. Above
100 °C, aluminum hydroxide coagulation becomes the rate-
controlling step. This strong temperature dependency creates
fatal operational risks: in high-temperature deep reservoirs, the
system is prone to premature gelation in the wellbore or near-
wellbore zone. Besides, the system has an extremely narrow pH
window for gelation initiation, coupled with poor anti-
interference ability against complex formation environments.
Uniform bulk gelation can only be achieved within the narrow pH
range of 3.8-4.2, and multiple factors in actual reservoir conditions
severely disrupt the system's pH evolution. On one hand, massive
dilution by formation water reduces the effective concentration of
aluminum salt and urea, and alters the acid-base environment via
formation water buffering. On the other hand, the strongly acidic
initial solution reacts with carbonate cements and clay minerals in
the reservoir, consuming H" in the system and causing abnormal
pH fluctuations, which ultimately lead to uncontrolled gelation
time, discontinuous gel structure, or even complete gelation fail-
ure. Furthermore, the strongly acidic AlCl3 solution causes severe
corrosion to downhole metal pipes and equipment, greatly
increasing anti-corrosion costs in field construction. These
inherent defects of the traditional AlCl3-urea system make it
difficult to meet water shutoff and profile control requirements
under complex reservoir conditions.

Polyaluminum chloride (PAC), with its pre-polymerized
aluminum-oxygen polynuclear structure, wider gelation pH
range, milder acid-base properties, and excellent dilution resis-
tance and salt tolerance, has emerged as the most promising core
material to replace traditional AICI; (Altunina et al., 1995; Herring
et al.,, 1984). Developed as an alternative to traditional coagulants
like aluminum sulfate, it emerged from advancements in water
treatment chemistry (Shen and Dempsey, 1998). PAC is primarily
used in water purification (drinking water and wastewater treat-
ment) to remove suspended solids, colloids, and organic matter.

PAC is cheaper than some commonly used organic polymers
such as acrylamide-based polymers and polysaccharide. Owning
to the low viscosity, excellent thermal stability, and injectivity, PAC
gels have been widely applied to control the conformance prob-
lems in steam flooding projects, and the concentration could reach
up to 20% (Chen et al., 2024). PAC is often combined with urea to
accelerate the gelation at low to medium temperatures. While at
high temperature, even PAC alone could gel readily within several
hours (He et al.,, 2017). Therefore, we must extend the gelation
time of PAC to assure a relatively wide safety window during the
field execution. Another problem that needs to be solved is that the
low viscosity of PAC solution after being placed in the fracture
could be diluted and flushed out by the formation water readily.
Viscous pre and tail polymer slugs are needed to prevent the PAC
solution from diluting and filtration.

In this work, we systematically evaluate the gelation behavior
of PAC with different components and additives. We also explore
approaches to delaying the gelation of polyaluminium chloride at
high temperatures. In addition, the injectivity and plugging per-
formance of PAC is evaluated using sandstone cores, sand packs,
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and open fractures. Last, we evaluate the dynamic gelation
behavior of PAC at high temperatures using a long-tube model.

2. Experimental section
2.1. Materials

Polyaluminium chloride with basicities of 35% and 75% was
purchased from Gongyi Water Purification Company. Methyl
formate, ethyl acetate, methyl lactate, ethyl lactate, and urea were
obtained from Sigma. Polymers were kindly donated by SNF
Floerger and Shandong Polymer Biochemicals Co., Ltd.

2.2. Gelation behavior

The gelation time was defined as the time when the gelant
solution transformed into a non-flowable gel plug. Gel code
method was used to evaluate the gel strength, as shown in Table 1
(Sydansk, 1988). A typical gelation test procedure is shown as
follows: First, dissolve 8%-15% of PAC, along with a retarder or an
accelerator, in tap water. Transfer the gelant solution into tubes
and age them in a high-temperature oven. The tubes were checked
periodically to determine the gelation time.

