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Abstract: Authentication of Curcuma aeruginosa Roxb. essential oils (EOs-CA) is critical to prevent adulteration 

and to ensure the quality and safety of derived products. This study aimed to evaluate the effectiveness of 

Fourier Transform Infrared (FTIR) spectroscopy in combination with chemometric methods for the 

authentication of EOs-CA, particularly in the presence of adulterants such as Virgin Coconut Oil (VCO). VCO 

was selected as an adulterant model due to its spectral similarity with EOs-CA. Discriminant Analysis (DA) and 

multivariate calibration techniques—Partial Least Squares (PLS) and Principal Component Regression (PCR)—

were employed for the classification and quantification of adulterated EOs-CA samples, including those mixed 

with Curcuma xanthorrhiza essential oil (EOs-CX). A total of 26 samples were prepared, comprising binary 

mixtures of EOs-CA/EOs-CX and ternary mixtures of EOs-CA/EOs-CX/VCO, with adulterant concentration 

levels ranging from 0% to 100%. FTIR spectral data were collected in the wavenumber range of 4000–650 cm⁻¹ 

using an Agilent Cary 630 FTIR-ATR spectrophotometer (USA). Chemometric analyses were conducted using 

DA, PLS, and PCR methods through TQ Analyst software version 9 (Thermo Fisher Scientific, Inc.). The DA 

method successfully classified authentic and adulterated samples with accuracy rates of 99.99% and 99.96% for 

the binary and ternary systems, respectively. Quantitative determination of EOs-CA in binary mixtures with 

EOs-CX was achieved using the second derivative of FTIR spectra in the 1770–728 cm⁻¹ region, yielding 

coefficients of determination (R²) of 0.9992 and 0.9994 for the calibration and validation models, respectively. 

The Root Mean Square Error of Calibration (RMSEC) and Prediction (RMSEP) were 1.19% and 1.16%, 

respectively. These findings demonstrate that FTIR spectroscopy combined with chemometric techniques 

provides a reliable and accurate method for detecting adulteration and authenticating EOs-CA against potential 

adulterants such as EOs-CX and VCO. 
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1. INTRODUCTION 

Indonesia possesses the second-highest biodiversity in the world, encompassing a wide 

range of ecosystems, genetic resources, and plant species diversity [1-2]. The therapeutic and health 

benefits of native Indonesian plants have long been recognized and utilized, particularly species 

belonging to the Zingiberaceae family. Among these are Curcuma xanthorrhiza, Curcuma longa, Curcuma 

zedoaria, Curcuma hyneana, and Curcuma aeruginosa [3]. The rhizome of Curcuma aeruginosa (C. 

aeruginosa) is the most widely used part for medicinal purposes [4-5]. It is rich in lipophilic essential 

oils, which are commonly extracted through hydrodistillation or steam distillation from fresh 

rhizomes (6)-7]. The quality of essential oils of C. aeruginosa (EOs-CA), particularly when used as raw 

material in traditional medicine, is largely determined by their chemical composition and 

corresponding biological activities. EOs-CA is predominantly composed of oxygenated 

sesquiterpenes (42.85%), hydrocarbon sesquiterpenes (30.80%), oxygenated monoterpenes (10.92%), 

and hydrocarbon monoterpenes (10.82%) [8]. Among the bioactive compounds, germacrone (5.3%) 

and curzerenone (59.60%) have been identified as the major constituents [9]. 
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Numerous studies have demonstrated that EOs-CA possesses strong antibacterial [10-11] 

and antioxidant activities [8, 10]. Antioxidant activity evaluated in vitro using 2,2-diphenyl-1-

picrylhydrazyl (DPPH) and nitric oxide (NO) radical scavenging assays yielded effective 

concentration (EC₅₀) values of 30 and 28 µg/mL, respectively [10]. In addition, hydroxyl (OH) radical 

scavenging activity recorded an EC₅₀ of 244.48 µg/mL, further supporting the strong antioxidant 

potential of EOs-CA. Antibacterial assays have demonstrated EOs-CA’s inhibitory effects against 

