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Organic gels for fluid control in hypersaline and high-temperature oil reservoirs

Geles organicos para el control de fluidos en yacimientos petroliferos hipersalinos y de alta
temperatura

S.V. Velazquez—Pineda], D. Guzman-Lucero?, LV. Lijanova1 * 0. Olivares-Xometl®, N.V. Likhanova®*
LCentro de Investigacion e Innovacion Tecnolégica del Instituto Politécnico Nacional, Cerrada de CECATI S)N,
Col. Santa Catarina, C.P. 02250, CDMX, México.
2Direccién de Investigacion, Instituto Mexicano del Petroleo, Eje Central Ldazaro Cdrdenas No. 152, Col. San
Bartolo Atepehuacan, C.P. 07730, CDMX, México.

3 Facultad de Ingenieria Quimica, Benemérita Universidad Autonoma de Puebla, Ciudad Universitaria, Av. San
Claudio y 18 Sur, Col. San Manuel, Puebla 72570, México.

Received: December 8, 2025; Accepted: April 24, 2026

Abstract

Rigid but flexible polymer gels were formed by crosslinking an ionic terpolymer with acrylamide, vinylpyrrolidone, and ionic
groups with hexamethylenetetramine, resorcinol, and amino acids (alanine or glycine) to investigate water control in porous
media. The rheological properties of the gels were evaluated at 160 °C, achieving storage modulus values between 300 and 1000
Pa. Fluid control experiments were conducted in a Berea-sandstone fractured core saturated with oil at 130 °C. The injection
procedure consisted in introducing a 0.5 PV batch of the gel formulation, followed by a 91-h aging period to allow in situ gel
formation. The fluid control efficiency of the gel formed within the porous medium was determined from differential pressure
data. Efficiency greater than 90 % was obtained for all the evaluated brine injection rates (1, 3, and 60 mL/h).

Keywords: Tonic polymer, Berea sandstone, Water control, Bulk gels, Oil well.

Resumen

Geles poliméricos rigidos pero flexibles fueron formados por la reticulacién de un terpolimero idnico con grupos acrilamida,
vinilpirrolidona y grupos idnicos, con hexametilentetramina, resorcinol y aminoécidos (alanina o glicina) para investigar el
control del agua en medios porosos. Las propiedades reoldgicas de los geles fueron evaluadas a 160 °C, alcanzando el médulo de
almacenamiento entre 300 - 1000 Pa. Se llevaron a cabo experimentos de control de fluidos en un nicleo fracturado de arenisca
de Berea saturado con petréleo, a una temperatura de 130 °C. El procedimiento de inyeccién consistid en introducir un lote de
0.5 volimenes de poro de la formulacién de gel, seguido de un periodo de envejecimiento de 91 h para permitir la formacién
del gel in situ. La eficiencia de control de fluidos del gel formado dentro del medio poroso se determiné a partir de los datos de
presion diferencial. Se obtuvo una eficiencia superior al 90 % para todos los caudales de inyeccién de salmuera evaluados (1, 3
y 60 mL/h).
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1 Introduction

Water control in oil wells and reservoirs can be
optimized by applying water control agents such as
gels, which act as a barrier to fluids, allowing control
of water production and at the same time making oil
production more efficient. (Cuenca et al., 2016; He
et al.,2015; Sun et al., 2020). To control this problem,
various types of polymer-based gels have been chosen,
such as in situ bulk gels, preformed particle gels
(PPGs), and pH and temperature-sensitive microgels.
(Afsharpour et al., 2024).

Bulk gels, formed from cross-linked polymers, are
an important treatment for water control. Among the
advantages of using bulk gels are the reduction of
effective water and oil permeability, high adhesion
to porous media, and treatment costs that are
lower than those of PPGs (Sun er al., 2020; Yin
et al., 2022). The gelling system, based on an
aqueous polymer solution with crosslinking agents,
when injected into a porous medium under specific
temperature, pH, and salinity conditions, forms a
three-dimensional network, which acts as a physical
barrier to the passage of fluids (Yadav & Mahto, 2013).
Most thermally stable polymer gels are organically
crosslinked; examples of these crosslinking agents
include hexamethylenetetramine (HMTA) with
phenol, resorcinol (RE) or hydroquinone (HQ), and
polyethyleneimine; these molecules are considered
indispensable for the successful crosslinking process
(Sengupta et al., 2012; Yin et al., 2022). Organically
crosslinked gels have replaced inorganically
crosslinked gels due to their better thermal stability,
higher modulus of elasticity, lower sensitivity to
lithology, lower cost, lower toxicity, and ease of
execution and control of the placement process
in the porous medium due to their flexibility in
gelation time during field operations (Liu et al., 2016;
Sengupta et al., 2012; Xu, 2017; Yadav & Mahto,
2013). Polymeric gels exhibit covalent chemical
interactions, as well as physical (intermolecular)
interactions that promote the formation of a stable
gel in high-temperature reservoirs (Aliabadian et al.,
2019; Pozo Cochea, 2020). To control fluids in the
porous medium, plugging agents are injected into the
high permeability channels present in the reservoir.
Today, the systems that predominate are those with
controllable gel time, cost-benefit ratio, and resistance
(pH, temperature, or salinity) (Amir et al., 2019; Arndt
& Gerlach, 2010; Sun et al., 2020).

