Thermodynamic Potentials (Chapter 17)

* Consider the four thermodynamic potentials:
* Internal energy U
* Enthalpy H
* Helmholtz Free Energy A
* Gibbs Free Energy GG

* Each of these may be shown to be a Legendre Transform
of the other:
H=U+pV

A=U-TS
G=H-TS=U+pV-TS5

* The differentials of each of these may be written:

dU = TdS—pdV (The Master Equation of Thermodynamics)



* (Continued)
dH = TdS + Vdp

dA = =SdT' — pdV
dG = =5dT + Vdp

* Thus each of the thermodynamic potentials may be
considered in terms of their natural variables:

U(S,V)

H(S,p)
A(T,V)
G(T,p)
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* From the total differentials of each of these and utilizing

the fact that thermodynamic potentials are state
functions and have exact differentials, the Maxwell

relations may be derived:

(o), =~ (2s),
().~ (39),
(o), = (ar),
().~ (),
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Figure 17.1 Diagram illustrating a Legendre transformation (see
text).
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Conditions for Stable Equlibrium

e Systems not at equilibrium will move spontaneously
toward equilibrium in accordance with the Second Law
of Thermodynamics.

* For an isolated system:

* |f a system is not at equlibrium, then the
surroundings must be considered.

dStot — dssys =+ dssurr > 0

or dSgsys > —dSsyrr

d
or dSsys > Hrev
TS’U/I"T'
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* |f only pV work is involved and sincedq = dU —duw,

dUs S
dssys > T—y +p€£€tdv

surr

* This may be rewritten as:
Tsurrdssys > dUsyS -+ pextdv

which gives an expression for a system moving
spontaneously to a new equilibrium.

* |f the system is at equilibrium, Ty = T and pegt = P,
then
TdS = dU + pdV

which is the Master Equation.
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* The conditions for equilibrium and spontaneous change
may be considered in terms of the constraints.

* Recall that constraints describe how a system is in
contact with the surroundings.

e (Consider the case of constant volume and constant
entropy.

dV =0; dS =0

* Then the condition for spontaneous change:

dUs S
dSsys > T—y —|_pextdv

surr

becomes:
0> dUVﬁ or de)S < 0

and internal energy is minimized.
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Consider the case of constant volume and constant
iInternal energy:

dV = 0; dU =0

then
dSVjU > 0

These constraints are consistent with:
* A closed isolated system
* A system undergoing an adiabatic reversible process
at constant volume.

Consideration of other constraints will need to be in
terms of the appropriate thermodynamic potential.

Enthalpy H will be used to consider constant .S and p.
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Helmholtz free energy will be used to consider constant
T and V.

Gibbs free energy will be used to consider constant T°
and p.

Consider enthalpy
H=U+PV
and its differential
dH = dU + pdV + Vdp
The condition for spontaneity:
TsurrdSsys > dUsys + PextdV

becomes TsyrrdSsys > dH — pdV — Vdp + pegtdV
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° If pand S are constant, then dp =0, dS = 0, and
P = DPeuxt-

* Thus dHS,p < 0.

* Consider Helmholtz free energy.

A=U-TS

and its differential:

dA = dU —TdS — SdT

* The condition for spontaneity is:

Tsurrdssys > dUsys + pextdv
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In terms of the Helmholtz free energy, this becomes:

TourrdSsys > dA + TdS + SdT — pegedV’

At constant T, Tsyr =1 and dT =0
At constant V', dV = 0.

Therefore:
0> dAT,V

Consider Gibbs free energy:
G=U-TS5+pV
and its differential:

dG = dU — TdS — SdT + pdV + Vdp
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The condition for spontaneity:
TsurrdSsys > dUsys + peatdV’
becomes:
TsurrdSsys > dG +T'dS + SdT" + pdV + Vdp — pegtdV

At constant 1", T, = 1 and d1" = 0.
At constant p, pest = p and dp = 0.
Therefore:

0> dGij

Thus the condition for sponaneity, that S be maximized
becomes that the thermodynamic potentials be
minimized under the corresponding constraints.
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* The conditions for spontaneity under different
constraints are:

dSy,y >0
dUy s <0
dHpg <0
dAry <0
dGrp <0
Spontaneity and Work (Chapter 19)

e Of particular interest are spontaneous process that lead
to work being transferred to the surroundings.

* What is the maximum amount of work that can be
transferred to the surroundings under different
constraints?
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* Consider a closed system with two parts, | and II:

* Part | contains n moles of a pure substance in
volume V' at temperature T" and pressure p.

e Part |l contains dn moles of the same substance at
T and p with a volume vdn where v is the molar
volume.

* The boundary between | and Il is deformable.
* This means that V can change and an
infinitesimal change in V' is accompanied by an
infinitesimal change in p.

* Part Il is connected to a piston that allows work to

be done on or by the dn moles of substance in Part
1.

* The nature of the boundary between Part | and Part
Il of the system may be such that it is permeable.
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Figure 19.1 Schematic representation of a system with two parts.
In part I, which has volume V, are n mol of substance at T and p. In
part II are dn mol of the same substance, also at T and p. The pis-
ton shown permits the volume of part Il to be decreased to zero.
The dashed line indicates the boundary between parts I and II. Heat
can be transferred to part I, but not to part II, and part I can do work
on the surroundings.

. — p.15/176



* Consider two states of the system:

* In the initial state of the system, the total internal
energy Is:

nu + udn

where u is the molar internal energy of the system.

* |n the final system, work has been done on Part |l of
the system to drive reversibly and isothermally at
constant pressure dn moles into Part | of the system,
changing the volume of Part | from V to V + dV.

* The work that was done on Part Il is pvdn.

* Therefore the work done by Part | of the system is
pdV on the surroundings.

* This must be accompanied by at transfer of heat dg
from the surroundings to maintain the constant
temperature.
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The internal energy of the final state for Part | is:
nu + dU
The internal energy of the entire system is described as:
dU —u dn =dq — p dV + pv dn

Molar enthalpy h is defined as h = u + pv

Therefore
dU =dq + hdn — pdV

e This a form of the first law when transfer of mass is
allowed.

Similarly, when mass transfer is allowed the second law
becomes:

ns + sdn
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Entropy changes are associated with the transfer of
mass, the work done, and the heat transferred.

The dn moles of substance are transferred isothermally
and reversibly, therefore:

~dg dU h 3,

Molar Gibbs free energy is defined as:
g=h—"1Ts

The master equation may be generalized to include mass
transfer:

dU = TdS — pdV + gdn

and the molar free energy of a substance g may be
identified as the chemical potential of that substance. . .s/176



* This may be applied to any one component system,
including multiphase systems.

* An isolated system at equilibrium is one in which the
entropy has been maximized.

* Any perturbation of this system while maintaining
the original constraints results in a decrease or no
change in entropy.

* Gibbs' statements of the criteria for equilibrium are:
“For the equilibrium of any isolated system it is necessary
and sufficient that, in all possible variations of the state
of the system that do not alter its energy, the variation
of its entropy shall either vanish or be negative.”
“For the equilibrium of any isolated system it is necessary
and sufficient that, in all possible variations of the state
of the system that do not alter its entropy, the variation
of its energy shall either vanish or be positive.” ~ p.19/176



Consider a one component, two phase isolated system.

