UNIT-V

Partial Molar Functions — Concepts of Chemical Potential
(Ap): Gibb’s Duhem Equation and its Application - Chemical
Potential for Ideal gases. Variation of Ap with T and P.
Clapeyron Equation, Clausius — Clapeyron Equation:
Derivations and their Applications. Activity , fugacity and
activity coefficient (definition only). Law of Mass Action:
Derivation of Kp and Kc and their relationship — Le Chatelier—
Braun Principle - Thermodynamic Interpretation -
Application to homogeneous and Heterogeneous Equilibria.
Van’t Hoff isotherm and isochore.



Unit-V
Thermodynamics of Open Systems
Partial Molar Properties
» The Thermodynamic Properties Uor E, H, S, A and G are

extensive properties because of their values change with
change in the mass (i.e., no. of moles) of the system.

» A tacit assumption was made that the system under
consideration was a closed system ie., there is no change in
the mass of the system.

» In the case of open system containing two or more
components, there can be change in the number of moles
of various components as well.



» Extensive property — X is a function of temperature
and pressure but also of the number of moles of
the various components present in the system.

» Let T and P be the temperature and Pressure,
respectively, of a system and let n,,n,, n,....... n

be the respective number of moles of the
constitutents,1,2,3,......].

» X=f(T,P, n,n,, n,....... N
Wheren, + n, + ny+ ....... + N, _ Total No. of moles =N



Partial Molar Property

» For a small change in T, P and number of moles of the
components, the change in the property dX is given by the
expression

dX = (OX/T)p ,, AT + (OX/OP),  dP +

(0X/0on,)T,P,n, ,N3..n; dny +

(@X / anz) T, P, n1,n3 ,n4...nj dn2 +
(OX'/0NM) 1 p n1n2 n3.n AN+

(0X/ 0Ny 1 b n1n2 n3.nj1 AN;



Partial Molar Property

* (0X/an) a1n2 n3..n 1S Called the partial molar
property of that component X

* Partial molar internal energy
= (0E / dni) T,P,n1,n2,n3.. — _Ei-

* Partial molar enthalpy
= (@H / ar]i) T,P,nl,n2,n3... =—F|i.



* Partial molar entropy
=(0S/ on) T, P, Ny N, ,N... =S

e Partial molar volume
=(0V/on)T,P,n n,,n,.. = Vi



Partial Molar Free Energy = Concept of Chemical Potential

s It is represented as

(0G/0n)T,P,ni...n; = G =W,

+»The chemical potential of a given substance is the
change in free energy of the system that results on
addition of one mole of that particular substance at a
constant temperature and pressure, to such a large
guantity of the system that there is no appreciable
change in the overall composition of the system.



*»* For a small free energy change, egn 1 may be written as
dX = (OX/3T), ,, dT + (OX/0P); , dP +
(OX/0N1) 1 p 12 n3.njdNg +
(OX/0N;) 1 b, n1,n3 na.nj ANy +
(OX/0N) 1 p, n1,n2 3.0y AN +
(0X / a”j) TP n1n2 n3..nj-1 AN,

dG= (3G / OT) py T + (3G / OP) ;  dP+ p, dny+ i, dny+

13 VP U PR and L, are Chemical potentials of components
1,2.....and j, respectively.



< If temperature and pressure remains constant, then

(dG)rp= Ky dny+ Wy dny+ .. pdn, (4)

+ If a system has a definite composition having n,, n, .....n
moles of constituents 1,2,............ j, respectively, then on
integrating egn (4),we have

From eqgn (5), chemical potential may be defined as the
contribution per mole of each particular constituent of the
mixture to the total free energy of the system under
conditions of constant temperature and pressure.



Gibbs-Duhem Equation

(G)rp=ng Ky + Nyt e

** Equation (5) shows that the free energy of a system at

constant temperature and pressure, can be expressed as
sum of ny; terms for the individual components of the
system.

< The total differential of G of equation (5) is written as

dG = (4, dng+ Ny didy) + (y dnyt 0, diy, pydng 0y diy,



 The first term on the right hand side of
equation(6) is equal to dG, at constant
temperature and pressure, it follows that at
constant temperature and pressure, for a
system at definite composition

cndiy - g

This simple relationship is known as Gibbs-
Duhem equation.



