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ABSTRACT
Edible fats and oils, composed of triacylglycerols (TAG) and some minor 
components having beneficial effects to human health such as lipid- 
soluble vitamins, carotenoids, and phenolics compounds, are essential to 
human diets because they are good energy sources. Some edible fats and 
oils had high price in the market which are lucrative to be adulterated with 
lower priced ones to gain the economical profits. Therefore, it is essential to 
assure the quality of edible fats and oils to fulfill the requirements and to 
detect the possibility of adulterated products using reliable analytical meth-
ods. Vibrational spectroscopies consisting of infrared and Raman are widely 
applied for analysis of edible fats and oils. In this review, Raman spectroscopy 
combined with chemometrics has been highlighted for quality control and 
authentication analysis of edible fats and oils either in raw materials or in 
food products.

KEYWORDS 
Chemometrics; edible fats 
and oils; oxidative stability; 
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Introduction

Edible fats and oils are considered as essential for the human diet, along with carbohydrates and 
proteins, due to its nutritional compositions especially fatty acids. Edible fats and oils also contained 
some minor components such as vitamins, sterols, carotenes and phenolics compounds having 
beneficial effects to human health.[1] Edible oils (olive oil, palm oil, soybean, corn oils, etc.), edible 
animal fats (beef fat and mutton fat) and fish oils (cod liver oil and tuna oils) are often supplemented in 
processed foods like chocolates, cream and bakery. These edible fats and oils are also used as food 
components in salad dressing and mayonnaise as well as vehicles and carriers in pharmaceutical 
products.

In daily applications, edible fats and oils are used for deep-frying which are subjected to high 
temperature, so that the thermal degradation can occur to yield off-flavors. Fats and oils contained 
high energy (about 9 kcal/g) and essential fatty acids needed for human health such as omega-fatty 
acids (EPA and DHA), linoleic acid and linolenic acid. Physical and chemical properties of fats and oils 
can affect the sensory attributes and nutritional quality of foods.[2,3] Therefore, the quality of edible 
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fats and oils must be monitored regularly from the presence of harmful components occurring during 
incorrect treatment and storage such as peroxides or from the addition of foreign components having 
negative effects on human health.

The quality of edible fats and oils must be assured because they are prone to quality deterioration 
through oxidation and microbial degradation which resulted in the formation of off-flavor and loss in 
nutritional value. The degradation of edible fats and oils may contribute in the formation of some toxic 
and reactive compounds which are harmful to human health.[4] In quality control of edible fats and 
oils, several parameters were determined such as iodine value to evaluate the degree of unsaturation in 
which unsaturated oils are better to be consumed than the saturated ones, peroxide value to assess the 
primary oxidation products including peroxides, moisture content in which the presence of water 
could catalyze the hydrolytic degradation, specific gravity (purity), and acid value for the evaluation of 
fats and oils hydrolysis. These parameters determine the shelf-life quality of edible fats and oils, 
therefore, the evaluation of these parameters is needed.[3]

The reduced quality of edible fats and oils may also occur by adulteration practice by substituting 
high-quality fats and oils with lower ones.[5] Authentication of edible fats and oils is of paramount 
importance in the food industry in which raw materials and fats and oils-based foods must be tested 
for compliance with regulatory and health specifications.[1] According to FFDCA (Federal Food, Drug 
and Cosmetic Act), Food and Drug Administration (FDA), food including edible fats and oils can be 
declared as “adulterated” due to (a) the chemicals or substances are added which are harmful to 
human health, (b) the addition of cheaper or inferior quality of fats and oils into high-quality ones, (c) 
the extraction of any valuable components from the main fats and oils, (d) the reduced quality of fats 
and oils which is below the required standards, and (e) the addition of any substances in order to 
increase bulk or weight.[6]

In order to evaluate the quality of edible fats and oils and to assess the authenticity, some analytical 
techniques based on chemical and biological principles have been continuously developed and 
validated. Some reviews regarding the use of instrumental methods in combination with chemo-
metrics for the quality control and authentication analysis of edible fats and oils existed, including near 
infrared spectroscopy,[7] Fourier transform infrared (FTIR) spectroscopy,[8,9] 1H-NMR 
spectroscopy,[10] chromatographic-based techniques,[11] electronic noses and electronic tongues.[12] 

In this review, Raman spectroscopy combined with chemometrics were highlighted for analysis of 
some parameters related to the quality control and authenticity of edible fats and oils. The objective of 
this review was to highlight the use of Raman spectroscopy combined with chemometrics for the 
quality control and authentication analysis of edible fats and oils either in raw materials or in food 
products.

Methods

While preparing this narrative review, some articles appearing in several databases including Scopus, 
PubMed, Web of Science, and Google Scholar were retrieved. The literature search was carried using 
keywords “Raman” or “Fourier transform Raman spectroscopy”, “vibrational spectroscopy”, “quality 
control or oxidation products or acid value or iodine value or peroxide value”, “authentication analysis 
or adulteration”, “chemometrics” or “multivariate data analysis”, and “fats and oils”. To select the 
suitable papers for writing this review, the abstracts of the papers were selected. The inclusion criteria 
of selected papers were (1) studies regarding analysis and authentication of fats and oils using Raman 
spectroscopy between 2005–2021; (2) studies on analysis and authentication of fats in food products 
and fats-based products using Raman spectroscopy between 2005–2021; (3) studies on chemometrics 
for authentication of fats and oils using Raman spectroscopy; (4) all papers written in English 
language.
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Raman spectroscopy

Raman spectroscopy (RS), based on Raman scattering effects, is one of the vibrational spectroscopic 
methods widely applied for food composition analysis, including edible fats and oils.[13] As other 
spectroscopic techniques, RS related to the interaction between electromagnetic radiations (laser 
beam) with the analyzed samples.[14] Owing to its non-destructive, high sensitivity, and on-line 
detection, RS is now increasingly being applied in various fields including in food safety evaluation, 
quality control and monitoring the adulteration practice of edible fats and oils.[15,16] Moreover, 
compared to other analytical techniques, Raman spectroscopy has benefits for analysis of fats and 
oils such as simple in sample preparation because the sample can be placed directly in to the sample 
pan. RS also supports green analytical chemistry because it does not require extensive solvents and 
reagents with short analysis time providing high efficiency.[17] RS in combination with chemometrics 
has main limitation in which the calibration model for one type of sample cannot be applied for 
different types of samples, so that the samples with different matrix required new calibration model.[18] 

