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INTRODUCTION 

Chocolate bars should melt in the mouth and not in the hand, and 
heating of oil should not lead to a kitchen fire. Based on such common 
examples, we may understand the interest in studying the thermal behavior 
and properties of foods. 

In the investigation of foods by thermal analysis and calorimetric tech- 
niques, many effects can be observed in the temperature range between 
- 50 and 300 ’ C. These thermal phenomena may be either endothermic 
(such as melting, denaturation, gelatinization and evaporation) or exother- 
mic processes (such as crystallization and oxidation). Through precise 
knowledge of such effects, optimal conditions for safe storage or processing 
of foods can be defined. The main operations concerned are the following: 

around 0 ’ C freezing and freeze-drying 
around 70 o C pasteurization, solid-liquid extraction 
around 100°C drying 
around 140 o C ultra high temperature sterilization (of milk products) 
above 140 o C roasting (of coffee and coffee surrogates) 

Thus, the thermal and also, more generally, the physico-chemical proper- 
ties of foods are of particular interest to the food technologist. 

To introduce the subject, we first present some general aspects of food 
constitution and of the most useful calorimetric techniques in this context. 
As the thermal behavior of foods strongly depends on their composition, 
we concentrate at first on the thermal characteristics of food constituents: 
water, lipids, glucides, proteins and minor constituents, and then consider 
composite and reconstituted foods. Process safety aspects are also consid- 
ered. 

WHAT ARE FOODS? 

Foods are materials, in a raw, processed or reconstituted form, which are 
consumed by humans or animals for their growth, health and satisfaction. 
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Chemically, foods are mainly composed of water, lipids, glucides and 
proteins. In addition, they contain comparatively small proportions of some 
minerals and various organic substances. Minerals are often analyzed glob- 
ally as ash. The organic substances can be vitamins, emulsifiers, acids, 
antioxidants, pigments, polyphenols or flavors. 

In some cases, foods contain physiologically active substances, such as 
caffeine or theobromine, and even toxic substances (natural toxins in 
mushrooms, or produced by microorganisms). 

Enteral and parenteral solutions are also foods, in the same context as 
fruits, fruit juices, milk, milk powders, meat and animal (pet) food. 

The main constituents referred to above are responsible for the physical 
properties (structure, texture and color) as well as flavor of foods. Some- 
times specific natural or synthetic ingredients (such as salt or antioxidants) 
are added to improve the food properties [l-3]. 

THERMAL ANALYSIS AND CALORIMETRIC TECHNIQUES OF INTEREST 

Differential scanning calorimetry (DSC) is the main approach used today 
for studying thermal properties of foods (phase transitions, reactions and 
specific heats). Older systems, such as containers fitted with sensors which 
follow the rising temperature of a heating bench, autoclaves with additional 
pressure sensors, or differential thermal analysis (DTA) instruments, are still 
useful [4-91. 

However, the trend is towards using microcalorimeters with high sensitivi- 
ties, especially for a more sensitive observation of the weak thermal phenom- 
ena occurring between 0 and 100°C [lo-131. Parameters such as the heat of 
solution may also be of interest, so the use of solution calorimeters or of 
heat flux calorimeters with stirring devices is also recommended for studying 
certain food systems [14]. 

DSC instruments such as power-compensation DSC, heat flux DSC or 
intermediate systems have proved their worth for studying foods or food 
constituents. The most important criteria for selecting the appropriate 
instrument for a specific problem are: temperature range, sample size, 
sensitivity and resolution. When studying food constituents, analysis of 
small samples gives a better resolution of thermal effects; this can be 
important for studying the polymorphism of fats, and is an absolute necess- 
ity for purity determinations. In contrast, large samples represent better the 
bulk material for composite foods; heat flux calorimeters with large cruci- 
bles are therefore often preferred [14]. This criterion is particularly im- 
portant in the field of process safety, especially for adiabatic calorimeters 
[15]. Moreover, experiments with large samples must be performed at low 
heating rates. 

