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Gas Chromatography-Mass Spectrometry (GC-MS) Characterization of Steam Trapped During the Deep Frying of Beans Cake (Akara) and Pork Meat


ABSTRACT
Introduction: Deep frying is one of the most widely practiced thermal food-processing methods, particularly in informal roadside food vending environments where foods such as akara (bean cake) and pork meat are commonly prepared. During frying, high temperatures promote lipid oxidation and thermal degradation reactions that generate volatile organic compounds capable of escaping into the surrounding atmosphere through steam emissions. This study investigated the volatile emission profiles from six cycle frying (six times) of akara (bean cake) and pork meat respectively, with emphasis on identifying thermally induced hydrocarbons and oxidation products. 
Methodology: The steam was collected in water and methanol and the fresh unused vegetable oil served as control. Fresh vegetable oil, black-eyed beans, and pork meat were procured from Ogbete main market in Enugu, South East Nigeria. The collected food samples were fried separately at 170 ± 2°C using an improvised stainless-steel frying system fitted with a steam-condensation unit. The condensed vapors were trapped and analyzed using gas chromatography-mass spectrometry (GC-MS, Shimadzu QP2010 Ultra). Identification of compounds was based on retention time, mass spectral matching with NIST 2014 library, and similarity index ≥ 80%. 
Result: GC-MS results revealed distinct compositional differences among fumes from fresh oil, repeated akara frying, and pork frying. Fresh oil emitted mainly long-chain fatty acid esters; hexadecanoic acid hexadecyl ester (36.30%) and 9-hexadecenoic acid eicosyl ester (33.35%) indicating minimal oxidation. In contrast, fumes from akara frying were dominated by n-hexadecanoic acid (41.29%), 9-octadecenamide (5.96%), and di-n-octyl phthalate (5.34%), suggesting progressive lipid oxidation and polymerization. Pork frying emissions contained predominantly pentacosane (17.22%), hentricontane (15.1%), z-9-pentadecenol (8.04%), and hexadecanamide (7.08%), reflecting intense thermal degradation of lipid matrices. The emergence of oxygenated and amide derivatives highlights ongoing oxidative and Maillard-type reactions at elevated temperatures. 
Conclusion: The findings confirm that repeated frying substantially alters the volatile composition of vegetable oil, leading to the formation of long-chain hydrocarbons, esters, and amides potentially linked to air pollution and adverse health effects. It is therefore recommended that cooking oils be reused minimally, frying durations and temperatures be controlled, and adequate ventilation ensured in domestic and commercial frying environments.
Keywords: Deep frying; Akara (bean cake); Pork meat; Steam-phase emissions; Volatile organic compounds (VOCs); Lipid oxidation; Thermal degradation; Gas Chromatography-Mass Spectrometry (GC-MS).
1. INTRODUCTION
Deep-fat frying is one of the most widely practiced thermal food-processing methods globally, valued for its ability to produce foods with desirable sensory attributes such as crisp texture, appealing color, and characteristic flavor (Wang et al., 2023; Sivaranjani et al., 2024). The process involves immersing food materials in hot oil at temperatures typically ranging from 160-190 °C, resulting in rapid heat and mass transfer between the frying medium and the food matrix. During frying, moisture within the food evaporates vigorously while oil simultaneously penetrates the food structure, generating structural transformations that contribute to the formation of a crispy crust and soft interior (Wang et al., 2023). These physicochemical changes are accompanied by numerous chemical reactions involving lipids, proteins, and carbohydrates within the food matrix (Saguy& Dana, 2003; Choe & Min, 2007). As a result, frying does not only influence food texture and palatability but also triggers complex thermal reactions that lead to the formation of volatile compounds, thereby linking the process of frying directly to temperature-induced modifications of food matrices.
Temperature is a critical determinant of the chemical transformations that occur within food matrices during frying. High frying temperatures accelerate lipid oxidation, hydrolysis, and polymerization reactions within edible oils, while also promoting Maillard reactions between amino acids and reducing sugars in the food matrix (Guillaume et al., 2018). These reactions lead to the formation of numerous volatile and semi-volatile compounds, including aldehydes, ketones, alcohols, hydrocarbons, and fatty acid derivatives that contribute to the characteristic aroma and flavor of fried foods (Zhang et al., 2012). At elevated temperatures, triglycerides present in vegetable oils and animal fats undergo oxidative cleavage, producing fatty acids and secondary oxidation products such as long-chain hydrocarbons and oxygenated lipid derivatives. Compounds such as hexadecanoic acid and other long-chain fatty acids, commonly detected in thermally treated oils, are typical markers of lipid degradation processes during frying (Murru et al., 2021; Frankel, 1980). These thermally generated compounds frequently migrate into the vapor phase above the frying system, thereby linking frying chemistry to common culinary practices, particularly in regions where frying is performed continuously in open environments.
In many West African societies, especially in southeastern Nigeria, one of the most culturally significant fried foods prepared in such open environments is akara, a deep-fried bean cake produced from dehulled cowpea paste (Vigna unguiculata). Akara is widely consumed as a breakfast meal or street snack and is commonly produced by roadside vendors using large frying pans filled with vegetable oil. The preparation of akara represents an important informal economic activity, providing both a livelihood for vendors and an affordable protein-rich food for low-income populations (Madodé et al., 2011). However, the repeated heating of vegetable oil during roadside frying may lead to progressive lipid degradation and the formation of volatile organic compounds that are released into the surrounding environment. In such settings, the continuous emission of vapors and aerosols from the frying oil exposes both vendors and consumers to airborne compounds generated during thermal oil degradation. Consequently, the widespread consumption and roadside preparation of akara raise concerns about the chemical composition of emissions produced during frying, particularly the volatile compounds transported in the steam phase.