For analysis of edible fats and oils, RS offers higher reproducibility and sensitivity because Raman 
spectra provide vibrational bands of many important oil constituents. For example, RS had useful 
fingerprint region at wavenumbers of 945–1600 cm−1 for determination of free fatty acids (FFA) which 
is important indicator for edible fats and oils quality.[19]

As other spectroscopic techniques, RS involved the interaction between analyte(s) and electro-
magnetic radiation at infrared region. The incident laser beam, used as energy source, is absorbed by 
analyzed samples. After that, the beam is released by emitting a photon having the same frequency 
with incident beam providing elastic scattering known as “Rayleigh scattering” or having the different 
frequency to give inelastic scattering known as “Raman scattering”. The energy sources (laser) from 
the light particle with a known frequency and polarization is also transferred to analyte(s) and the 
remaining power is emitted to give inelastic light scattering known as Raman effect, as shown in Fig. 1. 
During this interaction, an inelastic collision between the incident photon from monochromatic laser 
beam and analyte(s) occurs which resulted in the changes in the vibrational or rotational energies, and 
the scattered radiation in all directions is shifted toward a different frequency (or different wavenum-
bers) known as Raman shift.[20,21] Raman spectra, typically a correlation between the intensity of the 
scattered light (y-axis) and the Raman shift (x-axis).

Laser beam

Scattered light

Scattered light

Laser beam

Anti-Stokes
Raman Scattering

Stokes
Raman Scattering

Rayleigh Scattering

Figure 1. Simple diagram of Rayleigh scattering and Raman scattering (Stokes and anti-Stokes). Adapted from Ozaki and Šašić.[20]
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Figure 2 exhibits an energy level diagram for illustrating Stokes (SRS) and anti-Stokes (ASRS) 
Raman scattering. SRS occurs from the interaction between the photon coming from laser beam and 
molecule in the ground state, while ASRS arises from the interaction between a photon and molecule 
in the excited state. Because the molecules are typically in the ground vibrational state, SRS occurs far 
more easily than ASRS, and this is why Stokes Raman scattering is usually measured.[19] According to 
the Boltzmann distribution, ASRS has lower intensity than SRS, and both ARSS and SRS are much 
weaker than Rayleigh scattering.[20]

Spectral bands in Raman spectra represent vibrational characteristics for chemical bonds and 
functional groups related to molecules in the analyzed samples. Raman spectra are unique for each 
individual substance and can be used as fingerprinting spectra. Therefore, it is possible to make the 
identification of molecule and to study its structure. RS is also widely used for the quantitative 
determination, because the intensity (peak width, half-width, and half-height and de-biasing ratio) 
of specific bands is linearly proportional to the analyte(s) concentration.[23] The relationship between 
peak intensity and analyte concentration is generally used for calibration procedure. An example of 
Raman spectra of olive oil was depicted in Fig. 3. Each peak corresponded to functional groups present 
in evaluated samples, as compiled in Table 1.

Combined with chemometrics techniques, several RS methods are widely applied in quality 
assessment and authentication of edible fats and oils.[14,27–31] Chemometrics is the use of statistical 
and mathematical to extract Raman spectra to provide analytical information. The chemometrics 
techniques commonly used for RS are (1) pre-processing spectra such as mean centering, spectra 
derivatization, standard normal variate, and baseline corrections, (2) unsupervised pattern recognition 
such as cluster analysis and principal component analysis known as exploratory data analysis, (3) 
supervised pattern recognition such as discriminant analysis, and multivariate calibrations like partial 
least square (PLS) and principle component regression (PCR).[5,13,32,33]

Determination the quality of fats and oils quality using Raman spectroscopy

Edible fats and oils were characterized by several parameters which are specific to them such as 
saponification value and iodine value. The quality of edible fats and oils can be evaluated from the 
oxidative stabilities. During processing and storage, the oxidative rancidity and oxidation reactions of 
fats and oils may occur resulting in the primary oxidation products of peroxides, which can be 

Raman Scattering

Ground state

enilsekotS-itnAenilsekotS

Virtual state
Virtual state

V0

V1

V2

V3

Figure 2. Energy level diagram for Raman scattering which illustrates Stokes Raman scattering and anti-Stokes Raman scattering. 
Adapted from Musa et al.[22]
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evaluated by peroxide value and conjugated dienes (K232), and secondary oxidation products evaluated 
by conjugated triene (K270) and thiobarbituric reactive substances (TBARS) such as malonaldehyde.[9] 

The higher PV, K232, K270 and TBARS indicated the lower quality of edible fats and oils.[34] Oils with 
high PV, K232 and K270 indicate the presence of peroxides, diene- and triene-conjugated systems.[35] 

Table 2 compiled the use of Raman spectroscopy in combination with chemometrics for the determi-
nation of some parameters related to the quality of edible fats and oils such as free fatty acids, acid 
(AV), saponification (SV), peroxide (PV), and iodine (IV) values.

The formation of lipid peroxidation in fats and oils could have harmful effects on human health. 
Lipid peroxidation generates oxidation products which potentially have some risks for human health. 
There are two types of lipid peroxidation products, namely primary lipid peroxidation products and 
secondary lipid peroxidation products. The main primary lipid peroxidation product is lipid hydro-
peroxides. Meanwhile, the main secondary lipid peroxidation product is malondialdehyde (MDA), 
a kind of aldehyde compound. In addition, the adulteration practice of high-quality edible oils and fats 
with lower ones significantly affect its quality. High amount of lipid peroxidation products can be 

Figure 3. Raman spectra of olive oil samples assigned with A, B, C, D, E, and F from different origins. Taken from Qiu et al.[24] with 
license from Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

Table 1. The functional groups along with vibrational modes of Raman scattering of edible oil 
(olive oil).[25,26].