Therefore:

e The internal energy is constant: UM + U2 =/,

e The total volume is constant: V) + V(2 = /.

* The total mass of the one component in the system

is constant: n(M) +n2) = n.

If any other constraint is altered, (0.5)y v, < 0 must be

obeyed.

The change in entropy may be considered for each phase:

WM < qu® 4 pW gy _ 51 g0

T g8® < qu® 1 Dy ® _ (@) gy®
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* The total change in entropy is:
ds = ds"W + 453

® Therefore

b
T (2)

(1) (2) (1)
a5 < W LU P gy

(2)
7o T 7o T v

(1) (2)
9T 9 (2
T(l)dn ) dn

* But by conservation of mass, volume, and mass:
dUY) = —qu®

vt = —qv )

dn(l) = —dn(z) . — p.21/176



e Therefore:

I M o)
USRS  CO R A il o)
1S < |y = = | UV + | By = Eog| av
DRe)
BN Al PG)
[Tu) 7o | "

* In order for equilibrium to be attained, the coefficients of
dUM, dvV ) and dn") must vanish.
* This can only happen if:

71) — 7(2)
p) = 3
1) — ,2)
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* Now consider varying the constraints (U, V,n).
o If dV () > 0, then in order for dS < 0,

ORI

m—m<0

e 1 TW = 7@ then p1) < @),

* |f each of the constraints were varied one at a time, then:

T > 7@) when dUM > 0

SRS
1 < g when dV) >0
MERE)

ﬁ > ﬁ when dn(l) > ()

. — p.23/176



* Thus the conditions for spontaneity require that in
approaching equilibrium:
* Energy flows from higher to lower temperature.
* Volume flows from higher to lower pressure.
* Matter flows from higher to lower chemical potential
(molar Gibbs energy).

* Displacement of a system from equilibrium requires that
work be done on the system.

* The return to the original state means that work can be
done on the surroundings.

* What is the maximum amount of work that can be
done on the surroundings under various constraints?

* |f the system is to do work on the surroundings, it is
not isolated from the surroundings.

. — p.24/176



* A system may be constrained to have constant
temperature by being in contact with a thermal reservoir.

* A system may be constrained to constant pressure by a
piston in contact with the surroundings.

* As previously indicated, work must be done to displace
an isolated system from equilibrium.

Winv — — /TdS

since in an isolated system, internal energy U does not
change.

* By the mean value theorem:

Wiy = —T / dS = —TAS;,,
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* Since w;n, displaced the system from equilibrium, the
entropy has decreased:

AS;n, < 0 and win, > 0

* Consider now an isolated system constrained to be at
constant entropy.

* A reversible adiabatic path will not change the
entropy, but can change the internal energy.

* The work required to displace the system from
equilibrium is:

wism = /dU
and the internal energy has increased, therefore:
w? >0

1MV
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Consider an isolated system.

Displacement from equilibrium would involve the
Imposition of a constraint and w;;,,,.

If this constraint was removed, the isolated system would
spontaneously return to equilibrium.

If the system were coupled to the surroundings then up
to —w;,, would be available to do work on the
surroundings.

If this coupling maintains the constraints of the original
Isolated system and permitted the work to be done
reversibly, then the maximum work (—w;,,) would be
done.

Consider a system that is not isolated.

* The constraints determine by how it is connected to
the surroundings. /176



* For an adiabatic process w = AU.

* Consider a closed system in contact with a reservoir at
temperature 1.

This system undergoes a change from state 1 to
state 2.

By the first law w = AU — g ordw = dU —dq.
Consider a reversible path, so that the infinitesimal
heat transfer dq is reversible.

This is accomplished by use of a reversible engine
between the system and the heat reservoir.

This engine operates between T'r and T" whiledq is
transferred.

The work done by the reversible engine is:

T— T
dwp — d
WR ( T )q
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* Recall that dS =dgye,/T.

* Generally:

dq
ds > =
5 T

* |f a different engine is used for each infinitesimal
segment of the path from 1 to 2, then:

2
AS>/ dq

where T is the source temperature and differs from T'g,
the constant temperature reservoir with which the
system Is In contact.

e Therefore:

2
TRAS—TR/ 4>
1 T

. — Pp.29/176



This may be rearranged as:

2
OZ—E&S%&/—Q
1 7T

The first law may be rewritten as:

2 T
w=AU—q=AU - | dg
1 T

Combining this with the above gives:

But:

T
w > AU — TRAS — / (T R)dq

e [

T —Tp

T

o
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Therefore
w+wgr > AU — TrAS

If all processes are reversible than the equal sign holds
and the maximum work that can be done by the system
IS:

Wmar = W T WR
(Recall that work done by the system is negative).

If the volume of the system is held constant, then the
only work that can be done by the system is done
through the reversible engines.

Therefore wy jae = AU — TRrAS = AA and the

Helmholtz free energy is the maximum work done by the
system when V' is held constant.
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Consider the system at fixed pressure instead of fixed
volume.

This means that the system can do pressure volume
work on the surroundings in the amount —pAV'.

Therefore the maximum non-expansion work that can be
done is:

Wz maz = AU — pAV —TRrAS
= AH —TRrAS = AG
The Gibbs free energy is the maximum non-pressure
volume work done by the system when p is held constant.

Note that the temperature of the initial and final state is
T'r but may be alloved to vary along the path.

If a process is not adiabatic, TRAS is the difference
between the energy change and the amount of energy
available for work '~ p-32/176



The foregoing may now be considered in the context of a
system displaced from equilibrium.

This displacement in done bu doing work to impose a
new constraint.

If this new constraint is removed and the system coupled
appropriately to the surroundings, then —w;,, could be
used to do work.

For a system that is not isolated, the nature of the
equilibrium is determined by the nature of the reservoirs
with which the system is in contact.

The criteria that describe the equilibrium state are

related to the maximum work that can be done by the

C

system —w;’ = where the superscript C' describes the

constraints.
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e Systems of interest are closed and are in contact with
reservoirs that fix intensive variables such as p and T'.

* Consider a system of interest, system |.

* This system is embedded in an infinitely large
medium of temperature T and pressure pg.
* Any change in the state of system | will not
change Ty and pyg.

* This surrounding medium is bounded by a rigid
adiabatic envelope.

* Therefore the composite system, consisting of
system | and the surrounding medium, may be
regarded as isolated from the surroundings.

* Consider the greatest amount of work that can be
done on the embedding medium when system |
changes state from 1 to 2.
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Since p and T are constant,
w, =AU+ pAV — TAS = AG

If the system is at equilibrium, the AG =w!, .. = 0.

Since
dG = =S5dT + Vdp

any process at constant pressure and temperature does
not change the Gibbs Free energy.

Therefore w!, ... is the greatest possible work that can be
done if the system changes from 1 to 2 by removal of a
constraint.

Consider a reversible process that drives the system to a
new state.
* This will involve application of a new constraint.
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* |f that constraint is removed, this new state will be
unstable and will return spontaneously to the original
state,

Winw —Wax
/
Wy < U
wE >0

* Therefore
(AU 4 poAV — ToAS)jny > 0
and the minimum value of GG at equilibrium is defined by:
(0U 4 podV — 100.S)pe 1, = 0

for states of the system that have the original
constraints. -~ p.36/176



°* But pgoV = —ow?, the pV work associated with the
constraint of pressure.

