
Introduction

Molecular components of olive oils and vegetable ed-

ible oils are mainly triacylglicerols (TAGs) mixed

with other organic molecules (diacylglicerols, paraf-

fins, fatty acids, phospholipids, phenols, etc.) [1, 2].

Owing to their complexity, they show time and tem-

perature dependent physical properties. Among the

numerous experimental techniques for studying these

complex fluids [2], many researchers have suggested

the use of calorimetry as a simple tool able to provide

reliable information on the nature, quality, and also

geographic origin of the oils. Their interest has been

devoted to the features of the liquid�solid phase

transitions that reflect composition, type and size of

the components, and the rate of the physical and

chemical processes undergone by oil in its time-tem-

perature history. In particular, the solidification pro-

cess involves physical phenomena such as: i) the wax

appearance at a characteristic temperature [3], ii) the

polymorphism of the TAG crystals, dependent on the

structure of the TAG molecule, iii) the nucleation

temperature, affected by the amount of other organic

molecules in the liquid oil [4].

Differential Scanning Calorimetry (DSC) is a ca-

lorimetric technique that has been commonly used [5]

for these studies. DSC crystallization and melting

curves show relevant features of the processes, such

as the characteristic temperatures and the enthalpy.

These quantities have been correlated to the quality

and the stability of the edible oils [6–9]. It must be

pointed out that the richness of the curve profiles and

the number of significant variables is such that

Dyszel SM. of US Customs Service has worked from

1982 to 1996 for creating a data bank with the calori-

metric ‘fingerprints’ of the main edible oils [10–12].

Other important uses of calorimetry are the study of

the thermo-oxidative process [13–16], with the pur-

pose of improving storage and utilization conditions

against temperature, and for applications in analytical

chemistry [17, 18].

Our research moves from this promising back-

ground with the aim of verifying the applicability of

calorimetry, including all the main operative modes

now at disposal, for assessing quality and traceability

of the extra-virgin olive oils produced in Tuscany (It-

aly), in particular the presence of defects resulting

both from natural degradation due to time–tempera-

ture storage history, or from adulterations and frouds.

According to European rules, the label ‘ex-

tra-virgin olive oil’ may be appointed to an oil bottle

if a set of chemical and physical analyses and also an

‘organoleptic’ assessment have given satisfactory re-

sults; this latter must be provided by a panel of people

trained to distinguish the peculiar tastes of good and

defective oils. In fact, chemistry alone is unable to

provide a reliable interpretation of the human sensa-

tions of taste and flavour, so that both types of tests
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have to be passed. Other distinctive labels may be

also posted up, to indicate the origin of the oil; in this

case, not only the path of the product from the tree to

the bottle has to be traced, but also the results of the

chemical tests have to meet tighter standards, match-

ing the peculiar features of the oils of that particular

region. To overcome the low reproducibility of

organoleptic tests, the application of techniques of

‘artificial intelligence’ has been proposed recently,

leading to an equipment and an experimental proce-

dure known as ‘artificial olfactory system’, or shortly,

‘electronic nose’. The first results obtained by means

of this technique on the same set oils presented in this

paper have been recently reported [19]. The applica-

tion of calorimetry is considered a complementary or

alternative way to the electronic nose for establishing

the quality of olive oil in a short time and at a

reasonable cost without the uncertainty of a subjec-

tive human test.

Here we report preliminary results from DSC,

isothermal calorimetry and modulated temperature

scanning calorimetry. The solidification process of

the oil samples has been studied isothermally at

2.9°C, which is practically the temperature of the

Tuscany cellars during winter, when the olive oil

‘freezes’ in the bottles with characteristic structures

and colours, traditionally considered by country peo-

ple as features correlated to the oil quality. The

solid�liquid phase transitions have been also moni-

tored during cooling and heating cycles in a wide tem-

perature range with both DSC and MASC, a modu-

lated, adiabatic and temperature scanning calorimeter

[20]. The modulated calorimetry gives information on

the reversibility of the processes and on the polymor-

phism of the crystal structures. To our knowledge, it

has been used previously only one time for measuring

the wax appearance temperature of crude oils [21],

thus we are here reporting its first application for the

characterization of olive oil.

From the analysis of the collected data we will

try to assess pros and cons of the use of each calorim-

eter and calorimetric operation mode and, finally, to

suggest the most appropriate experimental technique

and measuring procedure for a reliable screening of

olive oil identity.

