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Summary 
 
The analysis of food behavior as a system affected by its own composition and external 
conditions is interesting for the analysis and design of preservation processes. The 
description of food as an aqueous solution and the application of fundamental chemical 
thermodynamic concepts to this type of solution allow the understanding of certain food 
properties related to composition, as in the colligative properties. These properties, 
based on the fundamentals of phase equilibrium, comprise the depression of freezing 
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point, elevation of boiling point, and osmotic pressure. The magnitude of such 
properties is affected by the quali- and quantitative composition of food, which in turn 
modifies the behavior of food during processes, such as in freezing, vaporization, 
osmotic dehydration, and membrane applications, among others. For this reason, it is 
important to know the theoretical concepts that can aid in understanding the colligative 
properties, as well as the application of these concepts to practical aspects of processes, 
such as those already mentioned. 
 
1. Introduction 
 
Most food systems can be studied as aqueous solutions. Therefore, it is possible to 
describe their thermodynamic behavior through the theoretical concepts applied to the 
ideal, as well as to real solutions. Such behavior mainly depends on the type, quantity, 
and interaction of the non-volatile solute or solutes contained in the food, in relation to 
the most important solvent in food, water. At first, solute-water interactions in foods 
affect certain properties, such as vapor pressure, chemical potential, and activity 
coefficients, but these in turn act on other properties, among which, the so-called 
colligative properties (i.e., freezing point depression, elevation of boiling point, and 
modification of osmotic pressure). 
 
Such colligative properties are of interest to food engineers for the design and analysis 
of dehydration processes (e.g., concentration and osmotic dehydration), and freezing, 
and change magnitude according to the type of food and solute or solutes present 
within. In this way, the thermodynamic description of foods, and particularly the 
analysis of their colligative properties, is important and, in principle, can be determined 
based on the theoretical concepts describing solution behavior, which may or may not 
be ideal. For this reason, before studying in detail the above- mentioned properties it is 
recommended that one have a general view of what an ideal solution is, including a 
thermodynamic description. 
 
2. Ideal Solutions 
 
A two-component ideal solution can be defined as one in which the total pressure (P) of 
the gaseous phase generated from this is 
 

1 1 2 2P X P X P= +          (1) 
 
where 1X  and 2X  are the mol fraction of components 1 and 2 of the mixture, with 1n  
and 2n  as the moles of each to a total of n  moles ( )1 2n n n= + . In the case of binary 
mixtures of liquids, the ideal behavior is complied with, since a greater similarity exists 
between the chemical structures of both compounds. 
 
According to Equation (1), it is obvious that Raoult’s law describes the denominated 
partial pressure of each component ( )ii P of the gaseous phase in equilibrium with the 
liquid phase: 
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i i iP X P=           (2) 
 
where iP  is the vapor pressure of pure component i  at temperature T . 
 
On the other hand, if it appears that equilibrium between the solution and the gaseous 
phase generated exists, and if the latter behaves as a perfect gas, then it is possible to 
apply the chemical potential concept described in the topic Thermodynamics in Food 
Engineering (TFE): 
 

( ) ( ) ( ) ln ii sol i g i g RT Pμ μ μ= = +        (3) 

which represents the chemical potential equality of the component, i , in the solution  
  

( )( )i solμ  and the vapor ( )( )i gμ  thereby released, in terms of the standard chemical 

potential of the vapor ( )( )i gμ  and of the component’s partial pressure. 

 
A combination of Equations (2) and (3) to define the chemical potential of component i  
in the solution leads to  
 

( ) ( ) ln lni ii sol i g RT P RT Xμ μ⎡ ⎤= + +⎣ ⎦       (4) 

 
In this equation, the term ( ) ln ii g RT Pμ⎡ ⎤+⎣ ⎦ is a constant at each temperature and 

represents the chemical potential of i  as a pure liquid ( )( )1iμ′ . Hence, 

 
( ) ( )1 ln ii sol i RT Xμ μ′= +         (5) 

 
This equation is used to describe the solution behavior in terms of the concentration of 
each component. Additionally, if the solution participates in processes in which the 
pressure is maintained near 1 atm and pressure changes are very small, then the 
chemical potential of component i  as a pure liquid will tend to equal the potential of 
component i  in liquid form, and under standard conditions (1 atm of pressure), this 
means: ( ) ( )1 1i iμ μ′ = . Thus, Equation (5) becomes 

 

( ) ( )1 ln ii sol i RT Xμ μ= +         (6) 

 
This equation is applied to the denominated truly ideal solution, and is particularly 
important in describing the behavior of many foods. 
 
2.1. Thermodynamic Properties of Truly Ideal Solutions 
 
If every component in a mixture behaves according to Equation (6), in all the 
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composition and temperature ranges considered, then the total free energy of the 
solution can be obtained: 
 

( ) ii solG nμ= ∑          (7) 

 
This expression is the result of integrating Equation (89), presented in TFE. If one mol 
of solution is considered, the molar free energy would be ( ) ( )ii solG n nμ= ∑  or 

( ) ii solG Xμ= ∑ . 

 
On the other hand, if the mixing process forms a solution, the free energy change 
resulting from this process should equal the difference found in the free energy of the 
solution minus that of all the isolate components in the liquid phase. Hence, 
 

( ) ( )1mix i ii sol iG X Xμ μΔ = −∑ ∑          (8) 

 
Combining Equation (6) and (8) yields the free energy change in the mixture per each 
mol of solution, as a function of its composition: 
 

lnmix i iG RT X XΔ = ∑         (9) 
 
Regarding entropy of the mixture conducted at constant pressure; it can be calculated 
using Equation (68) from TFE: 
 

( )mix mix PS G Tδ δΔ = − Δ         (10) 
 
This equation combined with Equation (9) generates the definition for ideal entropy as 

lnmix i iS R X XΔ = − ∑ . 
 