* Generalizing to an arbitrary set of constraints:

(AU—wC—/T&mm>O

and (60U — 6w® — T6S)c =0

* The actual function that is maximized or minimized
depends on the actual constraints.

* For example, if mass, energy and volume are fixed:
—/ﬁm9>oorAS<Q

and a displacement from equilibrium would decrease
the entropy. — p.37/176



* |f entropy, volume, and mass are fixed:
AU > 0

Is required for a displacement from equilibrium.

°* If S, p, and n are fixed:
AU — w% > 0

or AH >0

Is required for displacement from equilibrium.
e It T, V, and n are fixed:

AU—/TdS>OorAA>O

Is required for displacement from equilibrium.
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* If T, p, and n are fixed:
AU—wC—/TdS>O

or AG >0

Is required for displacement from equilibrium.

Stability of one-component systems

* The general condition:
(6U — 6w® —T6S)c =0

IS a necessary but not sufficient condition for equilibrium.

* This condition is met by a maximum, a plateau, or a
local minimum (see figure 19.2).
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Figure 19.2 Schematic representations of the variations of S and U
with change of added constraint for the four ciasses of equilibrium.
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A system is in stable equilibrium if displacement to a
new state followed by release of a constraint always
returns the system to its original state.

A system is in neutral equilibrium if other states of the
same energy, volume, and mass have the same entropy.

A system is in unstable equilibrium if displacement to a
new state followed by release of a constraint never
returns the system to its original state.

A system is in metastable equilibrium if displacement to
a nearby state followed by release of a constraint returns
the system to its original state but a larger displacement
does not return the system to its original state.

All of the forgoing discussion about available work was
In the context of either stable or metastable equilibrium.

. — p.41/176



* The removal of a constraint that leads to a spontaneous
reversible process is associated with a neutral
equilibrium.

* For systems that have a stable equilibrium, the following
Is observed to be true:

* An increase of external pressure at constant
temperature and mass must lead to a decrease of
volume.

* The addition of heat at constant pressure and
volume must lead to an increase of temperature.

* The implications of this definition for stable equilibrium
will be considered in the context of the virtual variation
of the system in Figure 19.3 which has two identical
subvolumes.

* The partition is moved from the point at which
AV =0 and AS = 0 to the position of interest. -~ »42/17
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Figure 19.3 A system in a state generated by a virtual variation,
for the retained constraints U = constant, V = constant, n = con-
stant, The virtual variation i1s generated by moving the partition
from an initial position in which AV = 0 and AS = 0 to the position
shown.
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* |f the original state of the system was a stable
equilibrium, then the virtual displacement will increase
the internal energy and:

U(S+AS, V+AV,n)+U(S—AS,V—AV,n) > 2U(S,V,n)

or
AU > 0

* |fitis assumed that AS and AV are small enough that
the internal energy may be represented by a Taylor
series, then:

US+ASV+AV.n)=U(S,V,n)+ Term 1+ Term 2
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e where:

w1 = (5g),,, 09+ (30, 0

and

Term 2 =

1| /02U ,  (9*U )
(WMAS) ¥ %M“

0 (oU
+ (av (as)v ) (AVAS)
/) Sn
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e Therefore:

02U , o (oU
U=+ +2( 55 | 5g VA
A <832>Vn(AS) 2(8 <5‘5>vn>5 (AVAS)

Y

U ,

* This is true for all possible values of AS and AV, if:

02U )
— > (0 and
( (952 Vin

2
(55°),.. (7)o (3),..) >
052 )y \ov?) g, \ov\as),, |

N
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* |t can be shown that:
(2o) -Z
05?2 Vi Cy

PU\ G
(3’V2 Sn_ VIQTCV

where
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Note that all of T', V', C,, Cy, «, and k are positive
quantities.

Cy is positive because of the requirement that
T/CV > ()

Since C), > Cy, C), > 0.

It may also be shown that:

2TV

> (
Cyp

rT >

These are all stability conditions and are consistent with
Le Chatelier's principle: “lt is a feature of stable
equilibrium that spontaneous processes induced by a
deviation from the initial state proceed in such a
direction so as to restore the system to the initial state’.
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The Equilibrium State in a Multicomponent
System

* Consider Figure 19.4.

* This system is similar to Figure 19.1, except that it
now includes r subsystems Il; each of which contains
only substance z.

* Each of these are joined to system | by a rigid
semipermeable membrane.

* The semipermeable membranes are specific to
substance ¢ and allow for substance ¢ to move
between subsystem Il; and subsystem |.

* There is a pressure difference or p; across the
semipermeable membrane.

* Heat may not be transferred across the boundary
of systems |l; to or from the surroundings.
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barrier permeable only
to substance 1

7y mol of substance 1 i

n, mol of substance 2 _':“1 <P

T.p, V

n, mol of substance r < l, | <«— po

barrier permeable only
to substance 2

Figure 19.4 Schematic representation of an r-component sys-
tem with r + 1 parts. In part I, which has volume V, are n; mol of
substance 1, n, mol of substance 2, . . . , n, moles of substance
r, at T and p. In part II| are dn; mol of substance 1, at T and what-
ever pressure p; represents equilibrium across the semiperme-
able membrane. In general, this pressure is different from p. In
part II, are dn, mol of substance 2, at T'and whatever pressure p;
represents equilibrium across the semipermeable membrane.
There are r semipermeable membranes, each permitting only
one of the components to enter part I, only two are shown in the
diagram. The semipermeable membranes define the boundary of
part I. Heat may be transferred from the surroundings to part I,
but not to parts Iy, II, . . . , II,. Also, part I may do work on
the surroundings.
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Subsystem | is an r component system containing
substances 1,2,...,r

* Subsystem | can transfer heat to and from the
surroundings.

* Subsystem | can do work on the surroundings.

Substance i in subsystem Il; has molar volume, internal
energy, and entropy v;, u;, and s;.

dn; moles of ¢ are transferred to part | of the system
motion of a piston with pressure p;.

System | transfers a corresponding amount of heat dg;
from the surroundings.

System | increases its volume by v;dn; and thus does
work (pdV'); on the surroundings.

This results in a change in internal energy of the system
dU; — u;dn; =dg; — (pdV)z + p;v;dn;. .~ p.51/176



e But h; = u; + p;v;.

e Therefore:

dU; =dg; + hidn; — (pdV');

and
dU = TdS — pdV + > pidn;
i=1
where
pi = hi —T's;

and pu; is the chemical potential of component «.

* Consider now chemical potential from another
perspective:
* The size of the system is increased by a constant
factor &.
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The volume of the system is increased from V' to £V

The number of moles of each component is changed
from n; to &n;

The entropy of the system is increased from S to £S.
Since U is extensive, it is also increased from U to &U.

Mathematically this may be written as
U(£S, 5\/, fnl, ce ,gnr) — fU(S, V, ni, ... ,nr).