Gels, whose three-dimensional network is formed
by a crosslinked organic polymer with formaldehyde-
based polyphenolic resins or HMTA with phenol or
HQ or RE, usually exhibit high gelation performance
and high thermal stability (Liu er al., 2016;
Velazquez-Pineda et al., 2025). Even if the polymer

network is composed of a polymer such as partially
hydrolyzed polyacrylamide, the thermal resistance
of the formed gel reaches up to 140 °C (Han
et al., 2024; X. Li et al, 2024; Z. Li et al,
2020; Lu er al., 2024; Martinez-Vazquez et al.,
2007; Qiao et al., 2022; Zhao et al., 2015); for
this reason, it has been attempted to reinforce gels
by employing graphene oxide nanoparticles (W. Li
et al., 2025). Copolymers based on polyacrylamide
with poly(2-acrylamido-2-methyl-1-propanesulfonic
acid) or terpolymer based on polyacrylamide /
polyvinylpyrrolidone /poly(2-acrylamido-2-methyl-1-
propanesulfonic acid) are stable up to 140 °C and
have considerable tolerance to salinity (Bryant et al.,
1997; Z.-J. Li et al., 2024; Yang et al., 2025); in
order to improve the stability of AMPS-based gels
under high salinity conditions at 120 °C, cellulose
nanofibers have been added (L. Dai et al., 2025; L.-Y.
Dai et al., 2025). There are also studies on gels based
on natural polymers such as guar gum and silicon and
bentonite nanoparticles (Dehkohneh ez al., 2024). In
this context, the following conventional gel systems
for water-blocking in oil wells have been successfully
applied: Schlumberger offers the Organo SEAL gel,
a crosslinked gel with metallic salts that seals
abandonment zones in oil wells (Schlumberger, 2026);
Halliburton has several solutions such as WaterWeb, a
polymer-based permeability modifier with high rock
adsorption and immediate response without requiring
gelation time (up to 163 °C); EquiSeal™, a rigid
organic gel used to lock out water in horizontal
or deviated wells (between 60 and 121 °C); and
H,Zero™, an organic gel with 90 % efficiency even
after a year at 143 °C (Halliburton, 2026). However,
these water-blocking efficiencies are reported for low-
salinity water conditions. However, the search for gel
formulations that are stable at temperatures above
150 °C and tolerant to hypersaline formation water
(total dissolved solids (TDS) >100 g/L) (Olivares-
Xometl et al., 2024), which also include divalent
cations, remains relevant, especially for the Mexican
oil industry (Velazquez-Pineda et al., 2025).

Some Mexican oil fields, such as Jujo-
Tecominoacdn, have formation water salinities up to
385 g/L TDS and temperatures up to 158 °C (Birkle
et al., 2009). The Grijalva Delta has temperatures
around 150 °C and is hypersaline (TDS >120 g/L)
(Pérez et al., 2015), as well as the Activo Luna Oil
Field (Birkle et al., 2002, 2009) and Yaxche field
(Rios & Roegiers, 2012; Rosales et al., 2006), etc.

Based on the foregoing, the goal of this work is
to develop rigid, but flexible or resonant bulk gels,
stable at temperatures up to 160 °C and formed via
organic crosslinking with controlled gelation time.
The gel formed in situ from the porous medium,
represented by the Berea sandstone core, saturated
with oil from a Mexican field, was formulated to
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tolerate hypersaline brine and temperatures up to 130
°C, effectively blocking the fluids.

2 Experimental part

2.1 Gelling system formulation and gel
characterization

Hexamethylenetetramine (HMTA), resorcinol (RE),
DL-alanine, glycine, and sodium bisulfite were
all at 99 % purity obtained from Merck and
used as received. The terpolymer Polyeca™
with molecular weight of 590,140 g/mol and
thermal stability greater than 295 °C, determined
by high-resolution thermogravimetric analysis
(TGA) (Figure 1), was provided by the Mexican
Petroleum Institute (Guzman-Lucero et al., 2022,
2024; Velazquez-Pineda et al., 2025). The
terpolymer structure, containing acrylamide, N,N’-
methylenebisacrylamide,  vinylpyrrolidone,  and
vinylimidazolium groups, was confirmed by 'H NMR
performed on a Bruker Advance Neo 600 MHz
spectrometer, using DO as a solvent, (Figure 2). To
prepare the gelling systems, 4.10 cm? of Polyeca™
aqueous solutions (at 1, 2, 3, or 5 wt.%) were placed
in quartz vials. Subsequently, 0.20 cm?® of 10 wt.%
HMTA solution, 0.70 cm? of RE solution, and 0.25
cm? of 1 wt.% sodium bisulfite solution were added.
For specific systems, 0.5-1 cm? of a 10 wt.% alanine
or glycine aqueous solution was also included. The
mixture pH was adjusted to 2, 3, or 4 using 1.0 M
hydrochloric acid (up to 0.8 cm?). Dissolved oxygen
was removed by bubbling nitrogen for 20 min, after
which the vials were hermetically sealed. The sealed
vials were placed in an oven (BINDER Model ED 720)
at 160 °C to monitor the gelation process over time;
all tests were performed in duplicate. Gel strength
development was evaluated using the Sydansk bottle
test method (Sydansk & Moore, 1992), establishing
the relationship between the gel code and its strength
description. Rheological tests were performed at 25
°C using a parallel-plate geometry with a 20-mm
diameter and a 1-mm gap in an Anton Paar rheometer.
The strain sweep test was conducted to assess the
structural integrity of the synthesized hydrogels at a
constant frequency of 1 Hz, with strain ranging from
0.1% to 1000%. The microstructure of the gel formed
after 24 h at 160 °C, and subsequently dried for 24
h at 70 °C, was analyzed using the environmental
scanning electron microscopy (ESEM) technique in an
environmental scanning electron microscope PHILIPS
XL-30, which can generate images in wet mode at
high vacuum level, with 1KV-30KV range and 10X-
100,000x magnification. TGA was performed by
means of a Netzsch STA 409 piece of equipment in
nitrogen atmosphere at a heating rate of 5 °C/min,
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Figure 1. TGA of the terpolymer Polyeca™.
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Figure 2. '"H NMR spectrum of the terpolymer
Polyeca™.

employing a gel sample dried at constant weight at
70 °C. Likewise, the dry sample of formed gel was
submitted to FTIR analysis on a Thermoscientific
Nicolet 8700 Spectrometer piece of equipment.