2.3. Thermal stability

A high-temperature and high-pressure resistant glass tube and
a stainless steel container were used during the long-term thermal
stability test. The gelant was transferred to the container after
sparging with argon for 20 min. Gel strength and dehydration ratio
were recorded throughout the test.

2.4. Core flooding experiment

2.4.1. Injectivity test

This work aims to develop a mature gel formulation for the
upcoming pilot test. The target well has experienced severe sand
production, and the bottom intake interval has been clogged by
sand. Therefore, a critical property to evaluate is injectivity. The
gelant should not form a gel cake at the core inlet and the injection
pressure should remain stable throughout the Ilarge-volume
injectivity test. Berea sandstone cores with water permeability
ranging from 20 to 900 mD were used during the test. The injec-
tion rate varied from 1 to 10 mL/min.

2.4.2. Static plugging test

The fracture model was used to evaluate the plugging perfor-
mance of the PAC gel, as shown in Fig. 1. The preparation procedure
for the fracture model is detailed in our previous publications
(Song et al., 2022a, 2022b). A typical plugging test was conducted
as follows: First, a 12% PAC gelant was injected into the fracture at

Table 1
Gel code method.

Strength code Description

No detectable gel formed

Highly flowing gel

Flowing gel

Moderately flowing gel

Barely flowing gel

Highly deformable nonflowing gel
Moderately deformable nonflowing gel
Slightly deformable nonflowing gel
Rigid gel

—TOoOmMmgNw>
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Core length: 10 cm
Fracture width: 0.6/1.2 mm
Temperature: 130 °C

PAC gelant

Distilled
water

Syringe pump

Fig. 1. Static core flooding setup.

an injection rate of 1 mL/min. A total of 10 pore volumes (PV) of
gelant was injected to ensure the fracture was completely filled.
Next, the core holder was sealed and aged at 130 °C for 2 d to allow
the gel to fully cure. After curing, a 2% KCl solution was injected at
an injection rate of 1 mL/min to determine the water breakthrough
pressure. Following water breakthrough, the flow rate was
increased to 1, 3, and 5 mL/min to assess whether the gel could be
easily flushed out of the fracture.

2.4.3. Dynamic plugging test

A 50-m-long stainless steel tube with an inner diameter of
2 mm was used to evaluate the dynamic gelation behavior of PAC
at 130 °C, as shown in Fig. 2. A backup pressure gauge was installed
at the tube outlet to prevent water evaporation. The gelant injec-
tion rate was 0.0545 mL/min (25 m/d), and the injection pressure
was monitored throughout the injection process.

3. Results and discussion
3.1. Effect of basicity and temperature on gelation time

The gelation behavior of PAC is highly sensitive to pH and ba-
sicity. A high pH can accelerate the gelation process and some-
times cause the direct formation of Al(OH)s precipitate. A further
increase in pH can dissolve the Al(OH); precipitate. Basicity is
defined as the ratio of OH™ to AI** ions and one of the most
important parameters of PAC.

In the case of low-basicity PAC, the solution contains positively
charged PAC oligomers. The gelation process involves two main
steps. First, PAC oligomers form long-chain polymers through
hydrolysis and hydroxyl bonding. Then these long-chain polymers
transform into a bulk gel through further reaction. In contrast, for

Tube length: 50 m

Inner diameter of the tube: 2 mm
Temperature: 130 °C

Injection rate: 25 m/d

PAC gelant
___Oven __ Backpressure
: ) , regulator
®r |
1 I
. 1 1
Distilled [ e A i I
water REE——] =  %--------- Q ----------
Syringe pump
N, cylinder

Fig. 2. Dynamic core flooding setup.
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150 °C, 20 d, low-basicity PAC

Fig. 3. Gelant appearance of low-basicity PAC at 150 °C.

the high-basicity PAC, the gelation occurs relatively faster because
PAC chains are relatively larger compared with those in low-
basicity PAC. Theoretically, at high temperatures, retarders are
required to delay the gelation rate of high-basicity PAC, while ac-
celerators are needed for the low-basicity PAC.