Consider the derivative of this with respect to &:

KIApR KRR
r oU 8(5@7) U
+JZ::1 d(&n;) V,S,niz; 0&
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* This gives:

- 5+ 3] oo i [ )

* Since there is no restriction on the value of £, then the
above is true for £ = 1, and:

|
=

s

V.S mix;

nj:U

laU
V,S,ni;,gj

aS

oU L |oU
ot [W]Sniv+z [an]

V,m-
* But previously, it has been shown that:

oU

- — T - —

oU
oV

V,ni
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e Therefore:

TS—pV+Zujnj =U
j=1

_ |9V
'LLJ_ 8nj

if

V,S,ni;,gj
and p; is the chemical potential of component ;.

* Similarly

H=U+pV =TS+ ujn,
j=1

A:U—TS:—pV+ZMjnj
j=1
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and

G:U—TS+pV:Z,LLjnj
=1

The total differential of U may be written as:

dU =TdS + SdT — pdV — Vdp+ Y pidn; + ) njdu,
j=1 j=1

But:

dU =TdS — pdV + ) pjdn;
j=1

Therefore:

SdT — Vdp + Z n;dp; =0

J=1 . — p.56/176



* This is known as the Gibbs-Duhem equation.

* For a one component system: G = nu or
- — /,1/
n

* The Legendre transforms of U become:

dH =TdS + Vdp+ > pjdn;
j=1

dA = —Sdt —pdV + > pjdn;
j=1

dG = —=Sdt + Vdp+ ) ujdn;
j=1
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e But differentiation of

X
G =) njuy
=1

yields:

dG =) njdpj +  _ pjdn;
j=1 j=1

* The first term may be written as:

Op;j Op;j
— T — d

* This is now compared with the Gibbs-Duhem equation.

T T
Y njdp; = n;
=1 =1
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e |t follows that:

and

° 5; is the partial molar entropy.
* w; is the partial molar volume.

* |t may also be shown that:
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Recall that G = H — T'S. Therefore:

0
pj = [%(H—TS)

= hj — TS]'
T7p7ni?5j

Now the properties of a multicomponent system at
equilibrium may be considered.

If the composition of the system at all points remains
constant, then the previously considered conditions for
one-component system applies.

If the composition varies at constant 7" and p, it follows
from the Gibbs-Duhem equation that:

(Z nﬂw) =0
=1 Tp
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* For a two component system:

" (%) - (%)
anl TapanQ anl TapanQ

and the chemical potential of one component changes at
the expense of the other and total chemical potential is

conserved.
* Consider Figure 19.5.

* A virtual variation is constructed for a two component
system under the constraint of constant 7" and p.
* [nitially the system consists of 2n; moles of
substance 1 and 2n9 moles of substance 2.
* A barrier is inserted that divides the container into
two subsystems each containing n; moles of 1 and
no moles of 2. o p.61/176



possible coupled variations of the intensive variables 7, p, 4
liin a fluid system. Thus, at constant temperature and pres-
gure, any change in the composition of a system leads to
changes in the chemical potentials such that

r

2”,’ dﬂ, =0. (19.81)

=1 T.p

In a two-component system, addition of dn; mol of compo-
£ nent 1 requires that

a Vi
n (ﬂ] =—n, [ﬂJ o (19.82)
an T,p.ny any T.p.ny

Since n; and n; are positive, the signs of (J44/9n)1p,., and
(Gt0lny)Tp,n, must be opposite. The extension to an r-
§ component system is straightforward. To determine the sign
i oof (pua/ony)1p,n, we construct a virtual variation for a two-
* component system defined to be at equilibrium at some T
and p. Let the system consist of a deformable container
filled with a mixture of 2n; mol of 1 and 2n, mol of 2 (see
Fig. 19.5). Imagine that a semipermeable barrier (passing 1

2n, mol of 1 and
2n,mol of 2at T,p

insertion of semipermeable barrier
(only 1 can pass)

n, mol of 1 ; n, mol of 1
n, mol of 2 : n, mol of 2
T.p h T.p

J displacement of semipermeable barrier

ny—An, mol of 1
n, mol of 2
T.p

n,+An, mol of 1
n, mol of 2
T.p

Both sides of the system
change volume and ex-
change heat sufficient

to keep T, p constant

insertion of impermeable barrier

n,~An, mol of 1
n, mol of 2
T.p

n,+An, mol of 1
n, mol of 2
T.p

displacement of compound barrier back

to original position

n,-An, mol of 1
n, mol of 2
T.p

n,+An, mol of 1
n, mol of 2
T.p

Both sides of the system
change volume and ex-
change heat sufficient

to keep T, p constant

but not 2) is inserted, dividing the container so that there are
ny; mol of 1 and n mol of 2 on each side. Now let the bar-
rier be displaced from the position in which it was inserted.
In this displacement component 1 flows freely through the
barrier, but however much of component 2 was on each side
of the barrier remains there. We assume that during the dis-
placement the temperature and pressure are maintained con-
stant by exchange of heat and work with the surroundings.
After the semipermeable barrier is displaced through some
distance, an impermeable barrier is slipped in alongside it,
and the combined barriers are displaced back to a position
dividing the volume equally. In this second displacement the
composition of the mixture on each side of the barrier
remains fixed. Again we assume that T and p are maintained
constant by exchange of heat and work with the surround-
ings. As a result of the operations described, we have gener-
ated a virtual variation in which, although T and p are the
same, the composition of the mixture is different on the two
sides of the barrier. Because the original state was one of
stable equilibrium, in the virtual variation described it is
necessary that

AG> 0. (19.83)

Figure 19.5 A virtual variation at constant 7 and p that gener-
ates a state with a composition difference from an originally
homogeneous mixture.
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This barrier is a semipermeable membrane that allows 1
through it, but not 2.

This barrier is now displaced.

* Temperature and pressure are maintained at
constant values by heat and work crossing the
boundary of the system.

Any passes through the barrier from one side to the
other.

An impermeable barrier is placed alongside the
semipermeable barrier.

The combined barriers are returned to the original
position.
* Again, temperature and pressure are maintained at
constant values by heat and work crossing the
boundary of the system.
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* As a result of this virtual variation, 7" and p are
constant, but the composition is now different on each
side of the barrier.

* Since the original system was at equilibrium, the virtual
variation has caused AG > 0.

AG = G(T,p,n1 + Any,ng) + G(T,p,n1 — Any,n9)

—2G(T,p,n1,n2) > 0

* |f Any is small, a Taylor series expansion may be used
and truncated after the second order term.

* Since the expansion is about the equilibrium
position, the first order term vanishes and:

2
AG = (8_(5) > 0
anl T7p7n2
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Since p1 = (0G/On1) 7T pn,. this means that:

anl T7p7n2

Since total chemical potential is conserved:

anl T7p7n2

The addition of component ¢ at constant 7', p, and n; of
other components increases the chemical potential of
component 1.

Consider the behaviour of na (Ou;/0n),
becomes small.

Do as N
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Small ratios of ny/ngy are consistent with nearly pure 2.