Staphylococcus aureus, Streptococcus mutans, and Escherichia coli. Microdilution assays in tryptic soy 

broth (TSB) revealed that S. aureus had the lowest minimum inhibitory concentration (MIC) and 

minimum bactericidal concentration (MBC) values of 7.81 and 250 µg/mL, respectively [8]. In another 

study using Mueller-Hinton Broth (MHB), MIC values of 125 µg/mL were recorded for both S. aureus 

and Bacillus cereus, suggesting that EOs-CA is generally more effective against Gram-positive bacteria 

than Gram-negative strains such as Pseudomonas aeruginosa and E. coli. Furthermore, tests comparing 

EOs-CA from dry and fresh rhizomes demonstrated strong antibacterial activity against Bacillus 

subtilis, with MIC values of 6.25 and 12.5 µg/mL, respectively [12]. These findings confirm that EOs-

CA exhibits strong MIC values [13-14]. Given its potent antioxidant and antibacterial properties, EOs-

CA holds significant commercial value in the essential oil market. However, this high value also 

renders it vulnerable to adulteration, often through blending with cheaper oils to increase profit 

margins. Therefore, the development of rapid and reliable analytical methods is essential for 

detecting adulteration and ensuring the authenticity and quality of EOs-CA in both pharmaceutical 

and commercial applications. 

Various analytical techniques have been employed to detect adulteration in essential oil 

products, including chromatography-based methods such as High-Performance Liquid 

Chromatography (HPLC), Thin-Layer Chromatography (TLC), and Gas Chromatography (GC), as 

well as spectroscopic techniques such as Ultraviolet-Visible (UV-Vis) spectroscopy, Nuclear Magnetic 

Resonance (NMR), Mass Spectrometry (MS), Near-Infrared (NIR) spectroscopy, and Fourier-

Transform Infrared (FTIR) spectroscopy [15-16]. Among these, FTIR spectroscopy combined with 

multivariate calibration has been widely utilized in recent studies for the authentication and quality 

control of essential oil products [17]. Notable applications include the authentication of Nigella sativa 

oil from corn and soybean oil adulterants [18], detection of Curcuma mangga adulteration with 

candlenut oil [18], turmeric EOs authenticity [19], identification and quantification of counterfeit 

lavender oil adulterated with citronella oil [20], and differentiation of Mentha spicata essential oil and 

l-menthol in Mentha piperita [21]. In this study, the adulterants used were EOs-CX and VCO. Although 

both materials have relatively high economic value, they are still commonly employed as adulterants 

due to differences in market price and availability. The EOs-CA has a low yield and limited 

production, resulting in a higher and more fluctuating market price. In contrast, VCO is widely 

produced in Indonesia and readily available in large volumes, making it suitable as a diluent. 

Likewise, EOs-CX has an aroma profile and chemical fingerprint similar to that of EOs-CA and is 

generally easier to obtain through large-scale production. Therefore, this study employed FTIR 

spectroscopy combined with multivariate analysis techniques to authenticate EOs-CA against 

adulteration by EOs-CX and VCO in both binary and ternary mixtures. 

2. MATERIALS AND METHODS 

2.1. Materials 

  Fresh rhizomes of Curcuma aeruginosa (CA) and Curcuma xanthorrhiza (CX) were used in this 

study. Both plant samples were taxonomically identified at the Department of Pharmaceutical 

Biology, Faculty of Pharmacy, Universitas Gadjah Mada, Yogyakarta, Indonesia. Virgin Coconut Oil 

(VCO) was procured from a local store in Semarang, Central Java. The chemical reagent used for 

drying the extracted oils was anhydrous sodium sulfate (Smart-lab). 