We prepared PAC solutions at different concentrations with tap
water to evaluate gelation behavior at 100-150 °C. The PAC con-
centrations range from 5% to 15%. The initial pH values of the low-
and high-basicity PAC were 3.22 and 4.13, respectively. It should be
noted that the low-basicity PAC failed to form a gel at 130-150 °C
during the two-week gelation test, as shown in Fig. 3. This failure is
attributed to the initially low pH, which prevented PAC hydrolysis
under acidic conditions. Previous studies have proven that the PAC
hydrolysis is extremely slow when the solution pH is below 3.5,
necessitating the use of accelerator for the low-basicity PAC (Zhao
et al,, 2009). Furthermore, the solution pH decreases during hy-
drolysis, which further prevents the formation of PAC aggregates,
causing the reaction to halt during the induction period.

For high-basicity PAC, gelation occurs readily at high temper-
atures, and the gelation time increases with concentration, as
shown in Table 2. The gelation times of 15% PAC at 100, 130, and
150 °C were 36, 33, and 16 h, respectively. At 130 °C, the gelation
times of 7%, 12%, and 15% PAC were 22, 28, and 36 h, respectively.
This behavior is attributed to the increasing repulsion between the
highly positive charges on PAC aggregates as the PAC concentra-
tion increases, preventing the further aggregation (Chen et al,
2009).

Table 2
PAC gelation time at different temperatures.

PAC basicity PAC concentration, Gelation time at different temperatures, h

100 °C 130°C 150 °C
Low basicity 7 - - -
Low basicity 12 - - -
Low basicity 15 - - -
High basicity 7 22 10 2
High basicity 12 28 10 2
High basicity 15 36 12 3
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15% low-basicity PAC

Fig. 4. Gelation behavior of PAC/urea and PAC/NaHCO3 mixtures.

However, it should be noted that the 7% PAC gel is too weak and
brittle to meet field requirements. Therefore, we further studied
the gel behavior of 12% and 15% PAC gelants.

3.2. Effects of accelerator and retarder on gelation time

As mentioned above, low-basicity PAC failed to gel at high
temperatures, therefore, accelerators such as urea were added to
trigger gelation at medium to high temperatures. It should be
noted that the gelant did not gel when the urea concentration was
4.5%, but gelled within 2 h at 130 °C, when the urea concentration
increases from 4.6% to 5.0%. The hydrolysis of urea gradually in-
creases the pH, facilitating the hydrolysis of PAC. However, the
gelation of low-basicity PAC is very sensitive to pH changes and
difficult to control. Additionally, the addition of NaHCO3 and NaOH
can cause direct precipitation of Al(OH)3;, as shown in Fig. 4.
Furthermore, the low-basicity PAC/urea system has poor thermal
stability at high temperatures, with severe syneresis observed af-
ter 17 h of aging at 130 °C, as shown in Fig. 5. Therefore, based on
the gelation tests, low-basicity PAC is not recommended for
conformance control in high-temperature reservoirs.

°C
PAC + 5% urea

Fig. 5. Low-basicity PAC gel suffers from severe syneresis at high temperature.
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—A— 15%
4.2 A
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Time, h

Fig. 6. pH changes during the gelation process.

Fig. 7. Effect of pH on the gelation behavior of 12% PAC at 130 °C.

10
130 °C
1 4 * ¢
8 .
5 71
C
i)
3
3 e
5 4
4 4 —4@— Tap water
—A— Methyl lactate —#— Methyl formate
—w— Ethyl acetate = —@— Ethyl lactate
3 T T T T T T
0 5 10 15 20 25
Time, h

Fig. 8. Solution pH changes over time.
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Table 3

PAC gelation time of high-basicity PAC/methyl lactate under different
temperatures.

