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					ABSTRACT  

					ARTICLE INFO  

					Sacha inchi (Plukenetia volubilis) is recognized as one of the world’s most versatile plants, with  

					nearly all parts suitable for use as food ingredients. Sacha inchi seed oil (SIO) commands a  

					premium price in the online market, approximately tenfold higher than conventional vegetable  

					oils such as palm oil (PO), making it a prime target for economically motivated adulteration. This  

					study aimed to establish a robust analytical approach for the discrimination and quantification of  

					PO and soybean oil (SBO) adulterants in authentic SIO using Fourier Transform Infrared (FTIR)  

					spectroscopy coupled with chemometrics. FTIR spectral data were acquired for pure SIO, PO,  

					SBO, and their mixtures across the mid-infrared range (4000–650 cm⁻¹). Principal component  

					analysis (PCA) of full-spectrum absorbance values revealed spectral proximity between SIO and  

					SBO, indicating potential challenges in visual differentiation. Principal component regression  

					(PCR) applied to selected spectral regions (3010–2830 and 1800–700 cm⁻¹) yielded the highest  

					calibration and prediction performance, with coefficients of determination (R²) values of 0.9991  

					and minimal root mean square error of calibration (RMSEC = 0.620) and validation (RMSEP =  

					0.658). The developed models demonstrated high accuracy and precision, validating the reliability  

					of FTIR-chemometric integration for authenticating SIO and detecting adulteration with lower-  

					cost oils. This approach offers a rapid, non-destructive, and cost-effective solution for quality  

					control in functional oil authentication.  
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					Given the similar physical appearance between SIO and its adulterants,  

					sophisticated analytical instruments such as spectrometers (IR, Raman,  

					Introduction  

					Sacha inchi (Plukenetia volubilis L.) is widely recognized as  

					a valuable source of functional food oils. Sacha inchi seed oil (SIO)  

					contains essential unsaturated fatty acids (USFA), including ω-3 fatty  

					acids (notably α-linolenic acid, for approximately 51%) and ω-6 fatty  

					acids (linoleic acid, for approximately 34%). These omega fatty acids  

					are reported to provide beneficial effects to human health, such as  

					protection against cardiovascular disease.1,2 In addition to fatty acids,  

					SIO also contains minor bioactive components such as polyphenols,  

					carotenoids, and tocopherols, which are believed to contribute to its  

					pharmacological activities, including antioxidant, antidyslipidemic,  

					antitumor, and antiproliferative effects.3,4 Due to these properties, SIO  

					is increasingly utilized in food, pharmaceutical, and cosmetic  

					formulations. In the fats and oils industry, SIO is expensive due to its  

					nutritional benefits. This economic appeal makes it vulnerable to  

					adulteration by unscrupulous manufacturers, who may substitute SIO  

					wholly or partially with cheaper vegetable oils such as SBO and PO.  

					Although these adulterants are classified as “edible,” such practices can  

					pose health risks to consumers. Therefore, the development of reliable  

					detection methods is crucial, not only for regulatory agencies but also  

					for producers and health professionals.  

					NMR), differential scanning calorimeters, and chromatographs are  

					essential for authentication.5 Among these, FTIR spectroscopy has  

					emerged as a preferred tool for authenticating high-value edible oils due  

					to its fingerprinting capabilities.6 FTIR spectroscopy is well-suited for  

					rapid screening, authentication, and quantitative analysis of oil  

					adulterants with minimal sample preparation. When combined with  

					chemometric techniques, such as pattern recognition and multivariate  

					calibration, FTIR has been successfully applied to authenticate  

					premium edible oils, including extra virgin olive oil,7 virgin coconut oil  

					(VCO),8 avocado oil,9 red fruit oil (RFO),10 ginger oil,11 and sesame  

					oil.12 This approach is fast, non-destructive, and requires simple sample  

					preparation.13 Common multivariate calibration methods include partial  

					least squares regression (PLSR) and PCR, while linear discriminant  

					analysis (LDA) is used to explore relationships between descriptive and  

					categorical variables. This study aims to authenticate SIO adulterated  

					with PO and SBO using FTIR spectroscopy integrated with  

					chemometrics. PLSR and PCR were employed for quantitative analysis,  

					while LDA was used for classification. To the best of our knowledge,  

					this is the first comprehensive investigation combining FTIR  

					spectroscopy with LDA, PLSR, and PCR to simultaneously quantify  

					and classify PO and SBO adulteration in SIO. This integrated analytical  

					framework offers a rapid, non-destructive, and cost-effective solution  

					for authenticating edible oils susceptible to economic adulteration.  

