Chapter 13

Reaction Equilibria In Systems Containing
Components In Condensed Solution



13.1 Introduction

For the rxn, 81055y = Sig5 + Oy
At equilibrium, Gsio. = Gs, + Go.

If SiO,, Si are both pure, and the pure solids are chosen as the standard states,




13.1 Introduction

The calculation of the equilibrium state of any reaction system with condensed phase needs a knowledge of
thermo property of various solutions in the system.

We will study the influence of solution thermos on rxn equilibria.




13.2 The Criteria For Reaction Equilibrium In Systems Containing
Components In Condensed Solution

For the general reaction aA + bB = ¢C + dD
If none of the reactants or products of the reaction occurs in its standard state, then,

AG = ¢Ge + dGp, — aG, — bly (13.1)
If, all of the reaction and products occur in their standard states, then, AG® is

AG" = ¢GE + dG), - aG — bGj (13.2)




13.2 The Criteria For Reaction Equilibrium In Systems Containing
Components In Condensed Solution

Reaction equilibrium is established,
At equilibrium, AG = 0, then. From (13.3)
AG® = —RT In O™

where Q¢%is the value of the activity quotient at equilibrium. From Eq. (11.8),

AG° = —=RTInK

And thus
Qt:q - K

At equilibrium the activity quotient = numerically the equilibrium constant K.



13.2 The Criteria For Reaction Equilibrium In Systems Containing
Components In Condensed Solution

For the oxidation of the pure M and pure MO.:
M, + D'_’m = MO,

For this reaction
0,

——

{ Mﬂ'{j__

As M, MO, are pure, and occur in their standard states, then , ay = ayo, = 1, and,
from the formal definition of activity, the activity of oxygen gas is given as

the pressure of oxygen in the gas phase

o, = . '
* the pressure of oxygen in its standard state

then the activity of oxygen in the gas phase = its partial pressure (assuming ideal behavior of the gas).

Thus,

1 N |
() =— and (M= =K
o, FOieq.T)




13.2 The Criteria For Reaction Equilibrium In Systems Containing
Components In Condensed Solution

if the pure metal M is in equilibrium with MO, occurring at the activity in solution and oxygen in a gas phase, then

Ao,

Quq _ K
f}{_'l;l-.:q.'.f'b
Then,
S— Oseq w/ pure M and solution MO, < POZ(eq.T) w/ pure M and pure MO,
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' the line ab is drawn as AG® changes,
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| At T, AG°=cd, and the oxygen pressure for equilibrium between pure
solid M and pure solid MO, is drawn as the point e on the nomographic scale.

Figure 13.1 The influence of non-unit

activities of the reactants and products
of a reaction on the AG—T relationship

for the reaction.
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Figure 13.1 The influence of non—unit

activities of the reactants and products of a

reaction on the AG—T relationship for the

reaction.



13.2 The Criteria For Reaction Equilibrium In Systems Containing
Components In Condensed Solution

Consider the reaction

Iﬂn. pure b T Dlr. g | atmy IIIF'J:l'[:'lnin solid solution an gy, » (iv) -}'ﬁm. = AGY + BT In g,
for which Reaction (iv) can be written as the sum of reaction (v), i.e.,

hl[jj T, puare ) — :II"'IIE]:LIII sclubiom al gy 0 (V)

and reaction (i), i.e,
Mio + Oue v amy = MOy () AG;, = AG® at the temperature T



13.2 The Criteria For Reaction Equilibrium In Systems Containing
Components In Condensed Solution

In the general case,

Mi in solution atl day) + 03[,13, at pa.) MOEHH solution at ayg.) (vi)
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13.3 Alternative Standard States
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Figure 13.3 Illustration of the Raoultian, Henrian,

and 1 weight percent standard states for
component Bin a binary A-B system.

Up to this point the standard state of a component of a system has been chosen as
being the pure component in its stable state of existence at the temperature of
interest. = called the Raoultian standard state;

The Raoultian standard state for the component B is located at point r.

The Henrian standard state is obtained from consideration of Henry's law, strictly being a
limiting law obeyed by the solute B at infinite dilution,

9B X, —0
X, ° 4> 15

where ag is the activity of B in the solution with respect to the Raoultian standard state,
and kg is the Henry's law constant at T.

Alternatively, Henry's law can bS written as

—Eﬁ'y; as Xz — 0
Xp

where y2(= k) is the constant activity coefficient.

If the solute obeys Henry's law over a finite range of composition, then, over this range

ap = YpXp
11
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Figure 13.3 Illustration of the Raoultian, Henrian,
and 1 weight percent standard states for
component Bin a binary A-B system.

The Henrian standard state is obtained by extrapolating the Henry’'s law line to Xg= 1.

The activity of B in the Henrian standard state with respect to the Raoultian standard
state having unit activity is given by

dg = Y8
if the length rb is unity, then hb = y}.

Having defined the Henrian standard state thus, the activity of B in a solution, with
respect to the Henrian standard state having unit activity, is given by

hy = fpXp
where hg is the Henrian activity and f5 is the Henrian activity coefficient.

