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Abstract
The paper deals with the study of seven selected natural plant oils. Differential scanning calorimetry (DSC), dynamic 
mechanical analysis (DMA) and thermally stimulated discharge (TSD) methods were used. It has been found that most of 
the oils tested are in a glassy state at low temperature and have multiple transitions in the low temperature range. DSC shows 
complex melting-like processes or glass transition. For both DMA and TSD, the scaffold supportive method was used and 
found as a suitable one. DMA and TSD proved more sensitive than DSC and revealed at least two transitions between − 120 
and − 40 °C. In the case of three oils (argan, avocado and sunflower), current reversal was observed by TSD; this symptom 
cannot be fully explained at the moment.
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Introduction

Polymeric materials from renewable resources have been in 
the focus of attention in recent years. Plant oils are vegeta-
ble-based triglycerides extracted from the seed, nut, kernel 
or fruit of various plant species. Applications for plant oils 
exist in numerous industries, including but not limited to 
the food, nutritional supplement, personal care, cosmetic, 
plastic industries, etc. Ecological factors are continuously 
gaining importance in our society; the subjective criteria are 
the most environmental compatibility between additives and 
polymers. Vegetable oils have been used as lubricants [1–3] 
and plasticizers [4–6] in their natural or epoxidized forms. 
In this research, we investigated seven different plant oils: 
argan, avocado, castor, rapeseed (canola), olive, palm and 
sunflower oils.

Liquefaction or melting point of plant oils is as used in 
chemistry (also known as freeze point and glass transition 
point), and this is the temperature at which a given solid 
material changes from a solid to a liquid state, or melts [7]. 
Thermodynamically, the pour point (or melting point) can 
vary by temperature (T) and pressure (P) or both (T–P). Pour 

point is an important property of plant oils; this parameter is 
usually used to characterize them in the food and lubricant 
industries. In the literature, numerous studies deal with the 
information about pour points, but in most cases without the 
description of applied measurement methods. One of the 
most widely used methods for determining the pour point 
of fluids and oils is differential scanning calorimetry (DSC). 
Tseretely [8] found glass transitions in gelatins using DSC. 
While DSC is easy to use for the investigation of fluid sub-
stances, mechanical and electrical methods are hardly ever 
applied. Corriea [9] tested low molecular weight liquids and 
glassy solids, such as phenyl salicylate, glycerol and malti-
tol, by TSD and resolved the relaxation processes by thermal 
sampling method. Bansak [10] used a high-frequency AC 
dielectric method in the 10 MHz to 3 GHz range for the 
determination of relaxation processes of rapeseed oil. How-
ever, the effective frequency of TSD is at least 10 orders of 
magnitude lower; therefore, TSD has a much better resolving 
power [11] than the AC dielectric one.

Vegetable oils are characterized also by the fatty acids 
that constitute the triglycerides. All triglyceride molecules 
can be broken down into a molecule of glycerol and three 
molecules of fatty acid. The chain length, degree and posi-
tion of the unsaturated bond vary greatly depending on the 
type of oilseed from which the oil was extracted. Presum-
ably, the different fatty acid contents of plant oils will cause 
different relaxation processes during the DSC, DMA and 
TSC investigations.
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Experimental

Materials

All oils tested were commercial products. The list of oils 
is given in Table 1. This table also contains the published 
melting (freezing, pour) points and the actual fatty acid 
content as well. Fatty acid composition of tested oils was 
determined by gas chromatography after transesterification 
with methanol [12].

For TSD measurements, 60  gm−2 borosilicate glass 
fiber filter of 0.2 mm thickness and 2.6 μm nominal pore 
size and 87 ± 2% pore volume (SIGMA F7769) was used 
as scaffolding material described in [13, 14].

For DMA tests, 1.6-mm-thick 150  gm−2 80% vis-
cose 20% natural cellulose-based non-woven textile 
(Suprawisch, Germany) was used as a scaffold. Its pore 
volume is 92 ± 3%. Figure 1 shows the SEM image of this 
textile.

