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Abstract: Raman spectroscopy has been applied to study unsaturated fatty acid in edible vegetable
oils. The relative intensity ratio of characteristic vibrational bands has been investigated as a function
of the content of totally unsaturated fatty acid, polyunsaturated fatty acid, and monounsaturated
fatty acid. The results suggest the intensity ratio of 1655 cm−1 to 1440 cm−1 or 1265 cm−1 to 1300 cm−1,
i.e., a characteristic vibrational band correlated with carbon-carbon double bond in acid chain to
a vibrational band not correlated with double bond, could be applied for preliminary analysis
of the content of polyunsaturated fatty acid or monounsaturated fatty acid, but cannot be used
to analyze the content of total unsaturated fatty acid. Additionally, two-dimensional correlation
spectroscopy (2DCOS) has been performed on the content dependent Raman spectra. The 2DCOS
result is consistent with that by Raman spectroscopy.

Keywords: unsaturated fatty acid; edible vegetable oil; Raman spectroscopy; relative intensity
ratio; 2DCOS

1. Introduction

The main components of edible vegetable oils are triglycerides, which can be characterized in
terms of fatty acids making part of their structure [1]. Fatty acids can be divided into saturated fatty
acids and unsaturated fatty acids. An unsaturated fatty acid (UFA) has at least one carbon-carbon
double bond within the acid chain; it is monounsaturated if it contains only one double bond, and
polyunsaturated if it contains more than one double bond. Both monounsaturated fatty acids (MUFA)
and polyunsaturated fatty acids (PUFA) are very important for health [2–4]. Studies have shown
that MUFA are helpful to improve insulin sensitivity, and can lead to reduced anger and irritability;
additionally in children, consumption of MUFA is associated with healthier serum lipid profiles [5–7].
PUFA may be helpful to reduce the risk of cardiovascular disease and breast cancer [8,9]. PUFA
protects against cardiovascular disease by providing more membrane fluidity than MUFA, but it are
more vulnerable to lipid peroxidation. In various common edible vegetable oils, the total content
of UFA could be very similar, while the contents of PUFA or MUFA are very different. Therefore, it
would be interesting to differentiate PUFA or MUFA from the total UFA for quality evaluation of edible
vegetable oils.

Raman spectroscopy and infrared spectroscopy have been extensively applied to investigate
various types of oils [10–22]. In spectroscopy analyses, studying the relative intensity ratios of
characteristic bands is more powerful than investigating the intensity of a particular band, as it can
provide more reliable and more detailed intrinsic information of the investigated samples [23–26].
In this paper, we investigate the relative intensity ratios of characteristic vibrational bands of vegetable
oils as a function of the content of totally unsaturated fatty acids, polyunsaturated fatty acids, and
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monounsaturated fatty acids through Raman spectroscopy. The results suggest that characteristic
relative intensity ratios could be applied for preliminary differentiation of PUFA or MUFA from the
total UFA in common edible vegetable oils.

Generalized two-dimensional correlation spectroscopy (2DCOS) has become one of the most
sensitive analysis techniques that interprets spectral data sets obtained under external perturbation
such as temperature, time, pressure, potential, etc. [27–32]. 2DCOS has been applied to study the fine
spectral features for liquid oleic acid (the most common MUFA) and linoleic acid (a common PUFA with
two carbon-carbon double bonds) based on the time dependent attenuated total reflectance infrared
spectra, which suggested that the carbon-carbon double bond in the alkyl chain plays an important
role in the self-assembling of the carboxyl acids [33]. In this paper, 2DCOS has been performed on
the content dependent Raman spectra of common edible vegetable oils, which indicated that the
analyses of vibrational bands correlated with the carbon-carbon double bond is helpful for quality
evaluation of edible vegetable oils. The 2DCOS result is consistent with that by Raman analyses of
relative intensity ratios.

2. Experiment

Seven edible vegetable oil samples (A–G) and three types of unsaturated fatty acids (oleic acid,
linoleic acid, and α-linolenic acid) were investigated. Sample A is Golden Dragon Fish sunflower seed
oil. Samples B and C are corn oils of the Fortune and Golden Dragon Fish brands, respectively. Sample
D is Luhua peanut oil. Samples E, F, and G are extra virgin olive oils of the Huilerie Loued, Olivoila,
and Luhua brands, respectively. These samples were purchased from standard supermarkets in Wuhan.
The oleic acid (OA), linoleic acid (LA) and α-linolenic acid (ALA) samples were purchased from
MOLBASE. All the samples were used as received without further treatment. Table 1 lists the MUFA,
PUFA, and saturated fatty acid content in the samples A–G, which were declared by the producers of
these samples. The stated purities of the OA, LA, and ALA are 98.5%, 97%, and 97%, respectively.