For a system having only two components

(ie., a binary solution), the above equation reduces to
Ndpy + A, - g or dul = - (N2/Ny du,

<+ The above equation shows the variation in chemical potential of
one components affects the value for the other components as well.

+Thus if dy, is positive, ie., if Yy, increases, then dyu, must
be negative ie., u, must decrease and vice-versa.



Important Results

 There is no change in the number of moles of
the various constituents of a system, that is
when the system is the closed one, then

dny, dn,....dn; are all zero.

dG= (0G/AT), ), dT+(0G/AP) dP+ p, dny+ p, dn,+



In such case egn reduces to

(3G / OT) p T + (3G / OP) 1 ,, dP

<+ For a closed system

dG= VdP-SdT

Hence by equating coefficients of dT and dP in the above two equations we get

(0G / aP) W=V

Class stopped here



VARIATION OF CHEMICAL POTENTIAL WITH TEMPERATURE

< The variation of chemical potential of any constituent
of a system with temperature can be derived by
differentiating equation (2) with respect to temperature

(0G / dn) TPnton = O =M

and equation  (8G/AT),\= -S

with respect to n,. The results are



32 G/ dni AT = (Aui/ OT)p (1)

02 G/ ATAni=-(3S/0Ni ) 1p 12 n3eni === 9

By definition S, is the partial molar entropy of component i

It follows from equation 1 and 2 that
(Oui/ aT)py =75;.



< Since the entropy of a substance is
always positive, according to the
equation

(Oui/ aT)p =-"9S.

The chemical potential would
decrease with increase in
temperature.

It is evident that at the melting point
(Tm), the chemical potential of solid
and liquid phases are same.

It is evident that at the boiling point
(T,), the chemical potential of liquid
Reference: Physical Chemistry — Puri & Sharma and gaseous phases are same.
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The variation of chemical potential of any
constituent i of the system with pressure may

be derived by differentiating equation with

respect to pressure
(0G/0n)T,P,n...n; = G =W,

and this equation with respect to ni
(0G/OP) ;= V



0% G/ AP ani = (dui/ AP); (a)

02G/0nidP = (0V/0ni) p i n3.ni = Vi

....... nj L eeveeeens

It is the partial molar volume of the component i

(Oui/ P); ="V,

This equation gives the variation of chemical potential (i)
of any constituent of the system with pressure.



N U A

Q)
D)

¢ For a system of ideal gases,

Start revision from here
& PV = nRT

¢ Consider a system consisting of a number of ideal gases.

“ Letny, n,....... be the number of moles of various constituents present in the mixture.

)

% Then, in the ideal gas equation, n, the total number of moles may be replaced by
(ny+n, + ...

** Hence

< V= nRT/P = (NN H . JRT/P oo, (1)

% Differentiating Eqn (1) with respect to ni at constant temperature and pressure, we have

“ (OV/ 0N )p 0102 =V; _RT/P

% Substituting the values of V. _ RT/P in equation (Oui/ GP)T,N =V



o (Gul/ GP)T,N = RT/P .................. (2)

< For a constant composition of the gas and at constant temperature

¢ For a constant composition of the gas and at a constant temperature the equation 2
may also be expressed in the form

@ d=(RT/P) AP = RTAINP e (3)

“* Let P, be the partial pressure of the constituent i present in the mixture. Since each
constituent behaves as an ideal gas, therefore

+** Since ni and n are constants, therefore on taking logarithms and then differentiating we get

dINP, =dIN P oo (4)
%* Substituting in equation dp,=(RT/P)dP = RTdInP

d u,=RT dIn P,



On integrating equation (5), we get
i = Wipy+ RTINP; e (6)

Where ;;,° is the integration constant, the value of which depends upon the nature of
the gas and on the temperature.

