Chemical Thermodynamics

Chemical Thermodynamics - |

BASICS Section - 1

Internal Energy :

When we talk about our chemical system losing or gaining energy, we need to introduce a quantity
which represents the total energy of the system. It may be chemical, electrical, mechanical or any other
type of energy you may think of, the sum of all these is the energy of the system. In thermodynamics,
we call it the internal energy, U of the system, which may change, when

heat passes into or out of the system,

work is done on or by the system,

matter enters or leaves the system.

Let us consider the general case in which a change of state is brought about both by doing work and by
transfer of heat. We write change in internal energy for thiscaseas: AU=q+w ()

For a given change in state, g and w can vary depending on how the change is carried out. However,
g +w =AU will depend only on initial and final state. It will be independent of the way the change is
carried out. If there is no transfer of energy as heat or as work (isolated system) i.e., if w =0 and
q=0,thenAU=0.

The equation, AU =g + w is mathematical statement of the first law of thermodynamics, which states
that the energy of an isolated system is constant.

Many chemical reactions involve the generation of gases capable of doing mechanical work or the

generation of heat. It is important for us to quantify these changes and relate them to the changes in the
internal energy. Let us see how!

Pressure-Volume work :

For understanding pressure-volume work, let
us consider a cylinder which contains one
mole of an ideal gas fitted with a frictionless
piston. Total volume of the gas is V; and , :

pressure of the gas inside is p. If external V! V! Volume, V
pressure is p_ which is greater than p, piston ; Pes
is moved inward till the pressure inside ( § (G:%Q:
becomes equal to p,,. Let this change be ; :
achieved in a single step and the final volume ( ( %{]3:. § ( )
be V.. o _*

During th|3 ComprESSion, Suppose piSton Figure : Work done on an ideal gas in a cylinder when it is compressed by a
moves a distance, and is cross-sectional area  constant external pressure, p,, (in single step) is equal to the shaded area

of the piston is A (figure shown).
1
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force
We also know, pressure :E Therefore, force on the piston=p_, . A

If w is the work done on the system by movement of the piston then
w = force x distance =p_, . A. | =p_, . (-AV) =—p AV =—p_ (V; -V, (i)
The negative sign of this expression is required to obtain conventional sign for w, which will be positive.

It indicates that in case of compression work is done on the system. Here (V, —V,) will be negative
and negative multiplied by negative will be positive.

4]

Figure : pV-plot when pressure is not constant and
changes in finite steps during compression from
initial volume, ¥, to final volume, V.. Work done on

the gasis represented by the shaded area.

Vi Volume [V v,

If the pressure is not constant at every stage of compression, but changes in number of finite steps,
work done on the gas will be summed over all the steps and will be equal to — 2 pAV.

If the pressure is not constant but changes during the process such that it is always infinitesimally
greater than the pressure of the gas, then, at each stage of compression, the volume decreases by an
infinitesimal amount, dV. In such a case we can calculate the work done on the gas by the relation

Vs
W= [ pecdV .. (i)

Vi
Here, p,, at each stage is equal to (p,, + dp) in case of compression. In an expansion process under
similar conditions, the external pressure is always less than the pressure of the systemi.e., p,, = (p;, -
dp). In general case we can write, p_ = (p;, = dp). Such processes are called reversible processes.
A process or change is said to be reversible, if a change is brought out in such a way that the process
could, at any moment, be reversed by an infinitesimal change. A reversible process proceeds infinitely

slowly by a series of equilibrium state such that system and the surroundings are always in near equilibrium
with each other. Processes other than reversible are known as irreversible processes.

:
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Figure : pV-plot when pressure is not constant and
changes in infinite steps (reversible conditions) during
compression from initial volume, V; to final volume, V.

Work done onthe gasis represented by the shaded area.