Table 1. The monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA), and saturated
fatty acid content in the samples A–G.

Sample MUFA (%) PUFA (%) Saturated Fatty Acid (%)

A 26 61 13

B 30 56 14

C 32 53 15

D 44 38 18

E 75 10 15

F 78 7 15

G 79 6 15

Raman spectra of the samples were obtained in backscattering configuration with a Nanobase
XperRam200 microprobe spectrometer. The excitation source was a 532 nm green laser. The samples
were placed in glass flasks. The laser spot on the sample was about two micrometers. The laser power
on sample was varied up to 5 mW to check the laser power’s influence on the Raman spectral features
of the samples, which indicated that laser heating or damage of the samples was negligible in our
experiment. The scattered signal was detected by an air-cooled CCD detector. The spectral resolution
is about 1.5 cm−1 with 1800 lines/mm grating. All the spectra were recorded at room temperature of
about 25 ◦C, with 15 s acquisition time and 2 scan average. For wavenumber calibration, a Si substrate
was measured first, then the system was calibrated using the 521 cm−1 phonon mode of Si as reference.
The Si spectrum was also measured after experiments to ensure the calibration was not changed during
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the measurements. For each sample, 5 random spectra were measured and the average spectrum was
used for the analyses of relative intensity ratios.

The synchronous and asynchronous 2D spectra were calculated using the software 2D Shige.
The baseline of raw Raman spectrum was corrected using Origin Pro 8.0 program. The baseline
correction was performed with subtraction of a polynomial curve of the raw Raman spectrum, the
main feature of the raw Raman spectrum is kept with this treatment, especially in the spectral range
of 1200–1800 cm−1. The baseline corrected data was put into the 2D Shige software with increasing
MUFA content (or decreasing PUFA content). The calculated result was replotted in Origin for
better visualization.

3. Results and Discussion

Figure 1 presents the Raman scattering spectra of the seven vegetable oil samples A–G. For each
sample, the spectrum was obtained from the average of five random spots. All these samples show
characteristic vibrational bands at 1080 cm−1, 1265 cm−1, 1300 cm−1, 1440 cm−1, 1655 cm−1, and
1750 cm−1. The band at 1080 cm−1 can be assigned to (C–C) stretching of the (CH2)n group; the band at
1265 cm−1 can be assigned to (=C–H) deformation of cis(R–HC=CH–R); the band at 1300 cm−1 can be
assigned to (C–H) bending twist of the CH2 group; the band at 1440 cm−1 can be assigned to (C–H)
scissoring of CH2; the band at 1655 cm−1 can be assigned to (C=C) of cis(RHC=CHR); and the band
at 1750 cm−1 can be assigned to (C=O) stretching of RC=OOR [10–22]. These peaks are the common
characteristic vibrational bands of almost all edible vegetable oils.
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Figure 1. Raman spectra of the seven vegetable oil samples: (A) Golden Dragon Fish 
sunflower seed oil; (B) Fortune corn oil; (C) Golden Dragon Fish corn oil; (D) Luhua 
peanut oil; (E) Huilerie Loued olive oil; (F) Olivoila olive oil; (G) Luhua olive oil. Each 
spectrum is y-shifted for clarity. 

Among the common vibrational bands of vegetable oils observed in Figure 1, the bands at 1265 
cm−1 and 1655 cm−1 are correlated with vibration of the carbon-carbon double bond within the acid 
chain. Thus, comparing the intensity ratios of these two characteristic vibrational bands with other 
bands which are not correlated with vibration of the double bond could be helpful to investigate the 
UFA content in vegetable oils. In our analyses, the relative intensity ratios of 1655 cm−1 to 1440 cm−1 
and 1265 cm−1 to 1300 cm−1 are investigated. For comparison, the relative intensity ratio of 1440 cm−1 

to 1300 cm−1 is also studied, these two bands are correlated with vibration of single carbon-carbon 
bond. 

Figure 1. Raman spectra of the seven vegetable oil samples: (A) Golden Dragon Fish sunflower seed
oil; (B) Fortune corn oil; (C) Golden Dragon Fish corn oil; (D) Luhua peanut oil; (E) Huilerie Loued
olive oil; (F) Olivoila olive oil; (G) Luhua olive oil. Each spectrum is y-shifted for clarity.

Among the common vibrational bands of vegetable oils observed in Figure 1, the bands at
1265 cm−1 and 1655 cm−1 are correlated with vibration of the carbon-carbon double bond within
the acid chain. Thus, comparing the intensity ratios of these two characteristic vibrational bands
with other bands which are not correlated with vibration of the double bond could be helpful to
investigate the UFA content in vegetable oils. In our analyses, the relative intensity ratios of 1655 cm−1

to 1440 cm−1 and 1265 cm−1 to 1300 cm−1 are investigated. For comparison, the relative intensity ratio
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of 1440 cm−1 to 1300 cm−1 is also studied, these two bands are correlated with vibration of single
carbon-carbon bond.