*» It is evident from equation (6) that the chemical potential of any constituent of a
mixture of ideal gas is determined by its partial pressure in the mixture, if the partial
pressure of the constituent i is unity i..e., pi =1, then

M = ui(P)O

“»*Thus ;% gives the chemical potential of the gaseous constituent i when the
partial pressure of the constituent is unity, at a constant temperature

¢ According to equation (5) p, = (n,/V) RT

¢ Now n./V represents molar concentration, ie., the number of moles per unit
volume of the constituents i in the mixture. If this concentration is represented by
ci then equation (5) gives

p; = ¢ RT



Integrating the value of p, in equation 6,

we get

W = M+ RTIN (¢ RT) = wp)%+ RTIN RT + RTIn ¢
Gy

| Constan

t

= W™+ RTIn ¢

Where ui(c)o (= ui(P)0+ RTIn RT) is a constant depending upon
the nature of the gas and the temperature.

If ¢, =1, then W, = ° . Thus ° represents the chemical
potential of the constituent i when the constituent in the
mixture is unity at constant temperature.



Lastly since ni/n represents the mole fraction x. of the constituent | in the
mixture may be represented as

Pi- X P
Substituting the value of pi in equation, we have

W = M+ RTIN (x P) = Wpy%+ RTIN P + RTIn x,
G

Constan
Or ;= Wi >+ RTIn x; ¢

Where the quantity
Mi)” = (Mip) >+ RTIN P)

Is also a constant which depends both on the temperature and
the total pressure.
If xi =1, W = Wi°

Thus u,,,° represents the chemical potential of the constituent | when
its mole fraction, at a constant temperature and pressure, is unity.



Clapeyron-Clausius Equation

s It finds extensive application in one-component, two-phase systems, derived by
Clapeyron and independently by Clausius, from Second law of thermodynamics and is

generally known as Clapeyron-Clausius equation.

¢ The two phases in equilibrium may be any of the following types:
+ (i) Solid and Liquid S = L, at the melting point of the solid.

+* (ii) Liquid and Vapor L =V, at the boiling point of the liquid.

+* (iil) Solid and Vapor S =V, at the sublimation temperature of the solid.



¢ (iV) One Crystalline Form and Another Crystalline Form as, for example, rhombic
and monoclinic sulphur S; = SM, at the transition temperature of the two
allotropic forms.

¢ Consider any two phases of one and the same substance in equilibrium with each other
at a given temperature and pressure.

¢ It is possible to transfer any definite amount of the substance from one phase to
another in a thermodynamically reversible manner, ie., infinitesimally slowly , the system
remaining in a state of equilibrium all along.

*» For example, by applying heat infinitesimally slowly to the system, it is possible to change
any desired amount of the substance from the liquid to the vapor phase at the same
temperature and pressure.

s¢Similarly by withdrawing heat is infinitesimally slowly from the system, it is possible to
change any desired amount of the substance from the vapor to the liquid phase without any
change in temperature and pressure.

*»*Since the system remains in the state of equilibrium, the free energy change of either
process will be zero.



¢ Hence equal amount of a given substance must have exactly the same free energy in the
two phases at equilibrium with each other.

¢ Consider, in general the change of a pure substance from phase A to another phase B in
equilibrium with it at a given temperature and pressure.

% If G, is the free energy mole of the substance in the initial phase A and G; is the free
energy mole of the substance in the final phase B, then G, = G; hence there will be no free

energy change i.e.,

AG=G,—G, =0

+» if the temperature of such a system is raised say from T to T+dT, the pressure will
also will have to change from P to P+dP, in order to maintain the equilibrium.

¢ The relationship between dT and dP can be derived from thermodynamics.



*» Let the free energy per mole of the substance in phase A at the new temperature and
pressurebe G, +dG,




It may be noted that since V, and Vi are the molar volumes of the pure substance in the two phases 4
#id B, respect’vely, Vy- V, represens the change in volume when one mole of the substa. ce passs from
the ini*ial phase .1 1o the tinal phase B. It may be represented by AV, Similarly, Sz- S, being the shange
i enfropy for the same process, may be put as AS. Hence,

dPlal = ASIAV -A152)

If ¢ is the heat exchanged reversiolv per riole of the substance during the phase transformation at
temperature 7, then Ce change of entrepy (AS) in this p.ocass is given by AS=q/T.

e &R/ g
Hence, dqT AV L A153)
dP ____«
m“. qd-? rl VH i, *} 3 1.‘(15?]