2.2 Fluid control test

The experimental procedure followed these stages:

Preparation: A Berea Sandstone™  core

(Cleveland Quarries) was utilized as the porous
medium. The cleaned and dried core (length = 0.05
m, diameter = 0.124 m) exhibited porosity of 22
% and water permeability 126 mD. After inducing
a longitudinal fracture (Figure 3), the core water
permeability reached 154 mD. The displacement
system was then heated to 130 °C under constant
confinement pressure of 3000 psi (Figure 4). Finally,
Mexican crude oil (20.1 °API, density of 0.9317 g/cm?
and dynamic viscosity of 544 mPa.s) was injected to
reach connate water saturation (12.5 %).
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Figure 3. Fractured sandstone rock core before the
fluid control test.

Secondary Recovery: the synthetic brine (250,000
ppm TDS: 150,000 ppm NaCl and 100,000 ppm
CaCly), serving as the displacement fluid, was injected
at 1 cm3/h for at least 5 pore volumes (PVs) until
reaching residual oil saturation.

Gel Treatment: A 0.5 PV slug of the gel
formulation was injected. The system was then shut-in
for 91 h at 130 °C and 3000 psi to allow for gelation.

Evaluation: Brine injection was resumed at
different flow rates. The differential pressure was
monitored to calculate the fluid control percentage
using Equation 1 (Jennings et al., 1971; Wu et al.,
2014):

%E = (AP1 — APO) * 100 %/AP1 (1

where AP1 is the differential pressure reached by the
injected synthetic brine and steady flow conditions
were established through the porous medium; in this

case, APO is the differential pressure in the core before
the formation of the gel in situ.

3 Results and discussion

The strength of the gel, its gelling time, is directly
related to its composition. The polymer is a crucial
component in the polymer gel system. Using a water-
soluble terpolymer with long chains and molecular
weight around half a million g/mol, which is not
excessively high, containing ionic charges and thermal
stability up to 295 °C (Figure 2), results in a
good combination for forming a dense cross-linked
network. The strength of the formed polymer gels
also depends on the crosslinking agents. The main
organic crosslinking agents are polyethyleneimine and
polyphenolic resin, especially for polymers other than
hydrolyzed polyacrylamide.

The gel strength of the crosslinking system
composed of terpolymer/HMTA/RE with a different
pH setting (2, 3, and 4) is shown in Figure 5. The
gels, which consisted of 1 or 2 wt.% terpolymer (while
the concentration of HMTA and RE was fixed) with
pH adjusted up to 2 with 0.1 M hydrochloric acid,
achieved the longest gelation time, up to 3 h and the
best gel strength; according to the Sydansk code, the
letter "I" was assigned. Although gels formed with
3 wt.% terpolymer and pH 4 gelled in 1 h, they,
nevertheless, exhibited cavities in their structure, while
gels formed with lower terpolymer concentration at
pH 2-3 and longer gelation times (2-3 h) exhibited a
more solid structure (Figure 5).
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Figure 4. Experimental setup of a rock core injection system.
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Figure 5. “Blank” gels prepared with different terpolymer concentrations and pH: (a) Gel 3 at pH 4; (b) Gel 2 at pH
3; (c) Gel 1 at pH 2.
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Figure 6. Appearance of “blank” gels prepared at pH 2 with different terpolymer concentrations: (a) 5 wt.%; (b)
3 wt.%; (c) 2 wt.%; (d) 1 wt.%.

WWW.rmiq.org



Velazquez-Pineda [ Revista Mexicana de Ingenieria Quimica Vol. 25, No. 2(2026) Ener26752

Polymer concentration, wt. %

Alanine, wt. %

—®—P1%G0.8
—%*—P1% G 1.5
—€—P1%A08
—®—P1%ALS
—~A-P2%G0.8
—O—P2%G15
—4—P2%A08
—m—P2%A15
—®—-P3%G0.8
—P—P3%G1S5
—O0—P3%A0.8
—Vv—P3%A1S5

Gel strength

Glycine, wt. %

Figure 7. Gels prepared with different terpolymer (P) concentrations at pH 2 with addition of alanine (A) or glycine

Q).

Based on the obtained results, the three gel
formulations were prepared at four terpolymer
concentrations (1-5 wt.%) at pH 2 (Figure 6), and their
gelation times were measured. The gels with 1 wt.%
and 2 wt.% terpolymer were formed at 160 °C in 3
h, while the gels with 3 and 5 wt.% terpolymer were
formed in 2 h. Therefore, it was advisable to use the
formulations with 1 or 2 wt.% terpolymer at pH 2
because the gelation time was 3 h, which was sufficient
time to place the gelling system in a desired interval of
the oil well.

Taking into account the results presented in Figure
6, it was decided to improve the composition of the
gelling system to seek the greatest gel strength and
deformation resistance so that it was of flexible type.
For this purpose, in order to increase the crosslinking

process, amino acids such as glycine or alanine were
added to the gelling formulation, and its pH was
adjusted to 2. As shown in Figure 7, the composite
crosslinking system formed by the terpolymer at 2
wt.% and alanine at 1.5 wt.% (in addition, HMTA,
RE and sodium bisulfite), as described in part 2.1
"Gelling system formulation and gel characterization"
of this article, proved suitable for forming the rigid but
flexible gel, to which it was possible to assign the letter
"J" according to the Sydansk scale.

Despite the addition of the amino acid glycine to
the gelling formulation, rigid but flexible gels were
formed, especially when the glycine concentration was
1.5 wt.%, however, the gels exhibited imperfections in
their structure, such as fractures and cavities (Figure
8).