Wavenumbers (cm−1) Functional groups Mode of vibration

1080 
1155

C-C (CH2)n 
C-O

Stretching vibration 
Stretching vibration

1265 =C-H (cis (R-HC = CH-R)) Bending vibration
1300 C-H (-CH2) Bending vibration
1440 

1525
C-H (-CH2) 

Difficult to assign
Scissoring vibration

1655 C = C (cis (R-HC = CH-R)) Stretching vibration
1750 C = O (R-C = OOR) Stretching vibration
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correlated with pathological effects such pro-inflammatory activity and inflammation-related chronic 
diseases of organs, cytotoxicity, mutagenicity, aging process, genotoxicity, atherosclerosis, heart 
disease, neurodegenerative, metabolic and cancer diseases.[43–48]

RS can be used for evaluation of PV as primary oxidation products by selecting certain peaks in 
Raman spectra which corresponded to actual value of PV as determined by titrimetric method. 
When the calibration model of PV using variable of absorbance values of Raman spectra is valid, 
the developed model could be used to predict PV in the unknown edible fats and oils. However, 

Table 2. The application of Raman spectroscopy for the determination of some parameters related to the quality of edible fats and 
oils.

Edible fats 
and oils

Quality 
parameters FTIR spectra and Chemometrics Results Ref.

Olive oils and 
oxidized 
olive oils

Peroxide 
values

Raman spectra at 200 to 
2700 cm−1

The correlation between actual values of PV and Raman- 
predicted values revealed R2 of 0.91 with RMSECV of 
2.36 and RMSEP of 2.57. RPD was relatively low 
(4.11%).

[36]

Olive oil Peroxide 
values

PLS using the first derivative 
spectra at 1600–1800 cm−1

The relationship between actual and predicted values of 
IV resulted R2 of 0.986 and 0.971 in calibration and 
validation models. RMSEC and RMSEP were 0.68 and 
0.72 meq O2/kg respectively.

[37]

Olive oils and 
oxidized 
olive oils

Conjugated 
dienes 
(K232)

Raman spectra at 200 to 
2700 cm−1

The correlation between actual values K232 and 
predicted values gave R2, RMSEC, RMSEP and RPD of 
0.88, 0.36, 0,37 and 2.00%, respectively.

[36]

Olive oils and 
oxidized 
olive oils

Conjugated 
trienes 
(K232)

Raman spectra at 200 to 
2700 cm−1

The prediction K270 resulted R2, RMSEC, RMSEP and RPD 
of 0.90, 0.05, 0.08 and 2.50, respectively.

[36]

Extra virgin 
olive oil

Free fatty acids Normal Raman spectra at 945– 
1600 cm−1

The correlation between actual values of FFA as 
determined using AOCS reference method and 
predicted values yielded R2 of 0.963167, RMSEC of 
0.01193 and RMSEP of 0.034114.

[38]

Olive oil Free fatty acids The ratio of peak intensity at 
1525 cm−1 and 1655 cm−1

Raman spectra could predict FFAs in olive oils with good 
linearity between actual and predicted values.

[26]

Vegetable 
oils

Iodine values Peak ratio of (1600–1700 cm−1/ 
peak at 1400–1500 cm−1).

Iodine value can be predicted by equation of 
y = 51142x10−3x – 39553x10−2, with y = intensity 
ratio, x = iodine value having R2 of 0.995.

[39]

Olive oil Acidity, 
calculated 
as % oleic 
acid

PLS using the first derivative 
spectra at 1600–1800 cm−1

The relationship between actual and predicted values of 
free acidity (%oleic acid) resulted good accuracy and 
precision performances with R2 of 0.994 and 0.988 in 
calibration and validation models. RMSEC and RMSEP 
were 0.01 and 0.02%.

[37]

Mono- 
varietal 
olive oils

Determination 
of Fatty 
acids

Prediction of fatty acids using 
Raman spectra at 750– 
3050 cm−1 using PLSR.

The levels of fatty acids determined with Raman 
spectroscopy are comparable with those using 
reference method of GC-FID. The statistical results of 
PLSR revealed R2 of 0.80–0.92, DRMSEC of < 0.08% 
and DRMSECV < 0.16%.

[40]

Edible oils 
and others

Determination 
of iodine 
value (IV)

Peak intensities of Raman 
spectra at 1655 cm−1 and 

2852 cm−1 (I1655/I2852)

The relationships between intensities ratio I1655/I2852 (y) 
and actual IV resulted the equation of y = 0.0009299 
× IV – 0.023 The R2 value was 0.976.

[25]

Edible oil Peroxide 
values

PLS using Raman spectra at 1265 
and 1436 cm−1

The relative Raman intensity (I1265/1436) has a good 
correlation with peroxide value.

[41]

Extra virgin 
olive oil

Free fatty acid PLSR using Raman spectra at 
200–185 cm−1

Free fatty acids can be predicted using Raman model 
with correlation coefficient of 0.94 for validation and 
0.93 for validation with standard error cross 
validation of 0.55 and standard error prediction of 
0.52.

[42]

Extra virgin 
olive oil

Peroxide 
values

PLSR using Raman spectra at 
200–185 cm−1

Raman spectra using PLSR gave good performance for 
prediction of peroxide value with coefficient 
correlation for validation dan calibration of 0.92 and 
0.92 respectively with standard error cross validation 
of 1.31 and standard error prediction of 1.11.

