Advanced Thermodynamics
Prof. Nanda Kishore
Department of Chemical Engineering
Indian Institute of Technology — Guwahati

Lecture — 19
Activity Coefficients and Thermodynamic Consistency

Welcome to the MOOCs course advanced thermodynamics. The title of this lecture is activity
coefficients and thermodynamic consistency. Since it is a continuation of previous 2 lectures,

what we have we will be having a kind of recapitulation of what we have seen in last 2 lectures.

(Refer Slide Time: 00:43)
Recapltulatlon / @ /37g

R
T'ugacity in terms of chemical potcntx;} W — uo =RT ln(’n ﬁ\’ i
|
0
For liquid solutions, two common choices of reference state (Hoth states are limiti

]

cases): Lewis/Randall rule and Henry's law ¥l = J ‘(P“M
i ‘ 100> oy
* for ideal solutions: j; = 1 = R In (J-f =RTInx; ') = (2) : :
* For non-ideal solutions: [ -*y,xl = = j '(7 & l;) ]
[(rp) Tp

Aclml_v of compnneml = a,»(T P x)

}‘(ﬁ?ﬁ‘ 4(4)

e 4 activity
Activity cocfﬁc1¢2@ concentration ~ X =5} F:l &7 y

Excess Gibbs energy is defined as:

E,E - (Gacruul solnatTpP& :) 1 (Gldeal soln at same T,P&x)
Relation hetween excess Gibbs encrgy and activity cocfficient: | ;' = RT Inf;| = (6)
L
Fugacity in terms of chemical potential, we have already defined in one of the earliest lectures

that wi — uf =RT In ( ) fi is the fugacity of component i in the mixture and then that is related

to the temperature, pressure and then composition of the system, right? That is what it is, but
this equation is useful only when this £° is known, right? Because from here once we have

this volumetric data that using the volumetric data we can make a kind of relations like,
something like as we have seen for the gaseous phase or RT In (yf—;) = fOP (\71 - %) dp.

This is what we have seen for a component i in a gaseous mixture and that gaseous mixture is

having some kind of non-ideality and that non-ideality can be represented by fugacity

coefﬁment f. is the fugacity, right? So, if you wanted to know this information, what is the

non-ldeallty you should know this ¥; so that you can get from the volumetric data of the system,

okay? But in the process of deriving this equation, we have done several analysis and then we



realized that until and unless we have some kind of information about what is this £;° reference

state, at the reference state what is the fugacity of that component.

If you do not know this equation, you cannot further use and then for the ideal gas mixtures,
we have taken this £;°is nothing but the partial pressure of that component in the mixture. If the
gas is the kind of pure ideal gas, then this £,°is nothing but the total pressure of the system that
is what we have taken as a kind of reference state because as long as the system is in the gaseous
state, whatever is the non-linearity or non-ideality existing in the system, if the pressure reduces
to the very small pressure that P — 0 or close to the 0.

Then all gases behave as a kind of ideal gases where there are no interactions amongst the
molecule of the system. So, that we have taken as a kind of reference state and then it is giving
good results especially when comparing with the experimental results. But what happens in the
case of liquids? In the case of liquids, we know that the liquids are existing because of the
intermolecular interactions, intermolecular forces are binding together those molecules so that

the condensed phase either in liquid or solid form and that can exist, right?

So, in the case of liquids, we cannot say that this reference state is a kind of state where there
are no interactions. If we say that there are no interaction that means we are saying that there
is no condensed phase, so that is not possible. So, what should be the appropriate reference
state that we should use for the case of liquid solutions? That is one question and then another
question is that can we use the same equation, this equation number 1 without any difficulty

for condensed phase also?

We cannot use because of one reason, the reason is that the volumetric data required that has
to be collected for the system from the case where the density is very low that is 0 density our
ideal gas behavior level to the very high density or density of the condensed phase. Such wide
range of density, covering such wide range of density obtaining volumetric data is not possible,
it is a very tough job. So that is the reason we cannot use this equation as it is either. So, we
have to appropriately develop alternative approach how to find out the non-ideality in the liquid

system.



So, those 2 things we have done in the previous lecture, we are doing it kind of a recapitulation,
right? So, we have seen that in the case of liquids, there are 2 extreme limits. The two limiting
conditions are available as a kind of reference state, one is the reference state where you know
the xi — 1 then fugacity of that particular component = the fugacity of pure component as it is
existing pure component, right? So, because in the liquids we can say the liquid is ideal if the

system is pure system.

In the case of liquids, non-ideality is coming because of the dissimilar or chemically different
nature of the molecules that are present. Within the one system, if all molecules are of same
nature then obviously their interactions are going to be same and then if the interactions are
same then we can say that solution is the kind of ideal solution and for those ideal solution

Avnix as well as AHnmix are going to be 0 that we know.