Temperature, PAC Gelation time at different methyl lactate
°C concentration, concentrations, h
% 0 0.1% 0.2%
130 12 10 24 36
15 12 28 44
150 12 2 6 9
15 3 14 18
16
15% high-basicity PAC
130°C
12 4
Fine particle
< precipitation
o)
£
c 8
Kl
©
[}
]
4 N
o m

Tap water 5% NaCl 10% NaCl 15% NaCl 2% CaCl,

Fig. 9. Effect of salinity on the gelation time of high-basicity PAC.

130 °C, 180d 150 °C, 180d

12% high-basicity PAC + 0.5% methyl lactate

Fig. 10. Long-term thermal stability of high-basicity PAC at 130 and 150 °C.

Fig. 6 shows the pH changes during the gelation process of
high-basicity PAC, where the pH gradually decreases from 4.1 to
below 3.5 as gelation progresses. The gelation of high-basicity PAC
occurs relatively fast at high temperature (150 °C); however, large-
volume injections can last several days. Therefore, we aim to delay
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the gelation time by adjusting the solution pH. Based on the
gelation mechanism, one possible approach to delay gelation is to
lower the solution pH. This is because the gelation reaction is
reversible, and the forward reaction rate and extent can be slowed
by adding products, especially H*. However, it is important to note
that the pH cannot be directly altered by adding strong acids such
as HCl or HNOs. Similar to low-basicity PAC, high-basicity PAC does

11915 nm

500 um

1418 mm

5.35 pm 10063 nm

(c)

| 500 ym

14.21 mm

477 ym 10087 nm

Petroleum Science 23 (2026) 6624-6635

not gel when the solution pH is below 3.5. As shown in Fig. 7, even
a few drops of these strong acids are sufficient to prevent gelation,
making it extremely difficult to control the amount of strong acid
added during field applications. Therefore, we aim for a gradual
decrease in solution pH, where the hydrolysis of PAC is hindered
but not completely stopped. Esters can generate H" during hy-
drolysis at high temperatures at a relatively slow rate, and their

690 ym

308 nm

& 50 pm
677 ym 14.04 mm

529 nm 283 nm

300 nm

Fig. 11. SEM images of 7% (a), 12% (b), and 15% (c) PAC gels.
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hydrolysis products are less potent than HCl or HNOs, which
would delay rather than prevent gelation.

Fig. 8 shows the pH changes of ester solutions over time. Methyl
lactate is more effective than other esters in lowing the solution
pH. To be more precise, it can reduce the solution pH to 4-5 after
10 h of aging at 130 °C.

Table 3 summarizes the gelation behavior of PAC/methyl lactate
at 130 and 150 °C. The gelation time could be extended to over 70 h
at 130 °C with 0.2% methyl lactate. In addition, at 150 °C, the
gelation time could be further delayed from 2-3 to 6-18 h by
adding 0.1%-0.2% methyl lactate. The laboratory experiment
demonstrated that adding an ester to the PAC solution is an
effective method to delay gelation time at high temperatures.

3.3. Effect of salinity on gelation time and thermal stability

In this section, we evaluated the effects of salinity on gelation
behavior, gel strength, and long-term thermal stability at 130 °C.
Fig. 9 shows that salinity negatively affects gelation time, which
decreased from 12 to 6 h as the NaCl concentration increased from
0 to 15%. In addition, divalent cations have a more pronounced
impact on gelation time. The gelation times in 15% NaCl and 2%
CaCl;, solutions were 6 and 8 h, respectively. It should be noted that
gel strength increased with increasing salinity. PAC dissolved
readily in 0-12% NaCl solutions but could not completely dissolve
when the NaCl concentration exceeded 13%. Some extremely fine
particles were found at the bottom of the beaker, which could not
be dissolved even after vigorous stirring. However, these gelants
could still form gels at high temperatures. Fig. 10 shows the long-
term thermal stability of PAC gels at high temperatures, with the
gel color gradually changing from orange to light orange. PAC
exhibited excellent thermal and phase stability at 130 °C, with only
a trace amount of free water observed on top of the gel. At 150 °C,
syneresis occurred with water loss of less than 5%, yet the gel
maintained good structural integrity.