Figure 8. Appearance of the gels formed at 160 °C and pH 2 with the addition of glycine and the following
percentages of terpolymer (P)/glycine (G) in the formulation: (a) P1%GO0.8; (b) P1%G1.5; (¢) P2%GO0.8; (d)

P2%Gl1.5.
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Figure 9. Appearance of the gels formed at 160 °C and pH 2 with the addition of alanine and the following
percentages of terpolymer(P)/alanine (A) in the formulation: (a) P1%A0.8; (b) P1%A1.5; (c) P2%A0.8; (d)

P2%A1.5; () P3%A0.8; (f) P3%A1.5; (g) PS%AL.5.
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Figure 10. Change in appearance of gels with 1.5 wt.% alanine exposed to a temperature of 160 °C for one week
and one month, with the following percentages of terpolymer(P) in the formulation: (a) P1%; (b) P2%; (c) P3%; (d)

P5%.

The addition of alanine to the gelling formulation
promoted the formation of rigid, but flexible and
transparent gels (Figure 9), where with the increase
in alanine concentration, the gels became more
flexible, notwithstanding, the increase in terpolymer
concentration greater than 2 % did not significantly
influence the increase in strength of the formed gel.

Gels with 1 and 2 % terpolymer and alanine
showed good thermal stability for 1 month at 160
°C, while gels with 3 and 5 % terpolymer in
their composition exhibited water expulsion and gel
shrinkage (Figure 10).

The 2% terpolymer and 1.5% alanine resulted in
a good combination for forming a rigid gel with an
internal cross-linked network structure, but flexible

enough not to be brittle, and in turn with a gelation
time of 3 h (Figure 11).

For use in porous reservoirs, gels must retain
their viscoelastic properties, as they maintain in pores
under high pressure and temperature, and withstand
continuous, prolonged deformation (L. Dai er al.,
2025; Zhou, Kang, et al., 2025; Zhou, Li, et al., 2025;
Zhou, Zhao, et al., 2025). Therefore, the analysis
of rheological properties of the samples is essential.
During the deformation sweep test, the elastic (G’)
and viscous (G’’) moduli were evaluated over a
deformation interval ranging from 0.1 % to 1000 %,
maintaining a constant frequency of 1 Hz. Figure
12 shows the linear viscoelastic region (LVR) of the
alanine, glycine, and terpolymer (blank) crosslinked
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gel, in which the modulus remained constant up to
strains of 100, 27, and 5%. Polymer networks lacking
alanine (P2%A) and glycine (P2%G) may not provide
sufficient resistance, leading to structural weakness
and hydrogel failure at strains exceeding 5% (P2%).
In all cases, the elastic modulus was always greater
than the viscous modulus, indicating the formation
of a three-dimensional crosslinked network caused by
chemical bonds between the functional groups of the
terpolymer and crosslinking agents. The gels obtained

A
0= ‘( I‘\I 0 N —0
o (7 @

2
v/

HoCh HN
— O
HO
{\T/}m{\f .]E ;
N N o t, oC
Q W
! NH.
N /
II((‘,I
o 6 CH,0
HO, OH 4 NHj NH

|
oL
H,N—~ COOH N

|
\ N
- N/\ o @)

e e Ao iy

by crosslinking with alanine and glycine showed
higher elastic moduli than the terpolymer without
these two agents. The alanine and glycine gels reached
2580 Pa and 738 Pa, respectively, compared to 512 Pa
for the gel without crosslinking agent. In addition, the
intersection of the curves when G’=G’ indicates fluid-
like behavior and represents an irreversible change
in the gel; this is far more pronounced for the gel
formed with alanine, where the crossover point occurs
at 629%.
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Figure 11. Schematic illustration of the polymer gel network.
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Figure 12. Gel strength: blank (P2%), with 1.5 % of alanine (P2%A) or 1.5 % of glycine (P2%G).
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Figure 14. FTIR of dry gel with 1.5 % of alanine (P2%A).

ESEM was used for studying the microstructure of
the gel systems. The micrograph is shown in Figure
13; it is worth noting that the gel sample exhibited
a uniform three-dimensional structure, which can
provide excellent stability to the swelling gels. It
can be concluded that gels crosslinked with alanine
and glycine have more compact structures than gels
without these crosslinkers, thereby providing greater
stability to the gelling systems.

Figure 14 shows the FTIR spectrum of the dry
gel sample (P2%A), where the methylene groups
of the polymer chain exhibit asymmetric stretching
vibrations at 2925 and 2853 cm!. The acrylamide part
of the polymer chain appears as bands at 1630, 1521,
1400 cm’! (Dumitrescu et al., 2015); the stretching

vibrations of the carbonyl group of alanine linked
in the ester bond are evidenced by bands at 1721,
1262, 1104 cm’!, while the resorcinol fragments have
vibrations at 1618, 1459 and 1400 cm™ (Shao et al.,
2017).

For the water blocking test, a fractured Berea
sandstone core with porosity of 22 % was used. The
core was characterized (initial characterization) by
injecting water at different flow rates: 60, 120, and
180 cm?/h (Figure 15), giving permeability of 154
mD. After saturating the core with oil and undergoing
secondary oil recovery through brine injection at 130
°C, the gelling formulation was injected into the core,
occupying 0.5 of the porous volume. Under the effect
of temperature, crosslinking occurred between the
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Figure 16. Differential pressure versus injection time
during brine injection at secondary recovery without
gel (purple line), and after the gel aging process in the
core: at 1 cm3/h (black line), 3 cm3/h (blue line), and
60 cm3/h (red line).

terpolymer, crosslinking agents, and alanine, forming
arigid but flexible gel. The differential pressure during
the secondary recovery process by brine injection was
no greater than 1 psi (Figure 16). After in situ gel
formation for 91 h at 130 °C and brine injection
at a rate of 1 cm?/h, the differential pressure was
established at around 30 psi. Increasing the brine
injection rate to 3 cm’/h raised the pressure to 80
psi. The greatest increase in differential pressure was
observed when the injection rate was increased to
60 cm’/h, reaching 265 psi and where the test was
stopped (Figure 17). The gel formed in situ promoted
an increase in resistance to brine flow, showing fluid
control percentages of 96, 98, and 99 % for flow rates
of 1, 3 and 60 cm?/h, respectively. At the end of the
test, the core was left without fluid injection for 24 h
at 130 °C and was subsequently characterized again
(final characterization), injecting water at different
flow rates (5, 10, and 15 cm?3/h) (Figure 15), reaching
permeability of 0.07 mD. The effective sealing of the
core was shown by the gel formed in situ of the porous

medium.