Another commonly fried food sold in roadside settings across southeastern Nigeria is pork meat. Pork is characterized by relatively high lipid content compared with many other meats, making it highly susceptible to thermal oxidation when subjected to high frying temperatures. During frying, the lipids present in pork tissue undergo oxidation and thermal decomposition reactions that generate numerous volatile compounds, including hydrocarbons, aldehydes, ketones, and fatty acid derivatives responsible for the distinctive aroma of fried meat (Jayasena et al., 2013; Frankel, 1980). Long-chain hydrocarbons such as pentacosane and hentriacontane, which are often associated with lipid thermal degradation, may form during prolonged frying or repeated heating of oils used for meat preparation. These volatile products readily escape with the steam generated during frying, thereby contributing to the complex chemical mixture present in the vapor phase above the frying system. In busy roadside environments where pork frying is performed in open air, these emissions may accumulate locally, drawing attention to the steam-phase transport of frying-derived compounds.
Steam-phase collection has therefore become an important methodological approach for investigating volatile compounds produced during high-temperature cooking processes. During frying, water present within the food matrix vaporizes rapidly and escapes as steam, carrying with it thermally generated volatile organic compounds derived from both the food and the frying oil. By trapping or condensing this steam phase, researchers can capture representative samples of the volatile constituents released during frying operations (Pu et al., 2025; Voort et al., 1994). The resulting extracts often contain a complex mixture of lipid oxidation products, fatty acid derivatives, hydrocarbons, esters, and nitrogen-containing compounds formed during thermal degradation reactions. Because these compounds are transported through the vapor phase, steam trapping provides a direct pathway for studying the airborne chemical environment associated with frying, thereby connecting steam-phase sampling with advanced analytical characterization techniques.
Among the analytical tools available for the characterization of volatile compounds, Gas Chromatography-Mass Spectrometry (GC-MS) remains one of the most powerful and widely applied techniques in food chemistry and environmental analysis. Gas chromatography enables the separation of complex mixtures of volatile and semi-volatile compounds based on their volatility and interactions with the chromatographic column, while mass spectrometry provides structural identification through fragmentation patterns that serve as molecular fingerprints (Sparkman et al., 2011; Kataoka et al., 2000). The GC-MS technique has been extensively used to characterize volatile compounds produced during lipid oxidation, food processing, and environmental emissions. Through this approach, compounds such as long-chain hydrocarbons, fatty acids, esters, amides, and oxygenated lipid derivatives can be detected and quantified, providing insight into the chemical transformations occurring during frying processes and the composition of the vapor-phase emissions produced.
The presence of volatile hydrocarbons and other lipid degradation products in frying emissions has important implications for both food quality and human exposure. Hydrocarbons, fatty acid esters, and amide derivatives formed during high-temperature lipid oxidation may influence the flavor profile of fried foods but can also serve as indicators of oil degradation and prolonged heating (Zhang et al., 2012; Frankel, 1980). Compounds such as long-chain alkanes, fatty acid methyl esters, and amides; including octadecenamide and related lipid derivatives are frequently detected in thermally treated oils and may accumulate in the vapor phase during frying. In environments where frying occurs repeatedly in open roadside settings, these emissions may contribute to localized air contamination and potential inhalation exposure among food vendors and consumers. Understanding the composition of these volatile emissions is therefore critical for evaluating both the chemical processes occurring during frying and their possible environmental or health implications.
Despite the widespread consumption of fried foods such as akara and pork meat in southeastern Nigeria, there remains limited scientific information regarding the chemical composition of the volatile compounds emitted during their roadside frying. Most previous investigations have focused on the degradation of frying oils within the liquid phase, while relatively few studies have examined the volatile compounds transported through the steam phase generated during frying operations. Consequently, the chemical nature of the vapor-phase emissions produced during the deep frying of akara and pork meat remains poorly characterized. This lack of information highlights the need for detailed analytical investigation using advanced techniques such as Gas Chromatography-Mass Spectrometry in order to identify and characterize the volatile compounds present in steam emitted during these common frying practices. Hence, this study was conducted to characterize the gas steam trapped during the deep frying of beans cake (akara) and pork meat using gas chromatography-mass spectrometry (GC-MS) technique.
2. MATERIALS AND METHODS
Materials
Chemicals and Reagents
All reagents and solvents used in this study were of analytical grade. n-Hexane (98% purity; Merck, LabChem), methanol (Fisher Scientific, UK), and Milli-Q deionized/double-distilled water (FIIR-South-East Enugu Office, Nigeria) were used throughout the analysis. Table salt (sodium chloride) was obtained from Dangote Salt Company (Nigeria). All reagents were used without further purification.
Equipment and Instruments 