3.4. SEM analysis

We studied the microstructure of PAC gels at various concen-
trations, ranging from 7% to 15%, as shown in Fig. 11. A notable
difference among different samples is that the network integrity
gradually decreases as the PAC concentration increases. The 7%
PAC gel exhibits a relatively dense network structure, whereas the
12% and 15% PAC gels appear more like amorphous particles,
lacking a distinct network structure.

3.5. TGA analysis

At the temperature of 0-100 °C, all samples exhibit rapid
weight loss, primarily due to the evaporation of physically adsor-
bed water and weakly bound surface water, as shown in Fig. 12.
The dry powders (represented by hollow symbols) and gels (solid
symbols) show similar initial trends. Thermogravimetric (TG)
analysis characterizes the thermal decomposition behavior of the
initial dry powders and PAC gels, with black curves representing
high-basicity PAC formulations and red curves indicating their
low-basicity counterparts. As the temperature advances to
100-300 °C, the rate of weight loss diminishes, corresponding to
the dehydration of coordinated water molecules and the conden-
sation of surface hydroxyl groups. Within this mid-temperature
range, high-basicity PAC specimens retain a higher residual mass
compared to low-basicity samples. This trend results from the
dense, hydroxyl-enriched structural architecture of high-basicity
PAC, which contains less labile water and undergoes more
gradual dehydroxylation kinetics (Hartman et al., 2005; Zhang
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—O— Dry powder
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High-basicity PAC
—O— Dry powder
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Fig. 12. TG curves of dry powders and PAC gels with low and high basicities.

0.7
1% SAV polymer, tap water

064 —* Kmamx=2125mD
© 15% PAC + 0.1% methyl lactate, tap water
& ;5 —A— Kinarix = 230 mD 5 mL/min
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%]
o
S
c 0319
kel
8 021
= 10 mL/min

0.1 4

5 mL/min
y
0

10

15 20 25

Injection volume, PV

Fig. 13. Injectivity of PAC in cores with different permeability at 80 °C (core length:
10 cm; kmatrix is the permeability of rock matrix).

0.04
©
< PAC injection
= 003 \\\
[0] . .
= Water injection 5 mL/min
2 3 mL/min
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7 0017 Sandpack permeability: 722 mD
2 [;« Sand pack length: 0.5 m
- 0 - Temperature: 130 °C

5 10 15 20 25 30

Injection volume, PV

Fig. 14. Injectivity of PAC in a 722-mD sandpack at 130 °C.

et al., 2018). In the high-temperature range (300-600 °C), a sus-
tained, gradual weight loss occurs, corresponding to the decom-
position of residual hydroxyl groups and the structural
transformation of amorphous aluminum oxyhydroxide phases
into crystalline forms (Bishay et al., 2011).

Importantly, the thermal decomposition behavior observed via
thermogravimetric analysis (TGA) provides fundamental mecha-
nistic insights into the hydrothermal stability of PAC gels under
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Fig. 15. Plugging test results for fracture widths of 0.6 (a) and 1.2 (b) mm.

reservoir conditions (Zhang et al., 2019). While TGA measures
thermal degradation under programmed heating in air, the un-
derlying structural transformation mechanisms directly corre-
spond to those occurring during long-term hydrothermal aging at
constant high temperatures in aqueous environments. The gradual
dehydroxylation and condensation reactions of Al-O-hydroxyl
groups observed in the 100-300 °C range in TGA represent the
primary structural degradation pathways of PAC gels under hy-
drothermal conditions. High-basicity PAC specimens exhibited
slower dehydroxylation kinetics and higher residual mass reten-
tion in this temperature range due to their intrinsically more
condensed Al-O network architecture with fewer labile hydroxyl
groups. This inherent structural stability explains why high-
basicity PAC gels maintained superior mechanical strength and
plugging performance after prolonged hydrothermal aging at high
temperatures, whereas low-basicity PAC gels underwent more
rapid structural breakdown and performance deterioration. Thus,
TGA not only characterizes the thermal decomposition profile of
PAC materials but also serves as a rapid predictive tool for evalu-
ating their long-term hydrothermal stability in oilfield
applications.