[42]

R2 = coefficient of determination; DRMSEC = dimensionless root mean square error of calibration; DRMSECV = dimensionless root 
mean square error cross validation; RMSEC = root mean square error of calibration; RMSEP = root mean square error of prediction; 
RMSECV = root mean square error of cross validation; RPD = relative percentage difference.
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RS cannot be used for detail differentiation between harmful and non-harmful compounds, 
because some functional groups in harmful compounds are similar to non-harmful 
compounds.[13]

The study on the application of surface enhanced Raman spectroscopy (SERS) in the oxidation of 
edible oils was performed by Li et al.[49] The temperature used for canola oil oxidation was set 55°C for 
5, 7, and 30 days. There are significant changes in SERS spectra in which the significant decrease was 
found at day 7 in major lipid, especially at peaks 2950–2850 cm−1, 1665 cm−1 and 1450 cm−1. This 
decrease in peak intensities at selected wavenumbers was caused by the reactant losses. The study 
confirmed that SERS provided more sensitive results to lipid oxidation in edible oils compared to the 
conventional Raman method.

RS along with gas chromatography-mass spectrometry (GC-MS) and chemometrics has also been 
used to study the quality of Pistacia vera (Greek variety “Aegina”) oil obtained from two consecutive 
harvest periods in 2017 and 2018. GCMS in combination with OPLS-DA (orthogonal projections to 
latent structures-discriminant analysis) can be used to differentiate samples harvested in 2017 and in 
2018. The variables used for differentiation were fatty acid compositions. Determination using variable 
important projections (VIP) value found five variables important for differentiation, namely palmitic 
acid, stearic acid, linoleic acid, behenic acid, and palmitoleic acid. Meanwhile, RS in combination with 
chemometrics was successful for the differentiation between Pistacia oil harvested in 2017 and 2018. 
The whole Raman spectra were used as variables to build OPLS-DA model. Result showed that 22 
samples that could not be clearly classified. Only 59.1% of original and cross-validated samples were 
correctly classified. The low predictive capacity was demonstrated in its low R2 value (0.644) and Q2 

value (0.270). From this study, GCMS combined with chemometrics showed better result for classi-
fication oil Pistacia vera oil harvested in two consecutive times.[50] However, analysis using GCMS 
requires longer time analysis and more preparation steps including derivatization procedure which 
involved some reagents and solvents. To obtain better classification model, the wavenumber region of 
Raman spectra used for chemometrics modelling should be optimized. Moreover, the processing 
technique such as spectra normalization and derivatization will also provide better classification 
model. Therefore, more in-depth study on the data processing of RS is highly needed to obtain 
comparable classification result obtained from GCMS measurement.

Determination of free fatty acids

During processing, TAG could be hydrolyzed to get free fatty acids (FFAs) and glycerol. FFA can 
reduce the quality of fats and oils, therefore, FFAs are considered as one of the main quality parameters 
of edible fats and oils. The official method for determination of FFAs is Ca 5a-40 method set by the 
American Oil Chemists’ Society (AOCS) using titrimetric method which is time consuming and 
involving chemical reagents, therefore RS was proposed as an alternative method for prediction of 
FFAs.[51] FFAs in extra virgin olive oil (EVOO) has been determined using Raman spectra and 
multivariate calibration of PLS. Three regions namely 700–3050 cm−1, the combined region of 
2800–3,050 and 1650 cm−1, and region of 945–1600 cm−1 were optimized for providing the best 
calibration model. Finally, based on the capability of Raman regions to give highest R2 and lowest 
errors (RMSEC and RMSEP), FFA’s was analyzed at 945–1600 cm−1. The equation correlating the 
actual values and predicted values based on PLS model can be expressed as:

FFAsPredicted = 0.96 x FFAactual + 0.0031 (with R2 of 0.963167, RMSEC of 0.01193 and RMSEP of 
0.034114). FFAsPredicted is FFA predicted using Raman spectra at 945–1600 cm−1 and FFAactual is FFA 
obtained using AOCS method. High R2 values and low RMSEC and RMSEP indicated that Raman 
spectra and PLS offered accurate and precise method for prediction FFAs in EVOO (El-Abassy et al. 
2009).[38]

FOOD REVIEWS INTERNATIONAL 7



Analysis of iodine value

The levels of unsaturation degree in edible fats and oils were evaluated with specific iodine value (IV), 
therefore, IV can be used as characteristic parameter for characterization of certain edible fats and oils. 
Raman spectra of plant oils including sunflower, avocado oil, etc., were correlated for IV using specific 
bands.[25] The ratio of peak intensities of Raman spectra at 1655 cm−1 corresponding to ν(C = C) and 
2852 cm−1 due to ν(CH2) (I1655/I2852) was used for constructing the relationship between Raman 
spectra and iodine value. Table 3 revealed the correlation between I1655/I2852 and iodine value of some 
oils having the coefficient of determination (r2-value) of 0.976. There is an inverse correlation between 
the actual value of IV and I1655/I2852 as indicated by negative value of correlation coefficient (R of 
−0.987) as shown in Fig. 4.

Determination of peroxide values

Low-resolution RS at 200 to 2700 cm−1 in combined PLSR has been successfully applied for prediction 
PV, K232, and K270 in a set of 126 oxidized virgin olive oil samples. The correlation between actual 
values of PV as determined by reference method (titrimetric) and Raman-predicted values revealed R2 

of 0.91 with RMSECV of 2.36 and RMSEP of 2.57. Relative percentage difference (RPD) was 4.11%. 
The low value of RPD indicated that the model could be useful for initial screening purposes of PV 
values. In addition, the low errors in cross-validation (RMSECV) and in external validation set 
(RMSEP) indicated that the developed model is consistent and precise with good prediction models 
for a validation sample set. Meanwhile, the prediction of K232 and K270 gave R2, RMSEC, RMSEP and 
RPD of 0.88, 0.36, 0.37, and 2.00% (K232) and 0.90, 0.05, 0.08 and 2.50 (K270), respectively. These 
results demonstrated that RS could be rapid and reliable technique for evaluating the oxidation status 
of olive oils because the oxidation products can be precisely and accurately determined in a non- 
destructive way.[36]

Raman spectra in combination with multivariate calibrations of PLS and PCR using normal 
and derivative spectra (first and second) was used for determination of PV in olive oils. Based on 
highest R2 and lowest errors, the first derivative spectra at 1600–1800 cm−1 were used for 
prediction of IV. Using PLS with four latent variables, the relationship between actual (x-axis) 
and predicted values of IV (y-axis) yielded the equation of y = 1.01x – 0.02 (in calibration 
model, R2 value of 0.986) and y = 1.04x + 0.01 (R2 of 0.971 in validation model). The values of 
RMSEC and RMSEP were 0.68 and 0.72 meq O2/kg respectively. This result indicated that PV in 
olive oil could be accurately and precisely predicted using Raman spectra offering direct and 
rapid analysis.[37]

Table 3. The Raman intensity due to vibration of CH2 (~ 2852 cm−1) and C = C (~ 1655 cm−1) along with ratio value (I1655/I2852) and 
iodine value (IV) of studied fats and oils.