The equipment and instruments used in this study included a precision weighing balance (Mettler Toledo MS3045S/03), Pyrex measuring cylinders (10, 100, 250, 500, and 1000 mL), Pyrex standard flasks, a vortex mixer (Biocote Stuart, Model R00010, Korea), a hot water bath (DFs KW-1000DB, Korea), and a Shimadzu GC-MS QP2010 Ultra (Japan). Additional equipment included a micropipette (Denmark), a MILLI-Q purification system (MF9 JA57781, Western Germany), a Stuart heating mantle, a Moulinex electric blender (France), and ashless Whatman filter paper. Other laboratory implements comprised an improvised frying pan and a collecting lead with hose constructed locally at Thinkers Corner, Enugu. A mortar and pestle, aluminum spoon, and thermometer (0-90 °C range) were also used during sample preparation and frying operations.
Food Samples
The food samples used in this study are black-eyed beans and pork meat
Oil Samples
vegetable oil was used for the study
Methods 
Sample Collection 
A total of 5 L of fresh vegetable oil, ten cups of black-eyed beans, and 1 kg of fresh pork meat were procured from Ogbete Main Market and Chefra Frozen Foods, Old GRA, Enugu, Southeast Nigeria. The vegetable oil was stored in a brown amber-colored plastic container, while the pork meat was packaged in a sterile zip-lock bag to maintain hygiene during transport. All samples were taken to the laboratory immediately for further preparation and analysis.
Sample Preparation: 
a. Bean Paste (Akara Batter)
The black-eyed beans were thoroughly washed with clean water to remove dust, stones, and extraneous materials. The seed coats were manually removed to obtain dehulled beans. The dehulled beans were blended using a Moulinex electric blender (France) to produce a smooth paste. The resulting paste was further homogenized with a mortar and pestle while gradually adding clean water and a small quantity of table salt to obtain a uniform, viscous consistency suitable for frying.
b. Pork Meat
The fresh pork meat was washed repeatedly with clean water to remove traces of blood and surface contaminants. It was then sliced into uniform portions weighing approximately 30.44±0.03 g each to ensure even cooking and consistent oil absorption during frying.
c. Vegetable Oil
The fresh vegetable oil was divided into three portions: 1100 mL, 1000 mL, and 900 mL, designated for frying akara, frying pork, and serving as the control (fresh unused oil), respectively. The oils were stored in covered glass beakers prior to use.
Frying Procedure
Each food item was fried separately in its designated portion of vegetable oil using an improvised stainless-steel frying pan locally constructed. The pan was fitted with a metallic lid connected to a flexible glass hose that led to a condensation chamber for steam collection. The entire setup was designed to trap and condense the volatile components emitted during the frying process. The frying temperature was maintained at approximately 170 ± 2 °C, monitored continuously using a calibrated thermometer inserted into the oil phase. The akara was formed into small spherical portions weighing approximately 25±0.03 g each and fried for 4 minutes until golden brown. The pork meat was cut into uniform pieces weighing about 30±0.03 g each and fried for 6 minutes until completely fried. As these items were fried, steam and volatile emissions from the hot oil/sample interface passed through the collecting hose and were condensed in the receiver unit maintained at ambient temperature. The condensed steam was collected separately for each frying cycle in labeled amber bottles, depending on the sample (akara or pork). After each frying cycle, A portion of the fresh oil served as the control, providing a baseline reference for evaluating compositional changes in volatile compounds generated during repeated frying.
GC-MS Analysis
The volatile compounds present in the steam released during frying were analyzed using Gas Chromatography-Mass Spectrometry (GC-MS). The analysis was conducted on a Shimadzu 11 GC-MS QP2010 Ultra system (Japan) equipped with an autosampler and operating in headspace mode. Prior to analysis, each condensed steam sample was equilibrated to room temperature and filtered through ashless Whatman filter paper to remove suspended particles or oil residues. Approximately 2 mL of each filtrate was transferred into a 20 mL headspace vial and tightly sealed with a PTFE-lined septum cap. The vials were then placed in the headspace sampler for thermal equilibration and volatile extraction. The headspace extraction was performed by heating the vials to 70 °C for 15 minutes with continuous agitation to promote the release of volatile organic compounds (VOCs) into the gas phase. A portion of the headspace vapor (1 mL) was automatically injected into the GC-MS system in splitless mode at an injector temperature of 250 °C. Chromatographic separation was achieved on a RESTEK RTX™-5MS capillary column (USA) with dimensions 60 m × 0.23 mm internal diameter × 0.25 µm film thickness. Helium served as the carrier gas at a constant flow rate of 1.88 mL·min⁻¹. The oven temperature program was initiated at 100 °C and held for 1 minute, then increased at 10 °C·min⁻¹ to 230 °C, held for 8 minutes, and finally ramped at 35 °C·min⁻¹ to 280 °C, where it was maintained for 9.5 minutes. The transfer line temperature was kept at 280 °C, while the ion source was maintained at 250 °C. Mass spectral detection was carried out under electron impact ionization (EI⁺) at 70 eV. The instrument scanned over a mass range of m/z 40-600, acquiring data in full-scan mode for qualitative analysis. The chromatographic peaks were identified by comparing their mass spectra and retention times with those of authentic reference standards and by matching them with entries in the NIST 2014 spectral library. Compounds with similarity indices of ≥80% were considered confidently identified. For semi-quantitative evaluation, the relative abundance of each compound was expressed as a percentage of the total ion current (TIC) peak area. The resulting chromatograms and compound lists were used to compare the chemical composition of steam extracts from fresh oil, steam from repeated frying of akara, and steam from repeated frying of pork meat, thereby revealing the evolution of volatile oxidation products and hydrocarbon derivatives during successive heating cycles.
RESULTS
Table 1 presents the volatile compounds identified in steam emitted from freshly heated vegetable oil, which serves as the control sample. The major constituents include hexadecanoic acid hexadecyl ester (36.30%) and 9-hexadecenoic acid, eicosyl ester (33.35%), indicating a predominance of long-chain fatty acid esters and alcohols characteristic of unoxidized lipid matrices.
Table 1: Total Ionized Compounds in Fresh Vegetable Oil Steam
	Name of Compounds
	Retention Time
	Area (%)
	Molecular Formula