Vi Volume (V) \A

In chemistry, we face problems that can be solved if we relate the work term to the internal pressure of
the system. We can relate work to internal pressure of the system under reversible conditions by
writing equation (iii) as follows:

Wyey =— _[ PindV

Now, the pressure of the gas (p;, which we can write as p now) can be expressed in terms of its
volume through ideal gas equation. For n mol of anideal gas i.e., pV = nRT

nRT
= Pp=—
V
Therefore, at constant temperature (isothermal process),
Vi dv Vi
Wrey =— [ NRT—=-2.303nRTlog—-
W oV Vi
1

Free Expansion: Expansion of a gas in vacuum (p,, = 0) is called free expansion. No work is done
during free expansion of an ideal gas whether the process is reversible or irreversible (equation (ii) and

(iii)).
Now, we can write equation (i) in number of ways depending on the type of processes.
Let us substitute w = —p_ AV from equation (ii) in equation (i), and we get :

AU=q-p, AV
Ifa process is carried out at constant volume (AV =0), then
AU =,

the subscript v in g, denotes that heat is supplied at constant volume.

;
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Isothermal and free expansion of an ideal gas :

For isothermal (T = constant) expansion of an ideal gas into vacuum : w = 0 since p_, = 0. Also, Joule
determined experimentally that g = 0 ; therefore, AU = 0.

Equation AU = g+ w can be expressed for isothermal irreversible and reversible changes as follows:
1. Forisothermal irreversible change g =-w=p_ (V; -V,

2. Forisothermal reversible change q = —w = nRTIn% =2.303 nRTIog%
i i

3. Foradiabatic change, g = 0, AU = Wy

For isochoric process: -w =0
5. Forisobaric process: -w = Pgas AV

Note :

> In many cases, an irreversible process can be easily recognized by using the fact that the process
involving constant external pressure is an irreversible process.

»  Inareversible process, an equilibrium exists (known as quasi-equilibrium) at every stage of the
process.

»  Work done by system in a reversible expansion process will always be greater than that in irreversible

expansion process.

Heat Capacity :

Heat Capacity (C) : Heat required to raise the temperature ofa system by 1°C or 1 K.
Units : JK; kJ/IK

Specific Heat Capacity (c) :  Heat required to raise the temperature ofa 1gm of a system by 1°C
orlK.
Units : J/g/K; kJ/Kg/K

Molar Heat Capacity (C_) : Heat required to raise the temperature of a 1 mole ofa systemby 1°C
orlK.

Units : J/mole/K; kd/mole/K
Mathematically, the above quantities are defined as :
g=CxAT; q=nxC, xAT; gq=mxCcxAT
where g = amount of heat absorbed by the system; AT = Rise in the temperature;

m = mass of the system;
n=moles of the system
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Note : Molar heat capacity has 2 forms : C, (at constant pressure) and C, (at constant volume) defined as

o E
Co=| 9| = AH , c, = 9| = AU *AH=0p AU =

The subscript after the brackets in the above equation denotes the parameter kept constant during the

process.

AH
e AT o denotes change in Enthalpy per unit change in Temperature keeping Pressure constant.
Interms of differentials :

dq dH dqj [duj _
Co=|—| =|—| ; Cy=|—| =|— +dH =dgp;dU =d
P (deP (dTJP v (dT v \dT )y [ Al v
Cp_

Also, Cp—CV:R; Y

\Y

Determination of w, g, AH and AU for a process and a reaction :
Clearly, we need to create 4 equations to solve 4 variables (w, g, AH and AU) as follows :
Whether it is a process or a reaction, the first equation will always be applicable :

q=AU+(-w) o (1) [From First law of Thermodynamics]

Calculating AH and AU will be different in case of a process and a reaction and explained as follows :
() Foraprocess:

AH=nCpAT () [From definitionof C_]
T
or AH= I nCpdT [When C, is also a function of Temperature]
T
AU=nC\ AT o () [From definition of C, ]
T
or AU= I nCydT [When C,, is also a function of Temperature]
T
Also, AH=AU+A(PV) or dH =dU +dPV + VdP [ H=U+PV]
Many a times, we also write : A(PV)=P,Vy =PV = A(NRT =nRAT)

(i) Forareaction:
For a reaction, AH is the most important parameter and can be calculated as :

AH :ZHProducts _ZHReactants e (i)
Also, A/H=A,U+PAV  [AsChemical reactions occur at constant pressure and constant tem
-perature]

;
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or A H=A, U+AngRT (i)

Thus, to get the interconversion between A, H and A, U, we must need to write down the balanced

chemical reaction with states of all the reactants and products and then calculate the change in the
number of gaseous moles.