2.2. Methods 

2.2.1. Sample collection and preparation 

Fresh rhizomes of Curcuma aeruginosa (CA) and Curcuma xanthorrhiza (CX) were sliced into 

pieces approximately 1–2 cm thick. The sliced rhizomes were subjected to steam distillation over 
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medium heat for eight hours. Anhydrous sodium sulfate was added to the resulting distillate to 

remove residual moisture, followed by centrifugation at 2500 rpm for 5 minutes using a Thermo 

Scientific centrifuge. The yield of the essential oil was calculated as a percentage of the total distillate 

obtained. Virgin Coconut Oil (VCO) was used as an adulterant. 

2.2.2. Preparation of Oil Samples 

Calibration samples of EOs-CA were prepared in both binary and ternary mixtures with EOs-

CX and VCO. The adulterant concentrations were varied from 0% to 100% (v/v), as detailed in Tables 

1 and 2. 

Table 1. The binary mixtures of EOs-CA and EOs-CX used for FTIR Analysis 

Samples EOs-CA (%) EOs-CX (%) Samples EOs-CA (%) EOs-CX (%) 

1 100 0 14 48 52 

2 96 4 15 44 56 

3 92 8 16 40 60 

4 88 12 17 36 64 

5 84 16 18 32 68 

6 80 20 19 28 72 

7 76 24 20 24 76 

8 72 28 21 20 80 

9 68 32 22 16 84 

10 64 36 23 12 88 

11 60 40 24 8 92 

12 56 44 25 4 96 

13 52 48 26 0 100 

 
Table 2. The ternary mixtures of EOs-CA and EOs-CX/VCO used for FTIR Analysis 

Samples EOs-CA (%) VCO (%) EOs-CX (%) Samples EOs-CA (%) VCO (%) EOs-CX (%) 

1 100 0 0 14 46 10 44 

2 0 100 0 15 50 33 17 

3 0 0 100 16 49 8 43 

4 42 23 35 17 27 45 28 

5 38 0 62 18 26 15 59 

6 40 14 46 19 49 37 14 

7 15 41 44 20 19 34 23 

8 58 11 31 21 48 24 28 

9 22 34 44 22 46 14 40 

10 31 41 29 23 20 15 65 

11 23 49 38 24 11 38 51 

12 6 36 58 25 17 40 53 

13 69 2 29 26 46 49 5 

 

2.2.3. FTIR Spectroscopic Analysis 

FTIR spectra were recorded using a Cary 630 FTIR spectrophotometer (Agilent Technologies, 

USA), equipped with an Attenuated Total Reflectance (ATR) accessory. Spectra were collected in 

absorbance mode over the range of 4000–650 cm⁻¹ at a resolution of 8 cm⁻¹, with 32 scans per sample. 

Data acquisition and processing were performed using MicroLab Expert software. All spectral 

analyses were conducted at room temperature. 

2.2.4. Data Analyses 

Chemometric analyses were performed using Discriminant Analysis (DA) for classification and 

Partial Least Squares (PLS) and Principal Component Regression (PCR) for multivariate calibration. 

The analysis was carried out using TQ Analyst software version 9 (Thermo Fisher Scientific, Inc.) for 
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PLS [23] and PCR. The performance of the multivariate calibration models was evaluated using 

statistical parameters, including the coefficient of determination (R²), root mean square error of 

calibration (RMSEC), and root mean square error of prediction (RMSEP), following previously 

established methodologies [24,25].  

3. RESULTS AND DISCUSSION 

Steam distillation of C. aeruginosa rhizomes yielded an essential oil with a 2.19% (v/v) 

concentration. The obtained oil appeared as a clear purple liquid with a characteristic aromatic odor 

typical of Curcuma species and a bitter–pungent taste. The color and odor characteristics are 

consistent with previously reported descriptions of EOs-CA, which is known to exhibit a bluish-

purple hue due to the presence of sesquiterpenoid constituents [26,27]. Based on these typical 

characteristics, the oil was subsequently analyzed using FTIR spectroscopy to authenticate it. 