In this limiting case, na (Oua2/0n1) 1 approaches a

constant negative, nonzero value:

0
lim no “H2 = —PB
1 —>0 anl Tp o

This means that:

0
lim ny gH =B
n1—>() anl Tp o

D102

and
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This may be rewritten as:

(%) _B
anl TapanQ nl

This may be integrated to:
p1 = Blnny + f(T,p,n2)

where f('T,p,n3) is an arbitrary function.

Since chemical potential is an intensive function, it
cannot depend on the value of ny, but on the ratio
ni/ns.

Therefore the above may be rewritten as:

n
+ 13(T, p)

= Bln
1 ni + N9
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1Y is the chemical potential of the pure substance.

B must have units of energy per mole and will later be
shown to be RT.

Chemical equilibrium will now be considered in terms of
chemical potential.

Recall that:
T
Z Vz'Xi =0
i=1

where v; is the stoichiometric coefficient (and is negative
for reactants and positive for products) and X is one
mole of component <.

Through conservation of mass, changes in n;, the
amount of component ¢ are related.
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Thus:

dni _dng - _dne oy

V1 19 Uy

where A Is the progress variable and is relative to some
arbitrary reference point.

When d\/dt = 0, no reaction is in progress.

A may be used to describe the equilibrium composition
after a reaction is complete.

Consider a closed homogeneous system with constraints
of constant entropy and volume:

(dU)sy =Y pidng =Y vipdA
i—1 i—1
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If this system is at equilibrium, then A.,,;; would

correspond to (dU)gsy =0 and a displacement from
equilibrium by AN = X\ — Acqui gives:

[(Z Vi/Li) AN > 0.
i=1 S,V
If AX > 0 then:
(Z Vz',uz> > ()
1=1
If A\ < 0 then:

At equilibrium: (> vipi) =0
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* Chemical potential may be generalized to a mixture with
r components:

+ 13(T, p)

= Bln
H ni+ -+,

where:
(3]
Il =
ni+ - +n,

the mole fraction of component 1.

* Therefore the condition for equilibrium becomes:

r

S vi[Blnw; + ud (T,p)] = 0
1=1
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* This may be rewritten as:
1 < 0 L |
5 >_viki(T,p) =) Ina
i=1 i=1

* The right hand side of the equation is recognized as:

where K (T, p) is the equilibrium coefficient.
°* It B= RT then:

> Vi (T, p) = AGreqe = —RT In K(T', p)
1=1
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* |t is important to note that this derivation is based on
the basis that n/ny was small.

e What if it is not small?

The Properties of Pure Gases and (Gas Mixtures

e Chapter 21 will be revisited to address the following:

* How may observations of the properties of a gas be
translated into values of thermodynamic functions
that represent the state of the gas?

* What is the detailed relationship between the
structure of the molecules that compose the gas and
the thermodynamic properties of the gas?

e How do molecular interactions influence the
thermodynamic properties of the gas?

* Which aspects of molecular structure and molecular
interactions influence chemical equilibrium? p.73/176



Thermodynamic Description of a Pure (zas

* The perfect gas obeys the equation of state:

nRT

p:V

* |t served to describe gases at atmospheric pressures and
contributed to the development of key concepts in
chemistry and thermodynamics:

* The provided the first method of establishing relative
molar masses.

* |t provided a temperature scale that was also a
thermodynamic temperature scale.

* |t provided a moderately accurate representation of
behaviour of the properties of real gases near 1 atm.

* It describes the limiting behaviour of real gases in
the limit of low pbressiire .~ P-74/176



* Properties of real substances in the gas phase are:

* At sufficiently low pressure, all gases satisfy the
perfect gas equation of state.

* At sufficiently low temperature and high pressure, all
gases condense to either a solid or liquid phase.
* There is a range of temperature and pressure
where liquid and gas coexist in equilibrium.
* There is a range of temperature and pressure
where liquid and solid coexist in equilibrium.
* There is one point where gas, liquid, and solid
coexist (the triple point).
* For each substance, there exists a critical
temperature.
* Above the critical temperature, it is impossible to
condense a gas to liquid no matter how high the
pressure.
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e Continued:

* At the critical temperature T, , the difference in
density between the liquid and the gas vanish.

* At this point, the density and pressure are referred to
as the critical density n/V, and critical pressure p..

* The properties of many real gases may be represented
reasonably well by one equation of state if the
temperature, pressure, and volume are scaled by their
values at the critical point.

* These are referred to as the reduced temperature,
pressure and volume.

P
Pe

T

T .V
?ii;, V tizg, and j;

* This is the principle of corresponding states.
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* The thermodynamic description of a gas relates the
equation of state to changes in thermodynamic potential:

AU =U(Ts, Vo) — U(Ty, V1)

Op
T - _
(o),

AH = H(T»,p2) — H(T1,p1)

Ts ,Vl 15 7V2

:/ Cy (T, V1)dT +
11,V1 15,1

av

TQ’plc(T \dT + B N LA
_/lep1 p\1,P1 Ty 2 oT , p

AS = S(Ta,p2) — S(T1,p1)

L2.p Cp(T, p1) I2,p2 [ OV
— dT — | d
./Tl yP1 T _|_ T2 yP1 8T D p
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Recall that in the limit of low pressure,

As illustrated in Figure 21.1, different real gases
approach this limit at different rates.

The thermodynamic properties of a real gas are
influenced by two factors.

* The internal structure of the gas determines the
moments of inertia and vibrational, rotational, and
electronic spectra. This in turn influences the heat
capacity.

* The interactions between and among molecules
influence the deviations from the ideal equation of
state.
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22,5

3 Ha
= 2241 g
il >
E
2 9223 il
B
N
L=
L M
2224 0.50 1.00

p (atm)

Figure 21.1 The pV product for three gases, showing the universal
approach to the ideal gas value as the pressure tends to zero. From

R. H. Cole and J, 8. Coles, Physical Principles of Chemistry (Free-
man, San Francisco, 1964).
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Heat capacities of real gases may be considered in terms
of their deviation from that of a perfect gas.

As pressure approaches zero, C becomes a function
only of temperature.

* Because internal degrees of freedom matter, there
are different limiting values of C/(T') for different

gases (See Table 21.1)

Similarly C7-(T'), U*(T'), and H*(T) are the low pressure
limits of the heat capacity at constant volume, internal
energy, and enthalpy, respectively.

« . OH dH*
Cp(T) = liny (8—T>p T T

Since:
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. _(oU\  dU*
Coll) = Jmy <aT>V T AT

and

H* =U" + lim pV
p—0

=U" +nRT
It follows that
C;(T) =C(T)+nR

* Thus C;(T) and Cy,(T') may be considered the

contributions to the heat capacity that depend only on
the internal structure of the molecules and not on their
Interactions.

* |t is now possible to consider a gas at some pressure 15,
p2, Vo relative to an arbitrary 1%, p1, V1.  bsi/1ms



* Choose T7 =15, p1 =0, and Vj = oc.

e Therefore:

U ve) = (1) + [ o (22) =l av
2, Vo) = 9 e |12\ BT § p
H(Ty.py) = H*Ty) + [ von () |4

* Now consider the equation for entropy which includes

the term:
L2p2 OV
Jooo o) 2
Tz,pl <8T>p
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* For a perfect gas:

Ta,p2 (QV Ta,p2 n R
/ — | dp= —dp
T5,p1 oT D To,p1 P

which diverges in the limit of p — 0.