Figure 2 shows the relative intensity ratios of 1655 cm−1 to 1440 cm−1, 1265 cm−1 to 1300 cm−1,
and 1440 cm−1 to 1300 cm−1 as a function of total UFA content in the seven vegetable oil samples.
These relative intensity ratios were calculated from the averaged spectra presented in Figure 1. At first
thought, it would be expected that with increasing the UFA content in vegetable oils, the intensity
increase of the bands at 1265 cm−1 and 1655 cm−1 would be more significant than that of the bands
at 1300 cm−1 and 1440 cm−1. Thus, when the UFA content increases, the relative intensity ratios of
1655 cm−1 to 1440 cm−1 and 1265 cm−1 to 1300 cm−1 would also increase, while the relative intensity
ratio of 1440 cm−1 to 1300 cm−1 would not change. As can be seen in Figure 2, the relative intensity
ratio of 1440 cm−1 to 1300 cm−1 indeed does not depend on the UFA content. However, the correlation
of intensity ratios of 1655 cm−1 to 1440 cm−1 and 1265 cm−1 to 1300 cm−1 with the UFA content is
contradictory to the expectation. Even with the same UFA content, the intensity ratios of 1655 cm−1 to
1440 cm−1 and 1265 cm−1 to 1300 cm−1 in one sample could be about twice that of those in another
sample. This suggests that the relative intensity ratios of 1655 cm−1 to 1440 cm−1 and 1265 cm−1 to
1300 cm−1 are not proportional to the UFA content.
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Figure 2. Relative intensity ratios of I1655/I1440 (square), I1265/I1300 (dot), and I1440/I1300 (triangle) 
as a function of the total unsaturated fatty acid (UFA) content. The error bars of the 
relative intensity ratios were estimated to be about 10%, mainly caused by baseline 
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function of the total unsaturated fatty acid (UFA) content. The error bars of the relative intensity ratios
were estimated to be about 10%, mainly caused by baseline corrections.

In Figure 3a, b, the intensity ratios of 1655 cm−1 to 1440 cm−1 and 1265 cm−1 to 1300 cm−1 as a
function of the content of PUFA and MUFA are plotted, respectively. Figure 3 shows that the intensity
ratios of 1655 cm−1 to 1440 cm−1 and 1265 cm−1 to 1300 cm−1 would have a correlation with the content
of PUFA or MUFA, but not the total UFA. These intensity ratios increase with increasing PUFA content
(and decrease with increasing MUFA content). Table 1 showed that the variance of total UFA content is
much smaller than that of PUFA or MUFA content for the studied samples. This indicates that in PUFA,
the intensity ratios of 1655 cm−1 to 1440 cm−1 and 1265 cm−1 to 1300 cm−1 would be significantly larger
than those in MUFA. This is consistent with the Raman analyses of oleic acid and linoleic acid, which
showed that the intensity ratios of 1655 cm−1 to 1440 cm−1 and 1265 cm−1 to 1300 cm−1 are significantly
larger in linoleic acid than those in oleic acid [14]. If the PUFA content (or MUFA content) is different
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for vegetable oils with the same UFA content, then the intensity ratios of 1655 cm−1 to 1440 cm−1 and
1265 cm−1 to 1300 cm−1 would be very different in those samples. Therefore, the intensity ratio of a
characteristic vibrational band correlated with double bond to a vibrational band not correlated with
double bond could be applied for preliminary analysis of the PUFA content (or MUFA), but could not
be used to analyze the total UFA content.
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Figure 3. Relative intensity ratios of I1655/I1440 (square), I1265/I1300 (dot), and I1440/I1300 (triangle) as
a function of the content of PUFA (a) and MUFA (b). The curves are not fitted, they simply show
the trend how the relative intensity ratios change. The error bars of the relative intensity ratios were
estimated to be about 10%, mainly caused by baseline corrections.

Two-dimensional correlation spectroscopy (2DCOS) analyses were applied to the
content-dependent 1D Raman spectra in Figure 1 in order to quantify the correlation of the intensities
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of various vibrational bands with MUFA content (or PUFA). The raw Raman spectra were baseline
corrected and the intensities were normalized using the intensity of the vibrational band at 1440 cm−1