3.6. Injectivity test

The objective of this study is to develop a PAC gel system that
can be effectively injected into fractured, high-temperature, and
high-salinity sandstone gas reservoirs experiencing severe sand
production. Therefore, we systematically investigated the injec-
tivity of PAC in cores with varying permeability. Fig. 13 shows the
injection pressure of PAC and SAV polymer in matrix samples of
different permeability at 80 °C. PAC was easily placed within the
rock matrix, with an injection pressure gradient of below 1.2 MPa/
m in all cores. Moreover, under the same conditions, the injection
pressure gradient of PAC was significantly lower than that of SAV
polymer used in previous pilot tests. Fig. 14 shows the injectivity of
PAC in a high-permeability sandpack at 130 °C. PAC was readily
injected into the high-permeability sandpack, with an injection
pressure gradient below 0.06 MPa/m at an injection rate of 5 mL/
min.
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Fig. 16. Gel distribution in fractures after water breakthrough.
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Fig. 17. Water breakthrough pressure gradients in large-opening fractures with
widths of 1.0 and 1.3 cm.
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Fig. 18. Gel distribution in fractures after water breakthrough for fracture widths of 1.0 (a) and 1.3 (b) cm.
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Fig. 19. Dynamic gelation behavior of PAC gels in a long tube at 130 °C.

3.7. Plugging test

Figs. 15 and 16 show the water breakthrough pressure tests for
0.6 and 1.2 mm fracture samples. The water breakthrough pressure
gradients for 0.6 and 1.2 mm fracture samples were 2.6 and 1.9 MPa/
m, respectively. It should be noted that even after water break-
through, the post-injection pressure remains relatively high, with a
stable water injection pressure gradient exceeding 1.5 MPa/m.

Figs. 17 and 18 show the water breakthrough tests conducted
on large-opening fractures with widths of 1.0 and 1.3 cm, respec-
tively. The water breakthrough pressure gradients for the 1.0 and
1.3 cm fractures were both below 0.6 MPa/m. Additionally, the
post-water injection pressure gradients were lower than those
observed in the previous millimeter-sized fracture models. After
the experiments, a substantial volume of PAC gel was observed
within the fractures. In the 1.0 cm fracture model, the PAC gel did
not advance to the outlet; while for the 1.3 cm fracture model, the
gel cake was displaced away from the inlet and gradually accu-
mulated near the outlet.

Fig. 19 shows the dynamic gelation behavior of PAC gels within
a stainless-steel tube with an inner diameter of 2 mm. The
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dynamic gelation time was defined as the moment when the in-
jection pressure increased sharply. At 130 °C, the dynamic gelation
times for 12% PAC, 12% PAC + 2% urea, 12% PAC + 0.1% ester, and
12% PAC + 0.2% ester were 4, 12, 26, and 38 h, respectively. It is
important to note that, unlike most organic polymer gel systems,
the dynamic gelation of PAC gel is similar to its static gelation time
(He et al., 2017; Zhang et al., 2014). The dynamic gelation test
confirmed that adding ester could delay instead of preventing the
gelation.

4. Further discussion

In this study, we successfully delayed the gelation rate of PAC by
adding esters, providing a new strategy to control unwanted water
production. However, this gel system has several limitations. First,
a relatively high concentration of PAC is required to ensure long-
term thermal and phase stability, and optimal concentration in-
creases with reservoir temperature and salinity. Additionally, the
gelation of PAC is strongly pH-dependent, even though the initial
gelant pH can be controlled by adding weak or strong acid. During
large-volume, long-term injection, however, formation water and
reservoir rock can act as potent buffers, causing fluctuations in pH
and gelant composition. In this work, we extended gelation time
by adding ester. It should be noted that adding ester is an effective
method to delay gelation in fractures or void spaces, but when
dealing with permeable rock, chromatographic separation cannot
be ignored, as the adsorption capacities of formation rock to PAC
and ester differ. Gelation is insensitive to PAC concentration but
highly sensitive to ester concentration; thus even a slight variation
in ester concentration can significantly affect gelation time. In
addition, due to the differences in molecular size and polarity
between PAC and ester, they do not migrate at the same pace
through the rock matrix.