b This is Clapeyroa equation.
_ This equatiou, evidently, gives change in pressure @P which would accompany the change in tenperaire
I or vice versa, in the case of a system containing «wu ph.ses of a pure subctance in equilibrium with
ch othe=. Suppose the system consists of water in the tw phases, viz., quid and vapour, in equilibrium
each other at the temperature 7, i.e.,
Water (liguid) =  Water (vapour)

¢ = Molar hert of vaporisation, AH,
¥z = Volume of or2 mole of water in the vapour state, say, V,
2 Ve = Volume of one mole of water in the Bquid state, sav, V,

s P " Ref: Physical Chem-Puri, Sharma
ar G - % and Pathania 159










Applications of Clapeyron-Clausius
Equation

1.Calculation of Molar heat of Vaporization

+* Molar heat of Vaporization of a liquid can be calculated if its vapor pressure at
two different temperatures are known.




2. Effect of temperature on Vapor pressure of a liquid

+* If vapor pressure of a liquid at one temperature is known, the other temperature can be
calculated.

3. Effect of Pressure on boiling point

*» If the boiling point of a liquid at one pressure is known, the other pressure can be
calculated.



Ref: Physical Chem-Puri, Sharma and Pathania




s*Fugacity (f) is a sort of “fictitious pressure’ which is used in order to retain for real
gases simple forms of equations which are applicable to ideal gases only.

While for an ideal gas,
* AG=nRTInP,/P,;

for a real gas
AG =nRT In f,/f;

The physical significance of fugacity is that it measures the escaping
tendency of a substance from its own state to another state.
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Activity

It is defined as the ratio of the fugacity of the substance in that state to the
fugacity of the same substance in the pure state

a= f/fe
Activity Coefficient
For an ideal gas
a=P
While for a real gas acc P

a=YP Where Y is known as the activity coefficient



Chemical Equilibrium

Experimental results suggest that most of the chemical reactions when carried out in
closed vessels do not go to completion.

Under these conditions, a reaction starts by itself by initiation, continues for some time at
diminishing rates and ultimately appears to stop.

The reactants may still be present but they do not appear to change into products any
more.

In such cases, the product of the reaction start reacting at the same rate as the
reactants.

The rate of the backward reaction becomes equal to the forward reaction.



Thus, in a given time as much of the products are formed as react back to give the
reactants.

The composition of the reaction mixture at a given temperature is the same
irrespective of the initial state of the system i.e., irrespective of the fact whether we
start with the reactants or the products.

The reaction in such condition is said to be in a state of equilibrium.

The attainment of equilibrium can be recognized by noting constancy of observable
properties such as pressure, concentration, density or color whichever may be
suitable in a given case.

The relationship between the quantities of the reacting substances and the products
formed can be worked out readily with the help of Law of mass action.



WDrKcU Uil lCduuj TE MR AW Sy 0 =<

Law of Mass Action, This important law
redcs is proportional 10 11S active mass and the rate

may be stated as follows : The rate at which a substance
of a chemical reaction is directly pronortional to the

product of the active masses of the reacting Substances.

Consider a general reversible chemical reaction
GA+0B = mM+nN

According to the law of mass action, assuming that active masses arc ¢

the rate of the forward reaction,
|

 and the rate of the reverse reaction,

KAV = k[M]"

quivalent to molar concentrations,

e [AVBP = k{AYBY
e MPINP = & [MJIN)

- where k and k, are proportionality consiants and square brackets represent the molar concentrations of
i 2 entities enclosed. The constant k; is known as the rate constant of the forward reaction and the

- constant £, is known as the rate constant of the reverse reaction. At equilibrium, the rate of the forward
eaction is equal (o the rate of the reverse reaction, that is,

