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¢ Third Law of Thermodynamics (Nernst Heat Theorem, Determination of
Absolute Entropy, Unattainability of Absolute Zero) And Its Limitation

The third law of thermodynamics states that the entropy of a system approaches a constant value as

its temperature approaches absolute zero.

In order to understand the abovementioned statement fully, we need to discuss some very important
concepts and consequences of third law thermodynamics first such as “Nernst heat theorem” or “absolute

entropies” etc.
» Nernst Heat Theorem

In 1906, Walther Nernst, a German chemist, studied the variation of enthalpy change and free energy
change as a function of temperature. His results gained very much popularity as “Nernst heat theorem” in
chemistry and built the foundation of many other discoveries. For detailed picture, recall the Gibbs-Helmholtz
equation i.e.

d2(4G) (68)
AG=AH +T|——
S
P
It is obvious from the above equation that the free energy change will become equal to the enthalpy change
when the temperature is reduced to absolute zero i.e. AG = AH at T = 0. Besides, Nernst also noted that the
magnitude of d(4G) /0T declines gradually and approaches the zero with the decrease of temperature.

LEGAL NOTICE
This document is an excerpt from the book entitled “A
Textbook of Physical Chemistry - Volume 1 by
Mandeep Dalal”, and is the intellectual property of the
Author/Publisher. The content of this document is
protected by international copyright law and is valid
only for the personal preview of the user who has
originally downloaded it from the publisher’s website
(www.dalalinstitute.com). Any act of copying (including
plagiarizing its language) or sharing this document will
result in severe civil and criminal prosecution to the
maximum extent possible under law.

: DALAL
Copyright © Mandeep Dalal INSTITUTE


https://www.dalalinstitute.com/books/a-textbook-of-physical-chemistry-volume-1/

CHAPTER 6 Thermodynamics — Il 297

In other words, W. Nernst observed that as the temperature is decreased continuously, the Gibbs free
energy change was decreasing while the enthalpy change was increasing gradually with the same magnitude.
Therefore, the change in slope in both curves must become zero near absolute zero i.e.

lim 9(46) _lim d(4H) —0 (69)
T-0 oT T-0 9T
Which is the mathematical form of Nernst heat theorem. The pictorial representation of these observations is
also given below for a more clear perspective.

Figure 1. The graphical representation of Nernst heat theorem.

It is also worthy to mention that though we have shown AG greater than AH when the temperature is set greater
than zero, the reverse may also be possible because d(4G)/dT can have positive as well as negative values.

Furthermore, we also know that variation of free energy change with the temperature at constant
pressure is equal to the negative of entropy change i.e.

0(4G) (70)

— | =-4S

()

Also, from the definition of change in the heat capacity, we have
0(4AH) (71)

ar ) ~4cr
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After putting the values of equation (70, 71) in equation (69), we get

lim _ lim _ (72)
_)O(AS)—O and _)OACP—O

T T

Now because, no gas or liquid at or in the vicinity of absolute zero, we can apply the Nernst heat theorem to
solids only.

The right-hand side result given in equation (72) is extremely important as far as the third law of
thermodynamics is concerned. Actually, we can say that the “third law of thermodynamics” follows from the
results obtained by the Nernst heat theorem. In order to understand it more clearly, recall one of two results of
Nernst heat theorem i.e.

lim _ (73)
T 50 ACp =0
This means that as we approach absolute zero, the heat capacity ofreactants becomes equal to the heat capacity
of the product. In other words, we cansay that'the heat capacities of all substances are equal at absolute zero.
Mathematically, it can be formulated as
lim
-0

(74)

Cp(product) = Tlii)n Cp(reactant)

0

Since the results of the quantum mechanics say that the heat capacity of tends to zero as the temperature
approaches absolute zero, the above equation takes. the form

lim L (75)
Tooer=L

Similarly recalling the second result of Nernst heat theorem i-e.