Additional complementary data on food and food constituents are ob- 
tained by other thermal analysis techniques, such as thermomanometry, 
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thermogravimetry (TG), thermomicroscopy or hot stage microscopy (HSM), 
differential mechanical (thermal) analysis (DMA or DMTA), titration 
calorimetry and microwave dielectric measurements during temperature 
scan. 

Adiabatic bomb calorimeters are used to determine the heat of combus- 
tion of foodstuffs. Although the values may be important in the context of 
process safety, they are mainly used to calculate caloric values of food for 
human nutrition or when foods (usually oils) are used as energy sources for 
engines. 

THERMAL BEHAVIOR OF FOOD CONSTITUENTS 

Water 

Water is present in most natural foods, at levels up to 90-95% w/w in 
some fruits (oranges) and vegetables (tomatoes). Most beverages contain 
high proportions of water. Water exists in foods in various forms: free water, 
water droplets, water adsorbed on a surface, chemically bound water, crystal 
water and composition water. Often, water is removed from processed foods 
as it affects keeping quality, or to reduce weight and volume of products. In 
most cases, however, part of this water is extremely difficult to remove so 
that even dehydrated foods may contain 2-3% residual water. The physics 
of water, as a pure substance and as part of biological systems, has been 
studied by many workers [16-181; the basic phenomena have been described 
in books edited by Franks [19]. 

As shown in Fig. 1, water has three phase transitions in the temperature 
range of interest: crystallization on cooling (or ice melting on heating), 
vaporization (or vapor liquefaction) and sublimation. 

Relatively high enthalpy values accompany melting and vaporization (334 
J g-’ at 0” C and 2250 J g-’ at 100” C under atmospheric pressure 
respectively). Thus, these two endothermic phenomena are easily observed 
when studying foods by calorimetric techniques. Sublimation (freeze-drying) 
takes place only under high vacuum, so that this phenomenon is more 
difficult to detect [18]. 

A large number of studies have dealt with the behavior of water below 
0” C (e.g. supercooling of water-in-oil emulsions); and determinations of 
free and bound water around 0°C [20-251. The crystallization enthalpy of 
water depends on temperature (see ref. 19), which may be important in 
emulsions with supercooling effects. Moreover, the difference in the specific 
heats of ice (2.05 J g-i K-l) and water (4.18 J g-’ K-‘) may introduce 
some error. 

Around 100” C, thermal analysis measurements with open crucibles dis- 
tinguish between adsorbed, absorbed or crystal water. Thus, DSC curves, 
TG curves or microwave dielectric measurements give information on water 
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Fig. 1. Phase diagram of water with indication of the course of two different drying processes. 

content or on the state of drying of foods [26-291. The peak due to water 
vaporization in calorimetric curves often masks other phenomena of interest, 
such as crystallization or decomposition of carbohydrates. To observe such 
effects, analyses have to be performed in sealed crucibles (or under pressure). 
In such cases, however, it is important, for reasons of safety, to remember 
that the water vapor pressure increases rapidly with temperature, especially 
above 150 O C. At 300 “C, the water vapor pressure already amounts to 85 
bars! 

Lipidr 

The physical properties of edible fats and oils are closely related to those 
of triglycerides, which constitute the major part of lipids (molar ratio higher 
than 90%). The occurrence of more than one crystalline form (polymor- 
phism) is a general characteristic of lipids or triglycerides in the solid state. 
A fat’s ability to undergo polymorphic changes is important, mainly because 
of its effect on food texture and appearance [30]. It has been proved that 
DSC is one of the most efficient techniques to study the phase changes of 
lipids including solid-liquid (melting), liquid-solid (crystallization) and 
solid-solid transitions [31-361. The temperature range between -50 and 
80°C is of special interest; melting enthalpies are between 100 and 200 J 

g -l. In the context of quality control, such calorimetric curves can be used 
as fingerprints for the considered fats. As examples, Figs. 2 and 3 present 
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Fig. 2. (A) Heating curves of (Y-, jklistearin, showing the melting of the stable polymorphic 
form (at 70 o C) during the first run and the melting (at 60 o C) of a less stable polymorphic 
form during the second and third runs (superimposed). (B) Cooling curve of a-, jklistearin, 
showing crystallization at 55 o C. Courtesy of Perkin Elmer (CI-Q. Instrument DSC 7. 

the thermal polymorphism of two glycerides, distearin and tristearin, as 
displayed by a power compensation DSC instrument. 