Oil

Raman intensity due to vibration of  
CH2

Raman intensity due to vibration of 
C = C

Ratio (I1655/I2852) IV (g/100 g fat)Frequency Abs Frequency Abs

Hazel 2853 28.67 1655 1.79 16.02 84.6
Sunflower 2852 20.81 1655 1.32 15.77 84.6
Avocado 2853 18.51 1656 1.23 15.05 89.47
Rice 2853 27.33 1656 1.91 14.31 105.96
Rapeseed 2853 20.66 1655 1.58 13.08 113.04
Roasted sesame 2854 23.99 1655 1.62 14.81 120.76
Pumpkin seed 2852 21.35 1656 2.04 10.47 122.2
Corn 2854 17.98 1657 1.81 9.93 129.8
Walnut 2854 21.00 1655 2.41 8.71 160.53
Safflower 2853 18.75 1657 2.19 8.56 161.34
Hemp 2852 18.14 1657 2.35 7.72 173.43
Low-linolenic flax 2852 12.46 1657 2.00 6.23 188.7
High-linolenic flax 2852 14.41 1655 2.71 5.32 212.1
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RS combined with multivariate analysis has also been used for edible oils authentication to 
determine the peroxide value (PV) which was obtained from iodometric titration according to 
AOAC method. The oil samples used for calibration model were rapeseed oil, soybean oil, sunflower 
oil, and peanut oil. Spectra acquisition was performed at the range of 1900–670 cm−1 using resolution 
of 16. Data were preprocessed using standard normal variate (SNV), smoothing and derivatization 
using Savitzky Golay method. PLS was used to build calibration model using Raman spectra to predict 
PV values in edible oil samples. PLS using successive projection algorithm (SPA) could be used for 
prediction of peroxide value in edible oils with R2 of 0.858 and 0.757 for calibration and validation, 
respectively. The model had low error indicated by its RMSEC (0.065) and RMSEP (0.148) values.[52]

Application of Raman spectra for authentication of edible fats and oils

The adulteration practice of butter having high price in fats and oils industry with margarine has been 
analyzed using Raman spectra combined with chemometrics of PCA for classification and multivariate 
calibrations of PCR, PLS and artificial neural networks (ANNs) for prediction of adulteration levels. 
Table 4 compiled the use of RS combined with chemometrics for authentication of edible fats and oils. 
PCA using variables of absorbance values of the first derivative and mean centering Raman spectra at 
200–2000 cm−1 was capable of classifying butters, margarines, and butter adulterated with 36–41% 
margarines, based on PC1 and PC2 accounting of 98.3% variances. PCR, PLS and ANN were 
compared for prediction of butter levels adulterated with margarine using the same conditions used 
in PCA. Based on R2 for the relationship between actual values and Raman spectra-predicted values, 
PLSR offered better prediction performance than PCR and ANN. The values of R2 using PLS obtained 
were of 0.992 and 0.987 in calibration and validation models, while RMSEC, RMSEP and RMSECV 
values for evaluation of precision method were of 2.98%, 4.94% and 8.83% respectively.[53]

Figure 4. The inverse correlation between the actual value of iodine value (IV) and I1655/I2852 of studied fats and oils with negative 
value of correlation coefficient (R of −0.987). See Table 2 for information of identification of fats and oils.
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Raman spectra in combination with PCA and classical least square (CLS) has been successfully used 
for classification of four animal fats namely lard, beef tallow, duck oil, chicken fat and for quantifica-
tion of lard in binary mixtures with other animal fats and oils. PCA using variable of 6 intensities at 
968 cm−1 corresponding to functional group of -C = C bending, 1268 cm−1 (=CH bending), 1300 cm−1 

and 1442 cm−1 (C-H bending), 1655 cm−1 (C = C stretching) and 1744 cm−1 (RC = OOR, C = O 
stretching) was capable of animal fats. In addition, CLS using intensities calculated from ratio of 
absorbance values at 1655, 1968 and 1442 cm−1 (I1655 × I968)/(I1442 × I1442) could predict the levels of 
lard with good correlation coefficients of 0.96674 (for lard in binary mixture with beef tallow) and 
0.97148 (for lard in duck oil samples) with excellent linearity for lard contents ranging from 0 to 100% 
(v/v).[61]

FT-Raman spectra combined with linear discriminant analysis (LDA) and canonical variate 
analysis (CVA) were employed for the discrimination and classification of edible fats and oils namely 
butter, lard, cod liver oil, extra virgin olive oil, corn oil, peanut oil, canola oil, soybean oil, safflower oil 
and coconut oil using variable of absorbance values of 4000–3700 cm−1 and 1600–1700 cm−1 with 
accuracy rate of 94%.[65] The correlation between Raman spectra at peak ratios of 1654/1748 and 1654/ 
1445 with lipid characteristics namely degree of unsaturation of animal fats existed with coefficients of 
determination of > 0.94. This phenomenon could be used for distinguishing animal fats which can be 
exploited for authentication of edible fats and oils. Furthermore, PLS-DA using variable of absorbance 
values at 1850–1200 cm−1 could discriminate animal fats with sensitivity and specificity of > 0.85.[66]