					*Corresponding author. Email: abdul_kimfar@ugm.ac.id  

					Tel: +62 878-3844-5216  

					Citation: Rusita YD, Rohman A, Laksitorini MD, Purwanto P. The  

					Employment of FTIR Spectroscopy and Multivariate Data Analysis for  

					Authentication Study of Sacha Inchi Seed Oil. Trop J Nat Prod Res. 2025;  

					9(12): 6227 – 6234 https://doi.org/10.26538/tjnpr/v9i12.41  

					Materials and Methods  

					Materials  

					Sacha inchi (Plukenetia volubilis L.) seeds were harvested from  

					cultivated plots in Sleman (-7.7726, 110.253601), Yogyakarta,  

					Indonesia, between May and August 2024. Taxonomic identification  

					was conducted by the Department of Plant Taxonomy, Semarang State  
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					University, Central Java, Indonesia, and confirmed under voucher  

					number 109/UN.37/SHP/Lab. Plant Taxonomy/VII/2024. Seed  

					authentication and preliminary analysis were performed at the  

					Integrated Laboratory of the Faculty of Mathematics and Natural  

					Sciences, Semarang State University.  

					A total of eleven commercial vegetable oils, namely PO, corn oil,  

					canola oil, sunflower oil, avocado oil, SBO, mustard oil, olive oil, extra  

					virgin olive oil, VCO, and RFO, were procured from retail outlets in  

					Solo-Yogyakarta. These oils were selected based on their prevalence in  

					the Indonesian market and their potential as adulterants in authenticity  

					studies. All solvents used for FTIR measurements were of analytical  

					grade.  

					samples whose membership is unknown were prepared to test the  

					learning datasets model. SIO and oil adulterants (PO and SBO) were  

					mixed to get a series of training sets of pure SIO and adulterated with  

					PO and SBO in the concentration range of 1-50%. The accuracy of the  

					LDA model was evaluated by the number of independent samples  

					(validation samples) that were correctly misclassified.  

					Multivariate calibration  

					Multivariate calibration was employed to quantify the concentration of  

					adulterants in SIO using PLSR and PCR. These regression models were  

					developed based on the FTIR spectral data of pure and adulterated oil  

					samples, enabling the prediction of adulterant levels with high  

					sensitivity and precision. The FTIR dataset was systematically divided  

					into three subsets, namely calibration, validation set, and testing set.17  

					PLSR was selected for its ability to handle collinear and high-  

					dimensional spectral data, making it particularly suitable for FTIR-  

					based quantification. PCR was also applied as a comparative method,  

					leveraging PC scores derived from spectral variance to construct  

					regression models. All multivariate analyses were conducted using TQ  

					Analyst™ version 9 (Thermo Fisher Scientific, Inc.), which supports  

					supervised calibration workflows and integrates seamlessly with FTIR  

					spectral inputs. While LDA was used for categorical classification  

					between authentic and adulterated samples, PLSR and PCR provided  

					quantitative estimates of adulterant concentrations across a range of 1-  

					50% (v/v).  

					Preparation of Sacha Inchi Seed Oil  

					SIO was extracted using a cold-press mechanical method, which  

					preserves the native lipid profile and minimizes thermal degradation.14  

					This method aligns with protocols described by Kong et al. (2023) who  

					emphasized that cold-pressing preserves the USFA profile and  

					bioactive compounds of SIO.15 Before extraction, the seeds were hand-  

					peeled to eliminate the outer husk, producing white kernels. The kernels  

					were oven-dried at 60 °C to lower moisture and improve oil recovery.  

