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[5.1] An ideal gas mixture at pressure P, contains a gas component i of
atomic fraction Y. Show

G,— G? = RT[In(P,,,) + In(Y)].
Solution
From [5-6], G,— G{ = RT In(Y,P,)
=RTInY, +1nP, J.

[5.2] An isothermal ideal gas mixture changes pressure from P, tO P, ..
The mole fraction of gas i in the mixture is Y. Prove
AG; =RT In(P, 1, /P, 1u)-
Solution

AG, =RTIn(Y,P,) -RT In(YP,)

—RTIn (Zﬁ]

1%l

[5.3] During carburization processing of steel at 870°C in a mixture of CO
and CO,, surface oxidation of iron may prevent penetration of carbon if
Pco, istoo high. Calculate the equilibrium P o/ Foo, ratio. What effect
does a higher than equilibrium ratio have on oxidation? Use Appendix
A, Table A.4 data. Compare the results obtained with Figure E.2 in Ap-
pendix E.

Solution

(1) SetUp

Fe(a) + CO,(9 42 5Fe 06 + COQ)

AGy, NG, AG, 26,

AC 142

Fel@ + CO(q— > FeO(s) +COLg
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(2) Sum
ZAGy, = 0= AG(j43 + AG, + AG, - AG,,,, - AG, - AG,
AG,-AG, = AGJ ;3 + AG, - AG,,,, - AG,

(3) Substitute
AG,,,, = 0 at equilibrium
AG, = AG, = 0 for pure condensed phases

AG,=RT In(Pc,, )

AG,=RT In (P_)
Substituting into the above,

AG10143 =RTn (P::o2 /P co)

From Table A.4, AG 43 = AGS, + AGL, — AGgo,
=-111,723 - 87.66(1173) + [-259,600 + 62.55(1173)] — [=394,170 —

0.84(1173)]

=-5622

2 In(Peo [Peo, ) = 5622/[8.3144(1173)]
=0.576

(4) Solve

Pco/Pco, = 1.78 (compared to ~ 2.0 from Figure E.2)
If Peo /Peo, = 10.0 for example, then AG, ,, = 22,461 — 5622 = 16,839
which is deoxidizing. The ratio should be held at or above 1.78.

[5.4] Itis difficult to prevent the formation of MnS during the steel making
process. One possible technique in reducing MnS content is to getter or
selectively remove S by adding an element to the liquid steel bath that
forms a more stable sulfide than manganese. Use Figure E.3 in Appen-
dix E to select a possible addition. Identify the parameters used in mak-
ing the selection and state assumptions.

Solution

Assuming the steel bath temperature is 1,400°C and neglecting solubility
effects, four possible candidate element additions are obtained from Figure
E.3. These are Na, Mg, Ca, and Ce. Na and Mg are not suitable choices
because of their relatively low boiling points. Ca is preferred over Ce because
of the lower cost and availability of the former.

76

CHAPTER 5

[5.5] The Gibbs free energy change for the rcacti(m given in Example Prob-
lem 5-5 is provided by Wicks and Block (1963, p. 68):
AGg (calfmol) = — 47,000 + 12.4T In(T) — 11.36 x 1072 + 0.54 x 10°T"
—37.8T where 453 K < T < 800 K.
Using this information,
(a) Calculate AG® at 800 K.

(b) Compare the answer from (a) with the answer calculated from Fig-
ure 5.4. Discuss the difference. Also see Exercise Problem [5.10].

Solution
(@) AGZ =—47,000+12.4(800)In(800)-11.36 x10°®
x(800)% +0.54 x10* (800)~" —37.8(800)
=-18,192 cal/ mol LizN
~ —76,120 J/mol

(b) AGS,, = —200,100+ 154.5(800)
= —76,500 J/mol

The comparison is good considering the extrapolation of the expression in
Example Problem 5-5.

[5.6] Itis proposed that a nickel-based alloy (assuqle pure Ni foT this prob-
lem) be used in a structural application invo_]vmg contact with SO,.

(a) Find the partial pressure of S, and SO, in the c:mtact gas when an
equilibrium mixture is brought together at 812°C and a total pres-
sure of 1 atm. "

(b) Derive an expression relating the partial pressure of S, (Ps, ) asa
function of total pressure (P,). Calculate Fy, and Py, whenP =2

atm. . .
(c) What is the significance of the increase in total pressure on oxida-

tion?
Solution
(@
(1) SetUp

2064 A£G, 2oty Kat

2Ni (8) + S0,(9) AG e ) i 0 +% S, (9)
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(2) Sum

YAGy, = 0= AGigs + 1/2AG, + 24G, — AG 4y — AG, - 2AG,

(3) Substitute
AGes = 2AGS, - AGYS,

=2(~244,580) + 98.54(1085)(2) -[— 7—2"':2?2 + 14%(1085)}
= 8519 J/mol

172AG, = R(1085) In(P}/?)