Instruments and test methods

For DSC measurements a Mettler Toledo DSC 823e instru-
ment was used with about 10 mg sample in a standard 40 
μL aluminum crucible. The tests were carried out in the 
temperature range of − 120 to 20 °C with liquid nitrogen 

cooling using a heating rate of 10 °C min−1. Heat flow 
was plotted by the standard software of the instrument 
then redrawn.

Dynamic mechanical measurements were carried out 
with a Rheometric Scientific DMTA MK-III instrument in 
single cantilever mode at 1 Hz frequency and 64 μm peak-
to-peak amplitude. Heating rate was 2 °C min−1. The speci-
mens were textile strips soaked with the plasticizer to be 
tested. Because the thickness and oil quantity are not exactly 

Table 1  List of plant oils tested, 
their published melting points 
and three fatty acid components 
of highest concentration 
determined by GC–MS

Name CAS No Abbrev Published melting point/°C % Composi-
tion fatty 
acid

Rapeseed (canola) oil 8002-
13-9/ 120962-03-0

rape − 10 [16, 17]
− 18 [18]
− 31.7 [19]

61
21
4

oleic
linoleic
palmitic

Argan oil 223747-87-3 arga 2 [20]
5 [21]

43
37
12

oleic
linoleic
palmitic

Avocado oil 8024-32-6 avoc 9 [22]
8 [23]
− 11 [24]

70
20
10

oleic
palmitic
linoleic

Castor oil 8001-79-4 cast − 16 [25]
− 18 [16]
− 26.2 [26]

94
4
2

ricinoleic
oleic
linoleic

Olive oil 8001-25-0 oliv − 6 [16, 17]
− 9 [27]
− 10 [28]

70
14
13

oleic
palmitic
linoleic

Palm oil (fat) 8002-75-3 palm 35 [16, 17, 29]
25 [30]
31.7 [19]

42
41
10

palmitic
oleic
linoleic

Sunflower oil 8001-21-6 sun − 17 [16, 17]
− 18 [27]
− 12 [18]

59
30
6

linoleic
oleic
stearic

Fig. 1  SEM image of cellulose-based non-woven textile used as scaf-
fold material for DMA. (Nominal magnification: 150×)



2049Combined thermal analysis of plant oils  

1 3

known, the modulus cannot be calculated accurately. How-
ever, the relative error is the same for both E’ and for E’’; 
therefore, the mechanical loss factor (tgδ) is exact.

Setaram TSCII instrument was used for the TSD meas-
urements with a cell supplied with that instrument [14]. 
Borosilicate glass filter disks of 7  mm diameter were 
soaked with the plasticizer and put into the standard cell. 
The weight of the glass filter is 2.3 mg saturated with about 
8 to 10 mg plant oil. Polarization temperature was 50 °C, 
cooling to − 120 °C under 500 V mm−1 field. Both cooling 
and heating rates were 5 °C min−1; the heat transfer medium 
was helium gas. More details of the test, the instrument and 
the evaluation method are described in [15].

After transesterification, fatty acid methylesters were 
obtained as solutions in n-hexane. By the gas chroma-
tographic analysis, the solutions were performed with an 
Agilent 7890 (5975C) GC–MS instrument using RT 2560 
column and helium carrier gas. (fatty acids below 1% are 
not listed in Table 1).

Results

Differential scanning calorimetry (DSC)

DSC results of the seven oils tested are summarized in 
Fig. 2. DSC curve of castor oil shows regular glass transi-
tion at − 63 °C; curves of the other oils show melting-like 
endothermic peaks. These peaks are complex, at least dou-
blets. It is unambiguous in the case of argan, avocado and 
sunflower oil but even the DSC curve of rapeseed oil must 
be a composite one. Resolving of these processes was not 
carried out, but temperatures of two maxima are listed in 
Table 2, if any. The DSC curves with exception of sunflower 
oil do not contain any evaluable transition below − 60 °C.

