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Squalene (C30H50), a triterpene hydrocarbon, a critical precursor in the biosynthesis of cell membrane steroids, is enzymatically derived via squalene synthase in both prokaryotic and eukaryotic organisms. Its remarkable physicochemical properties and potent antioxidant characteristics underlie its extensive application across various sectors including nutraceuticals, pharmaceuticals, cosmetics, and fragrance industries. Historically, squalene has been predominantly sourced from shark liver oil and select plant oils. However, contemporary sustainable considerations have spurred pioneering investigations into unconventional reservoirs. This study reports, for the first time, the extraction of squalene from wastewater of Kazakhstan’s Uzen oil field, identifying an abiotic reservoir with significant scientific and industrial potential. In this study, wastewater samples from the Uzen oil field were collected, extracted, and the composition of dissolved volatile compounds in the extract was investigated using gas chromatography-mass spectrometry (GC-MS). Notably, the predominant constituents were hydrocarbons, which was expected. Intriguingly, the analysis also revealed substantial quantities of squalene–a natural biomarker of oil. This unexpected discovery underscores the significant promise of this unconventional source.
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1 INTRODUCTION
Squalene, a naturally occurring triterpene, holds remarkable health benefits owing to its diverse metabolic properties and potent oxygen scavenging capabilities (Lou-Bonafonte et al., 2018). Squalene was first discovered in shark liver oil in 1906 (Tsujimoto, 1906) and its chemical structure was determined as an unsaturated hydrocarbon in 1916 (Tsujimoto, 1916). It has since been found in olive oil, amaranth, palm, rice bran, wheat germ oil, and other plants (Nergiz and Celikkale, 2011; Shimizu et al., 2019; Permadi and Wilson, 2024). Shark liver oil contains by far the highest content of natural squalene (Popa et al., 2015), and, therefore, it remains the predominant source of squalene extraction. Nonetheless, the adverse impact on shark populations has steered the exploration of alternative avenues and methodologies. This quest encompasses diverse alternatives, including but not limited to plant and microbial sources, alongside innovative strategies like amplifying microbial squalene yield through genetic engineering approaches (Patel et al., 2022; Shalu et al., 2024). Samman et al. (1981) first reported squalene in petroleum asphaltenes; however, its presence in oilfield wastewater has never been expected or investigated.
The Uzen oil field, located in the arid Southern Mangyshlak region of Kazakhstan, employs water injection techniques to displace oil and maintain reservoir pressure. This process has resulted in an increasing volume of co-produced formation water along with oil, leading to challenges including reservoir contamination and suboptimal oil recovery. While industry standards primarily focus on physical and chemical characteristics of injected water, the role of organic substances in the formation water’s composition and its potential impact on oil and gas generation have often been overlooked (Feyzullayev and Lerche, 2019). It is notable that the monitoring of Water Soluble Organics (WSO), a category of dissolved organic compounds, is frequently underscored in literature under the Clean Water Act (Hart, 2003).
In this context, our study presents a quantitative analysis of dissolved volatile compounds present in the wastewater of the Uzen oil field. By shedding light on the composition of these compounds, we aim to unveil unexpected sources of the valuable substance squalene, thus contributing to a deeper understanding of the complex interactions within oil reservoirs.
2 MATERIALS AND METHODS
2.1 Sample collection and preparation
Wastewater samples from the Uzen oil field were collected at the outlet of Preliminary water discharge unit (PWDU-1) prior to Pump-Filter Station. A total volume of 1 L of wastewater was subjected to sequential extraction using three solvents: hexane, followed by ethyl acetate, and finally, dichloromethane (DCM). The sequential use of hexane, ethyl acetate, and dichloromethane established a polarity gradient, maximizing recovery of both non-polar and semi-polar compounds. Samples were collected over three consecutive days in June 2025 at the PWDU-1 outlet, total volume >3 L.
2.2 Instrumentation and analytical conditions
Two independent GC-MS systems were employed: (i) Clarus-SQ 8 and (ii) Agilent 7890A.