So, we have taken that when x; — 1 or close to 1, then whatever this £;° is there is nothing but
foure i, that is what we have taken, that is known as the Lewis Randall rule and then another case
when this xi — 0 that is xi is present in very small quantities kind of a dilute solutions then we
take this £ is nothing but Henry’s law constant which describes the solubility of this
component i in the solvent or in the remaining component in which it is mixed. So, these are

the 2 reference tests we have seen.

Then, from the analogous behavior like equation number 1 when we have written for gaseous

system what we have written, this pi — p? =RT In (}%) =RT In (@) that is yiP we have

written. So, analogous to that one if you write for the ideal solutions, then we get this

information is nothing but RT In Xx; or Ap is nothing but RT In x;. Analogous to the case
whatever we have written for the mixture of ideal gases, there we got pi — pf =RT In (J%P)that

is RT In yi that is what we get.

So, analogously for ideal solutions, we should write RT In xi, x; is the mole fraction of the
component i, So, from these 2 quantities what we can write, £i* = xif;°. Now, if you take a
Lewis Randall rule, then £%is fourei. If you take the Henry's law as a kind of reference state,

then £° is going to be H;, okay? This is also we have seen. Then for obviously non-ideal



solutions what we have, we have the activity coefficient y; that is coming into the picture. In

this expression fi“= xi £,° which is valid for only ideal solution.

If there is a non-ideality in this solution then that non-ideality has to be brought into the picture
and as in the case of vapor phase, we have written £ = yi ¢i and then f,°and f,°we have taken
kind of P in majority of the cases because ideal gas we are taken as a reference. So, this ¢i is
indicating fugacity coefficient of component i in the vapor phase. So, accordingly this o
indicates the non-ideality of the vapor phase, non-ideality in the vapor phase due to this

component that is what it indicates.

So, similarly if at all non-ideality is existing in the liquid phase in the liquid solutions. So that
non-ideality has to be represented accordingly and that is i, it is known as the activity
coefficient. If yi = 1 then the solution is ideal solution then we have fi"= x; £;°, okay? Now we
have to ambiguity this how to make a kind of relation for yi, because ¢ this equation and then

another two to three equations we have also developed.

So, those equations we can use and then we can get ¢; for the vapor phase but for y; such kind
of equation we are not able to develop because developing volumetric data information for a
system from low density to very high density, the range of liquid density value close to the
liquid density value is very difficult. So, since we do not have volumetric data, we cannot use
this equation. So, we have to find alternative approach what should be the things that we should
use for this yi and then what should be the £°. So £is now clear. If it is xi — 1, then Lewis

Randall law you can use as a kind of reference state.

If Xi — 0O, then Henry’s law you can use it as a kind of reference state and then if the ideality is
valid in the entire range of x; from 0 to 1, then we can use so called Raoult’s law as a kind of
reference state or ideality defined with respect to Raoult’s law that is what we can, that clarity
is there but this clarity is not there, how to define vyi, that also we have seen anyway. So, before
defining the activity coefficient, what we have done? We have defined the activity of the

component which is nothing but (%) simply.



So, activity coefficient we have defined as activity divided by the concentration, some

concentration measurement, let us say mole fraction. So, y; = % this is also we have seen. Then
i

in order to find out this information, this actually what it says vy; activity coefficient it says the
non-ideality in the liquid solution and the non-ideality is coming because of the foreign

component is joining with the pure substance i something like that, right?

So, then the mixture is forming, so dissimilar chemical molecules are mixing together forming
a solution, dissimilar interaction are there, so that dissimilar interactions are bringing non-
ideality, right? So, that means before making a solution if the component is as a kind of ideal,
so that maybe taken as a kind of ideal that may be taken as a kind of basis to define the non-
ideality, so non-ideality if you write or if you define in terms of some thermodynamic property,

let us say Gibbs energy, Gibbs energy under ideal conditions you know.

By adding some other component non-ideality is there. So, then whatever the Gibbs energy
under the real conditions minus Gibbs energy under the ideal condition that should be giving
how much non-ideality is coming into the picture and then that additional thing whatever is
there in addition to the thermodynamic property under ideal conditions, whatever the additional
property, additional thermodynamic property is there that we call as a kind of excess

thermodynamic property.

Let us say excess Gibbs energy if you define GE stands for excess Gibbs energy. So,
(Gactual soin at TP & x) — (Gideal soln at same T,p & x) that is at the same temperature, pressure, and
composition as in the case of mixture, okay? So, this is what we have seen and then in order to
get some information about this one, we have already defined this one g;= RT Iny;, this is

what we have derived. We have derived in 2-3 different ways, okay?