The fourth variable can be calculated based on the process/ situation as explained in the illustrations
below :

UISENEREY calculate w, g, AH and AU for an ideal gas expanding in vaccum (i) isothermally (i)

adiabatically

SOLUTION :
(i)

(ii)

w=0 [AsP_, =0]

AH =AU=0 [As T = constant for isothermal process]

g=0 [Using First law of Thermodynamics]

qg=0 [Adiabatic Process]

w=0 [AsP_, =0]

AU =0 [Using First law of Thermodynamics] = T is constant
AH=0 [As T = constant]

Note : For anideal gas, U =U(T) and H=H (T) but for real gas, U = U(T,V) and H=H (T,P)

Five mole of an ideal gas at 293 K are expanded isothermally from an initial pressure 0.4
kPa to a final pressure of 0.1 kPa against a constant external pressure of 0.1 kPa.
(a)  Calculate g, w, AU and AH.
(b) Calculate the corresponding value of g, w, AU and AH if the above process is carried out reversibly.

SOLUTION :
(@)

()

For an isothermal expansion against a constant pressure, we have:
-w=P_ (V,-V)

nRT nRT 1 1
:PEX{—— j=PExtnRT[P___j -  w=-9135)

P, P 1 P2
Since temperature is constant: AU =0, AH=0
g=-w=09135J [Using First law of Thermodynamics ]

For isothermal reversible expansion :

—-w =2.303nRT |Oglo % = 2.303 x5 x 8.314 x 293'0910 % = w =-16888 J
> .

:
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Since temperatureisconstant: AU=0; AH=0,
g=-w=16888J [Using First Law of Thermodynamics]

I FEEL eI BB The magnitude of enthalpy changes for reversible adiabatic expansion of a gas from vol-
ume V, to V, (in L) is AH, and for reversible adiabatic expansion for the same expansion is AH,. Then :

(A) AH,>AH, (B) AH,<AH, (C) AH,=AH, (D) AH, =AU, andAH,=AU,
where AU, and AU, are the changes in magnitudes for internal energy of gas in the two expansions.

SOLUTION : (A)
We know that work done in a reversible expansion process is always greater than in an irreversible expan-
sion process.
Using First Law of Therodynamics : q=0=AU+ (-w)
Thus, decrease in U will be larger in reversible adiabatic than irreversible adiabatic expansion and since
AU =nC AT, we can conclude that AT in reversible adiabatic expansion will be greater than in irreversible
adiabatic expansion.
Now, AH, = nCpAT1 ,and AH,=nCAT, = AH, > AH,

SPONTANEITY Section - 2

The first law of thermodynamics tells us about the relationship between the heat absorbed and the work
performed on or by a system. It puts no restrictions on the direction of heat flow. However, the flow of heat is
unidirectional from higher temperature to lower temperature. In fact, all naturally occurring processes whether
chemical or physical will tend to proceed spontaneously in one direction only. For example, a gas expanding
to fill the available volume, burning carbon in dioxygen giving carbon dioxide.

Second Law of Themodynamics :

It is impossible to construct a machine that is able to convey heat by a process from a colder to a hotter
body unless work is done on the machine by some outside agency.

Second law of Thermodynamics also helps in predicting the spontaneity of a reaction/process.
Aprocess which proceeds of its own accord without any outside help is termed as a spontaneous process. To
understand the concept of spontaneity, we first need to understand the most important factor involved which
is Entropy (S) and is explained below :

1. Entropy(S):

Entropy is a thermodynamic state quantity which is a measure of randomness or disorder of the system. More
is the randomness in the system, more is the entropy of the system.

() Entropy is a state function and depends only on initial and final states of the system.

7
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(ii)

(iii)

(iv)

(v)

(vi)

(vii)

(viii)

(ix)

)

(xi)
(xii)

Whenever heat is added to the system, it increases molecular motions causing increased randomness
in the system. The distribution of heat also depends on the temperature at which heat is added to the
system.

Entropy change of the system for a reversible process is mathematically defined as :

d d
ds :% or AS= I q_'?e" =[ d I_Ql_ev J [when the heat is absorbed reversibly at constant T]

If heat is absorbed, then AS is positive (increase in entropy). If heat is released, then AS is negative
(decrease inentropy). Also, for the same amount of heat absorbed, increase in entropy will be more
at lower temperature than at higher temperature.