The chemical composition of the wastewater extract was analyzed using a Clarus-SQ 8 gas chromatograph equipped with a mass spectrometric detector (PerkinElmer, Waltham, MA, USA). The chromatographic conditions included a capillary column RestekRxi®-1 ms (0.25 mm × 30 m x 0.25 μm) (Restek Corporation, Bellefonte, PA, USA). A sample volume of 1.0 μL was injected with a helium (He) carrier gas flow rate of 1 mL/min and a split ratio of 1:25. The column temperature was set at 45 °C (held for 2 min), followed by a gradient increase of 1.5 °C/min to 200 °C, then a further gradient increase of 15 °C/min to 280 °C with an isothermal hold at 280 °C for 10 min. The injector temperature was 280 °C, and the mass spectrometric detector source temperature was set at 240 °C with an electron ionization mode (EI+) at 70 eV. The scanning time ranged from 4 to 120 min, and ion scanning was performed within the range of 39–500 m/z.
The chemical composition of the wastewater extract was analyzed using a Agilent 7890A gas chromatograph equipped with a mass spectrometric detector 5975C (Agilent, 5,301 Stevens Creek Blvd. Santa Clara, CA 95051, USA). The chromatographic conditions included a capillary column Rtx®-100-DHA (30 m × 250 μm x 0.5 µm). A sample volume of 2.0 μL was injected with a helium (He) carrier gas flow rate of 0.97 mL/min and a split ratio of 1:20. The column temperature was set at 80 °C (held for 0 min), followed by a gradient increase of 6 °C/min to 300 °C. Run Time was 38.667 min The injector temperature was 280 °C, and the mass spectrometric detector source temperature was set at 230 °C–250 °C with an electron ionization mode (EI+) at 70 eV. The scanning time ranged from 4 to 120 min, and ion scanning was performed within the range of 5–1,000 m/z.
2.3 Quantitative analysis and component identification
The percentage content of components was automatically calculated based on the peak areas of the total ion chromatogram. Component identification was achieved through mass spectra and retention times, utilizing the NIST library. Retention times of components were recalculated relative to the retention times of n-alkanes.
3 RESULTS
The yields of the extracts from 1 L of wastewater by using three solvents sequentially are as follows: hexane 1.48 g, ethyl acetate 0.29 g, and dichloromethane (DCM) 0.21 g.
Analysis of the composition of the wastewater extract by GC-MS (Supplementary Figures S1–S3) resulted in the identification of the following key organic compounds (Supplementary Table S1): (in descending order of major components).
	1. The major compounds in the hexane extract were: butyl acetate – 2.7%, N,N-dimethyl-1-dodecanamine – 2.3%, pentacosane – 1.8%, heptadecane – 1.7%, hexadecane – 1.7%, pentadecane – 1.7%, and squalene – 1.4%.

NIST coincidence coefficient of squalene = 950; retention time coincidence with the authentic standard (112.99 min); characteristic ions m/z 69, 81, 410 confirm the identification.
For quantitative analysis, calibration was used according to the squalene standard (Sigma-Aldrich, 99%).
	2. The major compounds in ethyl acetate extract were: butyl acetate – 13.2%, pentadecane – 2.9%, hexadecane – 2.7%, tetradecane – 2.6%, heptadecane – 2.5%, tridecane – 2.4%, pentacosane – 2.3%, heptacosane – 2.2%, hexacosane – 2.2%, octadecane – 2.1%, octacosane – 2.0%, tetracosane – 2.0%, genicosane – 2.0%, nonadecane – 2.0%, and dodecane – 2.0%.
	3. The major compounds in dichloromethane extract were: xylene – 7.8%, dodecane – 1.7%, and pentadecane – 1.6% (Figure 1).

[image: Gas chromatography-mass spectrometry (GC-MS) chromatogram of Zhana-Ozen wastewater in hexane.]FIGURE 1 | Chromatogram of the chemical composition of wastewater extract during dichloromethane (DCM) extraction, retention time 104.44–120.44 min. Squalene peak is observed at Retention time 112.99 min.Most of the compounds identified in Uzen Field wastewater extracts belong to hydrocarbons and their derivatives. Some of these compounds have been previously reported in different medicinal plants and have antioxidant, antibacterial, and anti-inflammatory properties (Okechukwu, 2020; Subramanian et al., 2020; Ferdosi et al., 2023). Therefore, the compounds identified from different extracts of Uzen Field wastewater could be used as a valuable source of antioxidants for the food and pharmaceutical industries. More interestingly, the dichloromethane extract of wastewater showed the presence of squalene (Supplementary Figure S3; Supplementary Table S1)—a valuable compound with many health benefits.