So, now see this activity coefficient here we were not able to find out in a way that we found
for the fugacity coefficient, we were not able to find out. So, then we have made a kind of
alternative approach and the alternative approach that this activity coefficient is related to the
excess Gibbs energy. Excess Gibbs energy using this form that is partial molar excess Gibbs
energy = RT In yi and y; stands for the activity coefficient of that component i in the real liquid
solution, okay?

(Refer Slide Time: 13:52)



* For hinary mixture obeying Two-Suffix Margules cquation (g5 = Ax,x,), activity
coefficients are: —_—
2 2
Iny, = % and Iny, = %‘-
sl cxtcn:ion of g& = Ax,x, is a series expansion as follows
98 =1 {A + Bty = ) + 00y = x,) + D(xy = x,)* ++) }(—
= ST —
then activity coefficients are:
RTlny, = aVxd + b0 + (Vg +d VG +.. ()
RTIny; = a®x} + b2 4+ c@xt 4 d®x 4. ()
where
a = A+3B+5C+7D ;bW = -4(B+4C +9D) ;¢! = 12(C +5D) ;d™ = -32D
a® =A-3B-5C-7D ;b = 4(B~4C + 9D);¢® = 12(C - 5D) ;d® = 32D

Then we have also seen for binary mixture obeying two-suffix Margules equation g& = Ax1 x2.

2 2
We have derived this activity coefficients as, In y1 = %2 and In y2 :%. We have seen y1 is

reported as a function of x2 and then vy is reported as function of x1 because whatever the non-
ideality is there that is because of the other component joining with the initial pure component.
Let us say initially component 1 is pure so by adding second component or component 2, it has

become non-ideal.

So, that is the reason whatever the non-ideality is there is written as a kind of function of a
mole fraction of that second component joining this pure components and making that as a kind
of a non-ideal solution, okay? And then we have seen these 2 coefficients are symmetric. That
is they are, if In y1 versus xi if you plot and then similarly In y2 versus xi if you plot, you can
see they are a kind of a mirror images of each other. So, if they are mirror images of each other

then we can call them as a kind of symmetric coefficients.

This is for the second Margules equation, right? Let us say if you wanted to bring in more
parameters then if you have a kind of extension of this second Margules equation or two-suffix
Margules equation as a kind of series expansion in this form. When we have this g& = Ax1 Xo,
this equation when we expand and then to include more parameters like B, C, D, etc., then
corresponding activity coefficients In y1, In y2 we obtained as this, where this a®, b®, ¢®, d®

and then a®, b®, ¢®@, d@ are given like this.



This A, B, C, D parameters are to be obtained from the experimental data at least for one
component, you have to measure activity coefficient of that particular component with respect
to the mole fraction and then plot the data and then do the curve fitting and get this A, B, C, D
parameters, right? In this equation if you include only up to A, then it is two-suffix Margules
equation. If you include the second part also that is B into x1 minus Xz, then it is a three-suffix

Margules equation.

If you include this part also, then it is four-suffix Margules equation and likewise we can have
this solutions and then we can say here three-suffix and four-suffix Margules equation and
other higher suffix Margules equations having a kind of activity coefficients which are
asymmetric in the nature. So, till this point, we have seen. Now what we do? We make use of
this Gibbs-Duhem equation and then try to obtain the activity coefficient of one component

provided the activity coefficient of the other component is known in a binary mixture.

So, is it possible without doing experiment? That we are going to check. So, that would be the
task of the today's lecture where we will be finding out activity of one component from the
activity coefficient of other component in the binary mixture as well as we will be checking
the thermodynamic consistency of a reported data, whether it is reliable, consistent or not, those
things we are going to see.
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Activity coefficient of one component from those of other components ?ﬁ

Partial molar properties of components of mixture are related to one another by
Gibbs = Duhem equation as follows

At constant T and P: ¥, x;dii; = 0 - (9)
A ——

where 7; is any partial molar property

This eq. holds for ideal as well as real solutions

* In terms of excess partial molar propertics, Gibbs-Duhem cq. at constant I and P
can be written as: . x,dimf = 0 < (10)

* While G-D equation is applicable to all partial excess properties, it is most useful for
Barlial molar excess Gibbs energy that is directly related to activity coefficient by
cquatinn[g'f =RTIny; ﬁk

In terms of activity coefficient, Eq. (10) can be written as: Ex[‘dfﬁ"ﬁ =0>
zx,-gf =0 Exd(RTIny;) = 0= RTLxdIny; = 0 —> (11)
.
So, activity coefficient of one component from those of other components. We know that

partial molar properties of components of mixture are related to one another by Gibbs-Duhem

equation in this particular form. If the temperature and pressure are constant, then Y: x;dm;= 0.