3.1 FTIR spectra analysis   

FTIR spectroscopy was employed in this study due to its capability to provide rapid and 

direct information on the molecular fingerprint of aromatic essential oils, particularly through the 

identification of functional groups present within the sample [28]. This method facilitates a more 

comprehensive and accurate identification of the chemical constituents in EOs [29]. Moreover, the 

fingerprinting feature of FTIR spectroscopy based on the unique IR spectral profiles of each 

compound allows for the detection and differentiation of essential oils, as no two distinct compounds 

exhibit identical infrared spectra. The presence of specific peaks and shoulders in the spectra serves 

as an indicative marker of unique functional groups, thus enabling differentiation between 

compounds [30]. 

FTIR spectra of EOs-CA, EOs-CX, and EOs-CA/EOs-CX are analyzed at 2961, 2926, 2872, 

1702, 1653, 1635, 1426, 1374, 1254, 1071, 964, 891, and 749 cm-1, which convey the primary peaks. 

Meanwhile, EOs-CA/EOs-CX/VCO are analyzed at 2926, 2872, 1702, 1426, and 1071 cm-1, which 

convey the primary peaks. The vibrational bands at 2961, 1653, 1426, 1071, 964, and 891 cm-1 are 

described by the EOs-CA peak marker. The presence of terpenoid molecules from the sesquiterpene 

group, including germacrone and curzerenone, in EOs-CA indicates that spectrum characteristics 

originating from terpenes -CH3, -C=C, and -C-H may be present in the stretching and bending 

vibration. The alkyl groups of methyl (CH3) and methylene (CH2) were observed at 1/λ 2961, 2926, 

and 2872 cm-1 (asymmetric stretching of   CH3 and CH2). The strong peaks at  1/λ 1702 cm-1 

corresponded to unconjugated and conjugated carbonyl (C=O), respectively, while the peaks at 1/λ 

1653 and 1635 cm-1 are due to the absorption of  C=C  in stretching vibration mode [28].  Peaks at  1/λ 

1426 cm-1 and  1374  cm-1 could be attributed to CH2 and CH3 group vibrations in bending mode. 

Peaks at  1/λ 1254 and 1071 cm-1 are due to the stretching vibration of C–O. The C–OH stretching 

vibration is represented by the peak at 1/λ 964 cm-1, whereas the functional groups of -HC=CH–(trans) 

and -HC=CH–(cis) out of the plane are the source of the peaks at 1/λ 891 and 749 cm-1, respectively 

(Table 3). The functional groups of its fatty acids are responsible for the distinctive bond vibration 

peaks of VCO: -C-H (-CH2 and -CH3) stretching at 2954, 2922, and 2853 cm-1; -C-H (-C=O) stretching 

at 1741 cm-1; -C-H (-CH2 and -CH3) bending at 1467 and 1417 cm-1; -C-O and -C-OCH2 stretching and 

bending at 1228, 1155, and 1111 cm-1; 721 cm-1 for bending of -(CH2)n- [30,31,32]. 

 
Table 3. Identification of functional groups and vibration types from the FTIR spectrum of C. aeruginosa 

Wave number (cm-1) Fungsional grup Vibration type 

2961, 2924 dan 2875   -C-H  aliphatic -C-H stretching vibration 

1743 and 1660   -C=O   unconjugated and conjugated C=O stretching vibrations 

1512  -C=C C=C stretching vibration of alkenes 

1425 and  1370   -C-H bending vibration of CH2 and  CH3  

1254 dan 1071   -C-O  C–O stretching vibration 

964   -C-OH C–OH stretching vibration 

891 and 745  CH=CH- (trans) 

-CH=CH- (cis) 

bending vibration –HC=CH–  
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Figure 1. (A) FTIR spectra of EOs-CA, (B) EOs-CX, (C) VCO, (D). EOs-CA adulterated EOs-CX (biner), and (E) 

EOs-CA adulterated EOs-CX/VCO (ternary) 
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Figure 1 shows that the binary mixture of EOs-CA and EOs-CX exhibited similar spectral 

patterns; however, differences in absorbance intensity were observed mainly in the 1702–1685 cm⁻¹ 

region and the fingerprint region 1500–900 cm⁻¹, indicating variations in sesquiterpene composition 

and therefore requiring chemometric analysis for discrimination. In contrast, the ternary mixture 

(EOs-CA/EOs-CX/VCO) displayed more evident spectral changes, characterized by increased 

aliphatic C–H bands (2920–2850 cm⁻¹) and the appearance of a strong ester carbonyl band around 

1740 cm⁻¹ from triglycerides, along with intensity alterations in the fingerprint region. These results 

indicate that the binary mixture is detected through relative intensity variations, whereas the ternary 

mixture is identified by the emergence of new functional groups together with compositional 

changes. 

