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Abstract

:

Fast-food establishments today often sell fried food without proper control over the frying oil, and french fries are a prime example. Neglecting the maintenance of frying oil can lead to decreased taste, health concerns, and operational inefficiencies. The following plant oils were used in the frying process: rapeseed, sunflower, and palm oil. The degree of frying was measured by the total polar meter (TPM), until the achievement of 24%. To accurately assess the color characteristics of the french fry samples, Minolta CM 2600d color measurement instrument was used. Statistically significant differences were observed between some color parameters (L, a, b, C, and h) and TPM values. The following correlations were observed: 0.530 was obtained for TPM and h (hue angle) in french fries fried in palm oil; negative correlation (−0.214) between TPM and L (lightness) was obtained in french fries fried in rapeseed oil. While we have observed certain correlations from our experimental data, it is important to note that the color of french fries may not be the sole determinant of fried oil quality. Other external factors, such as temperature, chemical composition, and potato cultivar, can also significantly influence the color of french fries.
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1. Introduction


One of the most common ways for food preparation today is deep-fat frying. Immersion of food pieces in the hot vegetable oil gives them a nice golden color, crispy texture, and pleasant taste [1]. The main goal during that way of food preparation is to form the crisp crust using the high temperatures (170–190 °C) and to keep the flavors and juices inside [2]. In many nations, the bulk of potato crop production is used in processing channels, making potatoes (Solanum tuberosum L.) an essential staple food required to fulfill the needs of a growing worldwide population [3].



French fries can be considered as the main representative among the fried foods today. It is estimated that more than 30% of all processed potatoes go to french fries in the US [4]. The frying process influences the physical, chemical, and sensory properties of fried food [2]. After a final deep-fat frying phase, french fries (also known as chips or fries), either fresh or pre-frozen, are frequently produced industrially. Exposure studies have shown that french fries are a significant dietary source of the probable human carcinogen acrylamide, which is produced during this procedure [5].



Since it is a practice to use the same oil in the repeated process, various undesirable reactions occur in the oil as well [6]. Frying at high temperatures induces the reactions of hydrolysis, thermal degradation, oxidation, and polymerization [7]. The most reliable way for the determination of stability and quality of frying oils during food preparation is the measurement of total polar matter (TPM). Those polar compounds are mainly dimers and polymers of triglycerides formed in oil at high temperatures [8]. The disposal of frying oil is recommended when the level of TPM reaches 24% (for US, Germany, and France) [9]. It should be emphasized that many fast foods do not control the quality, such as TPM level, of used oils [10]. According to the previous literature data, it can be stated that the main sign for determining how fast frying oil is degrading is the growth of TPM [11].



One of the major sensory characteristics of fried french fries that have impact on consumers’ acceptance is the color [12]. Formation of color on french fries’ surface during frying is caused by a Maillard reaction: interactions between amino acids and reducing sugars. The final color of the fries’ surface is influenced by frying temperature and duration and frying medium [1,4].



The measurement and characterization of the french fries’ color can be done with ease and accuracy using an instrumental method that employs a colorimeter with L*a*b* colorimetric parameters [13].



By instrumentally obtaining values of parameters L (lightness), a (redness: green to red), b (yellowness: blue to yellow), C (chroma value, saturation), and h (hue angle, color angle), it is possible to objectively track eventual changes in the color of french fries fried in oils in different stages of degradation [14,15].



Literature findings are limited to the measurements of the color of french fries in differently treated fresh oil [2] or measurements after a certain number of frying cycles with no association with TPM% in the oil [16,17]. A significant change of oil color during repeated frying was recorded [18], but there is a lack of data about its effect on fries’ color. The objective of the study was to investigate the relationship between the color characteristics of french fries and the quality of frying oil, as measured by the total polar meter (TPM) using different plant oils (rapeseed, sunflower, and palm oil) in the frying process. Potential industrial applications include improving quality control in fast-food establishments, optimizing frying processes, and selecting suitable frying oils to enhance the overall quality and safety of french fries.




2. Materials and Methods


Samples



For the frying purposes, the french fries (Hearty Food Co., Tesco, Czech Republic) were purchased in the local supermarket. Rapeseed, sunflower, and palm oils (the most often used frying oils in the Czech Republic) were chosen for use as frying mediums. The rapeseed and sunflower oils originated from the Czech Republic and the palm oil was packed in Austria.