The m; here is nothing but any partial molar property. The same equation whatever we have
written it holds good both for ideal as well as the real solutions. If we write the same equation

for the excess partial molar properties, then we will be having Y. x; dm;£ = 0, right?

So, now if here m; if | substitute g;%, then what will happen? What equation we will get? Is
that equation can be further used to fulfill our purpose or not that is what we see, right? While
this G-D equation is applicable to all partial excess properties, it is most useful especially when
it is applied to the partial molar excess Gibbs energy because that is directly related to the

activity coefficient by this expression g;¥ = RT In vi.

That means this equation if you use here in place of m;Z, if you substitute whatever g, = RT
In vi, then you may be getting another expression which may be having ), x;d In yi = 0 as we
do here. So, here in place of m;Z, | substituted g;£so that is d RT In yi here, so RT is constant.
So, RT Y, x;d Inyi = 0 that means ; x;d In yi = 0 this is what you get and this is another important
equation especially as long as we are dealing with non-ideality in the liquid solutions in

addition to this previous equation.

So, now this equation we will be using to find out the activity coefficient of one component
from the data of the activity coefficient data of the other component in a binary system.
(Refer Slide Time: 20:01)

* In the absence of complete experimental data on propetties of mixture, Eq. (9) may
be used to calculate additional properties

For Ex., in & binary solution if experimental measurements over a range of
concentrations yield activity cocfficients of only one componcnt, then activity
coefficient of other component can be computed for same concentration range

* If experimental data are available for a direetly measured partial molar property for
cach component over a range of composition,

* itis then possible to check the data for thermodynamic consistency

* If the data satisfy Gibbs-Duhem cq,, they are thermodynamically consistent and it is
likely that they are reliable

¢ Lig, (1), ivey Lxid Iny; = 0 s a differential relation between activity cocfficients of
all components in solution

So, in the absence of complete experimental data on properties of mixture, equation 9 may be

used to calculate additional properties. Example, in a binary solution if experimental



measurements over a range of concentration yield activity coefficients of only one component
due to some difficulty. Let us say, you are not able to find out the activity coefficient of both
the components experimentally but however, if you managed to obtain the activity coefficient

of one component over the wide range of mole fraction or concentration of the species.

Then that information may be used to find out the activity coefficient of the other component
using the equation Y x;d In yi = 0 under the same range of concentration range. So, if
experimental data are available for a directly measured partial molar property for each
component over a range of composition then it is possible to check whether the data is
thermodynamically consistent or not and that is the other advantage of this same equation
Y. x;dIn yi = 0, which is again coming from the Gibbs-Duhem equation or other form of the

Gibbs-Duhem equation for this particular non-ideal liquid solutions case.

If the data satisfies Gibbs-Duhem equation, then we can say that the thermodynamically
consistent data we obtained and it is likely that that data is going to be reliable. So, that is
another important advantage of this equation. So, there are 2 important advantages of this
equation. The first one is that and so if you have a binary system and then in the binary system
if you find out the activity coefficient of only one component over a range of concentration
variation, then the activity coefficient of other component you can find out that is one thing.

Another thing let us say if you have the data for activity coefficient of both the components so
whether that data is reliable or not that you can check by crosschecking this Gibbs-Duhem
equation Y, x;d In yi = 0. If that data y; versus x; satisfies this equation then we can say that data
is thermodynamically consistent and if the data is thermodynamically consistent then we can
say that data is likely to be reliable. There is no guarantee that data is going to be reliable if it
is obeying the Gibbs-Duhem equation, but mostly it is going to be reliable that is what the other

advantage.

But if the data is not obeying the Gibbs-Duhem equation then it is damn sure or confirm that
the data is not reliable, right? So, if the Gibbs-Duhem equation is not obeyed by this activity
coefficient which are obtained by experimental approach, if it does not satisfy the Y. x;dIn yi=0

then we can say that experimental data there is some kind of error and then that is not reliable



kind of thing. So, this equation is there, whatever this equation it is a differential relation
between activity coefficients of all components in the solution.
(Refer Slide Time: 23:15)

* Thus, in a solution containing m components, data for activity coefficients of
(m ~ 1) components may be used to compute activity coefficient of m component

* For example
pic,

* consider a binary solution for which isothermal data are available for one
component and

* where pressure is sufficiently low so that its effect on liquid phase activity
cocfficient is negligible

dn dinyy

dhy i;go”«%iﬂo

. x,dlny1+xzd]ny2-0=>x1 T

i1

dln 1 diny,
PR T

=% = (12) (= dx, = —dx,)

* Now if data have been obtained for ; vs Xy, then
—

* by graphical integration, one can obtain values of y; for different X; (or X;)

So, in other words in a system of m number of components if you know the activity coefficient
of m minus 1 number of components, then m™ component activity coefficient you can find out
using this equation ), x;d In yi = 0. For example, consider a binary solution for which isothermal
data are available for one component and where the pressure is sufficiently low so that its effect

on activity coefficient is negligible. Then, we have this equation ), x;d In yi = 0.