If the temperature of a system increases, entropy increases. If the temperature of a system decreases,
entropy decreases.

For afixed volume system, entropy increases if the number of molecules is increased in the system
and vice — versa.

For a system with fixed number of molecules, entropy increases as volume increases and vice — versa.

Entropy of a system increases with change in the state of a systemas:  gs) >S(¢) >S(g)

Entropy of more complex molecules is larger than those of simpler molecules as inmore complex
molecules there are more ways of arranging atoms in 3D (i.e. more ramdomness).

e.g.S >S

propane ethane.

Entropy of compounds with similar molecular masses increases (with increase) in their sizes.
&g Sar<Sco, <ScgHg

Entropies of ionic solids becomes larger as the attraction amongst the ions become weaker.
eg. Sy SMgo as in MgO, +2 and -2 charges result in greater attraction.

Harder substances have smaller entropies than softer substances.

€.g. SC(diamond) < SC(graphite) < SFe < SA| < SNa

All spontaneous processes are irreversible processes or vice - versa.

When asystem is in equilibrium, the entropy is maximum, and the change to entropy, AS =0.

For both reversible and irreversible expansion for an ideal gas, under isothermal conditions, AU =0,

but ASt g IS NOt zero for irreversible process. Thus, A U does not discriminate between reversible
and irreversible process, whereas A Sdoes.

:
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2. Criteria for Spontaneity :

First law of thermodynamics is basically the law of conservation of energy. It has no restriction on the way
energy can flow. Thus, energy can flow from higher to lower temperature or lower to higher temperature, as
per first law of thermodynamics. But, natural processes tend to flow only in one direction (known as direction
of spontaneity).

It has been observed that in most of the spontaneous processes/reactions, there is a decrease in energy which
seems to be the crieria for spontaneity but it is not the only criteria, Evaporation of water is an endothermic
reaction yet it spontaneous.

There are two criterias which decide the direction of spontaneity :
@ Decrease in energy (b) Increase in entropy

In other words, a chemical reaction or process tends to follow the direction of minimum energy and maximum
randomness, i.e. reaction will be more probable to occur if it is exothermic or there is an increase in entropy.
A reaction will occur if the value of AH is negative and the value of AS is positive. But the endothermic
reactions in which AH is positive, also take place. There are also reactions in which there is decrease in
entropy, i.e., AS is negative but still they occur. It is, thus, clear that for the spontaneity of a reaction both AH
and AS should be considered simultaneously.

Thus, for processes which do not involve a heat change, increase in entropy is the only criteria. It should be
noted that the criterias for the prediction of direction of spontaneity have been derived through mere observations.
No process/reaction has been found to violate these.

lllustrating the Concept:

Consider the adiabatic expansion of an ideal gas in vaccum. This system is an isolated system (as no exchange
of energy and mass between system and surroundings). So, direction of spontaneity is expansion process
because expansion will cause an increase in the entropy of the system.

3. Finding the direction of spontaneity :

For spontaneity, Second Law of Thermodyamics defines the following statements:

() Inanisolated system, direction of increase in entropy of the system is the direction of spontaneity.

(i) In a non-isolated system, direction of increase in total entropy i.e. AS;,,,= AS +AS
the direction of spontaneity.

Surroundings? IS

System

= For a reaction/process to be spontaneous:  ASy,, = ASq g, + AS >0
To focus on the system for thermodynamic analysis, AS is defined and eliminated as :
@) For areaction :

Surroundings

Surroundings

qSurroundings _ _qSystem

ASSurroundings = T = T
-AH
ASsyrroundings =% [Chemical reactions occur at constant T and P]
AHg
ystem _
= ASTotal = ASSystem - —TAS i = AHSystem - TASSystem

T

;
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10

(b)  Foraprocess:

qSurroundings _qSystem
ASSurroundings = T = T

AStotal = ASSystem + ASSurroundings [Inashort while, we will learnto calculate ASSystem]

Also, a new thermodynamic function, Gibbs energy ‘G’ is introduced to check the spontaneity of the reaction
directly and isdefined as :
G=H-TS
= AG=AH-A(TS) or dG=dH-TdS-SdT

