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The global transition of oil fields to late-stage exploitation is characterized by intensive water flooding of wells and a sharp decline in reservoir pressure. Conventional polymer reagents utilized to address these challenges often lose their structural stability under conditions of high salinity and thermal stress. This research focuses on the synthesis of a new generation of hydrogels based on local industrial raw materials, designed with high resistance to aggressive environments and selective properties to provide a scientific basis for their mechanisms in enhancing oil recovery. The study utilized multi-component systems based on hydrolyzed polyacrylonitrile (GIPAN), polyacrylamide (PAA), and acrylic acid (AA). The synthesis was conducted via radical polymerization and covalent cross-linking methods, employing various concentrations of formaldehyde and ammonium sulfate. The molecular structure of the synthesized hydrogels was identified using Fourier-transform infrared (FTIR) spectroscopy. Thermal degradation and phase transitions were analyzed using the TGA-DTA method (Shimadzu DTG-60) within a temperature range of 25–600 °C. Swelling kinetics and salt resistance were evaluated gravimetrically in modeled environments with varying ionic strengths and pH levels. Experimental data indicated that hydrogels synthesized at optimal component ratios exhibit a swelling capacity of 450–600 g/g times their own mass in distilled water, and 50–80 g/g times in highly mineralized water (118,920 mg/L). FTIR analysis confirmed the formation of covalent methylene (–CH2–) bridges between polymer chains, resulting in a three-dimensional (3D) network structure. Thermal analysis revealed that intensive degradation begins only after reaching 236.11 °C, demonstrating high thermal stability under extreme borehole conditions. Furthermore, the selective filtration coefficient for oil and water phases was determined, showing a water-blocking efficiency exceeding 92 %. The findings demonstrate that the formation of interpolymer complexes based on GIPAN and PAA ensures both the mechanical strength and the salt resistance of the hydrogel. The use of locally available raw materials may reduce dependence on imported polymer reagents and improve the practical feasibility of domestic hydrogel production. The developed hydrogel therefore represents a promising locally sourced material for selective water-flow control under aggressive reservoir conditions.
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1. Introduction
The modern progress stage of the global hydrocarbon extraction industry is critically determined by the transition of the majority of large and strategically significant oil fields to their final, mature stages of development (Sorokin and Ivanov, 2022). One of the most destructive operational consequences of this late phase is the high-level water encroachment of productive strata, which triggers a sharp decline in the indicators of effective reserve extraction (Juraev et al., 2024). To maintain reservoir pressure and sweep residual hydrocarbons, technical or highly mineralized under-contour waters are continuously injected into the formations (Ahmad and Rahman, 2025). However, in geologically heterogeneous media, these fluids preferentially migrate along high-permeability macro-fractures, washed channels, and thief zones (Sorokin and Ivanov, 2022). Consequently, low-permeability oil-saturated capillary zones remain bypassed by the waterflood, while the water cut of the fluid produced from extraction wells rapidly escalates to extreme levels (Ahmad and Rahman, 2025).

To overcome this global technical dilemma and substantially increase the enhanced oil recovery coefficient, contemporary polymer chemistry heavily relies on water shut-off technologies designed for the selective management of filtration flows and the chemical blocking of macro-porous drainage pathways (Ahmad and Rahman, 2025, Kang et al., 2021). The overall durability and technological efficiency of these treatments directly depend on the specific physicochemical and rheological performance of the deployed hydrogels (Gulyamov et al., 2024, Lu et al., 2023). Traditional linear polyacrylamide formulations, widely applied in classical field operations, regularly fail in deep reservoir environments characterized by elevated temperatures and highly mineralized brine environments (Gulyamov et al., 2024). Under these aggressive hydrochemical conditions, linear macromolecular chains lose their conformational stability (Shirinov, 2023). The presence of multivalent divalent cations, such as Ca2+ and Mg2+, induces severe polyelectrolyte coagulation, while continuous thermal hydrolysis leads to severe chain degradation and a dramatic loss of system viscosity, thereby restricting long-term technical success (Gulyamov et al., 2024).