To address the challenge of chromatographic separation in
porous media during field operations, several strategies can be
employed. First, pre-flush the formation rock with an ester solu-
tion at 1.2-1.5 times the concentration of the main gelant slug to
saturate the adsorption sites. This approach significantly reduces
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PAC + cationic PAM

Fig. 20. PAC and polymer mixture.

the adsorption of ester from the subsequent main gelant slug.
Second, for in-depth profile control, a concentration gradient slug
design can be adopted. In this design, the front 20%-30% of the
main gelant slug contains 50%-60% higher ester concentration
than the designed average, while the rear 20%-30% contains
10%-15% lower ester concentration. The specific concentrations
can be calculated based on the water invasion volume of the
treated strata. This gradient design compensates for the faster
migration of ester molecules, ensuring that the entire gelant slug
maintains a relatively uniform ratio during treatment. Finally,
increasing the injection rate within the formation fracture pres-
sure limit can reduce the residence time of the gelant in the porous
media, thereby limiting the extent of chromatographic separation.
Finally, in real scenarios of fracture shutoff in a high-
temperature gas reservoir, the gelant slug should have a rela-
tively high viscosity. This is because if the initial viscosity of gelant
is too low, the gelant could be flushed out from the target zones
readily and cannot form a continuous gel plug in the fractures, as
the energy of adjacent aquifer is potent. For example, in our pre-
vious pilot research, PEI and SAV-333 was deployed as the main
component, the viscosity of initial gelant at 130 °C under the shear
rate of 7.34 s~! was around 33 mPa-s, which is relatively high
compared with formation water. However, the viscosity of PAC
solution is lower than 3 mPa-s at 130 °C under the shear rate of
7.34 s~1. Two methods could be deployed to improve the plugging
capacity, including tackifying the PAC solution or injecting viscous
polymer solution before and after PAC injection. Tackifying the PAC
solution requires a high concentration of polymer, and the poly-
mer should be compatible with PAC at high temperatures. This is
quite challenging, because most commercially available polymers
are anionic and non-ionic PAM which could be chelated by PAC
readily at ambient temperatures. Theoretically, cationic polymer
should be compatible with PAC, but they are quite expensive, and a
relatively high concentration of cationic polymer is needed to in-
crease the viscosity of PAC solution. We evaluated the compati-
bility of several commercially available polymer with PAC and
found cationic polymer is a good choice to be used as the pre and
tail slug during PAC injection. PAC could gel the polymer solution
gradually, instead of forming precipitation, as shown in Fig. 20.
To improve the anti-scouring ability of the low-viscosity PAC
solution, a multi-slug combination injection process is proposed as
the primary field solution. First, a weak and mobile PEI-based
organic gel slug is placed before PAC injection. The front polymer
gel slug not only increases the viscosity of the displacement front
to reduce viscous fingering but also forms a viscous buffer zone
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that prevents the subsequent low-viscosity gelant from being
rapidly flushed by formation water. After PAC placement, a large
volume of viscous cationic polymer solution is injected as a tail
slug, which can gradually gel with PAC and prevent the backflow of
PAC gelant.