lim 'l (76)
T—-0 (A%, 20

Which means that as we approach absolute zero, the entropy of reactants becomes equal to the entropy of the
product. In other words, we can say that the entropy of all substances are equal at absolute zero.
Mathematically, it can be formulated as

lim lim 77
T >0 Sproduct = T >0 Sreactant 77)

Using the same argument as in case of heat capacity, the above equation takes the form

lim . _ (78)
T—>05_0

Therefore, the entropy of all crystalline substances can be taken as zero at absolute zero, which is the general

statement of the third law of thermodynamics.
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» Determination of Absolute Entropy

One of the most interesting and important applications of the third law of thermodynamics (or the
Nernst heat theorem) is that it can be used to determine the absolute entropies of different substances at any
temperature. The procedure employs the fact that we can calculate the entropy change easily and if the entropy
of the initial state is zero then this difference will simply be equal to the absolute entropy i.e.

Where St and S are the entropies at temperatures 7 and 0K, respectively. Since we know from the third law
of thermodynamics that S, = 0, the equation (79) takes the form

Before we proceed further, we must remember that a substance may change phase when it supplied

with heat. Therefore, we need to discuss the-absolute entropies in-solid, liquid and gases separately.

1. Absolute entropies in case of solids: To calculate'the absolute entropy of a solid at any temperature, we
just need to find the total entropy change in shifting the absolute zero state to that temperature. The very small
entropy change is given by

3q (81)

4% 5=

L

However, the general expression for heat capacity'is

oG (82)

Cp = —

CE 26
6q =Cp dT (83)

After putting the value of §g from equation (83) into equation (81), we have

_ Cpdl (84)

ds
T

In order to find the total entropy change in the same phase (solid in this case) when the temperature is raised
from 0 to T, we need to integrate the above equation over the range of interest i.e.

T T
fds_fcp ar (85)
)T
0 0
‘ (86)
ST_SO =prdlnT
0
Since Sy = 0, the above equation becomes
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‘ (87)
ST = J CP dlnT
0

Thus, the entropy of any solid at temperature T can be obtained by heat capacity at many temperature points
between 0K to 7. The total integral of equation (87) can be obtained by measuring the area under the plot of
CpvsInT.

ATE |

0 :
@ ——F—> Temperature —> InT

Figure2: The.plotof heat.capacity ¥s 7 and In 7.

2. Absolute entropies in case of liquids: To calculate the absolute entropy of a liquid at any temperature, we
just need to find the total entropy change in shifting the absolute zero state to that temperature. The whole
process can be divided into three steps; one in heating up the solid phase form 0K to it melting or the fusion
point, then phase change from solid to liquid at fusion temperature, and the last step in which liquid is heated
up to temperature T.

i) Entropy change from 0K to Ty:
Ty (83)

ASl = f CP(S) d ln T
0

ii) Entropy change of fusion at Ty:

AH 89
Ty
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iii) Entropy change from Trto T :

‘ (90)
AS3 = J. Cp(l) d lnT

Ty

The total entropy change for the process can be obtained by simply adding equations (88—90) i.e.

ST_SO =A51 +ASZ +AS3 (91)
Ty T (92)
AH;
ST:J. CP(S)dlnT+T_+ pr(l)dlnT
0 f Tf

Where Cp(s) and Cp(l) are the heat capacities for solid and liquid phases, respectively. The symbol AH
represents the latent heat of fusion.