Experimental

Materials

The olive oil samples have been supplied by the facil-

ity Polo Tecnologico del Gusto (Technological Cen-

tre for Taste), Navacchio (Pisa, Italy). They are ex-

tra-virgin oil samples and defected oils according to

the judgment of a qualified panel of tasters. Con-

trolled quantities of selected single defect (rancid,

vinegary, fusty) have been added to the same mother

extra-virgin oil in order to build up a sensitivity scale.

The several extra-virgin olive oils, from different

Tuscan provinces and different cultivars, have been

tested with the aim of finding differences correlated

to: i) the predominant cultivar; ii) the geographic ori-

gin of the fruits; iii) the oil production/ storage proce-

dures; and iv) the organoleptic features assessed by

the panel. The samples have been supplied and main-

tained in sealed ampoules stored in dark at 18°C.

Moreover few commercial seed oils and one ‘ex-

tra-virgin olive oil’ and one declared ‘olive oil’ have

been tested for comparison. The chemical and

organoleptic characteristics certified by the supplier,

or the oil description as reported on the label of the

commercial packet, are summarized in Table 1 for

each sample.

Methods

Isothermal calorimetry

The measurements were carried out at 2.9°C with a

heat-flow TAM calorimeter MOD. 2277 by Thermo-

metric. The heat flow to or from the measuring cell,

containing a quantity of oil ranging from 0.4 to 0.6 g

in an atmosphere of air, was measured for 20 to 100 h,

until the equilibrium conditions were attained, that is

the solidification attained to completion. After the

first run, the sample cell was pulled out of the calo-

rimeter and kept at 18°C for a time ranging from 1 to

10 h to test the time necessary for a complete melting

of the polymorphic structures grown in the solid sam-

ple. Then the sample cell was again loaded into the

calorimeter at 2.9°C. The recording of the second run

started after about half an hour, when the calorimeter

had reached its baseline. The specific enthalpy of

freezing was obtained by integration of the curve, af-

ter baseline subtraction. The results obtained in the

two runs performed for each sample are collected in

Table 2 together with the time value necessary to

reach the peak of the freezing curve. The isothermal

calorimetry was previously applied for studying the

oxidation of lipids [22].

Modulated temperature scanning calorimetry

We have been using the home-made calorimeter

MASC (Modulated Adiabatic and temperature Scan-

ning Calorimeter) for studying the melting and freez-

ing processes of olive oil samples with the main calo-

rimetric operation modes (scanning, isothermal and

temperature modulation). The sample, a volume of

about 0.2 cm3, is contained in a Pyrex capillary tube

in presence of air (about 0.1 cm3), sealed at both ends
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by flame. Its mass is obtained by weighing. The mea-

sured quantities are: the complex heat capacity, the

enthalpy of freezing calculated from the curve after

base-line subtraction, the transition temperatures as

observed in the cooling and heating runs. The calo-

rimeter, the measuring procedures and data analysis

are reported in [20].

DSC measurements

The measurements in the wide temperature range

(–40) – (+50)°C have been performed with DSC 7 by

PerkinElmer, after the standard calibration procedure,

at a scanning rate of 10°C min–1; the sample mass was

typically 5 mg. Measurements were carried out under

nitrogen, purity grade UPP.

Results

To compare extra-virgin olive oil (EVOO) with other

edible oils and to put in evidence the sensitivity of the

calorimetry as technique suitable for screening the oil

identity, the first experiments were performed with the

DSC, at the scanning rate of 10°C min–1, to study the

liquid�solid phase transition of few oils, marked as

‘commercial edible oils’ in Table 1. The freezing

curves of these oils are in Fig. 1A. The curve of the

EVOO sample is characterized, in the explored tem-

perature range, by a large crystallization peak at low

temperature, which is absent in the other edible oils.

Minor differences allow distinguishing also among

them. In Fig. 1B are shown the differences induced in

EVOO freezing curve by the addition of 25% of sun-

flower oil. The crystallization peak is reduced and

shifted to low temperature and the effect is so large that

it seems possible to pick out also the addition of a few

per cent of seed oil to EVOO. These and other features

of the freezing curve are particularly promising for a

first screening of edible oils and their mixture identity.