Frying process



An FR 2035 deep-fat fryer (Concept, Choceň, Czech Republic) was used for the frying experiments. Frying batches consisted of 100 g of frozen french fries that were fried in about 3.3 L of oil at an average temperature of 175 °C. Each cycle consisted of a 5-minute frying sequence, draining in the frying basket for 1 min, and oil stabilization time of 4 min prior to the TPM measurements. TPM values were recorded by a Testo 270 TPM meter (Testo SE & Co. KGaA, Titisee–Neustadt, Germany). Samples of fried fries were taken for the color measurements after 3 cycles of frying and, further, when the TPM reached values of 10, 15, 20, and 24%. Sample batches and their abbreviations are presented in Table 1. The frying vessel was refilled with the necessary amount of oil each time the level of oil in it dropped below the minimum mark.



Color measurement



Color measurements of the french fry samples were carried out using a Minolta CM 2600d and Spectra Magic 3.61 color data software (Konica Minolta, Tokyo, Japan). A total of 50 measurements were performed for each group of samples. The color values were ex-pressed using the CIELab color space as L (lightness), a (redness/greenness), and b (yellowness/blueness). C (chroma) and h (hue) values were internally calculated by the instrument (C = (a2 + b2)1/2 and h = arctan (b/a) [19].



Statistics



Obtained results are presented in the tables, including the mean values and standard deviations. The color was measured 50 times for each parameter in each batch. Statistical analysis was done using the one-way ANOVA for the determination of differences with-in the sample group (rapeseed-, sunflower-, and palm-oil-fried fries). Pearson correlation analysis was done for the observation of associations between the TPM% and color values. The interpretation of correlation coefficients was undertaken as follows: 0.00–0.10—negligible correlation; 0.10–0.39—weak correlation; 0.40–0.69—moderate correlation; 0.70–0.89—strong correlation; 0.90–1.00—very strong correlation [20]. For discussion of the results, the square of the correlation coefficient (coefficient of determination) was used as the proportion of variance once that was accounted for by the other. IBM SPSS software was used for conducting statistical analysis.




3. Results and Discussion


The impact of french fry frying cycles and the number on the TPM value of rapeseed, sunflower, and palm oil are presented in Figure 1. The number of frying cycles needed to reach 24% TPM was the lowest in sunflower oil (80 cycles), followed by rapeseed oil (84 cycles) and palm oil with the highest number after 94 cycles. Palm oil stands out as the most stable among the three oils in our experiment, primarily because of its high content of saturated fatty acids, especially palmitic and stearic fatty acids. This composition leads to a significantly slower rate of deterioration when compared to the other oils studied. This stability makes palm oil a favored choice in the food industry, particularly for products requiring extended shelf life, as it helps maintain flavor and texture over time [21].



In addition to the price, because of its desirable properties, palm oil has emerged as the most widely utilized frying oil [22]. Furthermore, palm oil imparts a waxy or greasy flavor to the products, particularly in colder climates. The cause is the high melting point of palm oil, which is 38 °C and higher than the average body temperature [23]. Otherwise, in addition to higher saturated fatty acids content (mainly palmitic fatty acid), palm oil has a high smoke point of around 230 °C [24].



On the other hand, rapeseed and sunflower oil contain mainly unsaturated fatty acids, with negligible amounts of polyunsaturated fatty acids (PUFA). Rapeseed oil exhibits a polyunsaturated fatty acid (PUFA) content of around 20%, while sunflower oil PUFA content reaches up to 71% [25,26]. The accelerated degradation rate and attainment of the fastest critical point in sunflower oil, characterized by its high polyunsaturated fatty acid (PUFA) content, specifically reaching up to 24% TPM (total polar materials), can be attributed to the inherent susceptibility of PUFA to rapid degradation at elevated temperatures. The thermally induced oxidative breakdown of PUFA molecules is facilitated by their greater number of double bonds, making them more prone to oxidation compared to other types of fatty acids present in oils [27].