* For a real gas:

ml(3), 4] s

where f(T') is observed to be finite and bounded at all
pressures.

* This means that the difference in behaviour of a real
and an ideal gas is a finite and bounded quantity.
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* S(T5,p2) may be rewritten as:

Tz2,p2 () T,
S(Tz,p2) = S(T1, ;1 +/ (Tp1)
apl

T5,p2 oV nR 2,02 n R
- / i dp — / B2
T27p1 aT p T27p1 p
* Let p be a reference pressure based on the unit in which
pressure is expressed.

dT

* Then, when p; — 0,

12,p2 _nR % _
T = S* 1 ) / »\oT
S(T5, p2) (T2, P)+ T5,0 p <8T>p

P2
dp—nmR1In —=
D—n n73

where [7*(nR/p)dp has been subtracted from both S
and S>|< . — p.84/176



S*(T5,P) is the entropy of a perfect gas at (15, p):

Cp(T)

>I<T :/ p
PP oy T

d1" + SS(Trefa 7))

The value of S;(T,cf,P) is determined by the lower limit

of integration.

p/P is dimensionless and P is required for this purpose.

Entropy of a perfect gas depends on pressure.

This suggests a functional form for a property of a gas

known as fugacity, f:

f=pexp [%/@%

RT

/l}_—

p

/

)
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Fugacity has units of pressure.

The exponential portion of the expression contains all the
information about the non-perfect behaviour of the gas.

Asp — 0, f — p.

Fugacity is convenient for the consideration of the
chemical potential of a real gas.

For a real gas:
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e Continued:

) p,T RT
u(T.p) = (@ P) + BT E 4 [ (v<p’> - —) 0

= (T RT In =

where p*(T,P) is the chemical potential of a perfect gas
at (T',P).

* For a perfect gas this is:

u(T.p) = p* (T, P) + RTIn 5

* Fugacity plays a role similar to pressure in
thermodynamics.

* In mixtures, it is possible to have partial fugacities. , s 176



Thermodynamic Description of a Gas Mixture

* To describe the properties of a mixture, it is necessary to
specify the temperature, pressure, total volume, and the
composition.

* Any unit may be used, but mole fraction is often

convenient.
T

ny+mng+ -+ ny

* Mole fraction is related to partial pressure:

Xy =

. Di
lim — = 24
p—0 p
or:
, RT
limp=——(Mni+no+---+n,)=pP1+p2+ - +pr)

p—0 V
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* The composition variables are not completely
independent of each other.

* Mole fractions must add up to unity.
* Partial pressures must add up to the total pressure.

* Equilibria will impose additional constraints on
composition.

* Consider the reaction:
Hyo + Io = 2HI

* Only two of the three concentrations are
independent.

* The third is determined by the equilibrium.

* Consider Figure 21.9 in which a container is separated
into two compartments by a semipermeable membrane.
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r ———— R — ——
pure component r ! mixture containing
l coOmponents
semipermeable | R R
membrane > Il
(1) [ (1)
| \!

Figure 21.9 Schematic diagram of a box with semipermeable
membrane separating pure component i from a mixture of gases
containing component i, Only i can pass through the membrane.
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Compartment | contains pure 7 in equilibrium with with
component ¢ in the gas mixture in compartment Il.

The semipermeable membrane is also diathermal and
rigid and heat but not work can be transferred from one
compartment to the other.

The system is in equilibrium, so:

uf = nt! = g
Ti=T =T

For gas mixtures at nonzero pressure:

1 * pI p'.T
py = pi (T, P) + RTIHE T 0.1
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* For the system in Figure 21.9, p! = p!1I.
* In the low pressure limit, p,{ = pl = x{IpI].

* Therefore the chemical potential of ¢ in compartment ||

IS:
II. II IT g

II % ;" p pd RT

o = pi (T, P)+RT In 277 + o1 [Uz'(p/) — p’] dp’

where:

v-—<a“@') 0 (aa) 0 (aa)
! op iy Op \ On; T on; \ Op T

B (av )
(97% T,p,m;,gj
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* Chemical potential may be determined from the
equation of state for the substance.

* The average molar volume for the mixture may be
considered in terms of the virial equation of state:

V RT
VUm = == = — + B(xy,29, -, 21, T)
i=1 Tt p

where B is an extension of the virial equation to account
for interaction of molecules and is proportional to the
frequency of occurence of all possible pairs.

e Thus:

r o r
B(:Cl, Ly Tpr—1, T) = Z Z willjjBij(T)
i=1 j=1
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By symmetry, B;; = Bj;.

For a binary mixture:

V. RT N n%Bn + 2n1noB1g + n%ng
ni+ns P (n1 + ng)?
But:
3 ((‘W)
U1 = | =—
anl T7p7n2
Therefore:
_ RT N nBi1 + 2n1neB11 + 2n3B1a — n3Bas
V1 = —
D (n1 + n9)?
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* This may be rewritten as:

RT
=5t 1 (2B11 — B11) + 2122(2B11 — B1a)

+2921(2B19 — Ba1) + 25(2B12 — Bao)

* Generally:

5= LSS w28y - By

1=1k=1

e Therefore:

wi = pf (T) + RTIn =" + Z Z v;7, (285 — Bjr)p
1=1k=1

. — p.95/176



For a pure gas:
y D
Wi = [ (T) + RT In 5 + B11p

In a mixture of real gases, interactions between
molecules of 1 and 2 are not expected to be the same as

Interactions between molecules of 1 with 1 or molecules
of 2 with 2.

Yet it is desirable to make predictions about properties
of gas mixtures and relate these properties to the
properties of the pure components.

Fugacity of component ¢ in a mixture has been defined
by Lewis and Randall as:

y /p _ RT\ &y
;. — I;peX U; —
PEEp 0 p/ RT .~ p.96/176




* This gives a partial fugacity:

where f? is the fugacity of pure component i.

e |f this is valid for a mixture, then that mixture is an
ideal solution.

* The chemical potential in terms of fugacity is:
0

) = i (T, P) + BT 2L

for a pure gas and

uz':ui‘(T,P)JrRTln%

for a gas mixture. -~ p.97/176



e Substituting the pure gas expression into the expression
for gas mixtures yields:

p; = p + RT In 2%

® Thus for an ideal solution:
i = ,u? + RT'In z;

* For an equation of state that follows the virial form, it
may be shown that:

Bp
0 _ It
Ji = pexp ( RT)
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For a virial equation of state that has been extended to
account for attractions between like and unlike
molecules:

0 :'77:1 > k=1 xjxk(zBij — Bjk)p
fi = wipiexp BT

Asp— 0, f — pj and f; — p;.

When considering a mixture of gases, entropy of mixing
must be taken into account.

The partial molar entropy of a gas is:

(%
oT D
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This gives:

5i=s5;(T,P) — Rln Zﬁ—/ (8@@) —5, dp’

oT

, .