From 150 million liters of wastewater processed daily, the estimated hexane-extractable yield is ∼31.5 tons (calculated as 150,000,000 L × 0.21 g/L = 31,500 kg). Consequently, the annual yield reaches approximately 11,500 tons, allowing for the extraction of roughly 160 tons of squalene each year.
The analysis was performed in three independent biological samples (1 L each), each measured in technical duplicates. The concentration of squalene varied from 1.2% to 1.6% of the total extract mass (RSD = 6.4%).
4 DISCUSSION
4.1 Resource identification initiative
The discovery of a significant amount of squalene in the reservoir water of the Uzen oil field holds immense significance, not only as a natural biomarker for petroleum but also as a valuable product in the cosmetics and perfumery industries, and a source of medicinal compounds (Samman et al., 1981; Huang et al., 2009; Lozano-Grande et al., 2018; Albini et al., 2025). The insight shared by renowned chemist Dmitri I. Mendeleev, ‘Burning oil is the same as burning assignments,’ strongly resonates in the context of this study, emphasizing the importance of the potential of oil-associated compounds, such as squalene.
The prospective therapeutic application of squalene could be founded upon its robust antioxidant properties. Administration of a squalene-enriched diet for the therapeutic intervention of prevalent cardiovascular diseases, including hypercholesterolemia, hypertension, and hyperglycemia, demonstrated pronounced quenching activity and potentiation of antioxidant systems by squalene in response to the burst of reactive oxygen and nitrogen species (Ibrahim et al., 2020; Micera et al., 2020).
There is a growing, though still limited, body of evidence that squalene can modulate neuroinflammatory and oxidative-stress pathways relevant to neuroprotection. Chronic injections of Aurantio chytrium extract have been demonstrated to reduce neuroinflammation and exhibit antistress and antidepressant effects, associated with the modulation of neurotransmitter brain systems. Squalene has also been identified as one of the active compounds within the A. chytrium extract (Sasaki et al., 2019). Additionally, chronic squalene injections have shown the ability to prevent oxidative damage in the striatum and the toxicity induced by 6-hydroxydopamine (6-OHDA) in a mouse model of Parkinson’s disease (Kabuto et al., 2013). Mechanistic work on squalene emulsions also shows robust innate and adaptive immune modulation–features that may intersect with neuroimmune pathways (Kim et al., 2020; Mendes et al., 2022). It is recognized that biallelic loss-of-function in squalene synthase (FDFT1) can lead to a neurodevelopmental disorder with early-life seizures and intellectual disability (Coman et al., 2018; 1993). At the same time, no definitive direct anticonvulsant activity for squalene has been established in animal studies or human experiments available to date. Nonetheless, since the roles for neuroinflammation and redox imbalance in epileptogenesis are well established and described, this makes a rationale for testing the anti-seizure activity of squalene (Vezzani et al., 2013; Geronzi et al., 2018; Perry et al., 1988). Although several medicinal plants that biosynthesize triterpenes, including squalene, such as Ricinus communis L. and Artemisia vulgaris L., have yielded extracts with reported anticonvulsant activity (Faheem et al., 2022; Ragasa et al., 2008), attribution to squalene has not been established and may reflect rather a result of multi-component phytochemistry (Tripathi et al., 2011). Overall, these data suggest that squalene’s neuroprotective and anti-seizure potential needs to be studied in targeted experiments. It is also important to note that any extrapolation of neuroactive properties of biological source-derived squalene to squalene obtained from petroleum or oil-field wastewater should be considered hypothetical until direct equivalence is demonstrated empirically. Emulsion adjuvant performance is sensitive to oil purity and oxidation products, which can influence ROS signaling, antigen uptake, and immunomodulatory properties in general (Iyer et al., 2015; Ondrejková et al., 2017; Huang et al., 2018). While adjuvant equivalence has been shown for high-purity plant- and yeast-derived squalene relative to shark-derived controls (Brito et al., 2011; Tateno et al., 2020; Mendes et al., 2022), we were unable to find studies comparing the neuroprotective, anti-inflammatory, or adjuvant properties of wastewater-recovered squalene to biological sources under identical conditions. Based on the principle of chemical identity and the source-agnostic framework used for small-molecule pharmaceutical equivalence (Raw et al., 2011; Dunne et al., 2013), we propose future work to test side-by-side whether petroleum/wastewater-derived squalene that meets pharmacopeial identity/purity criteria exhibits the same level of bioactivity as biologically derived squalene.