N]H

I.":q kf/kl" = o =

MI"(NI"/(A)(B] A

Ref: Physical Chem-Puri, Sharma and Pathania



~ The constamt K, i called the equilibrium constant of the reaction. Eq. 4 represents the law of
_ k,rlm'mmhﬁqjmbcwﬂmlcmunfacﬁ\'iliﬁ(a,-).panialpressums
| -ﬁ,uhmmmqmmm&mmumewiesimlvcdmmm.cmmﬂy,
- K, will have different mumerical values for a given chemical reaction.
' .I_WTHWMthhwﬁMmAm.hmybcpoimﬂimtmmwmml
"h&hdmxmmmm.Wecznonlyoblainancxpressimfor
the eguilibrium constant thermodynamically.
Coesider the gencral reversible reaction
agA+bB = mM + N
where the reactants and the products are assumed to be ideal gases.
WrmMdmdpmﬁd(i.c.,ﬁmrmmmufmmwm'minaofamiaoum
b mokes of B is given by the expression
Gregcrames = Oy + Dig .(3)

| i . 20 g arc the chemical potentials of the species A and B, respectively. Similarly, for the
- prodects we have
Gorotors = Mty T PN .{6)
i_mmwﬂmmmmfmmﬂgydumiummh
. fference between the free energy of the products and that of the reactanis, tal i,
- : -Puri, Sharma and Pathania = m + w - WA + w -"m
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m'G)rminn =G

products — Grcamanu.

= (muy + npy) - (apy + byg)

(2 B - - ."m
At equilibrium, the free energy change AG=0 so that Eq. 7 becomes
(mupg + npy) - (@pa + bug) =0 .(8)
The chemical potential of the jth species in the gaseous state is given by
Wi =p; + RTInp;  (Chapter 11) .9

whe.re i is the partial pressure of the ith component and I; is its standard chemical potential (i.e., when
partial pressure of the ith component is unity). From Eqgs. 8 and 9, we obtain

[m(uy + RTIn py) + n(uy + RT In py)] - [a(us + RTInp,) + b(uy + RTIn pg)] = 0 -{10)
or RTIn (apR)/(PAPR) = ~[(mupg + mp) - (apsy - bui)l

= - [Gyrotios ~ Crasiam] = “UDC D resssion (1)

( pﬁ Y Pl pE ) =e-AG°/RT s

Since AG° depends only on temperature and R is the gas constant, hence the right hand side of Eq. 12 is a
constant at constant temperature. Thus,

or

(pmPN) /(P4 pp) = constant = K, .(13)
If the chemical potentials of various species are expressed in terms of mole fractions (x;), then
W =p; +RTInx; ...(14)
From this the following expression analogous to Eq. 13 is obtained :

i by = .15
(v xn) /(i xg) = K 9
Ref: Physical Chem-Puri, Sharma and Pathania
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| { molar concentrat
If on the other hand, the chemical poentials are t”‘l’“*”f’d in (€rms 0 ons ()
on the .

- i
=gyt RTIn¢ 16
tom Which we obtan the following expression
P = A
Van't Hoff Reaction sotherm, I readily follows from E 12and 13 that
K o=¢ AG'IRT On removing exponential we get
- InKp = - AG/ RT
or AGQ = - RTIH Kﬂ RTINKp- AGD “B)

This equaton i known s the van't Hoffreaction is0therm,
B, 18, is very important. I permils calculaton of AG® of the reaction from the known value of e

 equilibrium constant £, and vice-versa

Ref: Physical Chem-Puri, Sharma and Pathania



* Derivation of Kp and Kc and their relationship — Le
Chatelier—Braun Principle — Thermodynamic
Interpretation — Application to homogeneous and
Heterogeneous Equilibria. Vont Hoff isotherm and
isochore.



the distinction between AG and AG® for a
nd reactants when all of them are ig their
quilibrium. AG, however, refers 1 (he

= = LAy
| @ ize
ot AG®. We must emphasize &
y Distinction between AG and A f products a

reaction. AG® is the difference in the free energy 0

4 : : s(jon at €

d states. This does not refer to the actual reac ‘ S ~ :
il ms;; the free energy of products and reactants at the actual f‘l}ﬁa?““"d ‘*gm;f““a“‘?“s (or partial
diff components. When AG=0, the reaction is at equilibrium and the concentrations (or

pmal pfis;w of the components are those which appear in the equilibrium constant expression.