3.2. Chemometric analysis 

Discriminant Analysis (DA), a supervised pattern recognition method [33] was applied to 

differentiate pure EOs-CA from its binary and ternary mixtures with EOs-CX and VCO. DA classifies 

samples by calculating the Mahalanobis distance between group centroids and individual data 

points, allowing identification of groups that are spectrally similar or distinct [34]. The resulting 

classification models effectively distinguished EOs-CA from both binary (EOs-CX) and ternary (EOs-

CX/VCO) adulterated samples, indicating that the spectral features of EOs-CA differ sufficiently from 

those of the adulterants. The separation between groups was visually confirmed using Coomans 

plots, which illustrate the residual distances of samples from the independent principal component 

models of each group [35]. In the binary model, EOs-CA was distinctly separated from EOs-CX 

(Figure 2), while in the ternary model, EOs-CA showed clear separation from both EOs-CX and VCO 

(Figure 4). 

 

Figure 2. The Coomans plot of FTIR normal spectra in combined frequency ranges of 1770-1100 cm-1 for 

discriminant analysis of EOs-CA, EOs-CX, and EOs-CA/EOs-CX 

Figure 3. The relationship between EOs-CA's actual values (x-axis) and EOs-CX's predicted values in x-axis 

utilizing FTIR spectroscopy [A] and residual analysis [B] 
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Figure 4. The Coomans plot of FTIR normal spectra in combined frequency ranges of 1770-1100 and 3050- 

2750 cm-1 for discriminant analysis of EOs-CA, EOs-CX, VCO, and EOs-CA/EOs-CX-VCO 

 

Figure 5. The relationship between EOs-CA's actual values (x-axis) and EOs-CX/VCO's predicted values in 

x-axis utilizing FTIR spectroscopy [A] and residual analysis [B] 

Meanwhile, Mahalanobis distance, as visualized through the Coomans plot, provides a 

powerful statistical approach to compare a set of unknown samples against known reference groups 

based on their multivariate characteristics [36]. In this study, Mahalanobis distance was computed 

using absorbance values in specific wavenumber regions 1770–1100 cm⁻¹ for binary mixtures and 

3050–2750 cm⁻¹ combined with 1770–1100 cm⁻¹ for ternary mixtures. These spectral regions were 

found to be effective in discriminating EOs-CA from adulterants in both binary and ternary systems. 

This implies a significant potential for detecting adulteration with spectrally similar essential oils 

(such as EOs-CX) or low-value vegetable oils (such as VCO). Multivariate calibration models for both 

binary and ternary systems were optimized to develop the most accurate and robust prediction tools 

[37]. FTIR spectral data were subjected to three different preprocessing modes: raw spectra, first 

derivative, and second derivative. The calibration results, including statistical performance 

indicators, are summarized in Tables 4 and 5.  

The model selection criteria prioritized those with the highest coefficients of determination 

(R²) and the lowest error values. For the binary mixtures, Partial Least Squares (PLS) analysis using 

second derivative spectra in the 1785–728 cm⁻¹ range yielded the optimal calibration and validation 

results. In contrast, for the ternary mixtures, the most accurate predictions were achieved using raw 

spectra. The calibration and validation R² values for the binary mixture model were 0.9992 and 0.9994, 

respectively (Figure 3), while those for the ternary mixture were 0.9703 and 0.9903 (Figure 5). The 

Root Mean Square Error of Calibration (RMSEC) for the binary model was 1.19, while the Root Mean 

Square Error of Prediction (RMSEP) for the ternary model was 5.66 for calibration and 2.94 for 

validation. These results indicate that the multivariate calibration models developed in this study for 

both binary and ternary mixtures are highly accurate and reliable. The high R² values combined with 

low RMSEC and RMSEP values reflect strong predictive power and minimal error (38)]. Figures 3 

and 5 illustrate the linear correlation between the actual (x-axis) and predicted (y-axis) concentrations 
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of EOs-CA, demonstrating the effectiveness of FTIR spectroscopy when integrated with chemometric 

analysis. 