	Spiro[4.5]decane-1-one,6-hydroxy
	17.865
	0.21
	C10H16O2

	Oxacyclohexadecane-2-one
	17.890
	0.3
	C15H26O3

	Oxirane,heptadecyl
	22.050
	8.72
	C19H38O8

	9-hexadecenoic acid, eicosyl ester (z)
	22.477
	33.35
	C32H62O2

	· 9-Pentadecenoic acid, (Z)-
	23.596
	8.17
	C15H28O2

	1-Decanol,10-(tetrahydro-2H-pyrane-2-yl]oxy /10-(Tetrahydro-2H-pyran-2-yloxy)-1-decanol 
	24.00
	0.31
	C15H30O3

	Hexadecanoic acid hexadecyl ester/ cetylpalmitate
	25.899
	36.30
	C32H64O2

	5,9-Dimethyl-3-decanol
	27.883
	1.00
	C12H26O

	Pentacosane
	29.545
	8.72
	C25H52

	9-hexadecanoic acid, octyl ester
	30.350
	0.23
	C24H48O2

	Bis[tridecyl]
	31.239
	0.85
	C34H58O4


		
Table 2 presents the total ionized compounds identified in the steam-phase extract obtained from the repeated frying of akara. The profile reveals a complex mixture dominated by n-hexadecanoic acid (41.29%), followed by 9-octadecenamide (5.96%), di-n-octyl phthalate (5.34%), and pentacosane (4.32%), which together account for the bulk of the volatiles detected. These compounds indicate extensive lipid oxidation, esterification, and amide formation processes occurring during repeated thermal exposure of the frying oil, contributing both to flavor development and potential toxicant generation.

