[deal Gas Mixtures

1 Substance Specification

Assume mixture of m pure substances, to specify substance, we need m-1 mole
fractions.

Recall the state postulate, for simple compressible substance, we need 2 additional
independent intensive variables to define a state:

Is=I3(1, I, X3, ..., X;n1) (1)

To determine any extensive property of the system, we must add one additional
extensive property:

EJ:EJ(El,Il,[Q,Xl,...,Xm_l) (2)

2 Basic Properties

2.1 Averaged Properties

The molar mass of the mixture could be expressed as:

MWpiz = > X;MW, (3)
7
Where X; is the mole fraction:
/]/L.
X;=— (4)

Then we have the mixture specific gas constant:

R
Rmix = 25t 5
And the ideal gas law:

Similarly, the specific heat could be expressed as:
i
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Where Y; is the mass fraction:

3 Enthalpy

There are two ways to express the enthalpy of the mixture. Again we assume gas
C composed of gases A and B. Firstly, we can use averaged property:

T

AHCLQ = mmm/ Cpmde (9)
Ty

Or we can calculate the enthalpy change of individual gas:

AHg,,=AHy,, +AHp,,
= malha(Tz) = ha(Ty)] +mplhp(T2) — hp(Th)]
TQ T2
= mA/ Cp AT+ mB/ CppdT

Ty iE

4 Entropy

Similarly with enthalpy, we can use averaged properties to calculate the entropy of
mixture:

ASe,, = M| / ¢ dT — Rysaln(P2) a1

Ty b1
Or we can use partial pressure to calculate individual entropy change:

T2 P24 r P2B
ASe,, = ma] / e, dT — Rain(P4)] + my| / ¢ dT — Riln(P25)]
T D14 T D1B
(12)
Notice that if we mix two ideal gas, the entropy will increase because of diffusion
will let the system reach the equilibrium state at the end.

We can also use volume:

Sc = Sa(Ua,Va)+ Sp(Up, Vi) (13)

dSy = (@)A + (BdV)A

T T
— (W) W, (19)
= T+ (Vs )
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Similarly:

dU dV
dSp = (?)B + (Nk?BV)B (15)

5 Molar Property

5.1 Molar property

We define molar property as the property of substance per mole of mixture:

. v . S. H 'V
Ut=—,5§=—h=—,0=— (16)
n n n n
With this relation, we can get:
AU = udn + ndu (17)
dS = sdn + nds (18)
dV = vdn + ndv (19)
Recall that:
k
dU = TdS — pdV + ) pdn; (20)

=1
Therefore:

k
iidn + ndii = Tédn + Tnds — pbdn — pndd + Y _ pidn; (21)
=1

k
ndic = Tnd$ — pndd + Y _ pdn; — (it — T§ + pd)dn (22)
=1
Recall that:
G=H-TS=U+pV -TS (23)

Therefore:

g=G/n=u—Ts5+ pv (24)

Using the following relations:
n:Zni,dn:Zdni,G:Zumi (25)
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Finally we have the following expressions:

dit = Tds —pdo + Y _ pdX; (27)
dh = Tds + odp+ Y _ pdX; (28)
dj = —3dT + vdp+ Y pdX; (29)

If it is single component substance, then we can reduce the chemical potential term.

5.2 Partial Molar Property

A partial molar property is a concept in thermodynamics that provides a measure
of the change in a thermodynamic property (e.g., enthalpy, entropy, volume, etc.) of
a mixture resulting from the addition of an infinitesimal amount of a component at
constant temperature, pressure, and composition of all other components.
Partial molar properties are used to account for non-ideal behavior in mixtures and are
particularly important for understanding solutions. In short, partial molar property
is the property of substance per mole of one species in mixture.

Let B be any extensive property, then the partial molar version of B is:

0B

h=20
on;

We also have:

B = Z BZTLZ (31)

Here b; is B per mole of i in mixture, for given mixture composition.
With this definition, we have:

h; = @; + pv; (32)
= oG
gi=h; —Ts = a_ni|p,T,nj¢i = [ (33)
Using Maxwell Relations, we have:
m— 1
dg; = du; = v;dp — §;dT + Z 5x |T7p’ X, dX; (34)
1=1
m— 1
du; = Tyds; — pdv; + Z o5 T X (35)
i=1
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m—1
dh; = T,ds; + vidp + 6—§C|T,p,x#idxi (36)
i=1 !

6 Mixing Process (Using Chemical Potential)

6.1 Pure substance

In previous chapter, we already introduce the definition of chemical potential. Now
we want to use this property to analyze the TD problem. First we define:

= p(p,T) (37)

Then we assume at same T:
p = p(p’,T) = p(T) (38)
Here p° is the standard chemical potential at reference pressure p°, which is function

of only T.