The influence of composition, processing parameters, thermal history and 
aging can be clearly described by means of DSC investigations on lipid 
polymorphism. Contamination of fats can also be detected in calorimetric 
curves recorded during crystallization [37] or melting [38] of lipid mixtures. 
In the same way, the Solid Fat Index (SFI) representing the ratio of solid to 
liquid in a partially crystallized lipid at a given temperature can be obtained 
from the calorimetric melting curve by sequential peak integration [31,39,40]. 
SF1 values are currently used in the fat industry for quality control or for 
monitoring processes such as fractionation, hydrogenation and tempering. 
They are determined from the equation 

/ =H(T) dT 

SFI(T) = ’ 

/ 
%(T) dT 

T, 

where TO is the onset temperature of melting and Ti is the end temperature 
of melting. 
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Fig. 3. Calorimetric curves of tristearin showing, during the first heating, the melting around 
75 o C of the stable polymorphic form and, during the second heating, the melting of two less 
stable forms around 55 o C and 70 o C, with partial crystallization around 65 o C. Courtesy of 
Perkin Elmer (CH). Instrument DSC 7. 

Lipid oxidation is an exothermic phenomenon which can be followed, at 
least at elevated temperatures, by DSC or (preferably) by isothermal 
calorimetry [41-441. Measurements can be performed under a static air 
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Fig. 4. Determination of induction times A and B. A: Time lag between start of oxidation 
and start (extrapolated onset) of exothermic heat flow. B: Time lag between start of oxidation 
and maximum of exothermic heat flow. Adapted from ref. 41, and reprinted with the 
permission of Elsevier Science Publishers. 
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Fig. 5. Calorimetric curves of three oils with different stabilities, oxidized at 130’ C under 
oxygen flow. Reprinted from ref. 41 with the permission of Ekevier science Publishers. 
Instrument: Setaram DSC 111, isothermal mode. 

atmosphere, or better under oxygen flow or oxygen pressure. In the isother- 
mal mode, induction times can be defined according to published proce- 
dures using other techniques (see Fig. 4). Figure 5 compares the oxidative 
stability at 130 O C of three very different oils (safflower, blackcurrant seed 
and Nujol). Induction time values can be used to determine the oxidative 
stability of lipids [41,42] or the efficiency of food antioxidants [41,43]. 

Thermal data on most triglycerides and lipids are compiled in handbooks 
[45]. In addition, DSC and microcalorimetry are very often used to study 
transitions in biological membranes, as lipids are major constituents of 
living cells. 

Carbohydrates 

During heating of carbohydrates one generally observes first fusion and 
then exothermic decomposition (pyrolysis), which often follows melting 
immediately [46-481. Other effects may also be detected: vaporization of 
water in hydrated carbohydrates, glass transitions and crystallization of 
amorphous sugars. Figure 6 presents the calorimetric curves of amorphous 
sucrose and amorphous cellobiose (both heated in sealed crucibles) between 
70 and 270” C. The onset temperatures of the exothermic decomposition 
observed on heating these carbohydrates in sealed vessels varied between 
100 and 230 o C [46]; the corresponding enthalpies ranged from 300 to 800 J 
g -l. Onset temperatures of fusion were found between 60 and 220°C with 
enthalpies from about 40 to 330 J g-‘. All values given above should be 
considered as approximate. With open containers the temperature range of 
thermal effects is much higher, probably because various hot gases are 
released together with the decomposition [47,48]. It has long been known 
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Fig. 6. Calorimetric curves of amorphous sucrose and cellobiose (both heated in sealed 
crucibles): c, crystallization; f, fusion; d, decomposition. Reprinted from ref. 46 with the 
permission of John Wiley and Sons. Instrument: Se&ram C80. 

that amorphous carbohydrates have a glass transition around 50°C [49]. 
However, in relation to storage stability, glass transitions and crystallization 
studies are today very current [50-541, and even sub-zero glass transitions 
have been detected for aqueous solutions [55]. 