Table 2 Total Ionized Compounds in Steam from Repeated Frying Akara
	Name of Compounds
	Retention Time
	Area (%)
	Molecular Formula

	Decanal/Capraldehyde
	12.517
	0.22
	CH3(CH2)8CHO

	Dodecanoic acid
	17.384
	0.49
	C12H24O2

	Diethyl phthalat
	18.043
	1.72
	C12H14O4

	1-hexadecanol
	18.589
	0.21
	C16H34O

	Tetradecanoic acid
	19.619
	3.28
	C14H28O2

	Isopropyl Myristrate
	19.955
	3.88
	C17H34O2

	Hexadecane 
	20.685
	0.19
	C16H34

	15-Hydroxy pentadecanoic acid
	20.948
	0.51
	C15H30O3

	Hexadecanoic acid methyl ester
	21.141
	1.37
	 C17H34O2

	n-Hexadecanoic acid
	21.998
	41.29
	C16H32O2

	Dodecanoic acid
	22.348
	1.97
	C12H24O2

	Dodecanamide
	22.348
	1.97
	C12H25NO

	Heptadecane,2,6,10,15-tetramethyl
	22.926
	0.46
	C21H44

	n-Heptadecanol-1
	23.101
	3.55
	C17H36O

	9-Octadecanoic acid (Z)-methyl ester
	23.240
	3.77
	C19H36O2

	Methyl Stearate
	23.459
	1.29
	C19H38O2

	Cis-9-Hexadecanoic acid
	24.010
	1.00
	C16H30O2

	Undecane,2,5-dimethyl
	24.187
	0.83
	C13H28

	9-Octadecenamide(z)
	24.661
	5.96
	C18H35NO

	Tetra Tetracontane
	25.605
	3.46
	C44H90

	9-Octadecenoic acid,1,2,3-propanetriyl ester
	25.845
	0.63
	 C57H104O6

	Hexadecanoic, 1-[2-amino ethoxy]hydro
	26.145
	2.62
	C19H38O4

	Octadecenamide
	28.228
	1.21
	C18H35NO

	9,12-Octadecadienoyl chloride (ZZ)
	29.706
	0.89
	C18H31ClO

	Hexadecanoic acid,2-hydroxy-1-(hydroxymethyl)
	31.011
	1.49
	C19H38O4

	di-n-octyl phthalate
	31.263
	5.34
	C24H38O4

	Pentacosane
	31.763
	4.32
	C25H52



Table 3 presents the identified volatile organic compounds detected in the methanol extract of steam obtained from the repeated frying of pork meat. The profile indicates a dominance of long-chain hydrocarbons, fatty acid esters, and amides; particularly pentacosane (17.22%), hentricontane (15.1%), z-9-pentadecenol (8.04%), and hexadecanamide (7.08%) which are characteristic of lipid thermal degradation and oxidative transformation during prolonged frying. The detection of oxygenated species such as oleic acid esters and hydroxy fatty acids further suggests secondary oxidative reactions contributing to the complex volatile matrix associated with pork frying emissions.



Table 3: Total Ionized Compounds of Steam in Methanol from Repeated Frying Pork
	Name of Compounds
	Retention Time
	Area (%)
	Molecular Formula