Thus our attention, in agreement with previous at-

tempts reported in the literature [4, 10–12], is being

mainly paid to the freezing process.

In Figs 2A and B are shown the freezing and

melting curves of Tuscan EVOOs of different geo-

graphic origin (samples 1, 2, 3, 5, 6 of Table 1), to-

gether with a commercial EVOO (13) and a sample

labelled ‘olive oil’ (18), obtained with the DSC, at the

scanning rate of 10°C min–1. The two commercial oils

show evident differences in their DSC traces, mainly

above 0°C. Indeed the second melting peak is

strongly reduced.

The freezing kinetics of 9 samples was studied at

2.9°C with the TAM calorimeter. The experimental

isotherms (heat flow vs. time) of pure EVOO of dif-

ferent origin and of defected oil samples from the

same mother EVOO are shown in Fig. 3. The numbers

near each curve identify the samples according to Ta-

ble 1. Each oil sample freezes in a particular way, af-

ter an induction time, IT, needed to allow for the nu-

cleation of the TAG polymorphs. IT varies widely in

particular for defective oils (Fig. 3B).

In these experimental conditions it was observed

that the IT value was not reproduced in the successive

runs performed on the same sample, after it was

melted at room temperature and then kept at this tem-

perature also for long times.

A systematic study on the origin of this

non-reproducibility was performed and the results are
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Table 2 Enthalpy change, H, induction time (IT) and peak
time (PT) of isothermal freezing at 2.9°C

Sample no. H/J g–1 IT/h PT/h

2 21 7 20

3 22 7 19

6 24 15 35

7 26 9.5 15

8 21 11 17

9 25 7 17

10 24 11 17

11 23 11.5 20

12 23 6.5 12

Fig. 1 DSC traces at cooling rate of 10°C min–1. Entries refer

to Table 1. A – commercial edible oils; the good

reproducibility of the measurements is shown by the

two runs performed on the same sample, no. 16;

B – comparison between one extra-virgin olive oil, one

seed oil and a mixture of the two at 25% of the seed oil



collected in Fig. 4. Curve labelled 2 represents the

first freezing of the EVOO sample no. 2 at 2.9°C. The

same sample was then melted at 18°C. After a storage

time of 1 h at that temperature the sample was loaded

again in the TAM calorimeter for the second run and

the result is the curve 2a. The curve 2b was obtained

by increasing the storage time at 18°C up to 10 h. The

effect induced by mechanical stirring (curve 2d),

5 min sonication at room temperature (curve 2c), and

storage of the sample at 50°C for 10 min (curve 2e),

are also shown in Fig. 4.

To investigate the early freezing jump present in

Fig. 1A between (–10) – (–20)°C, we studied the

freezing process with MASC at the temperature scan-

ning rate, � of 0.25°C min–1. The experimental results

are in Fig. 5A. The beginning of the freezing, as

marked by the intercept of the tangent in the flex point

of the first peak with the base-line, occurs at this low

� in the temperature range (–13) – (–10)°C (see the

enlarged view in Fig. 5B). The label of each curve has

the above declared meaning.

The melting curves, obtained for each sample af-

ter an isotherm of one hour at –26°C, are in Fig. 6A.

They show two peaks. The first one at lower T shows

also a fine superimposed structure and occurs at a

temperature (FMPT, first melting peak temperature)

in the interval (–7) – (–5.5)°C.

An enlargement of the decreasing part of the sec-

ond melting peak is in Fig. 6B. In the melting curves

is also present a small peak near 0°C, not visible in

this figure, from which it is possible to calculate the

amount of water present in the oil samples. The melt-

ing end (ME) occurs in the interval 10.7–11.1°C.

For a better understanding of the freezing pro-

cess and the growth kinetics of the polymorphous
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Fig. 2 DSC runs at the scanning rate of 10°C min–1 of 5 Tus-

can extra-virgin olive oils and two commercial oils.

Entries refer to Table 1. A – the first freezing peak;

B – melting

Fig. 3 Heat flow vs. time in isothermal calorimeter at 2.9°C

for the solidification of oils. Entries as in Table 1.