					The dried seeds were then pressed using a mechanical cold press, and  

					the resulting oil was filtered to remove particulates. Sodium sulfate  

					(Na₂SO₄, Sigma-Aldrich, Germany) was used to eliminate residual  

					moisture. The purified oil was stored in amber glass bottles at 4°C to  

					prevent oxidative degradation.16  

					Results and Discussion  

					FTIR Measurement  

					FTIR spectroscopy is an effective method for identifying chemical  

					structures by correlating each absorbance band with particular  

					functional groups.20 FTIR spectroscopy is a powerful analytical method  

					for characterizing edible fats and oils, offering excellent specificity in  

					authentication analyses. FTIR improves sample differentiation by  

					collecting unique spectral profiles that reveal changes in absorbance  

					strengths, especially in characteristic peak areas and shoulder features.21  

					The distinctive spectral features observed in FTIR measurements can  

					be systematically interpreted using chemometric techniques to achieve  

					precise oil classification, thereby enabling reliable adulteration  

					detection and ensuring the preservation of product authenticity.20  

					Figure 1A shows a score plot of PC1 and PC2 obtained from PCA for  

					the classification of studied oils using absorbance values of FTIR  

					spectra at wavenumbers of 3010-719 cm-1. The PCA score plot  

					identified six discrete categories of edible oils according to their FTIR  

					absorbance profiles (3010-719 cm-¹), indicating variations in fatty acid  

					composition and minor constituents: Group I (SIO), Group II (RFO),  

					Group III (corn oil, SBO, mustard oil, canola oil, and olive oil), Group  

					IV (avocado oil), Group V (extra virgin olive oil and PO), and Group  

					VI (VCO). Collectively, these clusters demonstrate how PCA  

					proficiently differentiates oils based on their predominant lipid classes  

					and bioactive constituents. Among the eleven edible oils analyzed,  

					specifically PO, corn oil, canola oil, sunflower oil, avocado oil, SBO,  

					mustard oil, olive oil, extra virgin olive oil, VCO, and RFO; SIO  

					exhibited spectral characteristics and physicochemical properties most  

					closely related to corn oil, SBO, mustard oil, SIO, and olive oil (Group  

					III). This finding confirms prior research indicating that SIO exhibits  

					compositional similarities with olive oil, especially due to the high  

					concentration of USFAs, especially oleic acid, detected in both oils.22,23  

					PC1 (81.4%) and PC2 (15.1%) cumulatively explained 96.5% of the  

					total variance, with the highest eigenvector loadings (Figure 1B)  

					observed at 1743 cm-¹ (- 0.358) for PC1 and 2919 cm⁻¹ (- 0.363) for  

					PC2.  

					FTIR spectra of SIO and reference oils were recorded using a Nicolet  

					6700 FTIR spectrometer (Thermo Nicolet, Madison, USA) equipped  

					with a deuterated triglycine sulfate (DTGS) detector and KBr beam  

					splitter. Spectra were acquired using a horizontal attenuated total  

					reflectance (HATR) accessory with a ZnSe crystal. Each sample was  

					applied using a Pasteur pipette, and 32 scans were collected per sample  

					at a resolution of 8 cm-¹ over the mid-infrared range (4000-650 cm-¹).  

					Ambient temperature was maintained at 25°C. Spectra were ratioed  

					against a fresh air background and recorded in triplicate to ensure  

					reproducibility.17 Spectra are available in Supplementary Data A.  

					Principal component analysis (PCA) of oils  

					PCA was performed to explore clustering patterns and spectral variance  

					among SIO and the eleven reference oils. The analysis was conducted  

					using Minitab version 17 (Minitab Inc., USA). PCA score plots of the  

					first two principal components (PC1 and PC2) were used to identify oils  

					with spectral profiles similar to SIO, which were considered potential  

					adulterants. The entire mid-infrared region (4000-650 cm-¹) was  

					included in the analysis to capture both fingerprint and functional group  

					regions.18  

					Linear discriminant analysis (LDA)  

					LDA was applied to differentiate authentic SIO from samples  

					adulterated with PO and SBO, which were selected based on their  

					spectral proximity and market prevalence. The classification was  

					performed using TQ Analyst™ version 9 (Thermo Fisher Scientific,  

					Inc.), a chemometric software platform designed for supervised pattern  

					recognition based on spectral data.19 The LDA model was constructed  

					using a training dataset comprising pure SIO and SIO adulterated with  

					PO and SBO at graded concentrations ranging from 1% to 50% (v/v).  

					Each mixture was prepared under controlled conditions to simulate  

					realistic scenarios of adulteration. FTIR spectra of these samples were  

					collected and preprocessed to ensure baseline correction and  

					normalization before model input. To evaluate model performance, a  

					validation set of independent samples, unseen during training, was  

					introduced. These samples included both pure and adulterated oils at  

					random concentrations within the defined range. The model’s  

					classification accuracy was assessed by comparing predicted group  

					membership against true labels, and the percentage of correctly  

					classified samples was recorded as a measure of model robustness. LDA  

					starts with a number of samples whose group membership is known and  

					named with learning or training datasets (one group is authentic SIO  

					and another one is adulterated SIO). Furthermore, the independent  

					To further investigate the separation observed in Group III, the dataset  

					was reanalyzed by excluding the other oil samples, and the resulting  

					PCA score plot is presented in Figure 1C. This refined analysis revealed  

					five distinct clusters: Group I (mustard oil), Group II (olive oil), Group  

					III (canola oil), Group IV (corn oil), and Group V (SBO and sunflower  

					oil). The first two principal components accounted for a substantial  

					proportion of the total variance, with PC1 explaining 44.0% and PC2  

					explaining 33.9%, together capturing 77.9% of the overall variability in  

					the dataset. The corresponding loading plot (Figure 1D) indicated that  

					the most influential spectral variables were located at 1745ꢀcm⁻¹ (0.196)  
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					for PC1, associated with ester C=O stretching vibrations, and at  

					968ꢀcm⁻¹ (0.227) for PC2, typically linked to out-of-plane =C–H  

					bending in USFA.  