Thus, for a reaction taking place at a certain temperature, we can also define spontaineity of a reaction in

terms of change in Gibbs energy as: AGgystem = —T AStqtg = AH TAS

System System

(i) If AStota1 >0 = AGgystem <0  [Spontaneous]
(i) If ASto <0 = AGgysem >0 [Non- spontaneous]
(i)  If AStg =0 = AGSystem =0  [AtEquilibrium]

The free energy of a reaction is the chemical analogue of ‘potential energy’ of mechanical systems. Abody
moves in the direction in which there is decrease in potential energy. Similarly, in chemical system, the substance
moves in a direction in which there is decrease in free enrgy, i.e., AG is negative.

For any system in which a reaction/process taking place, AG = 0 denotes the attainment of equilibrium. In
other words, a reaction/process proceeds till its entropy has become maximum i.e. no furthur change in
entropy is possible. A very famous example is the mixing of two ideal gases which happens till the new system
has become homogenous (because in that state only it will have maximum entropy).

Calculation of Gibbs energy is very important in finding out the direction of spontaineity and is widely, mostly
and mainly used in chemical reactions. We will discuss more on this in the upcoming portions of this chapter.

ASsystem > 0 }

Case (i) : ASSurroundings >0 = ASTotal >0
) ASsystem < 0

Case (i) ASsurroundigs > 0 = AS; > 00r<o0
ASsystem > 0

Case (iii) : ASsurroundigs < 0 = AS; > 00r<o0
_ ASsystem < 0

Case (iv) : ASsurroundigs < 0 = AS iy <0



Chemical Thermodynamics

Clearly, Case (i) is always spontaneous since change in total entopy is always positive i.e. total entropy is
increasing. Case (ii) and (iii) may or may not be spontaneous. Case (iv) is always non-spontaneous since
change in total entopy is always negative i.e. total entropy is decreasing.

. Calculating entropy change in phase change :

When a substance changes phase (e.g., solid to liquid), there is a change in entropy associated with it (even
though temperature is constant at phase change).

. AH melting .
(@) Melting : ASmelting = = Entropy change due to melting (takes place at constant
melting
temperature)
e.g.  Entropychange for 1 kg ice at its melting point :
1000

j x 6 x 1000
18

= ASmelting = =1220.8 J/K

273
[ Enthalpy of fusion of water = 6 kJ/mole ]

fonti AH yaporisation
(b)  Vaporisation : ASyaporisation — —oporianon

Thoiling 4 /
e.g. Entropy change for 1 kg water at its boiling point : D AS
(1‘;20) x 44 % 1000 ;
AS feation = =6552.8 J/K 5 :
vaporlsatlon 373

A q |:J!-1I!.‘|i

[ Enthalpy of vaporisation of water =44 kJ/mole ]

lusiiai boihing T
AHTransiti
(c)  Allotropic Transition : ASTransition = w
Transition
e.g. Transition of 1 mole of Sulphur from Rhombic to Monoclinic :
402 -1 -1
AStransition = ——— =1.09 JK™"mol
transition 3685
[ Enthalpy of transition from rhombic to monoclinic Sulphur =402 J mole™ and T, ansition = 368-5 K]

ATy
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Entropy of a substance :

First of all, we need to know an important law helpful the entropy ofa substance i.e. Third Law of
Thermodynamics. As per Third Law of Thermodynamic (also knows as Nernst heat theorem) :

(@)  Allsubstance have same heat capacitiesat 0°K .

(b)  Heat capacity of every substance iszero at 0K .

(c) Entropy of a perfectly crystalline substance is zero at QK .

This law provides an absolute reference point for the determination of entropy. The entropy determined
relative to this point is the absolute entropy.

Entropy change of a reaction :

To calculate ASSystem forareactionat say T (K), simply balance the reaction and use the following formula:

Qsurr. _ —sys.
TSurr. TSurr. TSurr.
as chemical reactions occur at constant T and P.