As a result of the substantial abundance of polyunsaturated fatty acids (PUFA) found within sunflower oil, it becomes particularly susceptible to degradation when exposed to elevated temperatures. This heightened vulnerability to deterioration underscores the importance of proper storage and handling practices for this type of cooking oil, especially in circumstances where higher cooking temperatures are employed [27].



In a related study conducted by Enríquez-Fernández and colleagues in 2019, an experiment akin to ours was carried out to assess the stability of palm olein and a blend comprising palm olein and canola oil. In this investigation, the researchers subjected these oils to a rigorous frying experiment involving the preparation of french fries. Over a span of 12.9 h of continuous frying, the researchers observed results in terms of the total polar matter (TPM%) values, which are indicative of oil degradation and deterioration. The findings of this study revealed that palm olein, which is primarily derived from palm oil, exhibited a TPM% value of 12%. Conversely, the palm olein and canola oil blend demonstrated a slightly lower TPM% value of 11.5%. These results suggest that both oils, in isolation and as a blend, have commendable stability during prolonged frying, further highlighting the remarkable resilience of palm-derived oils in high-temperature cooking scenarios [17].



This research by Enríquez-Fernández and colleagues corroborates our own findings regarding the stability of palm oil. It underscores the suitability of palm-based oils for frying applications, particularly when blended with other oils like canola, as it enhances their performance and extends their usability. Such insights are invaluable to the food industry, where the maintenance of oil quality during frying is crucial not only for flavor and texture but also for cost-effectiveness and food safety considerations.



In the context of the current research investigation, it was observed that the duration required to attain a 24% total polar matter (TPM) concentration averaged approximately 16 h. This finding provides valuable insights into the temporal dynamics of TPM accumulation and emphasizes the need for a thorough understanding of these time-dependent processes in order to make informed decisions and optimizations in various relevant fields or applications. Experiments of this kind underscore the intricate and multidimensional nature of the frying processes implicated in the production of french fries. They illuminate the complex interplay of numerous variables, including temperature, oil composition, moisture content, and frying duration, all of which wield a profound influence on the final attributes of this culinary product. The instrumental values for L, a, b, C, and h color parameters are presented in Table 1, Table 2, Table 3 and Table 4.



The coloration of french fries is a multifaceted phenomenon influenced by several key variables. Among these variables, temperature, frying time, and the thickness of the potato slices stand out as crucial determinants of the final visual appeal of this popular food commodity. Temperature plays a pivotal role by initiating the Maillard reaction, which is responsible for browning and flavor development during frying. The precise temperature must be carefully controlled to achieve the desired golden-brown color while avoiding undercooking or over-browning. Frying time is equally important, as it impacts the extent of the Maillard reaction and caramelization, with longer times resulting in deeper coloration. Lastly, the thickness of potato slices affects cooking time, and achieving the right balance is essential for ensuring that french fries boast a uniform, appetizing appearance [28]. The Maillard reaction takes place during frying and involves carbohydrate and aldehyde reactions with amino molecules. When potatoes are fried, the carbon element in them leaches into the oil, giving fried dishes their distinctively black hue. Fat contains unsaturated fatty acids that are subject to heat polymerization and oxidation, which produces nonvolatile breakdown products. Deep frying produces pigments, such as nonvolatile decomposition products and carbonyl compounds, as a byproduct of the oxidation and breakdown of fatty acids, giving the oil its distinctive dark brown hue [29].



The frying of french fries in rapeseed oil resulted in the lowering of the lightness value (L). The mean value for lightness was 67.73 for samples fried in oil that had 6.5% TPM (1R) and 60.66 for samples fried in oil with the highest TPM level (5R). A significant (p < 0.05) negative correlation was obtained between TPM% and L parameters, though the correlation can be described as weak: coefficient equals −0.214 (Table 5). The square of the correlation coefficient (coefficient of determination, R2) was 0.046, meaning that TPM accounted for 4.6% in the variance of the L parameter of rapeseed-oil-fried french fries. On the other hand, no significant (p > 0.05) correlation was found between these parameters for fries fried in other two oils (sunflower and palm). The lightness of samples fried in sunflower oil ranged from 58.80 (1S)–60.20 (2S), and no significant difference was found between all samples in the mentioned group.