Hence, the controlled synthesis of interpolymer complexes and composite hydrogels possessing spatial, three-dimensional networked architectures via inter-macromolecular chemical and physical cross-linking represents a vital scientific and practical objective (Soqiyeva et al., 2024a). For the oil production sector of the Republic of Uzbekistan, establishing cost-effective hydrogels from domestic chemical inputs to fully replace expensive imported polymer agents carries profound strategic and economic weight (Juraev et al., 2024). High-volume industrial products and chemical intermediates, such as hydrolyzed polyacrylonitrile, technical polyacrylamide, and acrylic acid, constitute an abundant, unexploited raw material base for structuring sophisticated hydrogel systems (Soqiyeva et al., 2024b). 
The primary aim of this comprehensive investigation is the targeted synthesis of a new generation of composite hydrogels utilizing local industrial polymers and monomers capable of demonstrating superior resistance to aggressive thermal and high-salinity states. This report systematically characterizes their molecular architecture, thermodynamic profiles, and kinetic swelling mechanisms, while providing a rigorous scientific validation of their selective hydrodynamic water-blocking performance within porous matrix models.
The applied novelty of this study lies in the development of a composite hydrogel based on locally available GIPAN and PAA, combined with acrylic acid and formaldehyde-mediated cross-linking, and its evaluation under high-salinity, elevated-temperature, and porous-medium conditions relevant to mature oil reservoirs. Therefore, thermal stability is a key requirement when polymer gels are considered for water-control applications in high-temperature petroleum reservoirs (Zhu and Bai, 2017).
2. Materials and Methods
2.1 Materials
The synthesis and analytical evaluations were conducted using the following high- and low-molecular-weight chemical components:Hydrolyzed polyacrylonitrile (GIPAN): Obtained as a commercial industrial sample from JSC “Navoiyazot”. It acts as a multifunctional copolymer containing hydrophobic nitrile (-CN) groups, hydrophilic amide (-CONH2) groups, and highly ionizable sodium carboxylate (-COONa) functional segments within its structured macromolecular backbone (Shirinov, 2023).

Polyacrylamide (PAA): A water-soluble, high-molecular-weight linear homopolymer with an average molecular mass (Mw) of 3.5 × 10^6 g/mol.

Acrylic acid (AA): Utilized as a reactive monomer for radical graft polymerization and network chain propagation, maintaining a high purity level of 99.0 %.