Relations - K il

i sh:lT ;:npﬁef‘d zdm,{)m the relations between the three equilibrium constants Ky, K, and K,
; elation between K, and K;. In an ideal gaseous mixture, each componem'obeys Dalton’s law of

i . P where P is the total pressure and p; is the partial pressure of the ith

partial pressures, i.e., pi = Xl . '
component with mole fraction x; in the mIXture. For the reaction

' aA + bB = mM + nN
_wehﬂVCFA=IAP, PB=xB-P, PM‘:xMP! PNszP

LJ“.'. s

B P PPN _ xﬁxi;; pmen-ath) _ g pypn 19

;ﬁ!kre An = (m+n)-(a+Db)
b. Relation between K, and K. For an ideal gaseous mixture,
3 p,'V = HI'RT
B pi = (n/VIRT = ¢/RT
Ref: Physical Chem-Puri, Sharma and Pathania



Ref: Physical Chem-Puri, Sharma and Pathania



Statement :

e A0
Source: Internet

which states that any change in a substance on
one side of the equation in concentration,
temperature, or pressure results in an

equilibrium shift to oppose the change until a
new equilibrium is reached.

Or

If an equilibrium is subjected to a stress, the equilibrium
shifts in such a way to reduce the stress.



For instance, you know that the volume of a gas decreases
with increased pressure. So, if you have two volumes of gas
in equilibrium, if one volume decreases with increased
pressure, the other volume must increase with decreased
pressure.

Source: Internet



Efffect of Change off
Conecenfiration

Example
Fe3*+ SCN- [ Fe (SCN)]?2*
aq aq aq
Pale Yellow Colorless Dark Yellow

Ferric salt is added to this equilibrium, the color of the solution will darken
immediately — due to the increase in the concentration of the colored
complex ion [ Fe (SCN) ] ¢*

This is in accordance with Le Chatlier’s principle.

Addition of more Fe 3*ion has resulted in increasing the concentration of the
complex ferri-sulphocyanide ion.



The change imposed on the system was meant to raise the concentration of
one of the reactant (Ferric ions) resulted in the raising the concentration of the
product.

If Sulphocyanide is added to the equilibrium the color will darken due to the
formation of the ferri-sulphocyanide ion.

Addition of reactant has led to the formation of the product.

Now suppose a small amount of potassium ferri-sulphocyanide capable of
giving the complex ion [ Fe (SCN) ] ?* is added to the equilibrium .

The solution will be less dark showing that the dark colored [ Fe (SCN) ] 2*
complex ion has changed back to Fe 3* and SCN - ion.

In general, increase in concentration of the reactants results in shifting the
equilibrium towards the product and , increase in concentration of the product
results in shifting the equilibrium towards the reactants.



Eiffect of Change of Temperature

A chemical equilibrium actually involves two opposing reactions , one favoring the
reactant and the other favoring the product.

If one is exothermic, the other is endothermic. This follows First law of
thermodynamics.

N,O, ——> 2NO,
Q9 ~ (9)

In this equilibrium, the reaction favoring the product (NO,) is seento be
endothermic..

.« The opposing reaction favoring the reactant (N,O, ) must be exothermic.



Now suppose the system is heated and the temperature is allowed to rise

According to Le Chatlier Principle ..
The equilibrium will shift towards cooling.

Dissociation of N,O, to NO,

Now suppose the system is cooled vice-versa occurs.



Eiffect of Change of Pressure

If the system in equilibrium consists of gases, then the concentration of all the
components can be altered by changing the pressure.

N,O, ——> 2NO,
9 ~ (9)

1 mole 2 mole

Suppose the pressure of the system is increased. The volume of the system
decreases.

The total number of moles per unit volume will be more than before.

The change can be counteracted if equilibrium shifts in that direction in which
the total number of moles is decreased.



This can take place by the combination of NO, molecules to produce N,O,.

According to Le Chatlier Principle, application of pressure on the above
system tends to shift the equilibrium in favor of N,O,



HOMOGENEOUS EQUILIBRIA

All reactants and products are in the same liquid or gas phase.

A — B
A can be (g) or (I) and B can be (g) or (1)

Concepts of K.: based on molar concentrations in gas or in solution and K, based on partial pressures
of gaseous species.

K. - [B]/[A]
whether A and B are in solution or in gas phase

Kp = Pﬂl'r-P-.\.
In general K. # K unless the number of moles of gas does not change during the reaction.
If the equilibrium expression does not contain different powers of [A] or [B] in the numerator or
denominator, the ration of [B]/[A] 1s the same as that of Pg/FPs. If there ore different powers of [B] or
[A] in the expression, then the ratio changes.