					Figure 2: FTIR spectra of PO, SBO, and SIO at wavenumbers  

					of 3500–400 cm-1  

					Table 1 illustrates the assignment of each functional group that  

					constitutes SIO as identified through FTIR spectroscopy. The stretching  

					vibration of the cis-olefinic =CH was observed at 3008-3009 cm−1  

					(3010 cm−1 in the refined sample); the elevated frequency of this band  

					signifies the abundance of polyunsaturated acyl groups (PAG). Among  

					the various oils examined in this study, SIO exhibited the highest  

					methylene stretching band at 2923 cm⁻¹, surpassing those observed in  

					SBO (2922 cm⁻¹) and PO (2921 cm⁻¹).  

					Figure 1: Principal component analysis (PCA) of the dataset.  

					[A] Score plot of all samples, showing six groups (I–VI)  

					separated by their first and second principal components. [B]  

					Corresponding loading plot indicating the variables contributing  

					most strongly to group separation. [C] Score plot of selected  

					samples (groups I–V), highlighting refined clustering patterns.  

					[D] Corresponding loading plot for the selected groups, showing  

					variable contributions to the observed distribution. (AO =  

					Avocado oil, CO = Corn oil, KO = Canola oil, MO = Mustard  

					oil, PO = Palm oil, RFO = Red fruit oil, SBO = Soybean oil,  

					SFO = Sunflower oil, SIO = Sacha inchi seed oil, VCO = Virgin  

					coconut oil, VOO = Virgin olive oil, WO = Olive oil)  

					Table 1: Compilation of the wavenumbers of each peak and  

					shoulders in FTIR spectra of SIO, SBO, and PO, and the  

					corresponding functional groups' vibration (38)(33)(34)  

					Wavenumber  

					Type of Bending and Vibration  

					(cm-1)  

					3008  

					C=CH Stretching  

					2923 – 2850  

					1742  

					-CH(CH3) Stretching Asymmetric  

					–C=O (ester) Stretching  

					–CH2 bending  

					Chemically, edible fats and oils, including SIO, PO, and SBO, are  

					primarily composed of triacylglycerols, formed by the esterification of  

					three fatty acids with a glycerol backbone.24–26 Due to the compositional  

					similarities among these oils, particularly in their USFA profiles, visual  

					detection of adulteration is often unreliable.27 Due to its unique  

					fingerprinting features, mid-infrared (MIR) spectroscopy is an effective  

					analytical method for differentiating genuine edible oils from  

					adulterated ones. This method may distinguish between authentic oils  

					and those adulterated with others by analyzing spectral changes caused  

					by the adulteration practice.28  

					Figure 2 shows that there were unique spectral bands in the 1120-1000  

					cm⁻¹ range and at 725 cm⁻¹. These bands are characteristic of SIO. The  

					absorption in the 1120-1000 cm⁻¹ range was due to the stretching  

					vibrations of C–O bonds in ester groups. These groups are usually found  

					in triacylglycerol complexes that comprise esters made from primary  

					and secondary alcohols. These bands represent the molecular backbone  

					of edible oils and indicate the presence of oxygenated functional groups,  

					which are crucial for identifying oils. Meanwhile, the strong band at 725  

					cm⁻¹, on the other hand, was attributed to the rocking vibrations of  

					methylene (–CH₂–) groups, which are the same as the out-of-plane  

					bending vibrations of cis-disubstituted olefinic moieties. These spectra  

					were especially useful for figuring out the structures of USFAs like  

					oleic and linoleic acids, which are common in SIO and contribute to its  

					nutritional and chemical composition.25,29–31 These bands represent the  

					molecular composition of edible oils and indicate the presence of  

					oxygenated functional groups essential for oil authenticity.  