For extrusion or similar cooking processes, many workers study in par- 
ticular the endothermic gelatinization of starches and other carbohydrates 
(e.g. carrageenans) in tbe presence of water, as well as the retrogradation of 
the gelatinized products [56-671. Starch gelatinization is defined as the 
collapse (disruption) of molecular order within the starch granule, as shown 
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Fig. 7. Gelatinization and specific heat change of native wheat starch (water solution of 40% 
DM). Adapted from ref. 69 and reprinted with the permission of AFCAT. Instrument: 
Setaram Micro-D%. 
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Fig. 8. Retrogradation at 4 o C of gels obtained from native wheat and potato starches (water 
solutions of 50% DM). Adapted from ref. 69 and reprinted with the permission of AFCAT. 
Instrument: Setaram Micro-DSC, isothermal mode. 

by irreversible changes in properties such as granular swelling, native 
crystalline melting, loss of birefringence and starch solubilization [68]. In a 
calorimetric curve (see Fig. 7), gelatinization is observed as a peak around 
60” C (depending in particular on the salt content), together with specific 
heat change. Enthalpies of about lo-20 J g-’ dry matter (DM) are measured 
when the moisture content is about 50%. 

Starch retrogradation is defined as a process which occurs when gelatinized 
starch molecules begin to reassociate in an ordered structure; under favora- 
ble conditions, a crystalline order appears [68]. The heat slowly released by 
the recrystallization of the gel can be detected by means of a microcalorime- 
ter [69] (see Fig. 8). However, most workers follow the retrogradation 
indirectly by observing the melting of the microcrystals formed after a given 
storage period. The corresponding broad melting peak is found in the 
calorimetric curves between 40 and 80” C; the measured enthalpies are 
generally lower than 10 J g-l DM and are often called retrogradation 
enthalpies. 

Proteins 

The functional properties (solubility, antigenicity, viscosity, capacity to 
form a gel or to emulsify lipids) of foods such as dairy products are 
essentially determined by their proteins. Heat treatments of proteins in 
water induce damage (denaturation) to the molecular structure [70,71]. 
Calorimetric techniques allow the measurement of the energy changes that 
accompany conformational transitions in proteins. The methods of investi- 
gation as well as many results were first presented by FVivalov [72,73]. The 
denaturation of proteins in aqueous solution is seen as one or two endother- 
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Fig. 9. Calorimetric curves showing the heat denaturation of fi-lactoglobulin in solution as a 
function of temperature at pH 3.5 and in the pH range 6.0 < pH < 8.0. Reprinted from ref. 75 
with the permission of Cambridge University Press. Instrument: Du Pont thermal analyzer 
990. - 

tic phenomena encountered in the temperature range between 40 
160 O C. The corresponding enthalpies are very weak: values between 1 
20 J g-’ DM are generally observed. 

and 
and 

Calorimetric techniques have been used extensively to determine the 
conditions (pH, buffer, temperature, ionic strength, salt or carbohydrate 
content of the solution) which best maintain the physicochemical properties 
of proteins [74-771, and to study whey proteins, especially &lactoglobulin 
(see Fig. 9) and cu-lactalbumin, as well as soy proteins [78]. Similarly, the 
thermal denaturation of legume proteins such as legumin and vicilin [79], of 
egg white [80,81], and of meat [82], fish [83] and cereal proteins [84] has been 
studied with the help of DSC. DSC curves demonstrate the stabilizing effect 
of iron binding (or other metal ions) on protein (Fig. 10) [85]. The thermal 
denaturation of enzymes also gives information on their inactivation [86]. 
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Fig. 10. Calorimetric curves showing the heat denaturation of ovotransferz-in (conalbumin) in 
solution. (a) Apo-ovotransferrin; (b) and (c) ovotransferrin 39% saturated with iron; (d) 
ovotransfetin fully saturated with iron. The bar represents a heat flow of 500 PJ s-l. 
Reprinted from ref. 85 with the permission of The Biochemical Society and Portland Press. 
Instrument: Du Pont thermal analyzer 990. 