	1,2-Benzendicarboxylic acid,diundecyl ester
	13.558
	0.53
	C30H50O4

	Hexadecanoic acid, methyl ester
	14.423
	1.74
	C17H34O2

	2-undecenal
	15.323
	0.55
	C11H20O

	Phenol, 2-methoxy-3-(2-propenyl)
	15.406
	0.47
	𝐶10𝐻12𝑂2

	11-octadecenoic acid methyl ester
	18.503
	1.49
	𝐶19𝐻36𝑂2

	2-nonadecanone
	18.564
	2.47
	C19H38O

	Hentricontane
	19.535
	15.1
	C31H64O2

	hexadecanamide
	20.720
	7.08
	C16H33NO

	7-Decen-2-one
	20.829
	1.71
	C10H18O

	Hexadecanoic acid methyl ester
	21.144
	0.94
	𝐶17𝐻34𝑂2

	Oleic acid, 3-hydroxyl propyl ester
	22.182
	1.02
	C21H40O3

	Hexadecanoic acid,1[2-amino ethyl]hydro
	22.630
	4.039
	C19H38O4

	Oxirane(hexadecyloxy) methyl
	22.865
	2.54
	C19H38O2

	9-octadecenoic acid methyl ester
	23.224
	1.11
	C19H36O2

	z-9-pentadecenol
	23.922
	8.04
	C15H20O

	9-octadecenamide (z)
	24.681
	6.66
	C18H35NO

	Nonamide
	24.740
	2.38
	C9H19NO

	Mystrilmyristate
	24.945
	4.38
	C28H56O2

	Octadecanoic acid,2-hydroxyl-1,3-propanediyl
	26.112
	1.38
	 C39H76O4

	Pentacosane
	26.330
	17.22
	C25H52

	Cis-9-Hexadecenal
	26.874
	4.52
	C16H30O

	Dodecanoic acid,1,2,3-propanetriyl ester
	27.165
	1.25
	C39H74O6

	Octadecanoic,2-hydroxyl-1,3-propanediyl
	27.398
	1.3
	C39H76O5

	9-octadecenal (z)
	29.689
	1.33
	C18H34O

	Dodecanoic acid
	30.104
	6.6
	 C12H24O2


	
DISCUSSION
The GC-MS analysis of steam emitted during frying revealed a diverse profile of volatile organic compounds derived from lipid transformations occurring at high temperatures. The compounds identified across the samples consisted predominantly of long-chain fatty acids, fatty acid esters, hydrocarbons, alcohols, and amide derivatives, which are typical products of thermal degradation and oxidation of edible oils and animal fats during deep frying. Similar classes of compounds have previously been reported in studies investigating volatile emissions from heated oils and fried foods, indicating that high frying temperatures promote extensive breakdown of triglycerides and secondary lipid oxidation products (Choe & Min, 2007; Zhang et al., 2012). The differences observed between the control oil and the food frying samples reflect the additional biochemical reactions introduced by the presence of food matrices such as cowpea batter and pork tissue.
The steam generated from freshly heated vegetable oil (Table1) was dominated by long-chain fatty acid esters, particularly hexadecanoic acid hexadecyl ester and 9-hexadecenoic acid eicosyl ester, which together accounted for a large proportion of the volatile profile. The presence of these esters indicates that even in the absence of food materials, heating oil initiates several thermally driven reactions, including hydrolysis of triglycerides and subsequent esterification of liberated fatty acids. Under high-temperature conditions typical of frying, triglycerides may undergo partial hydrolysis to produce free fatty acids, which can subsequently react with alcohol intermediates formed during lipid oxidation, leading to the formation of fatty acid esters (Frankel, 1980). Similar ester compounds have been reported in volatile profiles of heated vegetable oils by Voort et al., (1994), who attributed their formation to secondary reactions of oxidized lipids.
The detection of hydrocarbons such as pentacosane in the control oil sample suggests the occurrence of thermal cracking and decarboxylation reactions of fatty acids. At elevated temperatures, long-chain fatty acids may undergo β-scission reactions, in which carbon–carbon bonds adjacent to carbonyl groups are cleaved, producing hydrocarbons and smaller volatile molecules (Frankel, 1980). Decarboxylation of fatty acids can also lead to the formation of long-chain alkanes such as pentacosane. Similar hydrocarbons have been detected in volatile emissions from heated cooking oils and kitchen aerosols (Zhang et al., 2012). The implication of this finding is that even freshly heated oil may release hydrocarbon compounds into the surrounding air, suggesting that oil heating itself can contribute to indoor or outdoor air contamination in frying environments before food materials are introduced.
The volatile composition of steam emitted during repeated frying of akara (Table 2) showed a marked increase in the abundance of free fatty acids, particularly n-hexadecanoic acid, which was the dominant compound detected. The formation of this compound is most likely associated with triglyceride hydrolysis and oxidative cleavage reactions that occur during repeated heating of frying oils. As frying cycles progress, water released from the food matrix can catalyze hydrolysis of triglycerides, producing free fatty acids and glycerol. The accumulation of palmitic acid (hexadecanoic acid) in degraded frying oils has been widely reported and is considered a common marker of lipid breakdown during deep-fat frying (Choe & Min, 2007). The high proportion of this compound detected in the steam phase suggests that lipid hydrolysis products may volatilize and become entrained in steam released during frying operations.
Another notable group of compounds detected in the akara frying emissions was fatty acid amides, including 9-octadecenamide and dodecanamide. The formation of these compounds may be linked to lipid–protein interactions occurring during frying. Akara batter is derived from cowpea paste, which contains substantial amounts of proteins and amino acids. Under high-temperature conditions, degradation of proteins can generate amines that react with fatty acids or lipid oxidation products, leading to the formation of fatty acid amides. Such reactions may occur through condensation processes involving fatty acid intermediates and nitrogen-containing compounds released from protein breakdown (Jayasena et al., 2013). Similar nitrogen-containing volatiles have been identified in studies examining frying of protein-rich foods and legumes, where Maillard-type reactions and lipid-protein interactions contribute significantly to the volatile profile (Jayasen aet al., 2013). The presence of these compounds therefore highlights the role of the food matrix composition in modifying the chemical reactions occurring during frying.