3. Absolute entropy in case of gases: To calculate the absolute entropy of a gas at any temperature, we just
need to find the total entropy change in shifting the absolute-zero state to that temperature. The whole process
can be divided into five steps; one in heating up the solid phase form 0K to it melting or the fusion point, then
phase change from solid to-liquid-at fusion temperature; followed by the raising the-temperature from Ty to Tj.
The fourth step includes the vaporization of liquid phase to'gaseous phase at boiling point followed by the last

step in which the temperature must be raised from.T},.to the required temperature 1.

i) Entropy change from 0K to Ty :

L (93)
AS, = f Cp(s)dInT

ii) Entropy change of fusion at Ty :

AH, 94
45, = =7 (94)
Ty
iii) Entropy change from Tyto Ty :
Tb (95)
AS3 = f Cp(l) dinT
Ty
iv) Entropy change of vaporization at Tj :
AS, = AHyap (96)
Ty
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v) Entropy change from Ty to T :

‘ o7)
ASs = fCP(g) dInT

Ty

The total entropy change for the process can be obtained by simply adding equations (88—90) i.e.

ST - SO = ASl + ASZ + AS3 + AS4_ + ASS (98)
Ts Ty T (99)
AH; AH,yqp
ST=JCP(s)dlnT+T—+JCp(l)dlnT+T—+fCP(g)dlnT
0 f Tr b Tp

Where Cp(s), Cp(1) and Cp(g) are the heat capacities for solid, liquid and gas phases, respectively. The symbol
AH, 4y, represents the latent heat of vaporization.

» The unattainability of Absolute Zero

One more statement of the third [aw of thermodynamics is that the lowering of the temperature of a
material body to the absolute zero is:impossible in the finite number of steps. To understand this claim, recall
the concept of Carnot réfrigerator first. A Carnot tefiigerator is basically just the reverse of the Carnot heat
engine i.e. Carnot heat engine working in reverse cycle. Since a Carnot heat engine provides work through
reversible isothermal-adiabatic compréssions and expansions, a net amount of work must be done in Carnot

refrigerator making it electricity consumer:

Let g4 be the amount of heat absorbed by a Carnot refrigerator. form a body at lower temperature T
and ¢, as the amount of heat rejected by the same refrigerator to a body at higher temperature T». The
coefficient of performance (f) of the reversible Carnot refrigerator can be given by the following relation.

gl (100)
qs/9i—1
Since for a Carnot cycle, we know that
h_q (101)
I T,
or
92 _ T (102)
g1 Th

After using the value of q,/q; from equation (102) in equation (100), we get

ot (103)
- T2/T1 - 1
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Furthermore, we also know that the coefficient of performance of an ideal Carnot refrigerator is simply the
ratio of the cooling effect to the work done i.e.

4 (104)
ﬁ B w

Which means that how much heat is removed from the body at lower temperature per unit of work done. Now
from equation (103) and equation (104), we have

A _ 1 (105)
w T,/)T;—1
4 _ T; (106)
w T,—T;
Taking reciprocal of the above result, we get
Yt AL L/ (107)
4x I

Thus, it is obvious from the above equationthat'as the lower temperature 7' approaches zero, more and more
work will be needed to.remove-the-same-amount-of-heat-(w-is-inversely-proportional to 77), which is the

unattainability of the absolute zero.
» Limitation of Third Law of Thermedynamics

Although the third law of thermodynamics is very useful in determining various thermodynamic
properties of various substances, there are some limitations of the same. The reason being is the fact that
entropies obtained using the third law'of thermodynamics are thermal entropies and are somewhat smaller than
the entropy values obtained using statistical mechanics. This deviation is typically in range of 3—5 JK ™! mol .

From this, we may conclude that there is'some:entropy present even at the OK temperature. This

entropy is called as “residual entropy” and can be ebtained-using the following relation.
S=klnW (108)

Where £ is Boltzmann constant and the W is the thermodynamic probability which represents the number of
equally probable orientations of the molecule under consideration. For instance, consider a sample of N number
of carbon monoxide molecules. Since each molecule can have two orientations that are equally probable (CO
CO OC CO OC OC), the thermodynamic probability will be W = 2V The residual entropy is

S=klnW =kIn2N = kN In2 (109)
For one mole of sample kN = R, the above equation takes the form

S=RIn2=2.303Rlog2 = 5.85]K tmol™?! (110)
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