Based on the rheological observation, bottle test
method, and rock-core fluid control results, alanine
was shown to be a suitable organic crosslinking agent
for high temperature conditions in the presence of high
salinity brine and crude oil.

Conclusions

(1) Gels were developed from a Polyeca™ terpolymer
with a crosslinking system composed of HMTA and
RE/alanine or glycine. Gels with gelation time of 3 h
were rigid but flexible and were assigned to the letters
G-J according to the Sydansk code.

(2) Gels with added alanine and terpolymer
concentrations of 1 % and 2 % exhibited excellent
long-term stability for one month and good rheological
properties.

(3) The formulation of the gelling system with
1.5 % alanine was selected and the water control test
was performed through the porous medium plugging
process by injecting 0.5 PV of the gelling system
and the in sifu gel formation at 130 °C, confinement
pressure at 3000 psi, presence of residual oil in the
core and brine at 250,000 ppm.

(4) The gels exhibited fluid blocking efficiency up
to 96 % with an injection rate of 1 cm>/h and up to 99
% with an injection rate of 60 cm3/h.

Future research perspectives

For treatments in deep wells, further research on
additional retarders to extend the gelation time beyond
3 his needed.

A cost-benefit analysis of the gelation system is
presented.

Acknowledgements

The authors thank the Mexican Petroleum Institute for
supporting the research work here reported through
Project D.62013.

Nomenclature

Hexamethylenetetramine HMTA

Hydroquinone HQ
Resorcinol RE
Preformed particle gels PPGs
Total dissolved solids TDS

10 WWW.rmiq.org



Velazquez-Pineda | Revista Mexicana de Ingenieria Quimica Vol. 25, No. 2(2026) Ener26752

References

Afsharpour, S., Fatemi, M., & Ghazanfari, M.
H. (2024). Microfluidics investigation of the
fracture/matrix interaction mechanisms during
preformed particle gel (PPG) treatment in
fractured porous media. Geoenergy Science
and Engineering, 234, 212611. https://doi.
org/10.1016/j.geocen.2023.212611

Aliabadian, E., Kamkar, M., Chen, Z., & Sundararaj,
U. (2019). Prevention of network destruction of
partially hydrolyzed polyacrylamide (HPAM):
Effects of salt, temperature, and fumed silica
nanoparticles. Physics of Fluids, 31(1), 013104.
https://doi.org/10.1063/1.5080100

Amir, Z., Said, I. M., & Jan, B. M. (2019). In situ
organically cross-linked polymer gel for high-
temperature reservoir conformance control: A
review. Polymers for Advanced Technologies,
30(1), 13-39. https://doi.org/10.1002/
pat.4455

Arndt, K.-F.,, & Gerlach, G. (2010). Hydrogel Sensors
and Actuators: Engineering and Technology.
Springer. https://doi.org/10.1007/978-
3-540-75645-3

Birkle, P, Garcia, B. M., & Milland Padr6n, C.
M. (2009). Origin and evolution of formation
water at the Jujo—Tecominoacdn oil reservoir,
Gulf of Mexico. Part 1: Chemical evolution
and water-rock interaction. 12th International
Symposium on Water-Rock Interaction (WRI-
12), 24(4), 543-554. https://doi.org/10.
1016/j.apgeochem.2008.12.009

Birkle, P., Rosillo Aragén, J., Portugal, E., & Fong
Aguilar, J. (2002). Evolution and origin of
deep reservoir water at the Activo Luna oil
field, Gulf of Mexico, Mexico. AAPG bulletin,
86(3), 457-484. https://doi.org/10.1306/
61EEDBOC-173E-11D7-8645000102C1865D

Bryant, S. L., Bartosek, M., & Lockhart, T. P.
(1997). Laboratory evaluation of phenol—
Formaldehyde/polymer gelants for high-
temperature applications. Journal of Petroleum
Science and Engineering, 17(3-4), 197-
209. https://doi.org/10.1016/S0920-
4105(96)00079-4

Cuenca, V., Paredes, R., & Coéndor, J. (2016).
Diseflo experimental de una solucién polimérica
para mejorar la relaciéon de movilidad de
los fluidos en un yacimiento previo a la
implementacion de un proyecto piloto de
recuperacion mejorada de petréleo. Enfoque

UTE, 7(4), 127-139. https://doi.org/10.
29019/enfoqueute.v7n4.119

Dai, L., Sun, J., Lv, K., Liu, F, Bai, Y., Liao, B.,
Yang, D., Liu, C., & Li, M.-C. (2025). Cellulose
nanofiber-reinforced supramolecular polymer
gels for temporary plugging of fractured oil
and gas reservoirs. Carbohydrate Polymers,
356, 123370. https://doi.org/10.1016/j.
carbpol.2025.123370

Dai, L.-Y.,, Sun, J.-S., Lv, K.-H., Bai, Y.-R,,
Liao, B., Yang, D.-Q., Liu, C.-Z.,, & Li,
M.-C. (2025). Supramolecular polymer gels
reinforced by cellulose nanofibers and laponite
for lost circulation control of fractured
oil and gas reservoirs. Petroleum Science,
S$1995822625005291. https://doi.org/10.
1016/j.petsci.2025.12.037

Dehkohneh, H. Z., Shahbazi, K., Abdehvand,
B. Z., & Nazemi, R. (2024). Experimental
investigation of the performance of nano-
particles on hybrid gel in lost circulation
control. Arabian Journal of Geosciences,
17(12), 323. https://doi.org/10.1007/
s12517-024-12141-w