A – four Tuscan extra-virgin olive oils; B – five

defective oils

Fig. 4 Heat flow for solidification at 2.9°C of sample no. 2 af-

ter these treatments: original sample (2), the sample

melted at 18°C (2a), melted and stored at 18°C for 10 h

(2b), melted and undergone to mechanical stirring (2c),

melted and undergone to sonication for 5 min (2d),

melted and heated to 50°C for 10 min (2e)



TAG crystals, MASC was also used with the follow-

ing temperature–time profile: i) a single sample was

firstly heated up to 50°C for 10 min for destroying lo-

cal structures in the liquid, (this protocol was applied

by Adhvaryu et al. [3] and confirmed by our results in

Fig. 4, where the IT value was reproduced only after

this sample treatment); ii) the sample was loaded in

the calorimetric cell at T = –25°C and the freezing was

monitored isothermally until the completion of the

process; iii) finally, the sample was heated at the rate

of 0.25°C min–1 and the melting monitored. The

above cycle was repeated with the increase of the iso-

thermal freezing temperature by steps of 5°C each

time, until the isotherm of the last cycle was at 0°C.

The freezing isotherms are in Fig. 7.

In Fig. 8 are shown the heat flow, dH/dt, the

enthalpy of freezing, H, the real, �Cp , and imaginary
��Cp , components of the complex heat capacity,

C*= �Cp +i ��Cp , measured with temperature modulation.

The measurements were performed with a modulation

period of 300 s, modulation amplitude of 0.5°C, at the

mean temperature of –10, –5 and 0°C.

Discussion

The ability of calorimetry to screen different edible

oils and to put in evidence adulteration of EVOO by

addition of low cost edible oils is evident in Figs. 1A

and B. DSC calorimetry is also able to discriminate

(Fig. 2) among the certified Tuscan EVOOs and the
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Fig. 5 Apparent specific heat, cp, vs. T during cooling runs

performed with MASC at 0.25°C min–1. Entries as in

Table 1. A – full curves. B – enlargement of the first

freezing peaks

Fig. 6 Apparent specific heat, cp, vs. T during heating runs

performed with MASC at 0.25°C min–1. Entries as in

Table 1. A – full curves. B – enlargement of the last

melting peaks

Fig. 7 Five isothermal freezing curves of a single sample

(no. 6 of Table 1), monitored with MASC at tempera-

tures from –25 to –5°C in steps of 5°C



commercial EVOO (sample 18) and the olive oil

(sample 13).

The freezing curves recorded with DSC and

MASC show essentially the same features even if

with different level of details owing to the different

sensitivity of the two calorimeters, particularly at low

scanning rates. It is possible to select two tempera-

tures related to the freezing process: the first one co-

mes from the jump occurring between –10.3 and

–13.1°C (Fig. 5B); the second one marks the big exo-

thermic peak, wider than 10°C at �=0.25°C min–1.

The first temperature is known as Wax Appearance

Temperature (WAT) and it is relevant for mineral oil

characterization [20]. At this temperature the viscos-

ity of the liquid shows a rapid increase and the solidi-

fication starts with the nucleation of the TAG poly-

morphs [3, 4]. We have observed that this temperature

is particularly dependent on the type of defects and

also on the origin of the EVOO.

The results obtained with TAM calorimeter

show how the investigated oil samples ‘freeze’ at

2.9°C. The integral of the freezing curve gives the

enthalpy of the process and its calculated values range

between 21 and 26 J g–1 (Table 2).

Quantities which are strongly dependent on the

type of defect and on the oil origin (Fig. 3 and Ta-

ble 2) are: i) the IT values, measured by the intercept

of the tangent at the flex point of the freezing curve

with the baseline, and ii) the time at which the curves

reach the peak (PT). The two quantities vary between

7–16 h and between 12–35 h, respectively. Moreover,

a relevant feature of the isothermal freezing at 2.9°C

is the large non-reproducibility of the second run, per-

formed after each sample was melted at room temper-

ature. Indeed, both IT and PT are reduced differently

(from 0 to 15 h depending on the sample) as if few or-

dered structures would be able to survive in the melt,

thus promoting the nucleation process at 2.9°C.

Two experiments were planned for shading light

on this ‘crystal structure memory in the liquid’. The

results are shown in Fig. 4. The same IT value was ob-

tained only after storing the sample at 50°C for

10 min, even if the curve shows a different profile

(compare curves 2 and 2e).