Cross-linking agent and catalyst: Formaldehyde administered as a 37 % aqueous solution was applied as the primary covalent cross-linking agent. Chemically pure grade ammonium sulfate was introduced to concurrently accelerate the chemical reaction kinetics and stabilize the pH equilibrium of the reacting system.
Recent studies have demonstrated that cross-linked hydrogel systems can retain useful physicochemical and displacement properties under high-salinity conditions, supporting their application in chemical enhanced oil recovery (Elsaeed et al., 2021).
2.2 Synthesis of composite hydrogels
The fabrication of the three-dimensional composite hydrogel matrices was performed via a synchronized process of controlled radical polymerization and inter-macromolecular covalent cross-linking. Initially, separate aqueous stock solutions of GIPAN and PAA were prepared at fixed polymer weight percentages. These solutions were subsequently blended at predetermined mass ratios (1:1, 2:1, and 1:2) under intense mechanical agitation until a perfectly homogeneous, single-phase polymer-polymer mixture was achieved (Soqiyeva et al., 2024b). Following homogenization, calculated volumetric quantities of the acrylic acid monomer were precisely introduced into the stirred system.
Separate aqueous stock solutions of GIPAN and PAA were prepared and subsequently mixed at GIPAN:PAA mass ratios of 1:1, 2:1, and 1:2. The reaction temperature was maintained within 70–85 °C for 3–5 h. For the formulation used in the swelling-kinetics experiment, the polymer/formaldehyde/ammonium sulfate composition was approximately 86–87:3.0:10 wt%, respectively.
To promote the development of the rigid spatial network, the covalent cross-linking agent (formaldehyde) along with the initiator-catalyst (ammonium sulfate) were added to the combined solution. The final reacting mixture was transferred to a sealed glass reactor and continuously stirred under a steady influx of inert argon gas to thoroughly eliminate any dissolved oxygen, thereby avoiding oxidative inhibition of the radical mechanisms. The system was incubated in a high-precision water thermostat maintained at 70–85 °C for a duration of 3–5 h (Soqiyeva et al., 2024b). Throughout the thermal incubation period, the reaction mass experienced a distinct kinetic phase transition, shifting from a flowing liquid state into an elastic, non-flowing three-dimensional hydrogel structure. To ensure analytical precision, the resulting raw hydrogel mass was sliced and subjected to continuous deionization in a vast excess of distilled water for several days to thoroughly extract unreacted monomer fragments and low-molecular-weight impurities. The purified gel was ultimately dried to a constant mass within a vacuum oven at 60 °C.
2.3 Physicochemical characterization methods
The interior molecular architecture and changing functional group content of the dry composite hydrogels were monitored via an FTIR spectrometer across the wavenumber range of 4,000–400 cm–1. The overall thermodynamic stability and mass loss kinetics of the composite networks were continuously registered on a Shimadzu DTG-60 synchronous thermal analyzer. The testing was performed in a flowing, inert nitrogen gas atmosphere from 25 °C up to 600 °C at a constant heating ramp of 10 °C/min. The equilibrium swelling capacity (Sg, g/g) was determined gravimetrically. Dry hydrogel samples were immersed in parallel test series containing pure distilled water and an aggressive, highly mineralized synthetic formation brine containing dissolved monovalent and divalent salts (NaCl, CaCl2, MgCl2) with a verified total dissolved solids concentration of 118,920 mg/L.
The swelling capacity was calculated gravimetrically as Sg = (ms – md)/md , where md  is the initial dry mass of the hydrogel and ms is the mass after swelling. The samples were monitored for up to 240 min and, where required, until equilibrium was reached. Tests were performed in distilled water and in synthetic formation brine with a total dissolved solids concentration of 118,920 mg/L. All swelling values are reported as grams of absorbed liquid per gram of dry hydrogel.
2.4 Hydrodynamic flooding test

Water-shut-off performance was evaluated using a linear sandpack model. Initial water and oil filtration characteristics were measured before hydrogel injection and compared with the corresponding values after gel placement and in-situ swelling. Water-blocking efficiency was determined from the reduction in water filtration through the porous medium.
3. Results and Discussion
The synthesized composite hydrogel was characterized by Fourier-transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA-DTA), swelling measurements, and hydrodynamic flooding tests. The obtained results provide evidence of successful network formation, high thermal stability, excellent swelling performance, and efficient water-control capability under simulated reservoir conditions. 
3.1 FTIR spectroscopic analysis and chemical network formation mechanism 
The proposed cross-linking mechanism is illustrated in Scheme 1.
PAA chains                 GIPAN chains

 ─CONH₂─CONH₂─           ─COO⁻─COO⁻─

      │                       │

      └─────CH₂─────CH₂───────┘

       Formaldehyde

 Scheme 1. Proposed formaldehyde-mediated cross-linking of GIPAN and PAA chains to form a three-dimensional hydrogel network. 

In the compiled infrared spectrum of the composite gel, a broad and highly intense absorption band is observed in the region of 3,400–3,200 cm–1. This spectral feature is attributed to the stretching vibrations of non-associated and associated –NH2 amide groups originating from the PAA structure, overlapping with the characteristic stretching of –OH functional domains from the acrylic acid segments. The high breadth of this band underscores the presence of a dense, extensive network of secondary inter-macromolecular hydrogen bonds within the matrix. At 1,665 cm–1, the distinct absorption peak corresponding to the C=O stretching of the principal amide groups remains highly visible and structurally defined. Furthermore, the clear absorption signature appearing near 1,560 cm–1 matches the asymmetric stretching vibrations of the ionized carboxylate assemblies (COO–) provided by the GIPAN copolymer units.