Table 4. The performance of PLS and PCR for the quantification of EOs-CA in EOs-CX 

Wavelength Spectra 

PLS PCR 

Calibration Validation Calibration Validation 

R2 RMSEC R2 RMSEP R2 RMSEC R2 RMSEP 

3050-728 

  

  

Normal 0.9977 2.03 0.9984 1.75 0.9989 1.43 0.9994 1.10 

Derivative 1 0.9977 2.03 0.9984 1.75 0.9985 1.62 0.9992 1.27 

Derivative 2 0.9977 2.03 0.9984 1.75 0.9963 2.56 0.9974 2.23 

1785-728 

  

  

Normal 0.9986 1.61 0.9988 1.51 0.9987 1.51 0.9992 1.25 

Derivative 1 0.9991 1.25 0.9994 1.11 0.9988 1.44 0.9993 1.13 

Derivative 2 0.9992 1.19 0.9994 1.16 0.9985 1.65 0.9989 1.47 

1310-728 

  

 

Normal 0.9981 1.85 0.9990 1.35 0.9991 1.20 0.9993 1.17 

Derivative 1 0.9988 1.49 0.9992 1.23 0.9988 1.48 0.9993 1.15 

Derivative 2 0.9990 1.36 0.9990 1.34 0.9987 1.53 0.9992 1.24 

1770-1350 

  

  

Normal 0.9983 1.76 0.9988 1.52 0.9986 1.61 0.9988 1.49 

Derivative 1 0.9978 1.98 0.9987 1.57 0.9985 1.61 0.9989 1.46 

Derivative 2 0.9983 1.73 0.9986 1.65 0.9985 1.66 0.9987 1.71 

960-656 

  

Normal 0.9988 1.46 0.9991 1.30 0.9987 1.52 0.9991 1.29 

Derivative 1 0.9983 1.74 0.9993 1.17 0.9986 1.59 0.9994 1.07 

Derivative 2 0.9983 1.72 0.9994 1.08 0.9982 1.78 0.9993 1.14 

3050-2750 

dan 1770-

1350 

Normal 0.9978 1.99 0.9978 2.03 0.9984 1.67 0.9987 1.53 

Derivative 1 0.9980 1.91 0.9988 1.53 0.9986 1.61 0.9989 1.46 

Derivative 2 0.9984 1.68 0.9987 1.58 0.9986 1.59 0.9989 1.58 

3050-2750 

dan 1310-728 

Normal 0.9981 1.83 0.9988 1.51 0.9989 1.39 0.9992 1.20 

Derivative 1 0.9987 1.52 0.9993 1.13 0.9988 1.44 0.9993 1.12 

Derivative 2 0.9991 1.27 0.9989 1.40 0.9987 1.53 0.9991 1.30 

 

Table 5. The performance of PLS and PCR for the quantification of EOs-CA in EOs-CX/ VCO 