					1450 – 1465  

					1372-1373  

					Symmetrical bending vibrations of the CH3  

					groups  

					stretching vibration of the C–O ester  

					1227 – 1230  

					1158 – 1160  

					720 - 721  

					–C–O stretch; –CH2 bending  

					cis-CH=CH– bending out of plane  

					965  

					914  

					trans–CH=CH–Bending out of plane  

					trans–CH=CH–Bending out of plane  

					721  

					cis-CH=CH– bending out of plane  

					The two bands resulting from the methylene asymmetrical and  

					symmetrical stretching vibrations appear at 2927 cm−1 and 2855 cm−1.32  

					The peak at 1742 cm-1 corresponds to the –C=O stretch, which was one  

					of the lowest observed in vegetable oils and was characteristic of oils  

					with a high degree of USFAs. The peak at 1461 cm-1 is associated with  

					–CH2 bending, and the peak at 1417 cm-1 is attributed to cis =C–H  

					bending vibration. When compared to the spectral profiles and  

					compositional parameters of other vegetable oils, the elevated  

					absorbance values in specific regions of the FTIR spectrum suggest a  

					pronounced level of unsaturation in the analyzed oil sample. It is  

					indicative of a high concentration of mono- and polyunsaturated fatty  

					acids (PUFA), which is consistent with the chemical characteristics of  

					oils rich in oleic and linoleic acids.21,25,33 The absorption band observed  

					at 1376 cm⁻¹ was attributed to –CH₃ bending vibration, while the peak  

					at 1236 cm⁻¹ was associated with C–O stretching vibration, and the  
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					prominent peak at 1160 cm⁻¹ was due to the C–O stretching and CH₂  

					bending ascribed to ester functionalities and methylene group  

					vibrations, displaying negligible change among various vegetable oils.  

					Conversely, the observed band between 1096⁻¹ and 1100 cm⁻¹,  

					indicating the vibration of C–O stretching, has a more robust association  

					with the relative quantity of monounsaturated and PAG chains in the oil  

					composition.  

					models based on targeted spectral regions is essential for verifying the  

					authenticity of SIOs and, when applicable, quantifying the extent of  

					their adulteration with PO and SBO vegetable oils.  

					Quantification of Oil Adulterants (PO and SBO) in SIO  

					Multivariate calibration models, notably PLSR and PCR, were utilized  

					to estimate the presence of PO and SBO as adulterants in SIO. These  

					chemometric methods are esteemed for being successful in controlling  

					sophisticated spectroscopic datasets and for facilitating accurate  

					predictions of chemical concentrations based on spectral fluctuations.  

					PLSR and PCR integrate spectral data (X variables) and concentration  

					values (Y variables) into a single analytical framework, facilitating  

					simultaneous dimensionality reduction and model optimization. This  

					method enables multivariate calibration in quantifying PO and SBO as  

					adulterants in SIO through allowing simultaneous data analysis within  

					modeling frameworks using PLSR and PCR algorithms.35  

					The spectral regions used in PLSR and PCR calibration models are  

					subjected to optimization. Finally, the absorbance values at combined  

					wavenumbers of 1800-1600 and 980-700 cm-1 were selected for  

					quantitative analysis for SBO in SIO (Table 2), and at combined  

					wavenumbers of 3010-2830 cm-1 and 1800-800 cm-1 for quantification  

					of PO in SIO (Table 3).  

					Moreover, the absorption at 965 cm⁻¹, attributed to trans-CH=CH out-  

					of-plane bending, acts as a dependable measure of unsaturation levels.  

					Comparative data from pure triacylglycerols indicate that tristearin,  

					tripalmitin, trilinolenin, and trilinolein display bands at 920 cm⁻¹, 916  

					cm⁻¹, 915 cm⁻¹, and 914 cm⁻¹, respectively. However, triolein exhibits  

					a weak shoulder at 904 cm⁻¹, rather than a distinct peak in the SIO  

					spectra, which can be considered typical of an oil sample rich in the  

					PAGs, and the peak observed at 721 cm-1 corresponds to cis–CH=CH–  

					bending out-of-plane vibration.32,34 The presence of a distinct peak at  

					965 cm⁻¹ in the FTIR spectrum of SIO indicates a significant  

					concentration of PUFAs 32  

					.

					Figure 1 illustrates that SIO can be differentiated from other edible oils  

					primarily by the fingerprint area (1500–650 cm-1), as confirmed by PCA  

					results. Based on the FTIR spectrum examination of SIO, SBO, and PO,  

					it was revealed that the spectral profile of SIO exhibits greater similarity  

					to SBO than to PO, particularly in significant vibrational regions, as can  

					be seen in Figure 1. Therefore, implementing multivariate classification  

					Table 2: The performance of multivariate calibrations for quantitative analysis of SBO as an adulterant in SIO (The bolded item shows  

					the selected criteria)  

					Wave number  

					(cm-1)  

					Multivariate  

					Calibration  

					Spectra  

					Factor  

					(PC)  