Further evidence supporting the covalent cross-linking process is provided by the increased intensity of the absorption bands observed in the 1,410–1,320 cm⁻¹ and around 1,150 cm⁻¹ regions. These exact frequencies correspond to the specific deformation and stretching modes of aliphatic methylene (–CH2–) linkages. This trend indicates that the formaldehyde molecules successfully react with the active, labile hydrogen atoms situated on the functional amide chains of PAA and GIPAN via a formal condensation mechanism. This process leads to the formation of stable, permanent methylene cross-bridges, which successfully lock the initially linear copolymers into a structurally rigid, three-dimensional spatial network structure.
3.2 Thermogravimetric and differential thermal analysis (TGA-DTA) 
For a chemical plugging reagent to operate successfully over extended operational periods within deep well environments, it must exhibit high thermodynamic and structural stability under continuous heat exposure (Lei et al., 2022). The experimental curves gathered from the Shimadzu DTG-60 instrument reveal that the weight loss of the composite gel sample proceeds through three distinct, temperature-dependent stages, as summarized in Table 1.

Table 1. Thermal degradation stages and associated physicochemical processes of the synthesized PAA–GIPAN composite hydrogel
	Temperature Range (°C)
	Mass Loss (%)
	Primary Physicochemical Processes

	25 – 160
	8 – 12 %
	Evaporation of free, adsorbed, and hydrated water molecules

	160 – 236.11
	5 – 7 %
	Intramolecular deamination and thermal imidization reactions

	236.11 – 480
	55 – 60 %
	Severe thermo-oxidative destruction of the main carbon backbone


During the initial thermal stage spanning 25-160 °C, a measured mass reduction of 8-12 % takes place. This change represents the orderly desorption and evaporation of free, weakly trapped, and coordinated hydration water molecules held within the gel voids. As heating continues into the second stage (160-236.11 °C), the composite demonstrates minor weight loss, limited to 5-7 %. This minor degradation is driven by localized intramolecular modifications occurring along the side chains of the polymer network, specifically deamination and imidization transitions.

The thermo-analytical findings confirm that the primary carbon-carbon macromolecular backbone and the supporting covalent methylene cross-bridges begin to undergo intensive thermal degradation exactly at the critical breakdown temperature of 236.11 °C. Past this thermal threshold and up to 480 °C, the polymer network undergoes severe structural collapse, with mass losses reaching 55-60 % due to chain scission. These high-temperature limits verify that the composite hydrogel possesses excellent thermal durability, ensuring it can easily retain its structural integrity and necessary rheological blocking performance under demanding deep-reservoir conditions (up to 150 °C) without experiencing premature thermal breakdown.

3.3 Swelling kinetics and polyelectrolyte effect evaluation 
The fluid absorption capacity and swelling kinetics of hydrogels are fundamentally determined by the thermodynamic equilibrium between internal osmotic expansion pressures and the opposing elastic retractive forces of the chemical network. The data gathered from long-term swelling tests show that the optimized composite gels possess high fluid absorption properties.

In a pure distilled water medium, the maximum equilibrium swelling ratio of the composite gel reaches 450-600 g/g relative to its original dry weight. This massive volumetric expansion is driven by a strong polyelectrolyte expansion effect. The fixed negative charges on the fully ionized carboxylate groups (-COO-) along the GIPAN chains generate intense electrostatic repulsion forces. These internal forces maximize the structural expansion of the three-dimensional network, facilitating the entry of water dipoles into the expanding matrix.
	Swelling capacity, g/g
	
[image: image6]