One of authentication issues is related to geographical origins and cultivar types. Raman spectra 
combined with chemometrics of PCA and LDA was used for clustering and discrimination of mono- 
varietal extra virgin olive oils (EVOOs) as a function of the cultivar (Arbequina, Leccino, Maurino and 
Moraiolo) at different four stages of harvesting. Using the first nine PCs, about 90% of the total 
variance could be explained, and the score plot of PC1 and PC2 revealed good clustering of the 
samples according to olive oil’s cultivar at each harvesting steps. Based on loading plots, PC1 
(contributed to 45.4% of the total variance) is mainly described by peaks at wavenumbers of 1004, 
1156 and 1523 cm−1, which can be related to the presence of carotenoid in olive oil.[67] Peaks at 
wavenumbers 1301, 1656, 1440 and 1081 cm−1 contributed to PC2 which can be attributed from the 
contents of fatty acids. Discrimination analysis of MVOO using three discriminant canonical variables 
(CVs) accounting for 100.0% of the variability could classify correctly with accuracy levels of 83.3– 
94.4% of EVOO samples.[40] The classification chemometrics of k-NN, PLS-DA, OCPLS, SVM 
classification, and SIMCA has been compared for classification of olive oils and other vegetable oils 
based on Raman spectra. These chemometrics using Raman spectra at 1680–1800 cm−1 could classify 
olive oils and others either in training sets or in validation sets, in which SIMCA offered the better 
models as indicated by higher sensibility levels. The prediction of olive oil levels in the other mixture 
with vegetable oils using PLSR at 1680–1800 cm−1 revealed good correlation with R2 of 0.93 and 
RMSEC of 0.342.[54]

The adulteration of virgin olive oil with other vegetable oils has also been investigated using Raman 
spectroscopy combined with chemometrics of least square support vector machines (LS-SVM) 
improved with Bayesian framework. Raman spectra were recorded at the wavenumber range of 
1800–800 cm−1. Bayesian framework is aimed to obtain the best parameters for creating the model 
of LS-SVM and to obtain better adulteration prediction model compared to common PLS model. 
Result showed that LS-SVM employing Bayesian framework demonstrate high R2 value (0.9976) and 
RMSEP value (0.0509). The model possessed better accuracy and computational efficiency compared 
to the PLS model and it is easy to operate and more lipid sensitive.[68]

Classification of olive oils as a function of harvest year, olive variety, geographical origin and 
Andalusian Protected Designations of Origin (PDO) for qualitative information has been done using 
Raman spectra and LDA.[69] Using whole Raman spectra at 100–3100 cm−1 which are previously 
subjected to Savitzky-Golay smoothing function for reducing spectral noise, LDA allowed a correct 
classification of olive samples based on harvest year, olive variety, geographical origin and PDO with 
accuracy levels of 94.3%, 84.0%, 89.0% and 86.6%, respectively. The combination of Raman 
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spectroscopy with PCA has been used for the discrimination of foreign fats and oils in the samples of 
milk cream and yogurt. In this study, the binary mixtures of cream and oils (corn and sunflower oil), 
and vegetable fat blends were prepared. The lipid fractions were extracted and subjected to RS. PCA 
using first derivative spectra at 800–1400 cm−1 could classify foreign oils namely corn oil, Sunflower 
oil, margarine, cream (milk fat) samples, vegetable fat blends and yogurt samples. Based on the loading 
plots, it can be informed that Raman spectral peaks at six regions (200–207, 812–829, 840–850, 950– 
1050, 1100–1120, and 1250–1300 cm−1) explained the most contributing variables for classification of 
the evaluated samples.[70]

Classification of some vegetable oils namely palm oil, soybean, sunflower, corn, castor, and rape-
seed oils having different IVs has been successfully performed using PCA and Raman spectra at 700– 
3000 cm−1. PCA using Raman spectra offered better classification of these oils than infrared spectra. 
The plot of PC-1 and PC-2 against iodine values revealed linear trend with statistical R2 = 0.92 (PC-1) 
or R2 = 0.82 (PC-2) from FT- Raman spectra, and R2 = 0.80 (PC-1) or R2 = 0.02 (PC-2) from mid-IR 
spectra. This can be explained by high sensitivity of Raman spectra for absorption of C = C, which is 
related to iodine value. Besides, FT-Raman spectra also revealed the good signal-to-noise ratio 
allowing a good classification of studied oils.[39]

Due to its high price, milk fat is often adulterated with other lower price of fats by unethical players 
for economic reasons. RS has been studied for the authentication of milk fat in ultra-filtered white 
cheese replaced either partially or fully using foreign components such as corn oil, palm oil, and 
margarine. Fat was extracted using Folch method to obtain pure lipid from white cheese samples. 
Raman measurement was performed using a laser source of 785 nm and spectra acquisition was 
carried out at wavenumber of 200–2000 cm−1 at a resolution of 20 cm−1. PLS-DA was used for samples 
classification while PLS was performed to quantify the level of adulterants in white cheese samples. 
Result showed that PLS-DA successfully classified between pure samples of white cheese, corn oil, 
palm oil, and margarine and adulterated samples of white cheese with good predictivity. In addition, 
PLS was successfully used for quantification of adulterants in white cheese samples. PLS using Raman 
spectra resulted good calibration and prediction models for detection and quantification of corn oil, 
palm oil, and margarine in white cheese samples with R2 of calibration and prediction more than 
0.9.[71]

The use of RS namely FT-Raman and Vis-Raman has been investigated for differentiation of animal 
fats such as lard, chicken, beef, and mutton. FT-Raman was performed using a laser source of 1064 nm 
and the animal fat samples were scanned at 400–3600 cm−1 at a resolution of 4 cm−1 and number of 
scans 128. On the other hand, Vis-Raman was carried out using custom built Raman equipped with 
a 532 nm laser excitation. Chemometrics of PCA, PLS-DA and SVM-DA was used for samples 
classification either in FT-Raman and Vis-Raman spectra of animal fat samples. PCA perfectly 
classified between lard, chicken, beef and mutton. Each fat appeared at different locations in the 
PCA score plot. PCA loading score provided information that the bands of 2800–2900 cm−1, 
1745 cm−1, 1366 cm−1, 1127 cm−1 and 1065 cm−1 correspond to the peak of ruminant fats, whereas 
the peak of 3007 cm−1, 1654 cm−1, 1438 cm−1, 1258 cm−1, and 967 cm−1 correspond to the non- 
ruminant fat samples. PLS-DA and SVM-DA were further used for classification of animal fat samples 
obtained using FT-Raman and Vis Raman. Moreover, Vis-Raman spectroscopy demonstrated better 
classification than FT-Raman obtained from PLS-DA and SVM-DA results.[72]