					R2  

					RMSEC  

					RMSEP  

					RMSEP/  

					RMSEC  

					Calibration  

					Validation  

					1800-1200  

					1100-700  

					1800 - 700  

					PLS  

					PCR  

					PLS  

					PCR  

					PLS  

					PCR  

					PLS  

					PCR  

					PLS  

					PCR  

					Normal  

					1st Derivative  

					2nd Derivative  

					Normal  

					4

					3

					4

					8

					8

					8

					3

					2

					3

					10  

					10  

					10  

					4

					6

					6

					4

					4

					4

					5

					5

					5

					8

					8

					8

					2

					4

					5

					0.9956  

					0.9968  

					0.9964  

					0.9990  

					0.9975  

					0.9960  

					0.9979  

					0.9981  

					0.9968  

					0.9986  

					0.9987  

					0.9956  

					0.9985  

					0.9991  

					0.9993  

					0.9991  

					0.9990  

					0.9976  

					0.9986  

					0.9985  

					0.9987  

					0.9993  

					0.9987  

					0.9985  

					0.9768  

					0.9992  

					0.9971  

					0.9992  

					0.9989  

					0.9942  

					0.9809  

					0.9928  

					0.9913  

					0.9987  

					0.9959  

					0.9933  

					0.9988  

					0.9987  

					0.9960  

					0.9991  

					0.9991  

					0.9955  

					0.9984  

					0.9991  

					0.9991  

					0.9989  

					0.9990  

					0.9977  

					0.9985  

					0.9986  

					0.9987  

					0.9995  

					0.9988  

					0.9984  

					0.9882  

					0.9990  

					0.9889  

					0.9987  

					0.9989  

					0.9862  

					1.410  

					1.200  

					1.270  

					0.656  

					1.060  

					1.340  

					0.968  

					0.937  

					1.200  

					0.785  

					0.780  

					1.400  

					0.743  

					0.589  

					0.533  

					0.645  

					0.681  

					1.020  

					0.732  

					0.745  

					0.707  

					0.546  

					0.772  

					0.825  

					3.220  

					0.617  

					1.150  

					0.604  

					0.689  

					1.610  

					3.060  

					1.880  

					2.110  

					0.983  

					1.420  

					1.840  

					0.810  

					0.879  

					1.440  

					0.686  

					0.713  

					1.630  

					0.895  

					0.745  

					0.743  

					0.731  

					0.679  

					1.050  

					0.892  

					0.875  

					0.842  

					0.481  

					0.882  

					0.909  

					2.480  

					0.790  

					2.240  

					0.823  

					0.825  

					2.680  

					2.17  

					1.57  

					1.66  

					1.50  

					1.34  

					1.37  

					0.84  

					0.94  

					1.20  

					0.87  

					0.91  

					1.16  

					1.20  

					1.26  

					1.39  

					1.13  

					1.00  

					1.03  

					1.22  

					1.17  

					1.19  

					0.88  

					1.14  

					1.10  

					0.77  

					1.28  

					1.95  

					1.36  

					1.20  

					1.66  

					1st Derivative  

					2nd Derivative  

					Normal  

					1st Derivative  

					2nd Derivative  

					Normal  

					1st Derivative  

					2nd Derivative  

					Normal  

					1st Derivative  

					2nd Derivative  

					Normal  

					1st Derivative  

					2nd Derivative  

					Normal  

					3010 – 2830 and  

					1800 - 700  

					1st Derivative  

					2nd Derivative  

					Normal  

					1st Derivative  

					2nd Derivative  

					Normal  

					1800-1600 and  

					980-700  

					1st Derivative  

					2nd Derivative  

					Normal  

					10  

					10  

					10  

					1st Derivative  

					2nd Derivative  
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					Table 3: The performance of multivariate calibrations for quantitative analysis of PO as an adulterant in SIO (The bolded item shows  

					the selected criteria)  

					Factor  

					Wave number  

					(cm-1)  

					1800-1200  

					Multivariate  

					Calibration  

					PLS  

					Spectra  

					R2  

					RMSEC  

					RMSEP  

					RMSEP/  

					RMSEC  

					1.37  

					1.29  

					1.32  

					1.45  

					1.50  

					1.56  

					1.34  

					1.39  

					1.13  

					1.27  

					1.03  

					1.08  

					1.20  

					1.26  

					1.39  

					1.13  

					1.00  

					1.03  

					1.22  

					1.17  

					1.19  

					1.06  

					1.16  

					1.21  

					1.43  

					(PC)  