In a prior study, the lowest changes in color were also observed when sunflower oil was employed in the frying process. Sunflower oil, like rapeseed oil, is known for its impact on color stability during frying. This is attributed to its relatively high smoke point and excellent resistance to oxidative degradation, factors that contribute to a more controlled and gradual browning of the food being fried. The phenomenon of minimal color changes when sunflower oil is utilized underscores the importance of oil selection in culinary applications, especially when visual appeal is a key consideration [30].



No significant (p > 0.05) difference in L color value was obtained between measurements on the 1P and 5P samples (palm-oil-fried samples). In the investigation conducted by Li et al. (2020), the lightness values of potato strips that underwent frying in different oils were documented. According to their findings, the lightness values recorded for the potato strips fried in rapeseed, sunflower, and palm oil were 66.05, 58.96, and 58.49, respectively. Furthermore, in the study conducted by Enríquez-Fernández and colleagues in 2019, an exploration of the color transformation in french fries was undertaken, particularly in the context of repeated frying cycles. Through the examination of various color parameters, their research provided valuable insights into how multiple rounds of frying affect the visual attributes of french fries [17]. Their results indicate that there was no statistically significant (p > 0.05) change in L value in the samples fried in palm olein/canola oil after 40 cycles and after 200 frying cycles. The same experiment with palm olein oil revealed an increase in L value from 58.15 (recorded in fries fried in oil after 40 cycles) to 63.06 (recorded in fries fried in oil after 200 cycles). The a color parameter showed no significant (p > 0.05) correlation in respect to change in the TPM% of rapeseed oil. Sample 1R had the lowest mean value (0.74), while the highest mean value (6.93) was recorded in the 2R sample. Oppositely, the color of fries fried in sunflower and palm showed a decrease in the a parameter with an increase in TPM% with correlation coefficients of 0.312 (weak correlation, R2 = 0.097) and 0.495 (moderate correlation, R2 = 0.245), respectively (Table 5). Samples fried in sunflower oil had an a value that ranged from 0.60 to 2.71, and the ones fried in palm oil ranged from −0.65 to 3.51. The measured a value in the work of Enríquez-Fernández et al. (2019) [17] ranged from 1.66–2.48 for french fries fried in palm olein/canola blend and from −0.55–2.91 for fries fried in palm olein oil.



Among all used oils, only frying in palm oil caused a significant change of the b color parameter of fries with the increase in the TPM% parameter. A positive correlation coefficient of 0.410 (moderate correlation, R2 = 0.168) was obtained between these two parameters, and the b value ranged from 29.20 to 35.56. The b value in the work of Enríquez-Fernández et al. (2019) [17] ranged from 20.91 to 31.97.



C (chroma) and h (hue angle) are the parameters that can be obtained from the a and b color values. Chroma ranged from 28.89 to 34.04 in rapeseed oil, from 26.35 to 31.85 in sunflower, and from 29.51 to 35.61 in palm-oil-fried samples. In the work of Kirmaci and Singh (2018) [31], the mean chroma value for fried potato strips was 36.7. The hue angle (h) values for french fries fried in rapeseed oil ranged from 88.68 for the 1R sample as the maximum value to 78.19 for the 2R sample as the minimum value. A small but statistically significant (p < 0.05) negative correlation coefficient of −0.137 was obtained between the TPM% and C values (Table 5). Oppositely, positive correlation coefficients of 0.317 and 0.530 were obtained for those parameters in sunflower and palm oil, respectively. The h values ranged from 85.02 (2S) to 89.49 (4S) in sunflower-oil-fried fries and from 83.46 (1P) to 91.11 (5P) in palm-oil-fried fries.



In the research carried out by Kirmaci and Singh in 2018, a significant revelation emerged from their analysis of the mean hue value (h), which yielded an approximate value of 83. This particular value closely mirrored the 1P value observed in our own experimental study. This similarity between their findings and ours suggests a potential correlation between the hue characteristics identified in their work and the hue parameter identified in our investigation [31]. It suggests a potential correlation between the hue characteristics identified in their work and the hue parameter identified in our own investigation. Furthermore, this correlation emphasizes the importance of replicating and cross-referencing findings across different research endeavors. This highlights the importance of expanding upon established knowledge in order to acquire more profound insights into the complex realm of color analysis in both culinary and scientific research.