Additionally, entropy change in the mixture, if an ideal solution is formed, can be 
calculated using Equation (64) from TFE: 
 

mix mix mixH G T SΔ = Δ + Δ         (11) 
 
This equation can be expressed as,  
 

ln ln 0mix i i i iH RT X X RT X XΔ = − =∑ ∑      (12) 
 
which indicates that in the formation of an ideal solution (if heat is not absorbed or 
released), there is no enthalpy change. 
 
If Equation (69) from TFE is used to calculate the volume change in the formation of an 
ideal solution (at constant temperature), it can be demonstrated that such change is zero: 
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( ) ( )ln 0mix mix i iT T
V G P RT X X Pδ δ δ δΔ = Δ = =∑     (13) 

 
Equations (9), (10), (12), and (13) describe the denominated thermodynamic properties 
of truly ideal solutions, and are the basis for defining those corresponding to real 
solutions. 
 
2.2 Ideal Solid-liquid Solutions 
 
It is important to analyze the behavior of liquid solutions in food engineering, but even 
more important is the analysis of solids in liquid solutions, since they describe the 
behavior of most foods. In many cases, it is feasible to consider solutions as ideal and 
binary, in which one of the solutes predominates in the food. This dominant solute is 
called a compound (2) and the water (or solvent) is called a component (1). Under 
equilibrium conditions, this binary solution can be expressed in terms of the chemical 
potential using Equation (6): 
 

( ) ( ) ( ) 22 2 2 1 lns sol RT Xμ μ μ= = +        (14) 

 
In this equation ( )2 sμ and ( )2 1μ  represent the standard chemical potential of the solute in 

solid and liquid form, respectively, and the difference between them is denominated as 
free-energy change during melting (fusion). Hence, 
 

( ) ( ) 22 2 1 lnfus sG RT Xμ μ−Δ = − =        (15) 

 
If Equation (15) and the Gibbs-Helmotz expression are combined to evaluate the free 
energy changes as a function of temperature in the formation process of solid-liquid 
solutions, then 
 
( ) 2

2ln fusPX T H RTδ δ = Δ        (16) 
 
In this expression, the term fusHΔ  represents the molar fusion heat of the solid. On the 
other hand, if the solute forms a homogeneous solution with the solvent, and the 
solubility of the former is 1 at the melting point of the solid ( )fusT , then Equation (16) 

can be integrated between fusT  and T  to generate the relationship of solute solubility as 
a function of temperature. Thus, 
 

( ) ( ) ( )2ln 1 1fus fusX H R T T⎡ ⎤= Δ −⎣ ⎦       (17) 

 
This equation is useful in calculating the solubility of a solute in a liquid when the 
values of the fusion heat and fusion point are known. 
 
Together with the description made before, it is important to recognize that in most 
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cases, the liquid fraction of any food behaves as a truly ideal solid-liquid solution, 
mainly due to the reason that such a fraction is a diluted solution. It can be said that the 
behavior of this type of solution follows the Raoult law mentioned previously. 
 
3. Colligative Properties 
 
Depression of freezing point, elevation of boiling point, and osmotic pressure of a 
solution are called colligative properties. In the case of diluted solutions, these 
properties linearly depend on the concentration of the solutes present. All the properties 
are interdependent, and since ideal solutions depend on the number of molecules 
present, if the molar concentration of the solution is measured, then any colligative 
property can be calculated. The parameter that serves to relate such properties is the 
activity of the solvent, which in the case of foods is called water activity ( )wa . 

 
 

Figure 1. Vapor pressure of the components and total vapor pressure of a liquid mixture 
that deviates positively from Raoult’s law (schematic). Water ethanol mixtures deviate 

from Raoult’s law in this manner. 
 
To understand the concepts related to colligative properties, two fundamental laws for 
solutions should be recalled, Raoult’s law and Henry’s law. The Raoult law, presented 
in Equation (2), indicates that the vapor pressure of the solvent is directly proportional 
to the molar fraction. Also, this law (graphically represented in Figure 1) can be 
approximately applied to many solutions and applied exactly to those diluted (i.e., ideal 
solutions). It is clear from Equation (2) that if the molar fraction of a solvent is known, 
its vapor pressure can be easily calculated.  
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On the other hand, Henry’s law, which is experimentally obtained, indicates that the 
vapor pressure of the solute ( )( )sP  is proportional to the molar fraction of the solute 

( )( )sX . However, the proportionality constant is not generally the vapor pressure of the 

pure solute, but a term experimentally determined, known as Henry’s constant ( )( )sk . 

Henry’s law is represented in Figure 1 and expressed as 
 
( ) ( ) ( )s s sP k X=          (18) 

 

 
Figure 2. Effect of added solute on the chemical potential of a liquid solvent, as a 
function of temperature. The freezing point is depressed and the boiling point is 

elevated. 
 
If the solution is described by Raoult’s law, for example, the solute is non-volatile and  
does not form a solution with the solvent when the latter is frozen, then the solute’s 
presence will cause a decrease in the chemical potential of the solvent during a heating 
process (according to Equation 6). However, it would not affect the solid and gas 
phases. This effect is presented in Figure 2. The result of a reduction in the chemical 
potential of the liquid phase causes a reduction in the freezing point and an elevation in 
the boiling point of the solvent. Such depression and elevation represents the colligative 
properties. 
- 
- 
- 
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