					6

					6

					8

					5

					5

					5

					3

					4

					1

					6

					6

					6

					4

					6

					6

					4

					4

					4

					5

					5

					5

					4

					4

					Calibration  

					0.9990  

					0.9988  

					0.9993  

					0.9965  

					0.9946  

					0.9949  

					0.9986  

					0.9989  

					0.9971  

					0.9989  

					0.9984  

					0.9976  

					0.9985  

					0.9991  

					0.9993  

					0.9991  

					0.9990  

					0.9976  

					0.9986  

					0.9985  

					0.9987  

					0.9991  

					0.9962  

					0.9789  

					0.9988  

					Validation  

					0.9985  

					0.9985  

					0.9990  

					0.9940  

					0.9899  

					0.9897  

					0.9982  

					0.9986  

					0.9970  

					0.9988  

					0.9988  

					0.9978  

					0.9984  

					0.9991  

					0.9991  

					0.9989  

					0.9990  

					0.9977  

					0.9985  

					0.9986  

					0.9987  

					0.9992  

					0.9956  

					0.9737  

					0.9982  

					Normal  

					0.629  

					0.679  

					0.530  

					1.150  

					1.430  

					1.390  

					0.733  

					0.633  

					1.060  

					0.659  

					0.780  

					0.963  

					0.743  

					0.589  

					0.533  

					0.645  

					0.681  

					1.020  

					0.732  

					0.745  

					0.707  

					0.620  

					1.290  

					3.040  

					0.677  

					0.859  

					0.879  

					0.701  

					1.670  

					2.150  

					2.170  

					0.983  

					0.882  

					1.200  

					0.839  

					0.804  

					1.040  

					0.895  

					0.745  

					0.743  

					0.731  

					0.679  

					1.050  

					0.892  

					0.875  

					0.842  

					0.658  

					1.500  

					3.690  

					0.967  

					1st Derivative  

					2nd Derivative  

					Normal  

					PCR  

					PLS  

					PCR  

					PLS  

					PCR  

					PLS  

					PCR  

					PLS  

					1st Derivative  

					2nd Derivative  

					Normal  

					1100-700  

					1st Derivative  

					2nd Derivative  

					Normal  

					1st Derivative  

					2nd Derivative  

					Normal  

					1800 - 700  

					1st Derivative  

					2nd Derivative  

					Normal  

					1st Derivative  

					2nd Derivative  

					Normal  

					3010 – 2830 and  

					1800 - 700  

					1st Derivative  

					2nd Derivative  

					Normal  

					1st Derivative  

					2nd Derivative  

					Normal  

					4

					3

					1800-1600 and  

					980-700  

					1st Derivative  

					2nd Derivative  

					Normal  

					6

					6

					6

					6

					6

					0.9994  

					0.9993  

					0.9990  

					0.9988  

					0.9977  

					0.9988  

					0.9978  

					0.9987  

					0.9983  

					0.9952  

					0.461  

					0.507  

					0.622  

					0.671  

					0.938  

					0.360  

					1.080  

					0.857  

					0.937  

					1.560  

					0.78  

					2.13  

					1.38  

					1.40  

					1.66  

					PCR  

					1st Derivative  

					2nd Derivative  

					The results obtained from PLS and PCR models in terms of R2,  

					RMSEC, and RMSEP for either the normal spectra and its derivatives  

					(the first derivative and second derivative) for the authentication study  

					of SIO with SBO and PO can be seen in Tables 2 and 3, respectively.  

					푛

					2

					∑

					(푎푐푡푢푎푙−푐푎푙푡푢푙푎푡푒푑)  

					푖=1  

					√

					푅푀푆퐸퐶 =  

					............................................(1)  

					푁−푓−1  

					“Actual value” denotes the certified concentration of the standard, while  

					“predicted value” (or “calculated value”) is the concentration estimated  

					by the FTIR-based model. N represents the number of samples in the  

					calibration set and f denotes the number of factors in the calibration  

					model. Lower RMSEC indicates better model performance. In this  

					study, RMSEC values were 0.620 for PO (Figure 3A) and 0.546 (Figure  

					3B) for SBO, reflecting high calibration accuracy.  

					PLSR was employed to quantify the concentration of PO and SBO in  

					SIO samples to evaluate the prediction capability of the calibration  

					model. Two significant statistical metrics were employed to assess the  

					model's performance: the RMSEP, which quantifies the difference  

					between the predicted and actual values in the validation set, and the R2,  

					which indicates the goodness of fit. RMSEP40 was calculated as  

					equation 2:  

					Tables  

					2

					and 3 compile the predictive performance of FTIR  

					spectroscopy across different wavenumber intervals and spectral  

					treatments, combined with multivariate calibration, for estimating SIO  

					levels adulterated with SBO (Table 2) and PO (Table 3). PCR on  

					unprocessed FTIR spectra within 3010-2830 cm⁻¹ and 1800-700 cm⁻¹  

					was selected for quantifying SIO in PO, as it achieved the highest R²  

					(0.9991) in both calibration and prediction alongside the minimal  

					RMSEC (0.620) and RMSEP (0.658). According to Zhan et al (2017).  