This if you write for the binary case because we are taking the binary case, right? Then we will

dlnyZ
dxq

be having x1 d Iny1 + x2d In y2 = 0. If you write properly, it is X1 dn Yl + X2 = 0. It should

not be dx, because on differentiation both the terms has to be with the same that is what is
meant by d In yi okay? Now, this equation we can write if | write in place of dxy if I write dx»

because dxi + dx2 = 0 for a binary system. So, dxz I can write it as — dx..

So, I will be having —x. %that | can take to the right hand side. Then I can have
2

AV =y, L2 right? This is the other form. So, now here y1 versus xi data if you have then

X
4, dx, '

you can use some graphical approaches and then you can find out this y» versus x; information,
right? So, this is how we can use this equation, but, however, what we can do?
(Refer Slide Time: 25:14)



* Now write Eq. (12) in the following form, so that it can be integrated
analytically

dlny1 dlnyz

-x)—
~ dx, dxz

diny, xdny, _dhy,  d Iny, = d (]ny‘)

L = il 1) 4 KD [ o
‘/dxz _xz_@_ (ixz de_ o\ 1

L LS i(lnﬂ) (+ dxy = =dxy)

dx X dXz de Y2
= df(yi) _x diny . diny; _dlny, (11 : 1)

=d—X2 i Y2 Xy dX2 dX2 dxz Xy
d (rn\ 1dhy 1 g/
= g In|= =X—W =>(13 ——
2 \2 2 ¢ * 7) ’31— 2 3

We can rewrite this equation in a different form, so that this equation can be analytically
integrated easily without needing to do any graphical integration. So, that we do. So, the same

equation what I have taken, I have multiplied by — 1 either side and then in the next step what

X1 dlny1

| have done, | have taken this x> to the left hand side and written — —
2 X1

and then right hand

side — = —2a5 it is. Then next step, | have added these two terms, this term either side that is

diny,

| have added both sides.

X2

So that what | can do, right hand side 2 terms | can combine them together and write it as

L n (y ) right? Then next step what | do? Here dx1 | will be writing —dx2 because the dxy

dx;
= —dx» for a binary system. So, then | have + ’;1 dlr;“ and then remaining two terms as it is.
2 2
So, now | have din x“ term both the terms in the left hand side, so that if | take common, then
2
whatever the + 1 that if 1 do LCM then I will be having 2222 that i |s —

1 dlny1 _d

So, then what we will be having — s =
2 X2 2

In (%) simply. So, let us say if you have y1

versus Xz information is there, so you can get thls mformatlon from here, substitute here,

right? And then do some simplification. So, then you will be getting information y> versus x;
without any difficulty, okay? So, this is another form of the same equation which can be
analytically integrated without any requirement of graphical integration.

(Refer Slide Time: 27:30)



Demonstration of obtaining activity cocfficient of onc component from that of others

* Now assume that the data for y; can be represented by an empirical equation of e
form: RTh =
- gy
6> 2 [ Rrhh=aa

: H 3(;’ Tl
Where @ and f are empirical constants to be determined from explfrimental d"].tb

dl d .
%=E(Ek“k"fk) =Zakﬂkxfk L a(15)
¢ in(8) = L4bn
n‘”zln(l’z) —@412
A (a8 = B2
i (ln h) = Bahin v - (16)
o Bk-l

) o 1
* Integration of above equation gives us: ln}}:—; =Y by (?:) + constant

T —,

2ny, =@- Y (%) -xf*'l = constant = (17)
y —

* Now substitute Eq. (15) in Eq. (13), i.c,yi

So, that we demonstrate now by taking an example. So, what we do? We assume that the data
for y 1 can be represented by an empirical equation of the form this one because why this form?

We have seen this, let us say when we have a two-suffix Margules equation, we got

RT In y1=Ax2 then we have done the series expansion. So RT Iny; = ail)xg + bf)

x5 and these
kind of terms would be there, if you remember in one of the previous slides, okay? So that is

the reason what we do?

We write like let us say sum x> power something and then it is multiplied by some constant,

right? So how many terms should be there? So at least if it is two-suffix Margules equations

E
are the simplest one that ‘Z—T = A X1 Xo, that is the simplest one. If you take that form then we get

Ax2 as a kind of In yi. So that means it should start with at least a Bk <1 that is what we

understand from here.

So that way we can have a generalized form, empirical form in this kind of analogous to this
one because we have seen some of the gt expression we have taken and then corresponding In
y1 and In y2 expression when we have seen, they are having this kind of form that is the reason
we have taken this form, okay? ox is a constant, Bk is also constant, whereas the Bk > 1, ax we
cannot say anything. Let us say if it is two-suffix Margules equation, then ax simply A, capital
A, right, like that, okay?