as a reference. In our 2DCOS analyses, the average spectrum was selected as the reference spectrum,
same as described in Reference [28]. Figure 4 shows the synchronous and asynchronous 2D Raman
correlation spectra. The power spectrum extracted along the diagonal line in the synchronous 2D
spectrum is also shown at the top of Figure 4a. The synchronous spectrum shows that there are two
strong autopeaks at 1265 cm−1 and 1655 cm−1, but no autopeaks at 1300 cm−1 and 1440 cm−1. Since
the intensity was normalized using the vibrational band at 1440 cm−1 as a reference, it is natural
that the vibrational band at 1440 cm−1 shows negligible intensity change when the MUFA content
(or PUFA) changes. However, it is worthwhile to note that the vibrational band at 1300 cm−1 does
not change at all, while the vibrational bands at 1265 cm−1 and 1660 cm−1 show significant intensity
changes. In addition, Figure 4a shows that the vibrational band at 1665 cm−1 has positive cross peak
with the band at 1265 cm−1. This indicates that the intensity of these two bands changes with same
trend when the MUFA content (or PUFA) changes. These are in good agreement with the results in
Figure 3, further supporting that the relative intensity ratios of 1265 cm−1 to 1300 cm−1 and 1655 cm−1

to 1440 cm−1 could be applied for differentiation of MUFA (or PUFA) from the total UFA in common
edible vegetable oils.
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Figure 4a also shows a relatively strong autopeak at 1525 cm−1 and two weak autopeaks at
1325 cm−1 and 1750 cm−1. This suggests that the intensity of these peaks would vary when the MUFA
content (or PUFA) changes. The band at 1525 cm−1 is a characteristic vibration of olive oil [16], but is
not observed in other types of vegetable oils, and the two bands at 1325 cm−1 and 1750 cm−1 are quite
weak to investigate. Therefore, detailed analyses of these peaks are not included in this paper. Figure 4b
shows that the cross peak at (1665 cm−1, 1265 cm−1) is positive, indicating that the intensity change of
1265 cm−1 occurs after that of 1665 cm−1 when the MUFA content (or PUFA) changes. This suggests
further systematic analyses of intensity changes between 1665 cm−1 and 1265 cm−1 could be helpful to
differentiate between MUFA and PUFA.
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The above Raman spectroscopy and 2DCOS analyses of vegetable oils indicated that the relative
intensity ratio of 1655 cm−1 to 1440 cm−1 would be helpful for differentiating common edible vegetable
oils. To further understand the differences of the relative intensity ratio of 1655 cm−1 to 1440 cm−1 in
various vegetable oils, we investigated Raman scattering of three different types of pure UFA, one
MUFA (OA) and two PUFAs (LA and ALA). The result is presented in Figure 5. OA, LA and ALA have
the molecular formula of C18H34O2, C18H32O2 and C18H30O2, respectively. The difference of these
three acids is the number of double bonds in their acid chains; OA, LA and ALA have one, two, and
three double bonds, respectively. Interestingly, the relative intensity ratio of 1660 cm−1 to 1440 cm−1

in OA, LA and ALA have the values of 1.1, 1.7, and 3.1, respectively. This not only confirms the
results in Figures 3 and 4, but also indicates that the relative intensity ratio of 1655 cm−1 to 1440 cm−1

could be further applied for differentiating different types of PUFAs. A systematic density functional
theory (DFT) calculation of the Raman spectra of UFAs with up to six carbon-carbon double bonds is
currently underway. The DFT calculation indicates that the relative intensity ratio of 1655 cm−1 to
1440 cm−1 of UFAs with one, two, and three double bonds agrees well with the Raman scattering study
of OA, LA, and ALA. However, for UFAs with four, five, and six double bonds, the relative intensity
ratio of 1660 cm−1 to 1440 cm−1 does not increase systematically with the number of double bonds.
This suggests that further systematic studies on different types of UFAs are needed to fully understand
the relative intensity ratios in UFAs for future practical applications of quality evaluation of vegetable
oils by Raman spectroscopy.

1 
 

 

 
 

 

Figure 5. Raman scattering spectra of oleic acid (OA), linoleic acid (LA), and α-linolenic acid (ALA).
The intensity was normalized using the intensity of the band at 1440 cm−1 as a reference.

4. Conclusions

Raman analyses of relative intensity ratios has been applied to investigate total unsaturated
fatty acid, polyunsaturated fatty acid, and monounsaturated fatty acid in common edible vegetable
oils. The results suggest that for edible vegetable oils with similar total UFA content, the intensity
ratios of 1655 cm−1 to 1440 cm−1 and 1265 cm−1 to 1300 cm−1 could be applied for rough qualitative
comparison of PUFA or MUFA content. The results of 2DCOS analyses are consistent with that by
Raman spectroscopy. Furthermore, the Raman analyses of OA, LA and ALA indicated that the relative
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intensity ratio of 1655 cm−1 to 1440 cm−1 could be further applied for differentiating different types
of PUFAs. With further understanding of relative intensity ratios in various types of UFAs and the
development of portable Raman systems, our proposed relative Raman intensity analyses method
could be of great interest for practical applications of on-site quality evaluation of edible vegetable oils.
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