Wavelength Spectra 

PLS PCR 

Calibration Validation Calibration Validation 

R2 RMSEC R2 RMSEP R2 RMSEC R2 RMSEP 

3050-728 

Normal 0.9681 5.86 0.9887 3.13 0.9732 5.38 0.9924 2.69 

Derivative 1 0.9684 5.83 0.9856 3.30 0.9722 5.47 0.9907 3.23 

Derivative 2 0.9680 5.86 0.9827 3.53 0.9736 5.33 0.9894 3.07 

1785-728 

Normal 0.9703 5.66 0.9903 2.94 0.9750 5.19 0.9927 2.57 

Derivative 1 0.9675 5.91 0.9836 3.49 0.9718 5.51 0.9888 3.39 

Derivative 2 0.9664 6.01 0.9845 3.39 0.9717 5.52 0.9894 3.39 

1310-728 

Normal 0.9680 5.86 0.9814 3.85 0.9745 5.24 0.9874 3.26 

Derivative 1 0.9650 6.13 0.9748 4.66 0.9763 5.05 0.9897 2.85 

Derivative 2 0.9653 6.10 0.9711 4.95 0.9695 5.73 0.9906 3.08 

1770-1350 

Normal 0.9679 5.78 0.9907 2.95 0.9757 5.12 0.9925 2.67 

Derivative 1 0.9633 6.27 0.9764 4.05 0.9754 5.15 0.9913 3.00 

Derivative 2 0.9623 6.23 0.9789 3.86 0.9747 5.22 0.9847 3.65 

960-656 

Normal 0.9464 6.16 0.9810 3.99 0.9764 5.05 0.9928 2.62 

Derivative 1 0.9670 5.95 0.9853 3.82 0.9702 5.67 0.9910 3.41 

Derivative 2 0.9694 5.73 0.9862 4.04 0.9699 5.69 0.9860 3.63 

3050-2750 

dan 1770-

1350 

Normal 0.9645 6.17 0.9855 3.65 0.9759 5.10 0.9939 2.61 

Derivative 1 0.9657 6.07 0.9814 3.65 0.9755 5.14 0.9908 3.07 

Derivative 2 0.9625 6.34 0.9794 3.82 0.9752 5.17 0.9861 3.60 

3050-2750 

dan 1310-

715 

Normal 0.9666 5.99 0.9845 3.50 0.9744 5.25 0.9894 2.81 

Derivative 1 0.9669 5.97 0.9805 4.19 0.9765 5.04 0.9914 2.95 

Derivative 2 0.9661 6.03 0.9744 4.70 0.9737 5.33 0.9822 3.82 
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As shown in Table 5, compared to the binary mixture, the ternary mixture model exhibited 

slightly lower R² values and higher errors due to increased complexity caused by the presence of two 

adulterants. However, the PLS model still outperformed PCR across all wavenumber regions. An R² 

value in chemometric models does not necessarily need to reach 0.99, particularly for complex herbal 

matrices. In natural product extracts, overlapping signals, biological variability, and reference 

method uncertainty limit the achievable correlation. Therefore, the obtained calibration R² of 

approximately 0.97 already indicates excellent predictive performance and is acceptable for FTIR 

chemometric analysis. 

Moreover, the application of derivative spectral preprocessing effectively resolved issues 

associated with overlapping absorption bands, although it may slightly reduce sensitivity [39]. The 

selection of the higher wavenumber range contributed significantly to obtaining higher R² values 

across both mixture types. Ultimately, FTIR spectroscopy combined with multivariate calibration 

techniques such as PLS has proven to be a rapid and robust approach for the quantitative 

authentication of the essential oils [40,41]. 

4. CONCLUSION 

Fourier Transform Infrared (FTIR) spectroscopy, in combination with Discriminant Analysis 

(DA), Partial Least Squares (PLS), and Principal Component Regression (PCR), has proven to be an 

effective analytical approach for the authentication of Curcuma aeruginosa essential oil (EOs-CA) in 

both binary and ternary mixtures. The second derivative of the FTIR-ATR spectra, specifically in the 

combined wavenumber region of 1785–728 cm⁻¹, was identified as the most suitable spectral range 

for the quantitative analysis of EOs-CA in binary mixtures with C. xanthorrhiza (EOs-CX), as well as 

in ternary mixtures containing EOs-CX and Virgin Coconut Oil (VCO). The combination of FTIR 

spectroscopy with DA and multivariate calibration methods such as PLS enables accurate 

discrimination between pure and adulterated EOs-CA, offering a rapid, non-destructive, and reliable 

technique for quality control in essential oil authentication. 
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