The employment of RS and chemometrics has been studied for the detection of butter adulteration 
with lard. The adulterated samples of butter with lard were prepared in binary mixtures with lard 
concentration range from 0% to 100%. Raman spectra were measured at wavenumber range of 200– 
2000 cm−1 using diode laser at 1064 nm. Chemometrics of Hierarchical Cluster Analysis (HCA) 
created using first derivative Raman spectra at 200–2000 cm−1 could differentiate pure butter, pure 
lard, and adulterated butter with lard appeared in separate clusters. In addition, chemometrics of PCA 
created using first derivative Raman spectra using the same wavenumber range in HCA perfectly 
differentiate between pure butter, pure lard, and adulterated butter with lard. Other chemometrics 
technique, namely PLS was also applied to create model for quantification of lard in butter. PLS was 

FOOD REVIEWS INTERNATIONAL 13



created using wavenumber region of 1250–1285 cm−1. The PLS models were evaluated using R2, 
SECV, PRESS, and bias values. All developed models demonstrated high R2 values either in normal or 
derivative spectra. The best model obtained using PLS providing R2 of 0.9997 with the SECV of 1.9, 
PRESS of 0.5, and bias of 0.2.[73]

RS has been used for the detection of fat adulteration in bakery products especially in cake 
products. Lipid components was extracted using solvent extraction of n-hexane prior to Raman 
analysis. Raman spectra acquisition was performed using Raman spectrophotometer with a 785 nm 
laser source. Spectra were recorded from 200 cm−1 to 2000 cm−1 with a resolution of 2 cm−1. The 
samples used for measurement were margarine, extracted margarine from cake, butter, extracted 
butter from cake, adulterated butter, and adulterated butter extracted from cake. The peaks at 1440, 
1301, 1120, 1078, 1039, 888, 867, 602, and 460 cm−1 demonstrated specific changes for each type of 
samples. PCA using wavenumber of 200–2000 cm−1 was used to differentiate among samples. PCA 
using three principal components which explains 99.72% of the total variance could differentiate 
clearly between butter and butter extracted from cake samples. Spectra derivatization at first derivative 
were used for creating PCA model. On the other hand, PCA could not clearly differentiate between 
margarine samples and extracted margarine from cake samples.[24]

RS with temperature probing could be used for discrimination of adulteration in olive oil mixed 
with soybean oil. Authentication was focused on the spectra of oleic acid and linoleic acid since the 
main components of olive and soybean oils are oleic and linoleic acids. The concentration of soybean 
oil used for adulterated samples of olive oil was 5% v/v. The changes in temperature were expected to 
be analogous for oleic and linoleic acid. Temperature elevation was from −169.9°C to 13.8°C. For the 
spectra measured at room temperature, there were no differences between pure olive oil and adult-
erated olive oil with 5% of soybean oil. The spectra of adulterated olive oil overlapped with the spectra 
of pure olive oil. However, when there was a change in temperature, the differences could be 
investigated between authentic olive oil and adulterated olive oil with 5% of soybean oil. The 
differences of Raman spectra could be found at peak of 1600–1800 cm−1, 1200–1520 cm−1, and 
800–1200 cm−1. There were shifts of band position, band shape, and intensity change from the 
elevated temperature. PCA-LDA demonstrated the discrimination of pure olive oil and adulterated 
olive oil with 5% of soybean oil at the temperature of −36.4°C.[74]

Poiana et al.[75] have studied authentication of olive oil mixed with soybean oil using RS and ATR- 
FTIR spectroscopy. The presence of adulteration could be observed by the changes of absorbance 
value at wavenumber of 3006 cm−1. In addition, the ratio of the maximum heights of peak at the bands 
of 3006 and 2925 cm−1 was also used to evaluate and investigate adulteration in olive oil. LDA 
successfully classified authentic olive oil and adulterated olive oil with soybean oil, grapeseed oil, 
and walnut oil using the combined region of 3018–3002 cm−1 and 1200–1000 cm−1 for olive oil 
adulterated with grapeseed oil and soybean oil as well as at combined region of 3029–2954 cm−1 and 
1125–667 cm−1 for olive oil adulterated with walnut oil. Quantitative analysis using PLS could also 
successfully used for predicting the adulterant concentration in olive oil with high R2 value and low 
value of RMSEC and RMSEC.[76] These results suggested that both Raman and FTIR spectroscopy 
method could be used for authentication of olive oil from other oil adulterants with good result. 
However, comparative study on the application of FTIR and Raman spectroscopy in combination with 
chemometrics for authentication analysis of olive oils from other oils has not been reported. Therefore, 
further study including the effects of data processing technique to the results of analysis and 
authentication of olive oil using FTIR and Raman spectroscopy should be carried out to obtain 
clear results.