5. Conclusions

Targeting the technical requirements of water shutoff in frac-
tured gas reservoirs with ultra-high temperature (150 °C) and high
salinity (200,000 mg/L), this study systematically evaluated the
gelation behavior, key influencing factors, thermal stability,
injectivity, and plugging performance of PAC-based inorganic gel.
The main conclusions are drawn as follows:

(1) Basicity is the dominant parameter governing the high-
temperature gelation capacity of PAC. Low-basicity PAC
(initial pH 3.22) suffers from severely inhibited hydrolysis at
130-150 °C, and fails to form effective gels within the 14-
d test period. In contrast, high-basicity PAC (initial pH
4.13) undergoes rapid hydrolysis and polycondensation at
high temperatures, resulting in the formation of a three-
dimensional network gel. The gelation time increases with
rising PAC concentration. A gel formed by 7% PAC has
insufficient strength and high brittleness, whereas high-
basicity PAC at 12%-15% mass concentration forms high-
strength gels that meet field construction requirements.

(2) Methyl lactate serves as a high-efficiency retarder to achieve
precise regulation of PAC gelation time at high tempera-
tures. It slowly releases H* via high-temperature hydrolysis,
delaying rather than completely blocking the hydrolysis and
polycondensation of PAC. This addresses the industry pain
points of strong acid-based pH regulation, which tends to
cause complete gelation failure and is difficult to dose
accurately in the field. With 0.2% mass concentration of
methyl lactate, the gelation time of 15% PAC system is
extended from 12 to 44 h at 130 °C, and from 3 to 30 h at
150 °C, fully meeting the safe construction window re-
quirements for large-volume field injection.

(3) The high-basicity PAC gel system has excellent thermal
stability and salt resistance. Thermogravimetric analysis
(TGA) confirms that high-basicity PAC possesses a denser
pre-polymerized Al-O polynuclear structure, resulting in
superior thermal stability in the 300-600 °C range and
significantly lower total mass loss compared to low-basicity
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PAC. Scanning electron microscopy (SEM) results reveal that
7% PAC forms a dense three-dimensional network structure,
whereas 12%-15% PAC gel presents an amorphous particle
aggregate morphology that provides sufficient structural
strength. After aging at 130 °C for 180 d, the gel contains
only trace amount of free water and maintains excellent
structural integrity; slight syneresis occurs at 150 °C, but the
gel retains a stable structure. The system can be completely
dissolved and form stable gels at NaCl mass fractions up to
12%, with gel strength slightly increasing with rising salinity,
enabling adaptation to high-salinity formation conditions.

(4) The PAC gel system exhibits outstanding injectivity and
fracture plugging performance. The system has an ultra-low
initial viscosity, with an injection pressure gradient below
1.2 MPa/m in sandstone cores of varying permeabilities,
significantly outperforming traditional organic polymer gels
in injectivity. In 0.6 and 1.2 mm wide fractures, the gel
achieves water breakthrough pressure gradients of 2.6 and
1.9 MPa/m, respectively, and maintains a stable injection
pressure gradient above 1.5 MPa/m after water break-
through, providing long-term effective fracture plugging.
The 50-m long-tube dynamic gelation test confirms that
methyl lactate retains excellent regulation performance on
dynamic gelation, and the system has good consistency
between static and dynamic gelation time, allowing accu-
rate prediction of field gelation behavior via laboratory
static tests.

(5) The PAC-methyl lactate inorganic gel system developed in
this study effectively overcomes the inherent limitations of
the traditional AlCl3-urea system, including its strong tem-
perature sensitivity during gelation, narrow pH gelation
window, severe corrosion of downhole tubing and equip-
ment, and poor adaptability to formation conditions.
Meanwhile, its raw material cost is 3 times lower than that
of organic polymer gels, demonstrating promising potential
for field applications in conformance control and water
shutoff in high-temperature, high-salinity fractured gas
reservoirs. To address the potential chromatographic sepa-
ration effect in porous media and the risk of gelant being
washed out by formation water due to low initial viscosity,
future studies will focus on the compatibility and tack-
ification of PAC with cationic polymers, as well as the eval-
uation of long-distance migration and gelation behavior at
the core scale, aiming to improve the deep profile control
performance of the system.
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