The loss of gel structure can be observed for meat gelatine by DSC around 
30°C [87]. 

Although calorimetry of proteins is rarely performed on dry samples, this 
kind of analysis allows at least investigation of protein oxidation. 

Minor constituents 

Physiologically active substances which are present in minor quantities in 
foodstuffs can be studied in their pure forms, or in aqueous solutions. 
Crystalline caffeine has been studied extensively in the anhydrous or mono- 
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Fig. 11. Calorimetric curve of pure &caffeine. Reprinted from ref. 
John Wiley and Sons. Instrument: Du Pont thermal analyzer 990. 

88 with the permission of 
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hydrate form or in solution, particularly by calorimetric techniques [88-901. 
Caffeine shows a solid-solid transformation around 140 “C and melts at 
around 235 O C, as shown in the calorimetric curve of Fig. 11. 

THERMAL BEHAVIOR OF RAW AND RECONSTITUTED FOODS 

Phenomena related to food composition 

Depending on the food composition, most of the main phenomena 
mentioned for the major constituents (carbohydrate melting excepted) are 
observed again with raw and reconstituted foods; however, the correspond- 
ing peaks in the calorimetric curves are broader. The effects due to minor 
constituents can be detected only in special cases. 

Around 0 O C, the melting curves of water in high-moisture foods such as 
ice creams introduce the differentiation between “bound” and “free” water. 
The amount of free water relative to the total amount of water is given by 

R = (1 -iFAH, 

where S is the percentage of solute (or of dry matter), 1 - S is the 
percentage of water, AH,,, is the measured fusion enthalpy (J g-‘) and AH, 
is the fusion enthalpy of pure water (J g-l). 

Figure 12 presents calorimetric curves with ice melting peaks for various 
foods [91]. 

A detailed description of the low-temperature behavior of many foods has 
been given by Riedel[92,93]. The enthalpy differences, normed at - 40 O C, 

l’“l”~I”‘I”‘I’ 
-60 -40 -20 0 +20 "C 

TEMPERATURE 

Fig. 12. Low-temperature calorimetric curves of carrots, reindeer meat and white bread, 
showing ice melting. Reprinted from ref. 91 with the permission of the Institute of Food 
Technologists. Instrument: Mettler DSC 30. 



have been compiled in tables or nomographs which are very useful for 
chemical engineering calculations. Calorimetric cooling curves generally 
show freezing and supercooling very clearly; the temperature range of 
freezing is of particular interest in relation to freezing or cold storage. 

Around ambient temperature, fat melting can be observed in recon- 
stituted foods and even in some raw foods, e.g. cocoa beans. In the context 
of lipid research, modern instrumentation (DSC, microcalorimetry) allows 
the study of phase transitions, even in complex biological membranes 
[94-961. 

Around 70°C, gelatinization of finely divided flours (starches) mixed 
with water can be observed. Retrogradation, for instance bread staling, can 
also be studied [97]. Crystallization of amorphous sugars, for example, 
crystallization of amorphous lactose in milk powders [98] can be detected in 
reconstituted foods. However, protein denaturation is no longer detected 
clearly when studying liquid whole-milk products containing lipids, lactose, 
calcium, etc. 

Around and above 100” C, boiling of water is generally prevented by 
using sealed containers; this allows the detection of other phenomena such 
as carbohydrate decomposition. This is observed in the calorimetric curves 
of reconstituted foods such as milk powders, and in the curves of raw foods 
such as coffee beans, chicory roots and cereal grains [98-1011. 

Lipid oxidation can be observed if the lipids are on the food surface and 
thus in contact with oxygen; this condition can be fulfilled for some 
processed and some reconstituted foods. 

The oxidation of minor constituents such as polyphenols is a possible 
cause of self-heating in hay, above the temperatures normally reached 
during fermentation; to measure the heat released by these phenomena 
specific calorimetric experiments have to be performed. 