Dumitrescu, A., Lisa, G., Iordan, A., Tudorache,
F., Petrila, 1., Borhan, A., Palamaru, M.,
Mihailescu, C., Leontie, L., & Munteanu, C.
(2015). Ni ferrite highly organized as humidity
sensors. Materials Chemistry and Physics,
156, 170-179. https://doi.org/10.1016/
j .matchemphys.2015.02.044

Guzman-Lucero, D, Martinez-Palou, R.,
Palomeque-Santiago, J. F., Vega-Paz, A,
Guzman-Pantoja, J., Lépez-Falcon, D. A,
Guevara-Rodriguez, F. de J., Garcia-Muifioz,
N. A., Castillo-Acosta, S., & Likhanova,
N. V. (2022). Water Control with Gels
Based on Synthetic Polymers under Extreme
Conditions in Oil Wells. Chemical Engineering
& Technology, 45(6),998-1016. https://doi.
org/10.1002/ceat.202100648

Guzman-Lucero, D., Palomeque-Santiago, J. F,
Vega-Paz, A., Guzman-Pantoja, J., Likhanova,
N. V, & Guevara-Rodriguez, FJ. (2024).
Dosage of monomers in a polymerization
reaction. Revista Mexicana de Ingenieria
Quimica, 23(3), Poly24316, 1-9. https://
doi.org/10.24275/rmiq/Poly24316

Halliburton. (2026, marzo 24). Halliburton,
engineering solutions for global energy needs.
https://www.halliburton.com/

Han, X., Zhong, L., Liu, Y., Wang, Q., & Wang, C.
(2024). Experimental study of polyacrylamide

WWW.rmiq.org 11


https://doi.org/10.1016/j.geoen.2023.212611
https://doi.org/10.1016/j.geoen.2023.212611
https://doi.org/10.1063/1.5080100
https://doi.org/10.1002/pat.4455
https://doi.org/10.1002/pat.4455
https://doi.org/10.1007/978-3-540-75645-3
https://doi.org/10.1007/978-3-540-75645-3
https://doi.org/10.1016/j.apgeochem.2008.12.009
https://doi.org/10.1016/j.apgeochem.2008.12.009
https://doi.org/10.1306/61EEDB0C-173E-11D7-8645000102C1865D
https://doi.org/10.1306/61EEDB0C-173E-11D7-8645000102C1865D
https://doi.org/10.1016/S0920-4105(96)00079-4
https://doi.org/10.1016/S0920-4105(96)00079-4
https://doi.org/10.29019/enfoqueute.v7n4.119
https://doi.org/10.29019/enfoqueute.v7n4.119
https://doi.org/10.1016/j.carbpol.2025.123370
https://doi.org/10.1016/j.carbpol.2025.123370
https://doi.org/10.1016/j.petsci.2025.12.037
https://doi.org/10.1016/j.petsci.2025.12.037
https://doi.org/10.1007/s12517-024-12141-w
https://doi.org/10.1007/s12517-024-12141-w
https://doi.org/10.1016/j.matchemphys.2015.02.044
https://doi.org/10.1016/j.matchemphys.2015.02.044
https://doi.org/10.1002/ceat.202100648
https://doi.org/10.1002/ceat.202100648
https://doi.org/10.24275/rmiq/Poly24316
https://doi.org/10.24275/rmiq/Poly24316
https://www.halliburton.com/

12

Velazquez-Pineda | Revista Mexicana de Ingenieria Quimica Vol. 25, No. 2(2026) Ener26752

polymer gel for profile controlling in high-
temperature  offshore reservoirs.  Energy
Sources, Part A: Recovery, Utilization, and
Environmental Effects, 46(1), 11133-11147.
https://doi.org/10.1080/15567036.
2020.1789242

He, H., Wang, Y., & Zhang, J. (2015). Novel
Gel with Controllable Strength for In-
Depth Conformance Control: Bulk Gelation
Performance and Propagation Properties in
Porous Media. Journal of Dispersion Science
and Technology, 36(5), 626-633. https://
doi.org/10.1080/01932691.2014.933436

Jennings, R., Rogers, J., & West, T. (1971).
Factors influencing mobility control by polymer
solutions. Journal of Petroleum Technology,
23(03), 391-401. https://doi.org/10.
2118/2867-PA

Li, W., Luo, P., & Wang, X. (2025). Preparation and
Performance Evaluation of Graphene Oxide-
Based Self-Healing Gel for Lost Circulation
Control. Polymers, 17(15), 1999. https://
doi.org/10.3390/polym17151999

Li, X., Liu, S., Zhang, J., Han, S., Zhao, L., Xu,
A., Wang, J., Zhou, F., & Li, M. (2024). High-
Temperature-Resistant Profile Control System
Formed by Hydrolyzed Polyacrylamide and
Water-Soluble Phenol-Formaldehyde Resin.
Gels, 10(6), 413. https://doi.org/10.
3390/9gels10060413

Li, Z., Li, X., Du, K., & Liu, H. (2020). Development
of a new high-temperature and high-strength
polymer gel for plugging fractured reservoirs.
Upstream Oil and Gas Technology, 5, 100014.
https://doi.org/10.1016/j.upstre.
2020.100014

Li, Z.-J., Jia, H., Kang, Z., Wu, J.-Y., Hussein,
I. A, & Li, Z-G. (2024). Development
of dual-crosslinked nanocomposite gel for
water management in high-temperature
reservoirs. Journal of Dispersion Science and
Technology, 1-17. https://doi.org/10.
1080,/01932691.2024.2338363

Liu, Y., Dai, C., Wang, K., Zhao, M., Zhao,
G., Yang, S., Yan, Z., & You, Q. (2016).
New insights into the hydroquinone (HQ)—
hexamethylenetetramine (HMTA) gel system
for water shut-off treatment in high
temperature reservoirs. Journal of Industrial
and Engineering Chemistry, 35, 20-28. https:
//doi.org/10.1016/j.jiec.2015.09.032