ASsystem = AfS = ZSProducts _ZSReactants and  ASsurroundings =

At standard conditions : ASP =388 -3 s
Note : Every reactant/product will have a non-zero Entropy for T above 0 K.
Variation of Spontaneity of a reaction with temperature :
We can have an idea of the spontaneity of reaction with temperature using :
AG = ¥ - EFT
Enthalpy Entropy
Factor Factor
In general, |JAH| >>|TAS]. Clearly, Entropy factor increases as T increase and decreases as T decreases.
For an exothermic reaction proceeding with a decrease in entropy, AG is in general, negative i.e. spontaneous
reaction.
For an endothermic reaction proceeding with an increases in entropy, AG is in general, positive i.e. non-
spontaneous reaction.
Thus, ingeneral, exothermic reaction are spontaneous at room temperature and may tend to become non-
spontanceous (if AS ., <0) at higher temperatures. In general, endothermic reactions are non-spontaneous
at room temperature and may tend to become spontaneous (if AS > 0) at higher temperatures.
Thus, we need to calculate : AS, = ASg .. +ASg, i fOrthe reaction/process and if it comes out
to be > 0 then that direction will be spontaneous.
2
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Note: »  Thedecrease in Gibbs energy is a measure of the maximum useful work that can be obtained from
asystem. The Gibbs energy is the maximum amount of non-expansion work that can be extracted
from a systemand this maximum can be attained only in a completely reversible process.

»  We can have a rough idea of temperature about which there is a spontaneity change for a reaction and
isgivenby :
AHg) stem (€] (€] ] -
S + Here, we have assumed that AHger and ASs)g.er doesn’t vary with
ASSystem

temperature just to get anideaof T . .

N T ™S

~ (at low T) Reaction spontaneous at all temperature
= = — (at low T) Reaction spontanecus at low temperature
- - + (at high T) Reaction nonspontaneous at high temperature
+ + + (at low T) Reaction nonspontaneous at low temperature
+ + — (at high T) Reaction spontaneous at high temperature
+ - + (at all T) Reaction nonspontaneous at all temperature

UEBIEOIRERY Assuming A, H®and A,S®to be independent of temperature, at what temperature will the
reaction given below becomes spontaneous?

N,@ + OJ(9 —— 2NO(9) ; A,H®=180.8 kJ mol .
59/ K tmolt  191.4 204.9 210.5
SOLUTION :

First calculate Ars@ for the given reaction as follows :
AS® =38P -3 sR =25%0 5%, -5%, =2x210.5-191.4- 204.9 = 24.7 J K™ mol*

Using: A,G® =AH® — TA,S® =180.8-298 x 24.7 x 10° = 173.4 k) mol™*

Clearly, the given endothermic reaction is non-spontaneous at room temperature. So, we need to increase the
temperature to make the reaction spontaneous.

= A,G® =180.8— (T x24.7 x 10°) kI mol"*

For spontaneity, put ArGe =0toget:

ATy



Chemical Thermodynamics

)
ArHsysstem 180.8 x 103
Tswitch =P = Tswitch =—2 47 ~ 7320 K

o
A rSSystem

The reaction becomes spontaneous above a temperature of 7320K.

ISRl ERE Sulphur exists in more than one solid form. The stable form at room temperature is rhombic
sulphur. But above room temperature the following reaction occurs :

S (rhombic) —— S (monoclinic)

If AcH =276.144Jat 298 Kand 1 atmand A,G = 75.312 J
(a) Calculate A,S at 298 K

(b)  Assumethat A H and A,S do not vary significantly with temperature, calculate Teq, the temperature
at which rhombic and monoclinic sulphur exist in equilibrium with each other.

SOLUTION :
(@) Since A, G=AH - TA,S
L Ag-AH-AG_276144-75312 .
r T 298
(b) Under equilibrium condition A,G =0
_AH  276.144

= AH-T, AS =0 = =409.7 K

97 AS 0674

Free energy change of areaction :
A G for a reaction can be calculated using following two methods

(i
(ii)

Using:AG=AH-TAS
Using: A G= z Gpoducts — ZG Reactants

Take note of the followings while calculating Gibbs energy change for a reaction :

(@)

()

©

(d)
(€)

14

Chemical reaction in which a compound in its standard state is formed from its elements in their

standard states, the Gibbs energy change is the Standard Gibbs energy of formation, A;G ©

AsG © =0for anelement inits standard state.