For a system of pure gases that are separated:
r
SV = Z nisg
i=1
For the same gases mixed:
.
= Z Mn;S;
i=1

The difference is due to the entropy of mixing.
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* The entropy of mixing is:

ASpiz = S™ — 5% =Y n,(5 — s9)
1=1

A A P [ Ov; 0v;
=—R) n;jlnz; z/ — | == dp’
i;n nx +7;n 0T <0T>p, <0T>p, N p

* In the limit of low pressure for an ideal solution:

(o), = (o1)
or), \or),.

and for perfect gases:

ASmiz = —R Z n; In x;
i
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Consider a container with two compartments in contact
with a thermal reservoir (Figure 21.10).

Pressure and temperature are the same on both sides:

_Zﬁ n_pvll
T RT' " RT

Nga
When the partition is removed, the gases mix.
* After mixing:

RT
vIigvii

P = (na -+ nb)

Since molecules of a perfect gas in an ideal gas solution
behave as if individually present, the gas in each
compartment may be considered as expanding into the
other.
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p. T, V'

p. T, v"

=

Figure 21.10 Schematic representation of a box separated into
two compartments | and 11, both at the same temperature and pres-

sure, but containing n, mol of @ and n, mol of b, respectively.
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* The entropy change for a perfect gas undergoing
Isothermal expansion is:

* For each gas expanding into the other compartment:

vig vt vig v
ASyiz = AS1+ASy = n,Rln 2 +np R 1n VIl
— —ngRIn —"% _ _ pyRln —
Ng + Ny Ng + Ny

= —n,RInzx, —nyRInxy

and the spontaneous process has maximized entropy.
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Consider now the inverse process.

This requires the use of a semipermeable membrane,
through which species a can pass, but not species b.

This membrane is inserted at one end of the container
holding the mixture.

It is then moved and used to compress the gas to an
arbitrarily small volume.

* Species a moves through the barrier, while species b
Is compressed to the arbritrarily small volume.

* Recall that for compression:

V2

= —nRT']
S n nv1

* The membrane does work only on species b, not
species a.  p.105/176



At the end of the compression « is in volume V! + V11
while b i1s in the arbitrarily small volume.

Next the membrane is replaced with an impermeable
piston, which is then moved to the original position of
the barrier.

* The system has been restored to its original state.

The total work done is:

0t v[ VII

w = —npRT In VT v”—naRTln VT LT

= — (ngRT In g + npyRT In xp)

But for an isothermal expansion or compression in a
perfect gas, AU = 0.
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* From the first law of thermodynamics, it follows:

T/dS = /pdV — —Wsep'n
and the entropy change due to separation is:
ASsepn = ngR1Inzg + npR1n

ASsep’n — _ASmix

* Only molecules with some distinquishing feature may be
separated.
* |f the molecules were all the same, they would stay
on the same side of the semipermeable membrane
and no separation would occur.

* Dalton’s law of partial pressures contains information
on the distinquishability of molecules. tor/1s



* Changes due to mixing are also associated with V', U,
H, G, and A.

* The value of the quantity in a mixture is different
that that due to corresponding pure amounts.

* The difference is the excess value.

e Consider volume:

E r
_ V } : 0
25:@:;]_712 i=1

* Similarly for enthalpy:
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* We have already established that excess entropy is
associated with mixing:

SE =

Asmix

r'n .
i=1 Tl

e There are two factors that contribute to an excess

function.

e The first factor is the difference in intermolecular
forces between molecules in the mixture and in the

pure components.

* This is what is addressed by the term:

r p, T
> [
i=1 0T

(

dv;
T

)~

v,
T

>p’,nj
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This term is zero for a perfect gas and non-zero for
gases with intermolecular forces.

In a perfect gas mixture, the contribution of this term is
Zero.

The second factor is due to the distinquishability of
different molecular species.

In entropy, this is addressed by the term:
r
—R Z x; In x;
i=1

For any gas mixture, it may be shown:

p ovE
HE — / vE <—> dy/
0 aT p,anj
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* For a perfect gas mixture:

v =0
AGmix L
g = = RT » x;Inz;
AA,.; il
ap = e e :RTZ.%L'IHLUZ
=1 i=1
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* For an ideal solution, it may be shown that:

A oY Ol r
miz = > _ N | - = —R) n;ln;
AS 1:in <8T>P <8T>p,nj R» n;lnx

1=1

Thermodynamic Description of Gaseous Reactions

* For mixture of gases that reaches equilibrium, it is
necessary that:

,
> Vit =0
i=1

e Recall that:

% Ly p. L
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Therefore, at equilibrium:

Tip p T [ RTY\ dp
it (T, = —RT In P — ;
szl V; :uz 73 Z [ 0T (U p/ ) RT V

Since the left-hand side of this equation is a function
only of temperature, this means that specifying the
temperature will fix the composition.

The equilibrium coefficient K(T') is defined by:

—RTWmK(T)=) viu (T, P)
1=1

()
B Z];Il (P) .~ p.113/176
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In the perfect gas limit, f; — px;, therefore the
equilibrium coefficient in terms of partial pressures is:

In the limit of low pressure:

lim K, = I (T)

It can be shown:

Z vi; = AGH(T,P)

Therefore: —RT In K(T') = AG*(T,P)
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* AG* is the difference in molar free energy of reactants
and products and depends only on temperature.

* This is in constrast to K, which does depend on
pressure.

* The temperature dependence of K(7T') may be
elucidated as follows:

dnK d (AG*)__AG* 1 dAG*

—h dT ~ dT \ T 72 T ar

* Since G* Is a state function:

dAG* dG*
— — —AS*
i o ( dT ) >
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e Therefore:

In K 1 [AG* AH*
din K <G+AS>:—

—h dr ~ T\ T T2

* |t may also be shown that:

d AH* — AG*
8 p— e K p—
AS RdT (T'In K) 7

* As K(T) increases, AS* increases.

* The extent that a reaction proceeds when it reaches
equilibrium is determined by thermodynamics
through the balance of the enthalpy change required
and T’ times the entropy change associated with the
reaction.
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* |f AS™ is the same, an exothermic reaction will go more
to completion than an endothermic reaction.

* If AH™ is the same, then the equilibrium position favours
the side of the reaction that has the most molecules.

* |f a reaction has more molecules of products than
molecules of reactants, production of products will
be thermodynamically favoured.

e |f 3 reaction has more molecules of reactants than
molecules of products, then the production of
products is thermodynamically unfavoured.

 AH* and AS™ are defined with respect to the reactants
and products in their hypothetically perfect gas in a
reference state.

* The reference state what is most widely used is 1
atm pressure and a temperature of 25°C.
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* This has been superseded by a standard pressure of 1
bar.

* In a nonideal mixture, the equilibrium coefficient K (T, p)
has a slight dependence on pressure since there is a
nonzero excess volume.

* When the reference state is the hypothetical perfect
gas, the equilibrium coefficient is independent of
pressure.

* This means that it is possible to calculate
equilibrium coefficient and its temperature
dependence from tabulated standard thermodynamic
enthalpies, entropies, and Gibbs free energies.

* |f the reaction of interest is not tabulated, then

Hess's law may be used to construct it from known
reactions.

. — p.118/176



* |In most cases, corrections for the fact that gases are not
perfect are not necessary.

* There are a number of approximations that correct
equilibrium coefficients for the effect of interactions
among molecules.