Dynamic mechanical analysis (DMA)

In the case of DMA tests, the mechanical loss factor (tgδ) 
versus temperature curves are plotted in Fig. 3 shifted over 
each other. Interestingly, these curves show multiple transi-
tions; tgδ curves contain three maxima and two maxima, that 
is, two processes below − 40 °C. The exception is the castor 
oil as in the case of DSC as well. It shows a single, strong 
glass transition in accordance with DSC. The peak tempera-
ture is higher than the midpoint of the DSC step; however, 
dynamic methods always result in higher values because of 
the higher effective frequency. The flat low temperature part 
of tgδ of castor oil proves that the low-temperature peaks 
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Fig. 2  DSC curves of plant oils tested

Table 2  Most characteristic 
transitions found in tested plant 
oils

a Glass transition
b Very weak transition
c Δ� values listed here are the sum of superimposed transitions

Abbrev DSC 
peaks/°C

DMA tgδ peaks/°C Characteristic TSD  peaksc Current 
rev./°C

�
max

/°C Δ� �
max

/°C Δ� From To

rape − 18 – − 88.6 − 59.2 − 11.4 – − 89 0.81 − 7.4 2.35 – –
arga − 14 − 7 − 89.8 − 54.6 − 5.1 – − 67.5 0.36 − 5.6 1.90 − 59 − 21
avoc − 18 − 7 − 89.1 − 50.7b − 7.6 27.3 − 67.5 0.69 – – − 41 − 34
cast − 63a – – – − 49.8 – − 62.5 2.89 − 14.5 1.45 – –
oliv − 7 − 20 − 84.0 − 49.2 − 3.9 – − 86 0.61 + 8.3 2.19 – –
palm 9 20 − 85.7b − 48.5b 17.1 30.5 − 64.9 0.40 + 27.4 7.10 – –
sun − 26 − 20 − 93.8 − 64.3b − 15.0 – − 93.1 0.49 − 11.4 4.72 − 66 − 35
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cannot originate from the cellulose scaffold. (The apparent 
E′ of neat cellulose scaffold is 1 MPa while its tgδ is 0.06.)

Peak positions of the weak transitions were determined 
over linear baseline using our peak searching program. 
DMA peak temperatures are also summarized in Table 2.

Thermally stimulated discharge (TSD)

All TSD curves are normalized to 1 kV mm−1 polariz-
ing field and  30cm2 electrode area [15] and are shown in 
Figs. 4–10; the raw curves are plotted in solid-resolved tran-
sitions in different styles: dotted and dashed lines. Although 
the pore volume of borosilicate scaffold is known (87 ± 2%.), 
further correction was not applied. The depolarization cur-
rent of the borosilicate filter is less than 1 pA until 0 °C and 
less than 5 pA at 50 °C [14].

TSD has a very low effective frequency; therefore, a 
good resolving power is expected. Where it was possible, 
we carried out the resolving transition of the obtained 
depolarization curves. Two main peaks are listed in 
Table 2; relaxation strength values contain theΔ� sub-tran-
sitions as well. More detailed data of resolved transitions 
are listed in Table 3.

In the case of three oils (argan, avocado and sunflower), 
current reversal was also observed. Our evaluation program 
is not prepared for analysis in such an occurrence. In this 
case, the calculated relaxation strength is negative. We sup-
pose that some kind of structural rearrangement takes place; 

otherwise, it is against the basic laws of physics. Explaining 
this incident needs further research.

All oils tested have transitions in the low temperature 
(− 120 to − 50 °C) range. Castor oil also shows low-intensity 
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Fig. 3  DMA mechanical loss factor (tgδ) curves of plant oils tested. 
(For castor oil, the scale bar is 1!)
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Fig. 4  Resolved TSD depolarization curve of rapeseed oil. 
(Over − 35 °C, the right scale is valid)
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Fig. 5  Resolved TSD depolarization curve of argan oil with current 
reversal. (Over − 20 °C, the right scale is valid)
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peaks, even as it has shown neither by DSC nor by DMA-
detectable transitions. The main transition of castor oil lies 
at − 63 °C. It is the most uniform triglyceride; more than 
90% of its fatty acids are ricinoleic acid. All other oils have 
more complex TSD curves. Main transition of palm oil is 
doubled (s. Fig. 9.), and both transitions are complex.