Text example of derivation of equation

Kp =Ko (RT)™ calculation of the value of K, requires the absolute temperature.

Examples

Na @+ Oz — = 2NOy



HETEROGENEOUS EQUILIBRIA

If'a solid or liquid 1 part of a chemical equilibrium, 1ts "concentration” 1§ taken as unity and may be
eliminated from the equilibrium expression.

NH;(g)+ HCl(g) « NH,Cl(s)

Ke = [NH4CI]/ [NH;)-[HCI]

since NHyCl s a solid, 1ts effective concentration in the reaction does not change as long as some sohid
15 present. Since [NHyCl] 18 constant, it can be eliminated from the night side of the equation and
incorporated mto the K, constant, which them becomes

Ky = I/[NH;][HCI] 1f the molar concentrations of the gases will be expressed, or

Ky = 1P w3 - P e 1 the gas pressures will be expressed.

CaCO3 (s) # CaO (s) + C02 (9)



Van’t Hoff isotherm

It gives the net work that can be obtained from a gaseous reactant at constant
temperature when both the reactants and the products are at suitable arbitrary

pressures.
¢ It can be derived using the equilibrium box which is a theoretical device with

the supposition that of its four walls , one is permeable to A, the second to B, the
third to C and the fourth to D during the gaseous reaction.

Figure: Ref: Physical Chem-Puri, Sharma and Pathania



*» The following theoretical operations can be performed .
(1) Change the pressure on A from the initial pressure P, to the equilibrium
pressure P,.

“* Work done by the gas = RTIn P,

(2) Change the pressure on B from the initial pressure P, to the equilibrium
pressure Pg.

“ Work done by the gas = RTIn P,



(3) Introduce 1 gm mole of A and 1 gm mole of B through their respective semi
permeable membranes into the equilibrium box which contains the reactants
and products at equilibrium pressure.

No work is done as the partial pressure in A and B inside the box are equal
to the pressures of the gases coming in
A and B react to form 1 gm mole of C and 1 gm mole of D..

(4) Withdraw 1 gm mole of C and 1 gm mole of D from the equilibrium box
through their respective semi permeable walls.

No work is done in this process as the gases come out at the equilibrium
pressure P and P

(5) Now alter the pressure on the gas from the equilibrium pressure P, and P
to the final pressure P, and P,

“ Work done by the gas C =RT In P,



% Work done by the gas C=RTIn Pj

As the change in free energy is equal to the total work done by the
gases:

-AG= RTIn PcP, _ RTIn P,P,



¢ If the reaction is started with reactants at a partial pressure of 1 atmosphere
and the resulting products are also at 1 atmosphere pressure, we have,

-AG=RTInK, =RTIn 1
-AG=RTInK,

¢ ie.,the net work of the reaction is equal to the decrease in free energy of the
system and is given by the expression

-AG =RTIn K, or 2.303 RT log K,

« It will be observed that AG is positive when K, is less than unity. Itis
negative when K, is greater then unity and is zero when K, = 1.
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s The van’t Hoff Isochore is obtained by combining the van’t Hoff isotherm
with the Gibbs-Helmholtz equation.

AG=AH+T d| AG

d’[p

-AH=T d| AG
[ -AG
dt | P




Dividing both sides by T2 gives

% The right hand side of the above expression is obtained by differentiating

--------- with respect to temperature at constant pressure.



- - AG

dt

-------------- - e (D)
T? dt P
According to van’t Hoff isotherm
- AG = RT In K}, --=-------==-omeme- (2)



% Combining this with equation (1) ,we have

AH RTd(InK,)/T

T2 dT




X/

s For applying isochore to any particular reaction ,it is necessary to
integrate it. If AH remains constant over a range of temperatures ,
we have on integration

= -AH
---- + Constant
RT
Applying the limits T, and T, at which the equilibrium constants are K, and

K,z respectively, we have



R T1 T2
In sz AH |1 1]
Ko R _T1 T%
Kpz AH T, - T,
log ----- = e ] e
Ko 2.303 XR T, T,

% Knowing the equilibrium constant at two different temperatures it is possible,
therefore , to calculate the change in heat content.
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