* For example, Lewis and Randall introduced an
approximation based on:

1
Bji, = 5(Bjj + Bx)

* Note that this contradicts molecular theory which
shows that molecular interactions among different
possible pairs of molecules are all different, ie.
Bjj, Bik, and Bjj are all different.
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From this it may be shown that:

K, AB
= —D—=
K(T) RT

In

where AB =>"_ v;By(T).

Although this does not have a solid physical basis, it
does reasonably well at high pressures.

It is convenient because it does not require knowledge of
the thermodynamic properties of the mixture, but just
properties of the pure components.

If AB <0, this predicts that K, /K (T') is greater than
unity and increases as p increases, resulting in a higher

yield of products than is predicted by assuming perfect
gases.
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Thermodynamic Properties of Solids

* There are a number of important differences between
gas and liquid phases.

* In condensed phases N/V, the number density of
molecules, is comparable to the closest packing
density of the molecules.

* This means that interactions between molecules are
significant and that there are more than pairwise
Interactions involved.

* The translational energy of the molecules is, on
average, less than or approximately equal to the
height of the potential energy barriers separating the
equilibrium positions.

* This potential energy of interaction has a significant
effect on the structure of a condensed phase.
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Thermodynamic Properties of Liquids

* Liquids exist over a limited range of temperatures and
pressures.

* Consider pressure exerted by a liquid at temperature T.
* |f this liquid is in equilibrium with its vapour, then
the pressure of the vapour and of the liquid must be
equal.

* The boundary separating a liquid and a gas may be
considered a deformable boundary that permits the
transfer of energy and matter.

* When a liquid and vapour are in equilibrium, the
pressure is denoted by p,, which is a function of
temperature.

* |f an inert gas that is insoluble in the liquid is
present, the vapour phase will have two components
and p, is a function of temperature and the applied
pressure. - p.122/176



* At equilibrium, the chemical potential of the vapour and
liquid are equal:

pur, = (T) —|—RT1H%

* The derivative of chemical potential with pressure is:
((’ML) o
op )

T (éﬂnpa) -
Op )1

and the rate of change of vapour pressure with applied
pressure may be determined.

e Therefore:
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This equation is the Poynting equation.

A typical molar volume is of the order of 100 cm3.
* At room temperature, (0lnp,/dp)r is about 4
x1072 atm™1!.

The temperature dependence of vapour pressure is
determined by differences in entropy and molar volume
of vapour and liquid.

Consider the pressure temperature curve for coexistence
of liquid and vapour.

* Since the chemical potentials of liquid and vapour
are equal on this curve,

d,uG _ d,uL

—sCdT + depa = —sldT + fULdp(,
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This can be rearranged to:

@ _SG—SL
o1 U_UG—?}L

which is the Clausius-Clapeyron equation.

If the system is far from the critical point, s¢ > sl and

v& > ol and
op\ _ sC
oT i G

Consider the thermal pressure coefficient for a liquid:

p— @
w=\ar),
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* This is related to the dependence of the internal energy

on volume.
ou Op
) 7 22 _
<8U>T <8T>V g

* The temperature dependence of ~, is shown in Figure
23.2 (a).
* For gas in equilibrium with liquid, v, = (Op/0T),
increases smoothly with temperature.
* The dark solid lines are -, for liquid on the
coexistence curve.
* The lines on the right hand side are ~, for various
values of v and have slight temperature dependence.
* The deviation from zero slope for temperature
dependence indicates deviation of the fluid from
ideality.
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Figure 23.2 (a) The variation of the thermal pressure coefficient
with temperature for the saturated gas and liquid, and for the
homogeneous fluid at temperatures above saturation. (b) Thermal

pressure coefficient

of argon. From J.S. Rowlinson, Liquids

and Liquid Mixtures, 2nd ed. (Butterworths, London, 1969).
(¢) (Fuld V)r as a function of molar volume. From J. H. Hildebrand
and R.L. Scott, Regular Solutions (Prentice-Hall, Englewood

Cliffs, N.J., 1962).
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* The sign of ~, is determined by the sign of a, the
coefficient of thermal expansion.

* |t may be shown:

(ap> _ (w/oT),  a
|74

oT (Ov/Op)r K
* x Is always positive.
°* « may be negative or positive.
* Therefore o and vy have the same sign.
* Determination of (Op/dT)y from p,v, T properties of
liquids lead to some generalizations.

* k7 decreases with increasing pressure, with rate of
decrease decreasing as pressure increases.

* k7 increases with temperature, with the effect most
pronounced at low pressure. - p.128/176



® « Increases as temperature Increases.

* From this conclusions about 1 may be reached.

* |f o Is positive and since T is positive, vy Is positive.

° If pis low, then u will decrease as v decreases.

* There will exist a pressure where [T'(Op/dT )y — p|
becomes zero.

* At pressures above this pressure, (Ou/0v)r is
negative and repulsive forces will dominate over
attractive forces.

* |In this case, energy flows out of the liquid during
compression.

* There are no simple equations of state for a liquid, but
there are some empirical ones.

* The virial equation.
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The Tait equation is:

Vo — U A

Vop B+p

The Huddleston equation is:

2/3
ln< o )A+B(vé/3—vl/3)

1/3
Uo/ _ pl/3

In the latter two, vy is the molar volume at zero pressure

and A and B are positive empirical constants.

If the virial equation is used, then several terms may be
necessary, particularly in high density regions above the
critical temperature.
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For the virial equation, the order of the term may be
connected to the number of molecules interacting.

There is no physical interpretation for either the Tait or
Huddleston equation.

For liquids, ¢, has a much stronger temperature
dependence than c¢,.

As in the case of gases, it is possible to calculate
thermodynamic properties from the equation of state
and the temperature dependent heat capacity.

Also, as in the case of gases, the perfect gas will be used
to define a reference state.

A residual function f¥ is defined:

v 8f 8f per fect gas’]
E — - - -
fo(T,v) = /OO ((%)T ((%)T dv.p.m/m




* This will be considered in two steps.

* The initial state is in the low pressure limit with
infinite volume.

* The vapour is compressed isothermally to a finite
volume, v, which is the volume of the vapour phase
at pressure p, and temperature 7.

* The second step is isothermal condensation to a

liquid with volume v’.

* Thus, when applied to enthalpy:

" per fect gas’]
(T, v) = / oy _ (oh dv
00 ov T v T

L)),

dv + Ahyap
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Figure 23.4 Sketch of the vanation with temperature of the resid-
ual enthalpy of gas and liquid along the liquid-vapor coexistence
curve. The difference between the two curves is the latent heat of
evaporation. From J. S. Rowlinson, Liquids and Liquid Mixtures,
2nd ed. (Butterworths, L.ondon, 1969).
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e h¥ for liquid and vapour along the coexistence curve is
shown in Figure 23.4.

* Note that the difference in h¥ for the gas phase vanishes
at the critical point.

Phase equilibria in One-Component systems

* When a phase transition occurs, there is a sudden
change in physical and thermodynamic properties.

* The changes in enthalpy, entropy, and heat capacity are
discontinuous.

* How and why do phase transitions occur?
* Melting of solid.
* Evaporation of liquid.
* Sublimation of solid.

. — p.134/176
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