Palm oil at room temperature is a grease-like solid; 
accordingly, one of its twin peaks occur in the room tem-
perature range (23.6, 27.1 °C).
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Fig. 7  Resolved TSD depolarization curve of castor oil. (Two lowest 
temperature peaks are multiplied by 10 for better visibility)
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Fig. 8  Resolved TSD depolarization curve of olive oil. (Over − 20 °C, 
the right scale is valid)
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Fig. 9  Resolved TSD depolarization curve of palm oil (fat). 
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2000pA)
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Conclusions

Using scaffolds of high porosity allows simple execution for 
both DMA and TSD measurements. Neither the borosilicate 
for the TSD nor the cellulose for the DMA tests produced 
artifacts. Because the DMA tgδ curve of castor oil does not 
contain any transition below its glass transition, lower tem-
perature peaks of other oils must be originating from the oil 
and not from the cellulose scaffold.

Because depolarization current of borosilicate glass filter 
is less than 1 pA below 0 °C [15], low-temperature transi-
tions are also originated from the oil.

We suggest that the origin of these low-temperature 
transitions is a small-scale conformational movement of 
few carbon atom length chains. Length and symmetry of 
these segments depend on the distance from polar groups, 
for example, the ester groups.

Although the fatty acid composition of oils was deter-
mined, the exact triglyceride structure is unknown. Three 
different fatty acids can form 15 different triglycerides; 
therefore, the structure of plant oils is more complicated 
than expected. Considering the fatty acids below 5%, the 
number of possible compounds is much higher.

Castor oil has the most uniform fatty acid composi-
tion. Interestingly, in spite of the most regular structure, it 
shows typical glass transition and not crystalline melting. 
Other than that, glass transition can only be detected by 

Table 3  Resolved peaks of TSD 
curves

Oil 1 2 3 4 5 6 7

rape �
max

/°C − 89 − 72.5 − 51.7 − 14 − 7.4
Imax/pA 43.7 33.3 31.4 155 750
Δ� 0.28 0.40 0.13 0.45 1.9

arga �
max

/°C − 95.3 − 67.5 − 5.6
Imax/pA 13.7 17 440
Δ� 0.15 0.21 1.9

avoc �
max

/°C − 105.6 − 90.1 − 67.5 − 50.2
Imax/pA 2.7 20.6 25 20.8
Δ� 0.02 0.18 0.31 0.19

cast �
max

/°C − 101 − 83 − 70.5 − 62.5 − 27 − 14.5
Imax/pA 6.2 13.4 92.5 771 80 11
Δ� 0.06 0.1 0.46 2.3 0.49 0.96

oliv �
max

/°C − 86 − 64 − 36 8.3
Imax/pA 20.5 16 17 180
Δ� 0.19 0.23 0.19 2.15

palm �
max

/°C − 87.5 − 64.9 − 2.2 6.6 23.6 27.1
Imax/pA 7.6 28 253 246 970 1160
Δ� 0.1 0.31 1.5 0.55 2.9 4.2

sun �
max

/°C − 109 − 93.2 − 25.2 − 11.4
Imax/pA 5.6 31.5 780 752
Δ� 0.02 0.26 1.6 1.7
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Fig. 11  Summarized peak temperatures of DSC, DMA and TSD tests 
compared to literature values
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the TSD method. Although ricinoleic acid is a hydroxy 
acid, the relaxation strength of glass transition is not as 
high as expected. In spite of its higher polarity, the –OH 
group might hinder the conformational movements at low 
temperatures.

The current reversal may be an important occurrence but 
current studies cannot answer the question: What is the rea-
son for this symptom? In general, a current reversal occurs in 
the case of layered samples or in the presence of an air gap. 
Air gap can be excluded in the electrode arrangement used. 
Partial solidification might produce phase separation build-
ing up locally layered structures. It can be visually observed 
in case of some animal fats. This satisfies the condition of 
nonzero internal field. We suppose that low-temperature 
X-ray diffraction could help to elaborate, but this method is 
not available for us at present.

Test results and literature values are summarized in 
Fig. 11. It shows that the results of the present study are 
sometimes far from the literature values. We take it for 
important that even in these relatively low molecular 
weight material several relaxation processes appear, and 
it is worth to continue this research. The nature of transi-
tions below − 40 °C could be revealed by testing the pure 
triglycerides.
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