Interaction between food constituents 

In addition to the caloric phenomena due to each constituent alone, there 
are also interactions between food constituents. The corresponding thermal 
effects can be detected in model binary mixtures, and sometimes, with more 
difficulty, in raw or reconstituted foods. 

Maillard reactions, the browning reactions between protein and reducing 
sugars, are observed in the calorimetric curves of lactose-casein mixtures or 
in those of milk powders [98]. Maillard reactions are exothermic, take place 
above ambient temperature, and depend on the moisture content of the 
product. The corresponding enthalpies are not so important (less than 100 J 
g-l DM). 

Phase transitions of starch-lipid complexes are also seen in calorimetric 
curves. These weak endothermic phenomena happen around 100°C and 
have enthalpies less than 10 J g-l DM [57]. Sometimes, interactions between 
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water and the foods or food constituents (dissolution, absorption or desorp- 
tion) in addition to interactions of cations and sugars in water are studied 
[102-104]. 

Biological processes 

Many foods are obtained by fermentation. In this context, measuring the 
heat released during the fermentation process gives information relevant for 
dimensioning fermenters, or for safety [105,106]. On the other hand, micro- 
organisms can lead to spoilage of wet foods during storage. Calorimetric 
techniques are therefore also used to obtain a basic knowledge of the 
metabolic activities of bacteria, yeasts and fungi [107]. A calorimetric 
method has been proposed to determine bacterial thermal death times [108]. 

SELF-HEATING. SELF-IGNITION AND SAFETY ASPECTS 

Self-heating, self-ignition and rise in pressure 

Fires and dust explosions are known hazards in many industries, includ- 
ing the food industry. Self-heating and self-ignition studies are thus often of 
interest to develop better defined safety conditions for high-temperature 
processing operations when sufficient oxygen is available. 

Studies of spontaneous combustion of powders very often consider sam- 
ple deposition on a heating plate or in a furnace heated to a known 
temperature. The data obtained by these tests are generally compiled as 
minimum ignition temperatures for dust layers [109]. Similar measurements 
of self-ignition temperatures can be performed by using differential thermal 
analysis (DTA) techniques with air or oxygen atmosphere. The sample can 
be heated under oxygen flow or pressure. The well-defined measuring 
conditions are an advantage, in particular the precise heating rates possible 
with DTA instruments [llO,lll]. Figure 13 presents the DTA curves of 
cellulose heated and burnt under 25 bars of oxygen. 

Self-heating can lead to self-ignition of the food, if sufficient oxygen is 
available. The main phenomena involved in thermal runaway of food 
products are fermentation, carbohydrate decomposition, lipid oxidation and 
probably polyphenol and protein oxidation. However, other weaker ex- 
othermic effects such as Maillard reactions could participate in the initial 
temperature increase. 

If oxygen is in low concentrations, it is often the elevated pressure, as a 
result of the rise in temperature in a closed medium, which presents a risk 
(of bursting the autoclave, for example). Further dangers can come from 
degassing, associated with fermentation or decomposition reactions; the gas 
emitted could lead to a rise in pressure (or be inflammable). 
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Fig. 13. DTA curves of cellulose heated and burnt under 25 bars of oxygen. Reprinted from 
ref. 112 with the permission of Elsevier Science Publishers. High-pressure DTA 404 H 
instrument from Netzsch. 
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Fig. 14. Scheme of a DTA experiment under superctiti~ CQ. Reprinted from ref. 112 with 
the permission of Ekevier Science Publishers. High-pressure DTA 404 H instrument from 
Netzsch. 
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Simulation of process conditions 

Sometimes, thermal analysis techniques must be applied unconventionally 
if we are to be able to carry out the measurements under conditions close to 
those of the studied process. Thus, for example, the calorimetric study of a 
sample in a sealed cell simulates what happens in a homogeneously heated 
autoclave. DTA or DSC measurements can also be carried out under a 
constant pressure of an inert gas, or even under supercritical CO* [112]. 
Figure 14 presents a scheme for a DTA experiment under supercritical CO,. 