So, now, where ax and Bk obviously as we have been discussing they have to be found through

the experimental data only, right? Empirical constant to be determined from experimental data,



okay? So, then if you do d by dx2 of this equation both sides then you can have this expression
dlny1

that is = Yk Qg, ok IS constant, differentiation of xf" with respect to Xz is nothing but

kaz"_ , P suffix k minus 1, okay? This k is a kind of suffix for this a and 3, right?

Now, this L2 dx * we will be substituting in this equation number 13 that is we just derived in this
2

equation in place of %. If you use this expression then what we have Y’ o Bk xf"_l divided

by this X2 is there. So then we have 7“1 ( ) left hand side, right hand side we will be having

Y2

Yok % B xz"_ , right? So now, this equation here we will be having this particular term, right?

Br—1
After integration, we have <’;2

k1

) + constant. When integrate this equation number 16, you

will get this one, right? So, now we already know what In y: is. We have assumed

Iny1 =Xk o x; Br that also we can substitute here. So, before substituting we can rearrange this

equation In y2 = In y1 — X (g"ﬁ") xf" ! _ constant, this is what we have, right? Now, we
1

have to find out this constant, before finding out we will be substituting what is this one also.
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* Now substitutc for In y, from cq, (14) in above cq. (17)

3y, = Z“kxz Z( fkkﬂk) B constant

¢ BCx=12 =1 ') ! constant = ), @, — E“"ﬁ" f
S —

Iny, = zam Z(“kﬁk) zr‘Zd +Z%

Iy, = zk(“*“")( E z«k .
] 0
*h]yz:Zak sz"'l kﬁk ﬁk lj 4!/
¥, can be obtained by using above eq. mlh constants ay & i, Alrud) heing
detcrmmcd from y; vs X, (or Xy) data

So, when we substitute In y1 is nothing but this one. So we can have the boundary condition
when x> = 1. It is a binary system, if x> = 1 that means component 2 is a pure component.
Because x> = 1, so it is a pure component 2, component 1 is 0. So if in the liquid solution this
component is pure component then obviously the activity coefficient should be equal to 1



because if the pure component, the solution is going to be ideal solution, okay? So, under that
boundary condition, if you use that boundary condition here in the above equation, then you

can get this constant as this one, right?

So, this constant you substitute back here and then simplify further by combining these (“"—B")

Br—1
term as one term and then ), a; term as another term then we are having

Iny2 =Y o xf""l - (gk—ﬁ’;) xf"_l — 1). So, now, you know In vy1, you have found, right?
i

Once you know this information which is having the constants ox and Bk, so In y1 versus X data

that you get, try to get experimentally and then find out these constants.

So, then In y2 you can find out easily without worrying anything by simply using these constants
here, fine? So, this is the one advantage. So, y2 can be obtained by using above equation with
constants ox and Bk which are already being determined from y1 versus X1 or y1 versus X, data
which has been found experimentally. So, this is the first advantage. Through the

demonstration we have done.

We have taken a generalized case rather taking three-suffix Margules equation, four-suffix
Margules equation or any other equation, we have taken a generalized form of In y1. That is
Iny1=Y5 a, xf" that is what we have taken.
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Similarly if the data of y; is represented by four suffix Margules cquation as:

Iny, = axd + ayx; + agxs \/

whete constants iy, t3, @ must be determined from experimental data of y; vs Xy (or 1)

‘Then solution for y; is given byiIny, = (a2 | ;aj i 2a4) xt+ (a3 | §a4) 5+ a ¥(

In binary systems, calculating activity coefficient of one component from data for other is
a common practice whenever two components in solution differ significantly in volatility
* In such case, measurements give the activity coefficient of only more volatile component
and the activity of less volatile component is found from GI) eq,

Eg: high boiling liquid (such as polymer) dissolved in henzene near room temperature,

¢ then casiest method would be to measure activity (partial pressurc) of benzene in
solution and to compute activity of other component use GD eq.

So, let us say if you have four-suffix Margules equation, right? If you have a four-suffix

Margules equation then In y1 if you obtain, it will be having this form oz x3+ as x5 + o4 x5.



What is this a2, what is this as, what is this os, we do not know, we have to find out
experimentally. Let us assume experimentally you obtained y1 versus x. information. From that

information when you have done the curve fitting then you found this a2, o3, and o4.

So, that means they are known from the experimental conditions. Then using the previous
approach that is using the equation ); x;d In yi = 0, when you use that equation and then apply
this In y1, so then In y2 you can find out and then that In y2 is going to be this one. So, this
simplification and calculations you can do because it is a simple mathematical simplification.
So, you can get this In y2 if In y1 is given by this expression, right? Like this, you can do for

any model of binary system.