	
	Swelling time, min


Figure 1. Swelling kinetics of the synthesized hydrogel in distilled water (PAA:FA:ammonium sulfate = 86–87:3.0:10 wt%).
The swelling kinetics of the synthesized hydrogel indicated that the matrix achieved a maximum swelling capacity of 50 g/g within 240 minutes.
However, when the dry hydrogel is introduced into the aggressive, high-salinity model brine (118,920 mg/L) rich in divalent ions (Ca2+ and Mg2+), its ultimate swelling capacity decreases to 50–80 g/g. This reduction is caused by the high ionic strength of the external brine. The abundance of mobile multivalent cations screens the negatively charged carboxylate units, suppressing electrostatic repulsion. Concurrently, coordination complexes form between the divalent cations and the carboxylate groups, establishing temporary physical cross-links that compress the gel network. Nevertheless, while traditional linear polymers undergo complete coagulation and lose functionality under such conditions, the synthesized hydrogel retains its three-dimensional elasticity and a high swelling capacity of 50-80 g/g. This durability is provided by the stable interpolymer complex formed between GIPAN and PAA, reinforced by the permanent covalent cross-links.
The substantial decrease in swelling compared with distilled water confirms the strong influence of ionic strength on the hydrogel network. Nevertheless, the gel did not lose its swelling ability completely in the highly mineralized medium. This indicates that the permanent covalent cross-links and the GIPAN–PAA interpolymer structure preserve network integrity even when electrostatic expansion is suppressed by dissolved ions. From an application perspective, the retained swelling capacity in saline brine is particularly important because it more closely represents actual reservoir conditions.
3.4 Hydrodynamic core flooding and water shut-off efficiency
The fluid filtration characteristics and water-blocking capabilities of the synthesized hydrogels were evaluated using a linear core flooding model packed with a porous sand matrix. The baseline filtration coefficients for both the brine and oil phases were recorded before gel injection to establish initial conditions.

During the flow tests, the unswollen hydrogel solution was injected into the sandpack, where it underwent in-situ swelling within the pore spaces. Once expansion reached thermodynamic equilibrium, the hydrodynamic resistance along the high-permeability water channels increased sharply. The calculated selective water-blocking efficiency exceeded 92 %. Oil filtration was maintained after hydrogel placement, indicating preferential restriction of the aqueous phase under the tested conditions. This selective performance occurs because the hydrophilic gel network interacts exclusively with the aqueous phase, remaining unswollen by hydrocarbons. This behavior ensures effective water shut-off while allowing oil to flow freely, offering a viable solution for mature reservoirs.
The water-blocking efficiency above 92 % demonstrates a pronounced reduction in aqueous-phase conductivity after gel placement. At the same time, continued oil filtration through the porous medium indicates preferential restriction of the water phase under the tested conditions. These results support the potential use of the hydrogel for controlling high-permeability water channels in mature reservoirs.
4. Industrial Relevance and Localization Potential 
Currently, oil and gas extraction enterprises in Uzbekistan, including JSC “Oʻzbekneftgaz” and the Saneg Group, rely entirely on imported polymer superabsorbents from foreign suppliers for enhanced oil recovery operations, requiring substantial foreign currency expenditure (Gulyamov et al., 2024).

The principal industrial advantage of the proposed formulation is the use of domestically available industrial raw materials and polymer intermediates, particularly GIPAN and technical PAA. This localization may reduce dependence on imported polymer reagents and simplify domestic supply. A full techno-economic assessment covering raw-material prices, energy consumption, processing costs, scale-up expenses, and product delivery was outside the scope of the present study. Therefore, no quantitative cost-reduction factor is claimed, and the economic benefit should be verified in a dedicated techno-economic analysis.
5. Conclusions 
Composite hydrogels based on GIPAN, PAA, and acrylic acid were successfully synthesized through formaldehyde-mediated cross-linking. FTIR analysis supported the formation of methylene bridges and a three-dimensional polymer network, while TGA-DTA showed that intensive thermal degradation began at approximately 236.11 °C. The synthesized hydrogels exhibited swelling capacities of 450–600 g/g in distilled water and retained 50–80 g/g in highly mineralized brine with a TDS of 118,920 mg/L. Sandpack flooding experiments demonstrated water-blocking efficiency above 92 % under the tested conditions. These findings indicate that the locally sourced composite hydrogel is a promising material for water-shut-off applications in high-salinity reservoir environments. Further field-scale validation and a dedicated techno-economic assessment are required before industrial implementation.
Nomenclature

Mw – weight-average molecular weight, g/mol

Sg – equilibrium swelling capacity coefficient, g/g

TDS – total dissolved solids concentration, mg/L
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