The isothermal freezing curves of a single sample

at different subzero temperatures (Fig. 7) show a large

peak with the exception of the curve at –10°C, in which

three peaks are present: a small peak just at beginning of

the process, the highest peak after about 60 min and a

broad peak about 80 min later. Another feature common

to the other curves is the shoulder in the low temperature

side of the peak, with the exception of the curve at

–15°C, in which a shoulder occurs in the decreasing side

of the peak. The enthalpy of the isothermal freezing de-

creases with the increasing of the temperature, indicat-

ing that the process cannot attain the completion at tem-

peratures higher than –10°C, as can be extrapolated

from the data in Table 3. The isothermal freezing at

–10°C shows other anomalies both in the enthalpy value

and in the induction time. A deeper investigation near

this temperature is very promising for a better under-

standing of the nucleation process of the TAG poly-

morphs and for obtaining further parameters sensible to

the EVOO quality. This study is in progress.

The results from modulated temperature calo-

rimetry in Fig. 8 put in evidence that at –10, –5 and

0°C further information is contained in the �Cp curve.

It is evident that the ‘solid phase’ grown at –5 and 0°C

have a heat capacity higher than that of the liquid one.
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Table 3 Temperature, enthalpy change, H, induction time
(IT) and peak time (PT) of isothermal freezing of
sample no. 6

T/°C H/J g–1 IT/min PT/min

–25 82 9 14

–20 83 22 40

–15 85 33 57

–10 92 28* 40/57/135

–5 32.2 53 97

0 22.8 162 295

*measured at the first peak

Fig. 8 Heat flow, dH/dt, freezing enthalpy, H, real �Cp and

imaginary, ��Cp, parts of the heat capacity (panel A, B, C

and D, respectively), for sample no. 6. The quantities

were measured simultaneously by MASC in the modu-

lated temperature mode (modulation period=300 s;

modulation amplitude=0.5°C), at the mean

temperatures: –10, –5, 0°C



This means that the solid phases are evidently not nor-

mal crystalline phases.

The heat flow curve at –10°C shows three peaks

and the same profile given by the unmodulated iso-

thermal calorimetry (Fig. 7), and the �Cp behaviour is

normal. We are likely in presence of three cohabitant

crystalline structures or a mixing of liquid-solid and

solid-solid transitions towards the more stable poly-

morphous phases, as observed for cocoa butter [23].

The melting curve of the sample shows only two

peaks as the curves in Figs 2B and 6A do. This evi-

dence also supports the occurrence of solid-solid tran-

sitions in the sample.

Conclusions

The freezing and melting of oils are physical processes

strongly affected by the size, type and concentration of

the molecules present in the liquid phase. The calori-

metric curves and data here reported, even if they rep-

resent only a part of the programmed measurements,

outline that the nucleation kinetics, the growth rate of

the polymorphs in which TAGs crystallize and the

melting of the solid samples are, in particular, very rich

of information. It is, indeed, possible to define numer-

ous parameters that are correlated to a different extent

with origin, type of cultivars, and defects of EVOOs. A

particular EVOO could be therefore identified by a set

of parameters (for example IT, PTs, H, WAT, Cp, ME,

FMPT, and possibly others deducible from the fine de-

tails of the first melting peak and isothermal freezing

observed with modulated calorimetry), that is by a sort

of identification label, or ‘fingerprint’ [10], settled on

according to an agreed protocol for the EVOO of each

production region and harvest.

Each calorimetric technique and/or operation

mode is useful in itself: DSC can discriminate in short

time between olive oil and other edible oils and also be-

tween commercial and guaranteed origin EVOOs; the

high sensitivity isothermal calorimetry, TAM, is time

consuming but is able to provide parameters as IT and H
that are particularly sensible to defects and origin of

EVOOs; MASC, with its temperature modulated and

adiabatic (not yet applied here) measurements, in addi-

tion to the modes of the other two calorimeters, widens

the research field to a detailed study of the crystalliza-

tion process.

Summing up, information collected with multi-

mode calorimetry is very promising for screening

quality and origin of EVOOs.

The present outline of the performances of calo-

rimetry must be followed by a systematic work for

correlating the numerous parameters with the more

relevant qualities of the typical Tuscan EVOO’s , de-

fining a sensitivity scale for identifying the main

commercial frauds, etc. We hope that the integration

of data from multimode calorimetry with those from

artificial nose technique and the development of a

suitable data analysis will help devise a protocol for a

powerful screening of quality and origin of olive oils.
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