The detection of di-n-octyl phthalate in the akara frying emissions may not necessarily reflect a reaction product of frying but rather contamination introduced from plastic materials, laboratory equipment, or environmental sources. Phthalate esters are commonly used as plasticizers and have frequently been reported as contaminants in GC–MS analyses of environmental and food samples (Net et al., 2015). Their presence in the chromatographic profile may therefore be attributed to external contamination rather than intrinsic chemical processes occurring during frying. Nevertheless, the identification of such compounds emphasizes the need for careful control of experimental conditions during volatile compound analysis.
The steam-phase extract obtained from repeated frying of pork meat (Table 3) exhibited a volatile profile dominated by long-chain hydrocarbons and lipid derivatives, including pentacosane, hentriacontane, z-9-pentadecenol, and hexadecanamide. These compounds are typical products of advanced lipid oxidation and thermal degradation of animal fats. Pork meat contains substantial quantities of unsaturated fatty acids, particularly oleic and linoleic acids, which are susceptible to oxidative reactions during heating. The oxidation of unsaturated fatty acids proceeds through radical-mediated mechanisms involving the formation of lipid hydroperoxides, which subsequently decompose into a variety of secondary products including aldehydes, ketones, alcohols, and hydrocarbons (Frankel, 1980).
The relatively high abundance of hydrocarbons such as pentacosane and hentriacontane in the pork frying emissions suggests the occurrence of decarboxylation and chain-scission reactions of fatty acids during prolonged heating. Similar hydrocarbons have been reported in volatile emissions generated during frying of meat products and thermal degradation of animal fats (Zhang et al., 2012). The higher concentration of these compounds in pork frying emissions compared with akara frying emissions may therefore be attributed to the higher lipid content of pork tissues and the greater availability of fatty acid substrates for thermal decomposition.
Oxygenated compounds such as cis-9-hexadecenal, 2-nonadecanone, and oleic acid derivatives detected in the pork frying emissions are typical products of secondary lipid oxidation reactions. Aldehydes and ketones are formed through oxidative cleavage of unsaturated fatty acids and are widely recognized as important contributors to the aroma of fried meat products (Jayasena et al., 2013). Previous studies investigating volatile compounds in fried meat have also reported similar aldehydes and ketones, indicating that lipid oxidation plays a central role in flavor formation during frying (Jayasena et al., 2013; Zhang et al., 2012). However, the relatively higher proportion of long-chain hydrocarbons observed in the present study may reflect repeated heating of the frying oil or extended frying durations, which can promote further degradation of lipid oxidation intermediates into hydrocarbons.
Comparative analysis of the volatile profiles obtained from the control oil, akara frying, and pork frying conditions indicates that the food matrix composition significantly influences the chemical reactions occurring during frying. While the control oil sample primarily produced fatty acid esters and hydrocarbons derived from lipid degradation, the addition of akara batter and pork meat introduced additional reaction pathways involving proteins, amino acids, and other biomolecules present in the food materials. These reactions include Maillard reactions, Strecker degradation, and lipid-protein interactions, which generate additional classes of volatile compounds such as amides, aldehydes, ketones, and alcohols (Saguy& Dana, 2003). Such findings are consistent with previous studies demonstrating that volatile emissions from frying systems are strongly influenced by both the composition of the frying oil and the biochemical characteristics of the food substrate.
From a broader environmental and occupational perspective, the detection of hydrocarbons, fatty acids, aldehydes, and amides in frying emissions has important implications for air quality in roadside cooking environments. Street food vendors engaged in continuous frying activities may be exposed to vapors containing complex mixtures of volatile organic compounds generated through lipid oxidation and thermal degradation. Although many of these compounds contribute to desirable food aromas, prolonged exposure to cooking emissions has been associated with potential respiratory and environmental concerns in poorly ventilated cooking environments. Therefore, characterizing the chemical composition of steam emissions from common frying practices provides valuable insight into both the chemistry of frying processes and potential exposure risks associated with traditional roadside food preparation.
The meat contains a complex mixture of volatile compounds generated primarily through lipid oxidation, triglyceride hydrolysis, β-scission reactions, decarboxylation of fatty acids, and interactions between lipids and food matrix components. The predominance of compounds such as hexadecanoic acid, pentacosane, hentriacontane, and octadecenamide is consistent with previously reported products of high-temperature lipid degradation, while the differences observed between akara and pork frying emissions highlight the important role of food composition in determining the volatile chemical profile of frying vapors.
CONCLUSION
The findings of this study highlight that deep frying, particularly under repeated heating conditions typical of roadside food preparation, can release a wide range of volatile organic compounds into the surrounding environment through steam emissions. The predominance of compounds associated with lipid oxidation and thermal degradation suggests that prolonged frying operations may contribute to the accumulation of airborne organic compounds in cooking environments. These results provide valuable insight into the chemical nature of frying emissions and highlights the importance of further investigations into the environmental and occupational implications of exposure to volatile compounds generated during common street-food frying practices.