OTHER THERMODYNAMIC PARAMETERS 

Specific heat 

It is evident that calorimetric techniques are often used to determine 
specific heats of foods; the methods, and a synthesis of results, have been 
presented in the literature [113]. 

The use of a standard such as synthetic sapphire simplifies the determina- 
tion of specific heats; by measuring the standard, an empty cell, and the 
substance, the specific heat value C, of the sample can be obtained directly 
by comparison. For a given temperature, 

c2=c 5 (Qc-Qo) 

lm2 (Q,--Qo) 
where m, is the mass of the standard substance, m, is the sample mass, C, 
is the specific heat of the standard substance, and Q,, Q, and Q, are the 
required heat quantities for the empty cell, the standard substance and the 
sample respectively. 

The values obtained vary between 0.9 J g-’ K-l for very dry food 
products to 4.18 J g-’ K-’ for water; it is therefore evident that the 
moisture content of a food has a strong influence on its specific heat value. 

Heats of combustion 

During burning of a food product, a large amount of energy is liberated. 
Values determined with calorimetric bombs correspond to about 39 kJ g-’ 
for fat, 23 kJ g-l for protein and 17 kJ g-’ for carbohydrate. 

Heat conductivity and thermal diffwivity 

Other parameters such as heat conductivity or thermal diffusivity can be 
of interest to the food technologist and can, in some cases, be determined by 
calorimetry, using special experiments. 
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Heats of solution 

The dissolution of ingredients, minerals, food constituents or even foods 
in water or in other solvents can be observed by calorimetry. The data are 
determined in the isothermal mode. 

RELATED TECHNIQUES 

Some related thermal analysis techniques give mechanical and rheological 
rather than thermal information; these techniques include thermodilatome- 
try (which is no longer of great interest for food studies), dynamical 
mechanical analysis (DMA) and dynamical mechanical thermal analysis 
(DMTA) [114]. 

Other techniques, such as X-ray diffraction, near-IR reflectance (NIR), 
low- and high-resolution nuclear magnetic resonance (NMR), microscopy 
and light scattering, give information which characterizes a food before or 
after a thermal treatment. Low-resolution NMR, for instance, is well known 
for giving SF1 values of fats rapidly, which correspond to those obtained by 
DSC [40]. X-Ray diffraction can also be adapted, by temperature control of 
the sample, to follow the lipid phase transitions by recording the diffraction 
patterns vs. temperature [115,116]. If the (lipid) sample is placed in a 
temperature-controlled cell, even microscopic techniques can be used to 
follow crystal growth or melting [117]. 

It is also worth noting that, for caffeine solutions, a thermodynamic 
parameter such as the enthalpy of dimerization of caffeine in water can be 
determined comparatively by dissolution calorimetry and by high-resolution 
NMR [118,119]. 

Thermal analysis techniques can also be coupled with other instruments 
such as mass spectrometers or gas chromatographs. Using such techniques, 
the gases evolved during decomposition can be analyzed. 

Finally, mathematical models help in applying thermodynamic data to 
engineering problems. 

CONCLUSION 

Other reviews of this type exist, and there are some books on the 
thermophysical properties of foods [120-1261. 

It should become clear from this review that calorimetry, DTA and DSC 
give relevant, reproducible data which are of great importance in many 
fields of food technology, because this information characterizes the food 
globally. From the basics of food technology it is easy to understand that 
calorimetric techniques help in quality control, improvement of food char- 
acteristics, development of new operations, and process safety [127-1341. 

Many thermal effects, which have been neglected until now, mainly 
because of experimental difficulties, remain to be studied. 
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Finally, food is sometimes used as a symbol, like the cheese in a fable of 
La Fontaine, to express things which are true in other fields. It is also true 
that many other fields, such as pharmaceuticals analysis, polymer physics or 
chemistry, material and safety sciences, and semi-conductor physics, have 
helped us to understand the thermal and more generally the physico-chem- 
ical behavior of foods [135-1401. 
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