The significance of squalene has been further heightened by the global COVID-19 pandemic. Notably, this compound has emerged as an important adjuvant, effectively mitigating the negative effects associated with the administration of coronavirus vaccines (Dormont et al., 2020). Remarkably, among the forefront developers of SARS-CoV-2 vaccines, 17 out of 27 prominently incorporate squalene as an adjuvant, thus exemplifying its multifaceted applications. It is of significance to note that squalene is an inherent component of various plant oils, as evidenced, including oils derived from sources such as amaranth and celery (He et al., 2002). However, despite these alternatives, the most economically viable source for squalene extraction remains the liver of sharks, despite the severe ecological risks their populations face (Mendes et al., 2022).
The race to develop effective COVID-19 vaccines has placed enormous pressure on the availability of squalene sourced from shark livers. The estimates provided by shark conservation groups indicate that the pursuit of an effective coronavirus vaccine could result in the death of around 500,000 sharks annually, that could potentially be saved by utilizing the Uzen oil field wastewater, considering that approximately 3,000 of sharks are required to obtain 1 ton of squalene (Yarkent and Oncel, 2022). This dire predicament underscores the urgent need for sustainable alternatives that do not threaten already vulnerable species (He et al., 2002). The environmental trade-offs between oilfield wastewater extraction and shark liver harvesting remain to be critically evaluated; nonetheless, the proposed approach warrants serious consideration and quantitative assessment.
We hypothesize that the considerable presence of squalene in the oil fields of Western Kazakhstan’s Mangyshlak region is attributed to the historical presence of the Tethys Ocean in this area, which hosted numerous aquatic organisms. Around five to ten million years ago, natural upheavals resulted in the emergence of the Ustyurt Plateau, forcing the oceanic domain to recede and seep into the Earth’s depths, ultimately forming the contemporary Mangyshlak Peninsula. Ongoing scientific discoveries, such as ancient shark and mollusk remains, continue to underscore this transition (Bratishko and Udovichenko, 2013).
Microbial biosynthesis of triterpenes including squalene is well-documented in diverse microorganisms such as bacteria, fungi, and algae, indicating that biotic contributions cannot be fully excluded in petroleum reservoir environments (Shalu et al., 2024). Moreover, engineered microbes including yeasts and bacteria are capable of synthesizing squalene, demonstrating the biosynthetic potential under varied conditions (Ghimire et al., 2016; Chai et al., 2024; Huang et al., 2025). Geochemically, hopanoids—structurally related C30 triterpenoids—are known to preserve well in subsurface petroleum matrices and serve as robust biomarkers. This supports the hypothesis that squalene may also be preserved via analogous diagenetic stabilization pathways.
The annual potential to extract up to 160 tons of squalene from the reservoir water of the Uzen oil field highlights the potential economic viability of this discovery. In case of finding an effective method of extracting the valuable substance, the extraction of squalene from the associated water of the oil field will give a new impetus and look at this unconventional source.
These projections highlight both the economic value of squalene recovery and its potential contribution to regional job creation in Kazakhstan.
In light of these considerations, it is paramount to acknowledge the significance of Yerlan Suleimen’s discovery of squalene in the reservoir water of the Uzen oil field. The subsequent development of technology for its extraction, solidified through intellectual property protection in the form of a patent # 35837 issued by the Republic of Kazakhstan, serves as a testament to the potential for responsible utilization of this invaluable resource. This discovery marks a pivotal milestone in sustainable resource management, balancing economic gains with environmental stewardship.
5 CONCLUSION
In this study, we have conducted, for the first time, an analysis of the compositional profile of volatile dissolved organic compounds in the wastewater of the Uzen field using gas chromatography-mass spectrometry (GC-MS). The investigation revealed that the primary constituents of the samples are hydrocarbons. Our attention was particularly drawn to the identification of a valuable component, squalene, which was found to be significantly present in the samples.
This finding holds crucial practical implications, as squalene not only possesses valuable industrial applications but also demonstrates substantial medical potential. Its utilization as an adjuvant in coronavirus vaccines, enhancing immune responses, underscores the current relevance and promise of this compound. Moreover, considering the ongoing global efforts to combat various health challenges, including pandemics, the significance of squalene as a potential component in future vaccine formulations becomes increasingly evident.
In conclusion, this study expands our understanding of the chemical composition of Uzen oil field wastewater and emphasizes the importance of exploring squalene as a valuable industrial and biomedical resource.
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