					a reliable model should have low RMSEC, RMSECV, and RMSEP  

					values with little variation between RMSECV and RMSEP.36  

					Additionally, both the PO and SBO models in this study met the criteria  

					that RMSEP should not be greater than 1.2 times the RMSEC. These  

					results support the applicability of this technique in routine quality  

					control and regulatory settings and are consistent with earlier research  

					on edible oil authentication using FTIR–chemometric approaches.37–39  

					Using FTIR spectroscopy in conjunction with multivariate calibration  

					is a statistically viable and effective technique for quantifying oil  

					adulteration.  

					푛

					푖=1  

					2

					∑

					(푎푐푡푢푎푙−푐푎푙푡푢푙푎푡푒푑)  

					√

					푅푀푆퐸푃 =  

					...............................................(2)  

					ꢀ−1  

					M denotes the number of samples in the prediction set. Figure 5  

					revealed that R2 values in validation models are 0.9991 and 0.9993 for  

					PO and SBO, respectively. The RMSEP values for PO and SO as  

					adulterants in SIO samples are 0.658 and 0.481, respectively. These  

					findings demonstrate that the combination of FTIR spectral data with  

					multivariate calibration techniques, specifically PLS and PCR, provides  

					a reliable and effective approach for quantifying the levels of PO and  

					SBO as adulterants in SIO. The predictive accuracy of the developed  

					models is supported by high R² in both calibration and validation  

					phases. At the same time, the low RMSEC and RMSEP values confirm  

					the precision and robustness of the analytical framework.  

					Using calibration and validation models across a range of wavenumber  

					regions and FTIR spectral treatments, the effectiveness of PLS for the  

					quantitative analysis of SIO in binary mixtures with PO was assessed.  

					Based on their ability to generate the highest R2 between actual and  

					predicted SIO concentrations and the lowest error values, as shown by  

					the RMSEC and RMSEP, the modeling conditions were chosen. A key  

					indicator of model accuracy is the R2 values, where higher values  

					indicate better predictive reliability. R2 was used as the primary  

					indicator of model accuracy, with larger values reflecting greater  

					predictive reliability  

					The error of calibration models was evaluated using RMSEC,40  

					calculated as equation 1:  
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					Figure 5: The Cooman’s plot was obtained during  

					discriminant analysis for the discrimination of SIO and SIO  

					mixed with PO  

					Conclusion  

					FTIR spectroscopy, in combination with multivariate calibration of  

					PCR, was capable of quantifying the levels of SIO adulterated with PO  

					and SIO adulterated with SBO at optimized wavenumbers of 3010-2830  

					cm-1 and 1800-700 cm-1. The model was validated by satisfactory  

					accuracy and precision, evidenced by a high R² and low RMSEC and  

					RMSEP. LDA was also successful (100%) for the classification of SIO  

					and SIO adulterated with PO and, SIO and SIO adulterated with SBO.  

					The developed method is rapid and effective for the authentication  

					study of SIO from SBO and PO. Future investigations should  

					concentrate on verifying the approach under commercial-scale  

					circumstances and across various sample matrices to improve industrial  

					applicability and regulatory acceptance. Collaboration with alternative  

					spectroscopic techniques, including spectrofluorometry and near-  

					infrared spectroscopy, in conjunction with artificial intelligence models  

					such as support vector machines and artificial neural networks, could  

					provide scalable, high-throughput solutions for routine authentication  

					and quality control.  

					Figure 3: The relationship between actual values (x-axis) of  

					SIO in PO and SBO and the predicted values of SIO using  

					FTIR spectroscopy [A and B].  

					Classification of authentic SIO adulterated with PO and SIO  

					adulterated with SBO  

					LDA, a supervised pattern recognition technique, was employed to  

					classify SIO samples adulterated with PO and those adulterated with  

					SBO. This method is widely recognized for its effectiveness in  

					distinguishing between predefined classes based on spectral or  

					compositional features. In this current study, LDA was used to create  

					classification models that distinguish genuine SIO from its  

					contaminated variants, thereby enhancing the authentication process  

					through statistically robust discrimination.41 The variables used for  

					quantitative analysis were also utilized in the LDA to classify SIO  

					samples that were adulterated with PO and SBO. Cooman's plots were  

					created using Mahalanobis distances, which were obtained from the  

					corresponding absorbance values. The classification models  

					successfully distinguished between authentic SIO and its adulterated  

					counterparts with 100% accuracy, as shown in Figures 4 and 5, without  

					any instances of misclassification.42  
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