If it is multi-component system or if m number of components are there, you have to find out
m minus 1 number of components their activity coefficients, so m™ component you can find
out. In binary system, calculating activity coefficient of one component from data for other is
a common practice whenever two comprehensive solutions differ significantly in volatility. In
such case, measurements give the activity coefficient of only more volatile component and the

activity of the less volatile component is found from the G-D equation.

Because more volatile component, it is going to be in a lighter one and it is easier to go in the
vapor phase let us say if you have vapor-liquid phase. So, then therefore, the more volatile
component the fugacity may be, activity may be related to the partial pressure. So, it is easy to
find out that one and then the non-volatile component is there, for that you can find out its
activity coefficient using the Gibbs-Duhem equation because finding out the fugacity of highly

non-volatile components experimentally is a bit difficult.

So, that is another advantage of this Gibbs-Duhem equation in terms of activity coefficients.
So, example high boiling liquids such as polymers are dissolved in benzene near room
temperature. Then the simplest way to find out that activity is that experimentally measure
activity or the partial pressure of benzene which is quite easy to find out experimentally. Then
compute the activity of other component that is a high polymer non-volatile component using
the G-D. The activity of the other component you can find out using this Gibbs-Duhem
equation, okay?
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Thermodynamic consistency of equilibrium data

* GD interrelates y vs X in a mixture; if y data are available, these should obey GI) Eg.
* If they do not obey then the data cannot be correct 2~
* If they obey, the data are probably, though not necessarily, correct;
* Itis conceivable that a given set of incorrect data may fortuitously satisfy the GD
equation, but this is not very likely
¢ Unfortunately, there are many phase-cquilibrium data in the literature that do not satisfy
GD equation and therefore must be incorrect

E
* 'To illustrate this consider a binary mixture; we know: % =xIny; +xIn yzi-i (18)

* Differentiate wor.t. X, at constant T and P:

d.Z d a{ i v
Sy S R O o %
dx,(‘q JRT) = x;—Iny; +1n 1+).c‘2dx1.lnyz+lny2 &
—— = —

= X
—

Now, thermodynamic consistency of equilibrium data, right? So, whatever the Gibbs-Duhem
equation is there, how can we use it to check the thermodynamic consistency of the activity
coefficient versus mole fraction data that is what, we are going to do now. G-D interrelates y
versus x in a mixture that means if y data are available, this data should obey G-D equation. If
they do not obey, then the data cannot be correct as | mentioned. If the experimentally obtained
vi versus X; information is obeying G-D equation then it is possible that the data is reliable,

though it is not guaranteed.

But if it is not obeying G-D equation, then it is confirmed that the data is not reliable, data is
inaccurate. There are some kind of problems in measuring this data experimentally, so one has
to crosscheck. If they obey, the data are probably correct, but not necessarily correct, okay?
This is one of the methods to make sure that the data is correct or not. If you cannot confirm
whether the data is correct or not by G-D equation but at least you can confirm if the data is

incorrect. If the data is incorrect, that is not going to satisfy the G-D equation here in this case.

For that it is conceivable that a given set of incorrect data may fortuitously satisfy the G-D
equation but this is a very rare case in general and unfortunately there are many phase
equilibrium data in the literature that do not satisfy G-D equation and therefore must be treated

as incorrect data. To illustrate this particular thermodynamics consistency check, what we do?

E
We take a binary mixture, for that gF we write in this form i—T = X1 Iny1 + X2 In y2, we are doing

for a binary system.



Now, this equation what we do? We differentiate with respect to x; at constant temperature and
pressure, okay? Because these G-D equations whatever we are using for this purpose they are
valid at constant temperature and pressure or whatever Y’ x; dIn yi = 0 that equation is valid

obviously at constant temperature and pressure as we have seen. So, when we do this on left

hand side oy (—)

+ In y1 multiplied by 1 that i |s tis1land

X1

Yz dx

then second term xZ )
dxq

+Iny2

So, thls |s nothing but —1. So, In y1 — In y2 | can write ln( ) right? And then in these 2

terms what I can write? This is in the form x1 d In y1 + X2 d In y2. So, according to Gibbs-Duhem
equation, so this term should be 0.
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. o - — _d.. EipTy = l = _d_ .V_‘.
cdxy = dx;,:s‘ul(g /RI)'xlux, Iny, xzdhlnyﬁln(yz)

d ;g "
* nom(gf/RT) = In (:—) - (19)

* Now integrating above cquatinn Wit X; gives us:

141
L o IRm) _f L
= Ly = —E - (20)
53 er,n AT

at xy=0
—

e e
¢ If pure liquids at tcmpcraturc of mixture arc used as reference states then