4. Conclusions


The study conducted revealed a noteworthy trend: oils containing fewer polyunsaturated and unsaturated fatty acids exhibited greater stability over the course of frying. This observation underscores the crucial role of fatty acid composition in determining oil stability during repeated frying cycles. Interestingly, the color analysis of the french fries did not unequivocally indicate the extent of oil deterioration that occurred after numerous frying cycles. This suggests that relying solely on visual cues, such as color changes, may not provide a complete assessment of frying oil quality. Of particular significance were the statistically significant (p < 0.05) correlations observed between TPM% and various color parameters (a, b, C, and h) in french fries fried in palm oil. These correlations highlighted the potential for color analysis to serve as a valuable indicator of frying oil degradation. Conversely, the minimal changes in the lightness parameter seen in sunflower oil samples suggest that this oil type exhibited the least impact from repeated frying cycles. While this study focused primarily on the color characteristics of french fries and their correlation with total polar matter (TPM) values, it is important to acknowledge that comprehensive assessments of frying oil quality may necessitate additional instrumental and chemical analyses. These supplementary methods can provide clearer and more comprehensive insights into the frying process and oil quality. The findings underscore the critical importance of monitoring frying oil quality, as the degree of total polar matter in oil may not be easily discernible by consumers or even producers based solely on visual cues like color changes. It is worth noting that this study, while shedding light on specific color-related aspects of frying oil quality, may not encompass all the factors that impact the overall quality of fried food. As such, further research and comprehensive assessments are necessary to gain a fuller understanding of the multifaceted nature of frying oil quality and its implications for fried food products.







Author Contributions


Conceptualization, B.A. and D.D.; methodology, B.A., D.D., H.B., B.T. and S.D.; software, B.A. and D.D.; validation, B.A., D.D., H.B., B.T., S.D. and I.K.; formal analysis, D.D. and I.K.; investigation, B.A., D.D., H.B., B.T. and S.D.; resources, B.A., D.D., H.B., B.T. and S.D.; data curation, D.D.; writing—original draft preparation, B.A., D.D., H.B., B.T., S.D. and I.K.; writing—review and editing, D.D. and I.K.; visualization, D.D. and I.K.; supervision, D.D.; project administration, B.T.; funding acquisition, D.D. and B.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the project 2023ITA23.




Data Availability Statement


The data that support the findings of this study are available from the corresponding author upon reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Li, P.; Wu, G.; Yang, D.; Zhang, H.; Qi, X.; Jin, Q.; Wang, X. Applying Sensory and Instrumental Techniques to Evaluate the Texture of French Fries from Fast Food Restaurant. J. Texture Stud. 2020, 51, 521–531. [Google Scholar] [CrossRef] [PubMed]

	



Moyano, P.C.; Ríoseco, V.K.; González, P.A. Kinetics of Crust Color Changes during Deep-Fat Frying of Impregnated French Fries. J. Food Eng. 2002, 54, 249–255. [Google Scholar] [CrossRef]

	



Sadeghi, R.; Lin, Y.; Price, W.J.; Thornton, M.K.; Hui-Mei Lin, A. Instrumental Indicators of Desirable Texture Attributes of French Fries. LWT 2021, 142, 110968. [Google Scholar] [CrossRef]

	



Li, P.; Wu, G.; Yang, D.; Zhang, H.; Qi, X.; Jin, Q.; Wang, X. Analysis of Quality and Microstructure of Freshly Potato Strips Fried with Different Oils. LWT 2020, 133, 110038. [Google Scholar] [CrossRef]

	



Vinci, R.M.; Mestdagh, F.; De Muer, N.; Van Peteghem, C.; De Meulenaer, B. Effective Quality Control of Incoming Potatoes as an Acrylamide Mitigation Strategy for the French Fries Industry. Food Addit. Contam. Part. A 2010, 27, 417–425. [Google Scholar] [CrossRef]

	



Bansal, G.; Zhou, W.; Barlow, P.J.; Lo, H.-L.; Neo, F.-L. Performance of Palm Olein in Repeated Deep Frying and Controlled Heating Processes. Food Chem. 2010, 121, 338–347. [Google Scholar] [CrossRef]