Lu, S., Liu, Q., Li, P, Zhao, G., Xu, B., Li,
J., Ni, M., & Dai, C. (2024). Preparation

and enhancement mechanisms of a novel
modified nanographite hybrid polymer gel for
profile control in deep reservoirs. Colloids and
Surfaces A: Physicochemical and Engineering
Aspects, 681, 132774. https://doi.org/10.
1016/j.colsurfa.2023.132774

Martinez-Vazquez, N., Mendoza-Martinez, A. M.,
& Morales-Cepeda, A. B. (2007). Swelling
kinetic of hydrogels from methyl cellulose
and poly (acrylamide). Revista Mexicana de
Ingenieria Quimica, 6(3), 337-345. https:
//www.scielo.org.mx/pdf/rmiq/vén3/
vbn3ald.pdf

Olivares-Xometl, O., Lijanova, 1., Arellanes,
P., Hernandez-Perez, J., & Likhanova, N.
(2024). Oil recovery by emulsion flooding.
Revista Mexicana de Ingenieria Quimica,
23(3), IE24314, 1-14. https://doi.org/10.
24275/rmiq/IE24314

Pérez, R., Escorcia, J. C., Rosales, S., Acosta, J.
E., Campos, K., Gonzilez, D., & Njjera, D.
(2015). Aplicaciéon de cemento ultrafino en
fluido base aceite, en yacimientos de carbonatos
naturalmente fracturados: Caso de estudio en la
Regién Sur de México. Ingenieria petrolera,
55(12), 82-97. https://biblat.unam.mx/
hevila/Ingenieriapetrolera/2015/no2/
3.pdf

Pozo Cochea, J. A. (2020). Control del agua
de produccion utilizando geles de polimeros
en campos maduros [Tesis, Universidad
Estatal Peninsula De Santa Elena]. https:
//repositorio.upse.edu.ec/handle/

46000/5864
Qiao, W., Zhang, G., Li, J., Jiang, P, &
Pei, H. (2022). Probing the Effect and

Mechanism of Flue Gas on the Performance
of Resorcinol/Hexamethylenetetramine-Based
Polymer Gel in Flue Gas Flooding Reservoir.
Gels, 8(12), 772. https://doi.org/10.
3390/9els8120772

Rios, A., & Roegiers, J. (2012). Dilatancy Criterion
Applied for Borehole Stability During Drilling
Salt Formations. SPE-153627-MS. https://
doi.org/10.2118/153627-MS

Rosales, A., Barrera, J., Gonzalez, L. E., & Martinez,
I. (2006). Future Exploitation Strategy Using
Integrated Subsurface-to-Surface Methodology:
Field Case Study—Litoral De Tabasco Asset.
SPE-104032-MS. https://doi.org/10.
2118/104032-MS

Schlumberger. (2026, marzo 18). Innovating in
Oil and Gas [Innovating in Oil and Gas].

WWW.rmiq.org


https://doi.org/10.1080/15567036.2020.1789242
https://doi.org/10.1080/15567036.2020.1789242
https://doi.org/10.1080/01932691.2014.933436
https://doi.org/10.1080/01932691.2014.933436
https://doi.org/10.2118/2867-PA
https://doi.org/10.2118/2867-PA
https://doi.org/10.3390/polym17151999
https://doi.org/10.3390/polym17151999
https://doi.org/10.3390/gels10060413
https://doi.org/10.3390/gels10060413
https://doi.org/10.1016/j.upstre.2020.100014
https://doi.org/10.1016/j.upstre.2020.100014
https://doi.org/10.1080/01932691.2024.2338363
https://doi.org/10.1080/01932691.2024.2338363
https://doi.org/10.1016/j.jiec.2015.09.032
https://doi.org/10.1016/j.jiec.2015.09.032
https://doi.org/10.1016/j.colsurfa.2023.132774
https://doi.org/10.1016/j.colsurfa.2023.132774
https://www.scielo.org.mx/pdf/rmiq/v6n3/v6n3a14.pdf
https://www.scielo.org.mx/pdf/rmiq/v6n3/v6n3a14.pdf
https://www.scielo.org.mx/pdf/rmiq/v6n3/v6n3a14.pdf
https://doi.org/10.24275/rmiq/IE24314
https://doi.org/10.24275/rmiq/IE24314
https://biblat.unam.mx/hevila/Ingenieriapetrolera/2015/no2/3.pdf
https://biblat.unam.mx/hevila/Ingenieriapetrolera/2015/no2/3.pdf
https://biblat.unam.mx/hevila/Ingenieriapetrolera/2015/no2/3.pdf
https://repositorio.upse.edu.ec/handle/46000/5864
https://repositorio.upse.edu.ec/handle/46000/5864
https://repositorio.upse.edu.ec/handle/46000/5864
https://doi.org/10.3390/gels8120772
https://doi.org/10.3390/gels8120772
https://doi.org/10.2118/153627-MS
https://doi.org/10.2118/153627-MS
https://doi.org/10.2118/104032-MS
https://doi.org/10.2118/104032-MS

Velazquez-Pineda | Revista Mexicana de Ingenieria Quimica Vol. 25, No. 2(2026) Ener26752

Innovating in Oil and Gas. https://www.slb.
com/about/driving-energy-innovation/
innovating-in-oil-and-gas

Sengupta, B., Sharma, V. P, & Udayabhanu, G.
(2012). Gelation studies of an organically
cross-linked polyacrylamide water shut-off gel
system at different temperatures and pH.
Journal of Petroleum Science and Engineering,
81, 145-150. https://doi.org/10.1016/7.
petrol.2011.12.016

Shao, Y., Chen, H., Li, Y., Xie, S., & Li,
B. (2017). Sintered metal fibers@ carbon
molecular sieve membrane (SMFs@ CMSM)
composites for the adsorptive removal of
low concentration isopropanol. RSC advances,
7(60), 37604-37611. https://doi.org/10.
1039/C7RAQ4984F