[bookmark: _GoBack]REFERENCES
Choe, E., & Min, D. B. (2007). Chemistry of deep-fat frying oils. Journal of food science, 72(5), R77–R86. https://doi.org/10.1111/j.1750-3841.2007.00352.x
Frankel E. N. (1980). Lipid oxidation. Progress in Lipid Research, 19(1-2), 1–22. https://doi.org/10.1016/0163-7827(80)90006-5
Guillaume C., De Alzaa F.&Ravetti, L. (2018). Evaluation of Chemical and Physical Changes in Different Commercial Oils during Heating. Acta Scientific Nutritional Health; 2.6: 02-11
Jayasena, D. D., Ahn, D. U., Nam, K. C., & Jo, C. (2013). Flavour chemistry of chicken meat: a review. Asian-Australasian Journal of Animal Sciences, 26(5), 732–742. https://doi.org/10.5713/ajas.2012.12619
Kataoka, H., Lord, H. L., &Pawliszyn, J. (2000). Applications of solid-phase microextraction in food analysis. Journal of chromatography. A, 880(1-2), 35–62. https://doi.org/10.1016/s0021-9673(00)00309-5
Madodé, Y. E., Houssou, P. A., Linnemann, A. R., Hounhouigan, D. J., Nout, M. J., & Van Boekel, M. A. (2011). Preparation, consumption, and nutritional composition of west African cowpea dishes. Ecology of Food and Nutrition, 50(2), 115–136. https://doi.org/10.1080/03670244.2011.552371

Murru C, Badía-Laíño R, Díaz-García ME (2021). Oxidative Stability of Vegetal Oil-Based Lubricants. ACS Sustain Chemistry and Engineering, 9(4):1459-1476.

Net, S., Sempéré, R., Delmont, A., Paluselli, A., &Ouddane, B. (2015). Occurrence, fate, behavior and ecotoxicological state of phthalates in different environmental matrices. Environmental Science &Technology, 49(7), 4019–4035. https://doi.org/10.1021/es505233b
Pu, D., Xu, Z., Sun, B., Wang, Y., Xu, J., & Zhang, Y. (2025). Advances in Food Aroma Analysis: Extraction, Separation, and Quantification Techniques. Foods, 14(8), 1302

Saguy, I. S., & Dana, D. (2003). Integrated approach to deep fat frying: Engineering, nutrition, health and consumer aspects. Journal of Food Engineering, 56(2–3), 143–152. https://doi.org/10.1016/S0260-8774(02)00243-1
Sivaranjani, S., S., Joshi, T. J., Mukta, S. S., & Rao, P. S. (2024). A comprehensive review of the mechanism, changes, and effect of deep fat frying on the characteristics of restructured foods. Food Chemistry, 450, 139393. https://doi.org/10.1016/j.foodchem.2024.139393
Sparkman, O.D., Penton, Z. and Kitson, F.G. (2011) Gas Chromatography and Mass Spectrometry: A Practical Guide. 2nd Edition, Academic Press, Cambridge. https://doi.org/10.1016/C2009-0-17039-3
Voort, F.R., Ismail, A.A., Sedman, J., & Emo, G. (1994). Monitoring the oxidation of edible oils by Fourier transform infrared spectroscopy. Journal of the American Oil Chemists’ Society, 71, 243-253.
Wang, X., X., McClements, D. J., Xu, Z., Meng, M., Qiu, C., Long, J., &Jin, Z. (2023). Recent advances in the optimization of the sensory attributes of fried foods: Appearance, flavor, and texture. Trends in Food Science & Technology, 138, 297–309. https://doi.org/10.1016/j.tifs.2023.06.012
Zhang, Q., Saleh, A. S., Chen, J., & Shen, Q. (2012). Chemical alterations taken place during deep-fat frying based on certain reaction products: a review. Chemistry and Physics of Lipids, 165(6), 662–681. https://doi.org/10.1016/j.chemphyslip.2012.07.002



1