	



Panadare, D.C.; Rathod, V.K. Applications of Waste Cooking Oil Other Than Biodiesel: A Review. Iran. J. Chem. Eng. 2015, 2015, 55–76. [Google Scholar]

	



Fetter, L.F.; Filoda, P.F.; Tischer, B.; de Cassia de Souza Schneider, R.; Teichmann, A.; Santos, R.O.; Helfer, G.A.; da Costa, A.B. At-line Monitoring of Industrial Frying Processes Using ATR-FTIR-PLS Method. J. Food Process Eng. 2018, 2018, e12891. [Google Scholar] [CrossRef]

	



Song, J.; Kim, M.-J.; Kim, Y.-J.; Lee, J. Monitoring Changes in Acid Value, Total Polar Material, and Antioxidant Capacity of Oils Used for Frying Chicken. Food Chem. 2017, 220, 306–312. [Google Scholar] [CrossRef]

	



Esfarjani, F.; Khoshtinat, K.; Zargaraan, A.; Mohammadi-Nasrabadi, F.; Salmani, Y.; Saghafi, Z.; Hosseini, H.; Bahmaei, M. Evaluating the Rancidity and Quality of Discarded Oils in Fast Food Restaurants. Food Sci. Nutr. 2019, 7, 2302–2311. [Google Scholar] [CrossRef]

	



Haider, S.; Akhtar, A.; Khalid, N. Quality Assessment of Fried Oils from Different Street Food Vendors and Restaurants in Different Areas of Gilgit, Pakistan: Cooking Oil Quality in Northern Areas of Pakistan. PPASB 2023, 60. [Google Scholar] [CrossRef]

	



del Rocio Teruel, M.; Gordon, M.; Linares, M.B.; Garrido, M.D.; Ahromrit, A.; Niranjan, K. A Comparative Study of the Characteristics of French Fries Produced by Deep Fat Frying and Air Frying: Air Frying Compared with Deep Fat Frying. J. Food Sci. 2015, 80, E349–E358. [Google Scholar] [CrossRef] [PubMed]

	



Sherveglieri, V.; Bhandari, M.P.; Carmona, E.N.; Betto, G.; Soprani, M.; Malla, R.; Sberveglieri, G. Spectrocolorimetry and Nanowire Gas Sensor Device S3 for the Analysis of Parmigiano Reggiano Cheese Ripening. In Proceedings of the 2017 ISOCS/IEEE International Symposium on Olfaction and Electronic Nose (ISOEN), Montreal, QC, Canada, 28–31 May 2017; pp. 1–3. [Google Scholar]

	



Gerald, M.S.; Bernstein, J.; Hinkson, R.; Fosbury, R.A.E. Formal Method for Objective Assessment of Primate Color. Am. J. Primatol. 2001, 53, 79–85. [Google Scholar] [CrossRef] [PubMed]

	



Manamohana, K.; Bijur, G.; Malarout, N.; Singla, B.; Pavithra, S.; Naik, N. Applications of Colour Models in the Food Processing Industry: A Systematic Review. PalArch’s J. Archaeol. Egypt Egyptol. 2020, 2020, 3496–3512. [Google Scholar]

	



Ahmad Tarmizi, A.H. Effect of Frying on the Palm Oil Quality Attributes—A Review. JOPR 2016, 28, 143–153. [Google Scholar] [CrossRef]

	



Enríquez-Fernández, B.E.; Álvarez de la Cadena y Yañez, L.; Sosa-Morales, M.E. Comparison of the Stability of Palm Olein and a Palm Olein/Canola Oil Blend during Deep-Fat Frying of Chicken Nuggets and French Fries: Comparison of the Stability of Palm Olein and a Palm Olein/Canola Oil Blend. Int. J. Food Sci. Technol. 2011, 46, 1231–1237. [Google Scholar] [CrossRef]

	



Maskan, M. Change in Colour and Rheological Behaviour of Sunflower Seed Oil during Frying and after Adsorbent Treatment of Used Oil. Eur. Food Res. Technol. 2003, 218, 20–25. [Google Scholar] [CrossRef]