Under TPG assumption:

— u(T)+ RTIn £ (39)
H=H °

Normally we set p° as 1 unit, so we have:

p=p(T)+ RT Inp (40)

6.2 Perfect Gas Mixtures

Now we define j; and 1 as the chemical potentials of i component of gas, having
mole fraction X;. Therefore, for TPG mixture:

i = po(T) + RTIn 2 + RTIn X, (41)
pO

The first two terms are independent of composition, and the last term depends on
composition.

Now we introduce a property, called partial pressure. Partial pressure is a con-
cept used in thermodynamics and chemistry to describe the pressure that a single gas
component in a mixture of gases would exert if it occupied the entire volume of the
container by itself, while keeping the temperature constant. The expression is:

pi = pX; (42)
If we again assume reference pressure as 1 unit, then we have:
pi = pf(T) + RT In(pX;) = 13 (T) + RT Inp; (43)

Some remarks:
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pi = pi(pi, T) = Gi(pi, T) (44)

So p; represents the Gibbs value for pure component i evaluated at p; and T.

2. p; is not a function of Xj;, so it is independent of other components in
mixtures. This decoupling of composition dependence is property of general
class of mixtures called Mixtures of Independent Substances.

6.3 State Equations
6.3.1 Ideal Gas Law

With the definitions of partial properties, we can have some new versions of ideal
gas law. For component i:

Oy RT
Vi = 5oinx, = - (45)
p p
pv; = RT (46)
For mixture:
Vim R _
pV =mRIT, p— = —RT, pv = RT (47)
n n

So we can get v; = 0, so for the ideal gas, molar volume same for components in
mixture.
Using partial pressure:

i = Xip = X = 48
p p Vin v (48)
p;V = HZRT (49)
6.3.2 Enthalpy
Recall that: B
wi = gi = hy —T's; (50)
Based on the Maxwell relation, we have:
5= 2, Ot 651)
Si=—|rpn = ———|p.x. X,
O, " T T
Therefore:
7 O
i=hi+T— X, 52
o + oT Ip,X],Xz ( )
hi i 10w 0(wi/T) 53)
T2 72 T0T oT
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Then for the TPG mixture:

pi = pd 4+ RTInp + RTIn X; (54)
Divide by T and then take the derivative of T
;)T d
NewlT) _ 4 (55)
oT dr-rT
Now recall that:
G N
u=—=g=h—-1Ts (56)
n
Therefore:
h=pu+T3 (57)
For the mixture we have (now independent of composition!):
ol dp’® -
§ = ———|, = — — R1 58
$=—gph = qr ~ Ry (58)
And:
p=p"+ RTInp (59)
So:
7 0 D d,uo D 0
h=u —|—RTlnp—T(dT—|—Rlnp):,u -T (60)
Therefore:
hi o 1dpe d
— = — — = ——(= 61
T T2 TdT dT( T) (61
Finally we have:
hi b
T 02
hi(T) = hi(T) (63)
Similarly:
u;(T) = wi(T) (64)
Then we have:
H(T) =Y nihi(T) =Y nihi(T) (65)
mixeargases unmixgg gases
Conclusion: There is no AH or AU due to mixing!
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6.3.3 Entropy

Start from Gibbs energy, for TPG mixture:
G = Znig_i = Z ni(pf + RT Inp;) (66)
7 )

Here, we define p’ as the pressure of i component before mixed, and y‘ is the
chemical potential of i component before mixed. Therefore:

p' = pf + RT In p' (67)

; > Pi
G = n;(pu' + RT In = (68)

z@: (1 o)

Therefore:

> Pi
AGmixin = RT 1 In — (69)

S

Recall that when T is constant:

AGmi:m'ng = AHmixing - TASmwcmg (70)

From previous section, we know there will be no enthalpy change during mixing, so
AHmixing = 0. Then:

AG. .. B )
% = —ASmmng = Ran IH% (71)
(3
Is it possible to have isentropic mixing for 2 gases? Yes! At this case, final
partial pressures must be same as initial pressures. This requires isothermal
and reversible compression, so work in and heat transfer out.

Two special cases in summary:
1. All gases have same initial pressures, which also match final pressure (p' = p;),
then:

AGmixin 3 Xz D
—_—mang —Asmmmg = RZnZ In ppi = RZTLZ InX; <0 (72)

T

So this mixing produces entropy as expected.

2. Initial pressure of each gas is same as its final partial pressure in the mixture
(pi = p*) for each i:

AGmiming

S Di
T = —ASmmmg = RZ n; In ]; =0 (73)

In this case no entropy change, but requires work and heat transfer.
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