- o o -
AfGe— ZGproducts - ZG reactants ArHO - TArSO

A G isan extensive property.
A G changes sign when a process is reversed. [ It can be treated ina similar manner as with A H]
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Compute the Gibbs energy change of the reaction at 27°C for the combustion of methane.
CH,(g) +20,(g) — CO,(g) +2H,0(Y)
A¢H® (inkImol?) -748 — ~3935 -285.8
sO(inJK'mol?) 186 205 214 70
SOLUTION :
AHO= ArHTo ) +2A¢HT, o) — ArHTy, ) =3935 +2 x (-285.8) - (-74.8) = -890 kI mol

] ] ] ]
o_
ArS - S(COz) + 28(H20) _S(CH4) _28(02) =214+2x70-186—-2x205=-242J/ K/ mol

AG= A H® - TA,S® =-890 - 300 x (-242 x 107%) = -890 + 72.6 = -817.4 k] mol™

UFETENENAY show that the reaction CO(g) + (1/2)0,(g) —— CO,(g) at 300 K, is spontaneous and
exothermic, when the standard entropy change is —0.094 kJ mol™ K™. The standard Gibbs free energies of
formation for CO, and CO are —-394.4 and -137.2 kJ mol, respectively.

SOLUTION :

1
For the given reaction, we have : CO(g) + 5 0,(9) — CO.(9) ArS@ =-0.094 kiK tmolt

The free-energy change of the reaction s :

o o) o 1 )

=(-394.4 + 137.2) kI mol™ =-257.2 k] mol AT =
(-394.4+137.2) kImol! =-257.2kImol* [+ A;GS  =0]

Since ArG@ IS negative, the reaction is spontaneous. The enthalpy change of the reaction is:
~8.314Jmol k=1 = [-257.2 + (300) (- 0.094)] ki mol™ = -285.4 k] mol™*

Since AH s negative, the reaction is exothermic.

Gibbs energy and Equilibrium Constant:

We can relate A G for a reaction under any set of conditions to its value for standard conditions, that is, to
AG® by:
_ o : : :
AG = A,G” +2.303RT log,, Qwhere Q is reaction quotient.

If a system s at equilibrium, ArGe =0. Thus from the above equation :

ATy s
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ArGe =-2.303RT log,, Kee| where Keo| is thermodynamic equilibrium constant.
Magnitude of Arc;@ determines the value of K. Consider three cases:
() Kg>>1: Reaction proceeds mainly in forward direction and is almost complete
(Kproducts = 13 Xreactants= 0)
(i) Kg<<1l: Reaction does not “wish” to proceed in forward direction (X, 4, 05 Xreactants = 1)
(i) Kg=1 : Both products and reactants exists in appreciable amounts, at equilibrium.

We have seen how a knowledge of the sign and magnitude of the free energy change of a chemical reaction
allows :

1. Prediction of the spontaneity of the chemical reaction.

2. Prediction of the useful work that could be extracted fromiit.

So far we have considered free energy changes in irreversible reactions. Let us now examine the free energy
changes inreversible reactions.

‘Reversible’ under strict thermodynamic sense is a special way of carrying out a process such that systemis all
times in perfect equilibrium with its surroundings. When applied to a chemical reaction the term ‘reversible’
indicates that a given reaction can proceed in either direction simultaneously, so that a synamic equilibriumis
set up. This means that the reactions in both the directions should proceed with a decrease in free energy;,
which seems impossible. It is possible only if at equilibrium the free energy of the system is minimum. If it is
not, the system would spontaneously change to configuration of lower free energy.

So, the criterion for equilibrium

A+B=C+D s

A, G=0
Variation of Gibbs Energy and Equilibrium Constant :

G G G

I _

~

Reactants : Products Reactanits - Products Reactants Products
K, == 1 Kp=<1 - Kp= 1

Note : »  Equilibrium s the point of minimum in the above diagrams.
»  Ifwe move away from the point of minimum, there will be an increase in Gibbs energy which is non-
spontaneous.
r
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Equilibrium constant vs. Temperature :
For areaction : A G=AH-TA,S