	



Giusti, A.; Colombaro, I.; Garra, R.; Garrappa, R.; Polito, F.; Popolizio, M.; Mainardi, F. A Practical Guide to Prabhakar Fractional Calculus. Fract. Calc. Appl. Anal. 2020, 23, 9–54. [Google Scholar] [CrossRef]

	



Schober, P.; Boer, C.; Schwarte, L.A. Correlation Coefficients: Appropriate Use and Interpretation. Anesth. Analg. 2018, 126, 1763–1768. [Google Scholar] [CrossRef]

	



Stavila, E.; Yuliati, F.; Adharis, A.; Laksmono, J.A.; Iqbal, M. Recent Advances in Synthesis of Polymers Based on Palm Oil and Its Fatty Acids. RSC Adv. 2023, 13, 14747–14775. [Google Scholar] [CrossRef]

	



Oboh, G.; Falade, A.O.; Ademiluyi, A.O. Effect of Thermal Oxidation on the Physico–Chemical Properties, Malondialdehyde and Carotenoid Contents of Palm Oil. Riv. Ital. Delle Sostanze Grasse 2014, 2014, 59–65. [Google Scholar]

	



Matthäus, B. Use of Palm Oil for Frying in Comparison with Other High-stability Oils. Eur. J. Lipid Sci. Technol. 2007, 109, 400–409. [Google Scholar] [CrossRef]

	



Mba, O.I.; Dumont, M.-J.; Ngadi, M. Palm Oil: Processing, Characterization and Utilization in the Food Industry—A Review. Food Biosci. 2015, 10, 26–41. [Google Scholar] [CrossRef]

	



Matthaus, B.; Özcan, M.M.; Al Juhaimi, F. Some Rape/Canola Seed Oils: Fatty Acid Composition and Tocopherols. Z. Für Naturforschung C 2016, 71, 73–77. [Google Scholar] [CrossRef]

	



Aydinkaptan, E.; Mazi, B.G.; Barutçu Mazi, I. Microwave Heating of Sunflower Oil at Frying Temperatures: Effect of Power Levels on Physicochemical Properties: Repetitive microwave heating of oil at frying temperatures. J. Food Process Eng. 2017, 40, e12402. [Google Scholar] [CrossRef]

	



Molina-Garcia, L.; Santos, C.S.P.; Cunha, S.C.; Casal, S.; Fernandes, J.O. Comparative Fingerprint Changes of Toxic Volatiles in Low PUFA Vegetable Oils Under Deep-Frying. J. Am. Oil Chem. Soc. 2017, 94, 271–284. [Google Scholar] [CrossRef]

	



Krokida, M.K.; Oreopoulou, V.; Maroulis, Z.B.; Marinos-Kouris, D. Colour Changes during Deep Fat Frying. J. Food Eng. 2001, 48, 219–225. [Google Scholar] [CrossRef]

	



Ujong, A.E.; Emelike, N.J.T.; Owuno, F.; Okiyi, P.N. Effect of Frying Cycles on the Physical, Chemical and Antioxidant Properties of Selected Plant Oils during Deep-Fat Frying of Potato Chips. Food Chem. Adv. 2023, 3, 100338. [Google Scholar] [CrossRef]

	



Yılmaz, B.; Şahin, T.Ö.; Ağagündüz, D. Oxidative Changes in Ten Vegetable Oils Caused by the Deep-Frying Process of Potato. J. Food Biochem. 2023, 2023, 6598528. [Google Scholar] [CrossRef]

	



Kirmaci, B.; Singh, R.K. Process Severity Affects Texture and Color of Potato Strips Baked in Pilot-Scale Infrared Radiant Wall Oven. LWT 2018, 97, 261–268. [Google Scholar] [CrossRef]








[image: Processes 11 02839 g001] 





Figure 1. Impact of number of frying cycles on TPM value. 
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Table 1. Description of french fries’ sample abbreviations and corresponding oil TPM% levels (R—rapeseed oil fried samples; S—sunflower oil fried samples; P—palm oil dried samples).
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Sample

	
Abbreviation

	
Oil TPM Level (%)




	
R

	
S

	
P






	
Sample 1 batch

	
1R/1S