Sun, F., Lin, M., Dong, Z., & Zhang, G. (2020).
Delayed-Crosslink Hydrogel for Improving
Oil Recovery in Differential Heterogeneous
Reservoirs. ACS Omega, 5(1), 228-235. https:
//doi.org/10.1021/acsomega.9% 02545

Sydansk, R., & Moore, P. (1992, enero 20).
Gel Conformance Treatments Increase Oil
Production in Wyoming. The Oil and Gas
Journal, 90(3). https://www.osti.gov/
biblio/5874465

Velazquez-Pineda, S. V., Vega-Paz, A., Castillo-
Acosta, S., Guzman-Lucero, D., Guevara-
Rodriguez, F. J., Lijanova, L. V., & Likhanova,
N. V. (2025). In Situ Polymer Gel for
High-Salinity Water Control in Sandstone:
Formation, Rheology, and Thermal Stability.
ChemistrySelect, 10(38), €02750. https://
doi.org/10.1002/slct.202502750

Wu, Z., Yue, X, Li, L., Zhang, Y., & Yang, Z.
(2014). A new evaluation method of gel’s
dynamic sealing characteristic in porous media.
Journal of Central South University, 21, 3225-
3232. https://doi.org/10.1007/s11771-
014-2294-8

Xu, B. (2017). Delayed crosslinking HPAM gel
system based on competitive inclusion. 020028.
https://doi.org/10.1063/1.4971910

Yadav, U. S., & Mahto, V. (2013). Rheological
investigations  of  partially  hydrolyzed
polyacrylamide-hexamine—hydroquinone

gel. International Journal of Chemical &
Petrochemical Technology, 3(3), 9-16. https:
//doi.org/10.1186/2228-5547-4-8

Yang, H.-B., Jiang, H.-Z., Xu, Z., Zhang, X,
Wang, T., Liu, H.-N., Ma, X., Zhu, J.-
J., Zhang, X.-F, & Kang, W.-L. (2025).
Development and evaluation of organic/metal
ion double crosslinking polymer gel for anti-
CO2 gas channeling in high temperature and
low permeability reservoirs. Petroleum Science,
22(2), 724-738. https://doi.org/10.1016/
j.petsci.2024.11.016

Yin, H., Yin, X., Cao, R., Zeng, P., Wang, J.,
Wu, D, Luwo, X., Zhu, Y., Zheng, Z., &
Feng, Y. (2022). In situ crosslinked weak gels
with ultralong and tunable gelation times for
improving oil recovery. Chemical Engineering
Journal, 432, 134350. https://doi.org/10.
1016/j.cej.2021.134350

Zhao, G., Dai, C., Chen, A., Yan, Z., & Zhao,
M. (2015). Experimental study and application
of gels formed by nonionic polyacrylamide
and phenolic resin for in-depth profile control.
Journal of Petroleum Science and Engineering,
135, 552-560. https://doi.org/10.1016/
j.petrol.2015.10.020

Zhou, B., Kang, W., Zhang, H., Li, X., Yang, H.,
Jiang, H., Sarsenbekuly, B., Li, Z., Zhang,
X., Zhang, X., Cao, X., & Xu, Y. (2025).
Performance and displacement efficiency of
the surfactant synergistic enhanced inclusion
system for high-temperature and high-salinity
reservoirs. Physics of Fluids, 37(3), 033101.
https://doi.org/10.1063/5.0257638

Zhou, B., Li, Z., Yang, H., Kang, W., Xing,
Y., & Gui, X. (2025). Oil Displacement
Performance and Mechanism of a Surfactant-
Synergistically Enhanced Inclusion System
in  High-Temperature and High-Salinity
Reservoirs. Energy & Fuels, 39(38), 18417-
18430. https://doi.org/10.1021/acs.
energyfuels.5c03908

Zhou, B., Zhao, X., Yang, X., Wang, L., Liu,
Q., Jiang, H., Xing, Y., Li, Z., & Gui, X.
(2025). Interaction forces between bitumen and
clay minerals in oil sands liberation process
at different solution environments. Physics of
Fluids, 37(3),037130. https://doi.org/10.
1063/5.0263331

WWW.rmiq.org 13


https://www.slb.com/about/driving-energy-innovation/innovating-in-oil-and-gas
https://www.slb.com/about/driving-energy-innovation/innovating-in-oil-and-gas
https://www.slb.com/about/driving-energy-innovation/innovating-in-oil-and-gas
https://doi.org/10.1016/j.petrol.2011.12.016
https://doi.org/10.1016/j.petrol.2011.12.016
https://doi.org/10.1039/C7RA04984F
https://doi.org/10.1039/C7RA04984F
https://doi.org/10.1021/acsomega.9b02545
https://doi.org/10.1021/acsomega.9b02545
https://www.osti.gov/biblio/5874465
https://www.osti.gov/biblio/5874465
https://doi.org/10.1002/slct.202502750
https://doi.org/10.1002/slct.202502750
https://doi.org/10.1007/s11771-014-2294-8
https://doi.org/10.1007/s11771-014-2294-8
https://doi.org/10.1063/1.4971910
https://doi.org/10.1186/2228-5547-4-8
https://doi.org/10.1186/2228-5547-4-8
https://doi.org/10.1016/j.petsci.2024.11.016
https://doi.org/10.1016/j.petsci.2024.11.016
https://doi.org/10.1016/j.cej.2021.134350
https://doi.org/10.1016/j.cej.2021.134350
https://doi.org/10.1016/j.petrol.2015.10.020
https://doi.org/10.1016/j.petrol.2015.10.020
https://doi.org/10.1063/5.0257638
https://doi.org/10.1021/acs.energyfuels.5c03908
https://doi.org/10.1021/acs.energyfuels.5c03908
https://doi.org/10.1063/5.0263331
https://doi.org/10.1063/5.0263331

	Introduction
	Experimental part
	Gelling system formulation and gel characterization
	Fluid control test

	Results and discussion