At standard conditions : ArG@ = ArH@ + TArS@
When the reaction reaches equilibrium at temperature T, we have : ArG@ =—RTInKgq
Thus, we have at temperature T;: ~ —RTyIn (Kgg)y = ArH@ -T ArS@

and at temperature T, : —RT,In (Kgq)2 = ArH@ -T) ArS@

(Keg-)2 _ ArH@ _[ 1 1 j

Solvetoget : In = s
’ (Kegt R T T

A certain gas in expanded from (1L, 10 atm) to ( 4 L, 5 atm) against a constant external
pressure of 1 atm. If the initial temperature of gas is 300 K and heat capacity for the process is 50J / °C, the
enthalpy change during the process : (Use: 1L atm ~ 100 J)

(A)  15KkJ (B)  15.7kJ (C) 143K (D) 147K

SOLUTION : (B)
Use: AH =AU + A(PV) =AU+ (P2V2 - P]_Vl)
Calculate AU as follows :

P1V1:P2V2 N 10x1 5x4

0] Use: T T, 300 T, T, =600K

(ii) g =CAT =50x (600 —300) =15kJ

(iii) —W =P, AV = (4—-1) =3Latm =0.3kJ

(V)  q=AU+(-w) =  15=AU+03 = AU=14.7k]

=  AH=14.7+(5x4-10x1)x100x10~3 =15.7 kJ

AT
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JIFSHE R For the reaction : N,0,(g) == 2NO,(9)

Calculate A G of the system in a mixture of 5 mol of N,O, (g) and 5 mol of NO,(g) at 298 K at a total pressure
of 20 atm. Use the following data in kJ mol™ : As G (NO,,g) =50; A¢ G (N,O,,g) = 100
SOLUTION :

We need to calculate AG.. Use:AG = A,G®+RT/nQ

. o ) )
So, first calculate A G° using : A,G® = .G ~ 2 GReactants

Poducts
= > (4G°) - Y(are®)
[-- Atstandard conditions : Ggmpound = Angmpound]
= 2x AGO(NO,, g) - A;G®(N,0,, g) =2x50-100=0

2
and  A,G=A,G® +RT /NQ=0+8.314 x 298 /n [%] =570 kI mol™*

Products Reactants

5 2
p2 ( X ZOJ
NO,  \10
° Q = = 5
PNyO, ( X 20}
10

Note: A¢:G © of an element in its standard state is zero.

Calculate A G at 298 K for the following reaction if the reaction mixture consists of 1 atm
of N,, 3 atm of H, and 1 atm of NH.. N, (g) + 3H,(g) = 2NH3(0); ArG@ _ _3339K]
SOLUTION :

N, (g) + 3H,(g) = 2NH5(g) A,G® =-33.2kImol™

Using: AG= A,G® +RT /nQ
2

p 2
NHy  _ | _ i
where Q= psziz 1x38 27 :T=298K;R =g8314molt k!
|
= AG=-332+(8.314x107) x 298 x 2.303 log,, 5= =~33.2 ~8.16 =~41.36 kimol”

s " CED



Chemical Thermodynamics

MEENEROEEEY The temperature dependence of equilibrium constant of a reaction is given by :
2059 .
InKeq =4.8 ———Find A,G®, A,H®, A,s®.
SOLUTION :

2059 AS®  AH®
Compare InKgq =4'8_T with InKgq = r: — ;QT

€]
A
We have : r: =48

= 7,59 =48x8314JK=39.9 K
AH®

= 2059 = ArHe =2059 x 8.314 J/IK=17.12 kI /K

and AG® = AH® —TA,S9=17.12-298 x 39.9 x 10°=5.31 ki/K

[llustration - 12 . ' : = i N
Ka for acetic acid at 27°C is 2.0 x 10 and at 77° C, K, is 2.5 x 10 °. What are

AH© and As® for the ionization of acetic acid ?
SOLUTION :

. /n (Keq)Z _ArHe i i
Using : (Keq)l - —

T T
25x107°) AH® ( 11 j
— /n - = X _
2.0x107° 8.314 |\ 300 350
= AH® =3.89kJmol™

Also, A,G® =-RT /K,

=

A,G® =-8.314 x 298 x /n (2.0 x 10°) = 26.81 kJ mole™
[Taking(Keq)25°c = (Keq)27°C}
Using : AG® = AH® —TAS®

= 2681=389-(298x107°)x A, S® = A,S® =76.9Jmole” K™
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