Adulteration of virgin coconut oil with other lower price fats and oils has been studied using Raman 
spectroscopy and chemometrics. The adulterants used were sunflower oil, canola oil, vaseline, palm 
kernel oil and babassu oil. The adulterated virgin coconut oil samples were prepared in binary 
mixtures with adulterant levels from 2% to 30%. Samples were heated at 40°C prior Raman measure-
ment. Raman spectra of samples either pure or adulterated virgin coconut oil samples were acquired 
using Raman spectrometer equipped with a charge coupled device (CCD) detector with a diode laser 
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operated at 785 nm. The spectra were recorded from 200–3200 cm−1 using resolution of 2 cm−1 and 
number of scans 8. Chemometrics of MCR-ALS (multi curve resolution-alternating least squares) was 
used for quantitative analysis to predict the adulterants concentration in virgin coconut oil using 
absorbance values at wavenumbers of 800–1800 cm−1. MCR-ALS model demonstrated good predic-
tion model for detection and quantification of sunflower oil, canola oil, vaseline, palm kernel oil, and 
babassu oil in virgin coconut oil. All models resulted high R2 values (> 0.9) indicating good model and 
low RMSEC (< 3%) and RMSEP (< 3.7%) values indicating low model errors. PCA was also used to 
study samples differentiation. Virgin coconut oil adulterated with canola oil and sunflower oil were 
more distinct and appeared far from pure virgin coconut oil in the PCA score plot. It suggested that RS 
combined with chemometrics is very potential for authentication of virgin coconut oil.[77]

The combination of RS and PLS has been used for rapid authentication of walnut oil and pumpkin 
oil adulterated with sunflower oil. Adulterated samples were prepared in binary mixtures of walnut oil 
and pumpkin oil with sunflower oil at the concentration of 2.5% to 50%. Raman spectra were acquired 
using a diode laser of 1064 nm at the range of 200–2000 cm−1. PLS using nonlinear iterative partial 
least square (NIPAL) algorithm was successfully used for quantification of sunflower oil both in 
walnut oil and pumpkin oil. Result of PLS for the walnut oil demonstrated good model for predicting 
the concentration of sunflower oil with R2 prediction of 97.29%. It means that the model could predict 
the adulterant concentration with high accuracy. Meanwhile, PLS for the pumpkin oil also resulted 
good prediction model for quantification of sunflower oil with R2 prediction of 98.64%.[78]

The application of RS and chemometrics has been applied for authentication of virgin olive oil from 
waste cooking oil. The blend of olive oil and waste cooking oil samples was made using concentration 
of WCO from 2.5% to 50%. Raman measurements were performed using Raman spectrometer 
equipped with a diode laser of 785 nm at the range of 100–3500 cm−1 and resolution of 6 cm−1. 
Chemometrics of iPLS (interval partial least square) and SiPLS (synergy interval partial least square) 
was used for the detection and quantification of WCO in olive oil. SiPLS is the development of iPLS 
which is superior to iPLS model. Before chemometrics modeling, the spectra were preprocessed using 
baseline fitting, normalization, standard normal transformation, first derivative, and second deriva-
tive. The best model obtained from iPLS was using spectra range of 1218–1262 cm−1 with R2 of 0.775 
for calibration and 0.902 for prediction. RMSEC value of 0.0841 and RMSECV value of 0.117 were 
obtained. Meanwhile, for SiPLS analysis, the model was created using 4 combination of interval 
number (11, 13, 18, and 23) with R2 of 0.961 for calibration and 0.982 for prediction. The values of 
RMSEC and RMSECV were of 0.0485 and 0.0503, respectively. It can be concluded that SiPLS 
provided better model for quantification of WCO in olive oil than iPLS.[79]

Future application of Raman spectroscopy for quality control of fats and oils

RS offers chemical fingerprinting technique for analysis of edible fats and oils. Fingerprinting 
technique, when combined with chemometrics of multivariate analysis which is divided into two 
categories, namely pattern recognition and multivariate calibration becomes a powerful tool for 
quality control of edible fats and oils including the authentication of fats and oils as well as fats- 
based food products. RS provides fast time analysis, simple in sample preparation, green analytical 
chemistry because it does not require much solvent, and it provides high reliability. Many researches 
have been studied the use of Raman spectroscopy for quality control of fats and oils by determining the 
parameters for quality control of fats and oils such as free fatty acids, iodine value, and peroxide value. 
Results proved that Raman spectroscopy could be successfully used to measure these parameters with 
good accuracy and precision. Moreover, Raman spectroscopy has also been successfully applied for 
adulteration analysis in fats and oils for authentication purposes. The combination of Raman spectra 
with chemometrics of PCA, PLS-DA, OPLS-DA, SIMCA and cluster analysis was successfully used for 
classification of high quality and low quality of fats and oils as well as to differentiate authentic and 
adulterated fats and oils with other lower price and lower quality materials. In addition, RS and 
multivariate calibrations of PLS and PCR could be used to predict free fatty acids, iodine value, 
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peroxide value, and adulterant concentrations in fats and oils. These results demonstrate the potential 
application of Raman spectroscopy in combination with chemometrics for quality control of fats and 
oils. Raman spectroscopy combined with chemometrics is very promising because it can be used as 
a reliable method and rapid analytical method for quality control of many types of fats and oils as well 
as fats and oils-based food products.

Conclusion

The development of analytical methods for quality assurance and authentication analysis of fats and 
oils has grown rapidly. Raman spectroscopy (RS) in combination with several chemometrics techni-
ques has emerged as a potential method for quality control of fats and oils analysis of adulteration of 
fats and oils in food products. By optimizing Raman spectral region, spectral processing and chemo-
metrics techniques, RS has been successfully applied for analysis of free fatty acid, iodine value and 
some oxidation products including peroxide values, K232, K270 and TBARS. From these results, it can 
be concluded that RS combined with chemometrics could be developed as an alternative methods to 
reference methods which are typically applying titrimetric methods.

For authentication analysis, the combination of RS and chemometrics of pattern recognition and 
multivariate calibrations has been successfully reported for detection and quantification of adultera-
tion practice of high price edible fats and oils with lower ones. Combined with chemometrics of 
multivariate analysis of pattern recognition techniques including PCA, LDA, SIMCA and PLS-DA as 
well as multivariate calibrations of PLS and PCR, RS using variables of absorbance values at the 
optimized wavenumber regions could be an ideal method for the authentication analysis of edible fats 
and oils. The combination of RS and chemometrics has been proved as accurate and reliable analytical 
method for quality control and authentication of edible fats and oils, as highlighted in this review. This 
method must be validated in order to be applied as the standard analytical method for quality control 
and routine analysis of fats and oils.
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