* Inyy; =0 as x1 »1andlny; 'Onsx1-40(orx2 v 1)

* Further =0 and =0 =(21)
RTlat x4=1

Tlat x,=0
= —

So, | have this In (;—1)term and then other equation for simplicity | have written dxz here. So,
2
when | write dx. here it will become minus. So Gibbs-Duhem equation, according to Gibbs-

Duhem equation, this term is 0, that means i(f) is nothing but lln (ﬁ) right? This
! ! dx1 RT V2 ! '

integration is not complete unless you have the information about this one or this equation is
not complete or cannot be used in a proper way to check the thermodynamic consistency unless

you know the complete information in the left hand side.

For that purpose what we do now, we integrate it with respect to X1 again. Then what we have,

1d

E
0L (g )dx = f In (’“) dxz. So, dx1 X1 is varying between 0 and 1. So limits are going to



E
be 0 to 1 either side. So dxi, dxi is cancelled out. So, what we have In (%)dxl = (i—T)at x1=1
2

E
- i—T at x; = 0. So it is a binary system, we are taking for the binary system for easiness. So

binary system if pure liquid at temperatures of mixtures are used as reference states then what

we have?

When x1 — 1 that means it is a pure component 1, so obviously it is pure component. So, pure
liquid solution is always ideal. So, then y1 is 1, then In y1 is 0. Likewise, if the other limit x;—0.
That means x; — 0 that means x» — 1 that means it is a pure component 2 again though it says
other competent 2 but it is again pure component, so y2 is a kind of, I mean it should be 1
because it is ideal solution then In y2 should be 0, right? And other limiting condition at x; =1

that means again pure component 1.

E
If it is pure component, then excess property should be 0. So i—T at x1 = 1 should be 0. Likewise,
at x; = 0 that means x, = 1. Again, it is a pure component. So again for the pure component g&
has to be 0. So =—= 0. That means in the equation number 20, right hand side when you

substitute either of these limits, x1 = 1 or X1 = 0, we are going to have 0 value. So, that means
altogether we have right hand side zero value.
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* Thus eq. (20) reduces to fol In (?) dx; =0 ’ - (22)
2

* Above equation provides an area test of phase equilibrium data

* Plot of In(y; /y;) vs x, is prepared

= Area under the cutve should be zero for the thermodynamic consistency
of given phase equilibrium data

* ‘The main drawback of area test method is using ratio ; /¥,
0 =
¢ 3% dun/ 1h 4; v K
V2 Gl nafy NN
* Because when this ratio is used, the total pressure cancels out —» F. ol.

which is very important in measuring P, x, y data at constant |
$4 A7, =0
E

Finally, we get f ln( ) dx1 = 0. So that means you have experimentally y1, y2 information,

you tabulate In (y ) versus x1 and then you plot In ( ) When you plot ln( ) Versus Xi, then



you will be having a curve and then if you find out the area under that curve, if it is 0 then we
can say that the data is obeying the Gibbs-Duhem equation and it is thermodynamically

consistent that is what you can say, okay?

That is the purpose of deriving this equation. So, if you wanted to check whether yi versus Xi
information that experimentally found is reliable or not, thermodynamically consistent or not.
So then you have to do this graphical integration and then find out the area under the curve. If
the area under the curve is 0 then it is thermodynamically consistent. Above equation provides

an area test of phase equilibrium data. Plot of In (Z—l)versus X1 has to be prepared and then area
2

under that curve if it is 0, then we can say the data is thermodynamically consistent.

Area under the curve should be 0 for the thermodynamic consistency of given phase

equilibrium data, right? This is one of the method to check whether the data is reliable or not,

but again it is also having a drawback. Main drawback is using this ratio :—1 for this testing
2

because for phase equilibrium problem when you use the ratio % what happens, the pressure
2

$1y1P/x1fY

terms cancel out. The pressure terms whatever the P is there, =
¢G2y2P/x2f;

the P is cancelling out

that is the major problem because pressure is having effect.

As long as the pressure is low to moderate then its effect and activity coefficient is negligible,
so under such conditions anyway this method is reliable, right? But in general, any condensed
phase that is the pressure is not necessarily be 0 always, under such conditions if the pressure
is canceling out, the reliability is questionable because when this ratio is used, the total pressure

cancels out which is very important in measuring P, X, y data at constant temperature, right?

So, that is what this is how we can use the vy versus X; information like you know first one is
the finding out the unknown activity coefficient of one component if you know the activity
coefficient of other component in a binary system that you can do. The second one is that you
can do, thermodynamic consistency check you can do, right? So, this is the other advantage of
Gibbs-Duhem equation in the form of }; x;d Inyi = 0.
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