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16.10: Colligative Properties - Boiling-point Elevation
The system we envision when we talk about boiling-point elevation is described schematically in Figure 7. We consider a solution
of two components,  and . The mole fractions of  and ,  and , specify the composition of the solution. We suppose that
one of the components is present at a low concentration. We call this component the solute, and designate it as compound . Under
these assumptions, we have  and . We assume further that  is nonvolatile, by which we mean that the
vapor pressure of pure , , is very small. Then the second component, , comprises most of the material of the system. We call
component  the solvent. We suppose that the –  solution is in equilibrium with a gas phase. In principle, molecules of both
components are present in this gas. Since we assume that essentially no component  is present in the gas phase, we have 
and . We assume also that gas-phase  behaves as an ideal gas and solute  obeys Henry’s law.

Figure 7. Schematic description of boiling-point elevation.

When we measure the boiling point of a liquid system, we find the temperature at which the vapor pressure of the system becomes
equal to a specified value. For the normal boiling point, this pressure is 1 atmosphere, or 1.01325 bars. At the boiling point, liquid-
phase solvent is in equilibrium with gas-phase solvent, so that the chemical potential of liquid-phase solvent is equal to the
chemical potential of gas-phase solvent. That is, we have

We want to describe the change in the equilibrium position that occurs when there is an incremental change in the solute
concentration, , while the pressure of the system remains constant. If the system is to remain at equilibrium, 

 must remain true. It follows that the chemical potentials of the two phases must change in tandem. Continued
equilibrium implies that  when the solute concentration changes by .

We can analyze the boiling-point elevation phenomenon for any fixed pressure at which pure liquid  can be at equilibrium with
pure gas . Let us designate the fixed pressure as . We designate the boiling-point temperature of pure solvent , at , as 

; thus, , where  designates the equilibrium vapor pressure of pure solvent  at temperature . Our
goal is to find the temperature at which a binary solution is in equilibrium with pure gas  at the fixed pressure . We let  be
the boiling temperature of the solution at . The composition of the solution is specified by the solute concentration, 

.

Since we assume that the solute obeys Henry’s law, we choose the standard state for solute  to be the pure hypothetical liquid 
whose vapor pressure is  at . We suppose that  is exceedingly small. From Section 16.4, we then have , so
that

at any temperature. From Section 16.8, we have

Pure liquid-phase solvent is at equilibrium with gas-phase solvent at  and . We imagine that we create a solution
by adding a small amount of solute , making the concentrations of solute and solvent  and , respectively. We
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maintain the system pressure constant at , while changing the temperature to maintain equilibrium between gas-phase and
solution-phase solvent . The new temperature is .

The pressure of gas-phase B is constant at . The temperature goes from  to . We choose the activity standard state to be
pure gas B at  and T. This means that the activity of the pure gas is unity at every temperature, so that .

It is worthwhile to note that we can arrive at this conclusion from a different perspective: From Section 14.14, the incremental
change in the activity is

where  is the partial molar enthalpy of gas-phase  at , and  is the partial molar enthalpy of  in its activity standard state
at . Since we assume that the gas phase is essentially pure , we have  and, again, .

From Section 14.3, we have the general result that

The system pressure and temperature are  and . For both the gas phase and the solution phase, we have 
and . Since , we have

Since , we have

The chemical potential of the pure, constant-pressure, gas-phase solvent depends only on temperature. The chemical potential of
the constant-pressure, solution-phase solvent depends on temperature and solute concentration. Equilibrium is maintained if

Substituting, we have

Since ,

The relationship  becomes

or

We consider systems in which the boiling point of the solution, , is little different from the boiling point of the pure solvent, .
Then, , and . We let , where . Since the solution is almost pure , the partial
molar entropy of  in the solution is approximately that of pure  Consequently, this partial molar entropy difference is, to a good
approximation, just the entropy of vaporization of the solvent, at equilibrium, at the boiling point for the specified system pressure,

. Then, since the vaporization of pure  at  and  is a reversible process,

so that
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In the solution, the solute mole fraction is ; in the pure solvent, it is zero. At  and ,  is a constant. Integrating,
between the limits  and , we have

and

Introducing the approximation , which is valid for , we have

Solving for ,

Since the enthalpy of vaporization and the mole fraction are both greater than zero, ; that is, the addition of a
non-volatile solute increases the boiling point of a liquid system. By measuring , we can find ; if we know the molar mass of
the solvent, we can calculate the number of moles of solute in the solution. If we know the mass of the solute used to prepare the
solution, we can calculate the molar mass of the solute.

Frequently it is useful to express the solute concentration as a molality rather than a mole fraction. Using the dilute-solution
relationship between mole fraction and molality from Section 16.6, , the boiling-point elevation becomes:

Our theory predicts that the boiling-point elevation observed for a given solvent is proportional to the solute concentration and
independent of the molecular characteristics of the solute. Experiments validate this prediction; however, its accuracy decreases as
the solute concentration increases. Letting

and

we have  and . We call  or  the boiling-point (or boiling-temperature) elevation constant for
solvent . For practical determination of molecular weights, we usually find  or  by measuring the increase in the boiling
point of a solution of known composition.
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