In the range of Henrian region, f; =1, and the solute exhibits Henrian ideality.

12



13.3 Alternative Standard States

(1) The mole fraction of Bin an A-B solution

w_If;-"E‘b_'
MW,
X R = o o
ﬂfH_ N {I_L’K]' — W% )
ﬂ'f “Irﬂ' JH 1‘"!"I_.l|

where MWA and MWB are, respectively, the molecular weights of A and B. Thus, in dilute solution,
as the mole fraction of B is virtually proportional to the weight percentage of 5 i.e,

wt% B X MW,
100 X MW,
(2) the 1 weight percent standard state, which is defined as

—

Xp

R wies

witSe

= | as wt%e B — ()

and is located at the point on the Henry's law line which corresponds to a concentration of 1 weight percent B (the
point win Fig. 13.3). With respect to the 1 weight percent standard state having unit activity, the activity of B,

hBl W% IS given by
( 0) Jr]'.FIHI Wi ) = fHH W |Wtr5?fH

where f B wt%) is the 1 weight percent activity coefficient, and in the range of composition in which the solute B
obeys Henry's law, fB1 wtw) = 1
Mg wiy = Wt%B

13



13.3 Alternative Standard States

From consideration of the similar triangles awc and ahb in Fig. 13.3, the activity of Bin the 1 wt% SS with respect to the

Henrian SS is
we ac MW,

hb  ab  100MW,
with respect to the Raoultian SS having unit activity, is
Ye MW,
100M Wy

The value of the equilibrium constant for any reaction, being equal to the quotient of the activities of the reactants and
products at reaction equilibrium, necessarily depends on the choice of standard states for the components.

The magnitude of AG® for the reaction depends on the choice of standard states.
And it is necessary that the differences between the Gibbs free energies of the standard states be known.

Btin the Raoultian standard state) ~? BI in the Henrian standard state)

. ) A Biin the Henrian standard state)
Gz (R— H) = GE‘ch - G.Fi'tﬁ’] = RTIn— B

A g(in the Raoultian standard state)

where both activities are measured on the same activity scale. On either the Raoultian or Henrian scales

[,{Hl. he Henrian standard state hlb 1 o 1D
in the Henrian standard state) A9 _ "'fE and thus ﬁGHlR-—}H:ﬂ = RT In YB (13.9)
rb

t Biin the Raoultian standard state)
y2is the Henrian activity coefficient at the temperature 7.
14



13.3 Alternative Standard States

(3) For the change of standard state,

Biin the Hennan standard state) ) Blm the | wi% standard state)

'“Hlin the 1 wi% standard state)

AGHH = 1 Wt%) = G wa, — Goun = RT In

A B(in the Henrian standard state)

both activities are measured on the same scalle: 1
1 1
G g(in the | wi% standard state) wc ac MW, MW
ABin the 1 wi st I sttt s TR o od thus AGS 11 1wy = RTII‘I( A ) (13.10)
Rin the Henrian standard state) hb ab [OOM Wy : IU{}MWH

Combination of Egs. (13.9) and (13.10) gives

YeMW,
AGSriiiney = RTIn [ —o—A
BR I Wi n ( IDGJMWH)

for the change of standard state, Raoultian — 1 wt%. Using the subscript (R) to denote the Raoultian standard state, the
subscript (H) to denote the Henrian standard state, and the subscript (Wt%) to denote the 1 weight percent standard
state,

15



13.3 Alternative Standard States

consider the oxidation of metal M to form the oxide MO, at the temperature 7:

Mg, + Ozm = MOy,

For this equilibrium
dmo,

dmPo,

If M occurs in dilute solution, in which case it may be more convenient to use the Henrian standard state for M, then

AGS%, = —RTIn K, = —RTIn

M:H: + 021;:: = MOE[R#
AGHy, = AGk) — AGyrosm

LOAg0).

—RTIn Ky, = —RTIn K5, = RT In 5 or RTIn— = RTIn
e o o hwupa, i Po,

0,

+ RT In vy

Thus

—_— L&
am = My
which relates the activity of M in solution with respect to the Raoultian standard state to the activity of M in solution
with respect to the Henrian standard state.

16



13.3 Alternative Standard States

in the case of composition min Fig. 13.3,

_mn_mahb
WEL T e EYE
Similarly, if it is convenient to use the 1 wt.% standard state for M, then

Mg wa) T 02[;:] = MOy,
; 3 I o ]
‘1(’{1 wisr) — j“GERJ o ":"GM[R—rI Wit )

or
; ﬂ!"ﬁ’l Mwanhunt
—RTInK,| yuo,= —RTInK,p, — RT In
(1 wiSt) iR l{}UMWrM
or
e 2 amo, N MW“, ven
~RTIn o e R s Ry e
Fnicr we Wt% M-po, ampPo. [00M Wy,
or
solvent

ay = ff‘&‘[[l \-.-:*G-H'W[q’r” MT%W
Ml
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