2AG, = 2AG, = 0 (pure condensed phases)
AG, .. = 0 (equilibrium)

AG, =R(1085) In (P, )

2AGr, =0 =8519 +9021In (7, ) - 9021In Py, ) - 8519
=9021In(R” [Py, )

(4) Saolve

B2 [Py, =0.389

P, =0.1513(1-2R + P2 )

0= P} —8.609P; +1
B, = 8.609++/74.115-4
2

Fg, =0.12 atm;

Psoz =(0.88 atm.
2
(b) B, =0.1513(P, - B )

0=P2 ~(2P, +6.609)P, + P2

Solving for Py, ,
}“s_2 = Pp +3.305+2.57,/P; +1.652

FO]‘ PT —] 2 atm: PS.’L =0.39 atm; PSO: =1.61 atm.
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(c) As P, increases, so does the tolerable Pyo, before appreciable Ni
oxidation occurs.

[5.7]

Binary Li-Ag brazing alloys have been used to bond a commercially
pure titanium honeycomb sandwich structure to a 6Al4V titanium base
alloy sheet. Initial tests showed an irregular bonding pattern. It was sus-
pected that the Li (alloyed with Ag as a fluxing agent) was reacting with
N, trapped in the honeycomb to form tri-lithium nitride, Li,N, thereby
preventing the available lithium from reducing surface oxides and flux-
ing away surface impurities. Gas analysis revealed that the inert gas
used to purge air from the honeycomb contained 0.005 v/o (volume
percent) N,. If brazing is conducted at 800 K, use thermodynamics to
prove or disprove the validity of LiN formation. State assumptions.
Use the free energy data given in Exercise Problem [5.5]. Also see Ex-
ample Problem 5-5.

Solution
(1) SetUp

AGgoo

3Li (a) + Vzl\l,_(ﬁ) e Ly, BCS)

31-\6 3 yZAGL AG I

BLi()+ V2N, (q) C e >LisN (&)

(2) Sum
YAG,, =0= AGyy + AG, — AGyy, — 12AG, - 3AG,

(3) Substitute
AG, = 3AG, = 0 (assume all condensed phases are pure)
AG,,, = 0 (equilibrium)

172G, =RTin(R{?)

—47,000 + 124TIn(T) - 1136 X 10° T> + 0.54 X 10* T - 37.8T = 1.987T In (Pr}{f)

~18,192 = 1.987(800) In(R?)
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(4) Solve
Py,= 1.15x 10 atm,

Since 0.005 v/o (volume percent) is equivalent to 5 x 10~ atm,
tri-lithium nitride will form under experimental conditions.

[5.8] Estimate the temperature at which Si0, and Si metal will react to boil
off SiO in a vacuum furnace pumped to 10~ atm (personal communica-
tion, 1959, R. Schuhmann, Jr., Department of Metallurgical Engineer-
ing, Purdue University, West Lafayette, Indiana).

Solution
(1) SetUp
: AG .
0, () +Sils) —T— 25 Oq)

Si0,(2) +5i(s) ———>25 1 OQ)

(2) Sum
2Gp, = 0= AG] + 2AG, - AG, - AG, - AG,

(3) Substitute

AGZ = 697,540 + 53.98T log (T) -518.45T

24G, = 8.3144T In(P%, )

AG, = AG, = 0 (pure condensed phases)

AG, = 0 (equilibrium)

0=697,540 + 53.98Tlog (T) — 518.45T + 8.3144T In (0.001)

(4) Solve
T=1511K.

[5.9] In Exercise Problem [5.8], it is shown that the best vacuum obtainable
is 10-* atm at 1511 K when impure SiO, (containing excess Si) is used
as containment for heat treatment, annealing, etc. Determine the best
vacuum obtainable when stoichiometrically pure SiO, is used for con-
tainment at the same temperature.
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e
Using direct dissociation of SiO,;:
(1) Set Up
Sio, (& L&8 S0 (g) + /2 0, (9)

AG, AG, ‘é.AGl

5;02 (5) Ae",su 5SiI0 (_3) + Y5 O_,_Cj)

(2) Sum
YAG,, =0= AGY;, + 124G, + AG, - AG,,,, - AG,

(3) Substitute
G4, = 0 (equilibrium)
AG = 0 (pure condensed phases)

124G, = 8.3144 (1511) In (P3/2)

AG, = 8.3144(1511) In(P,,,)

AGpy;; = AGl(Jflfl.SiO(g) = AG}OS.{I.SiO, (s)

From Table A.4, AGy{oq =-91,848 + 20.72Tlog (T) - 150T
and AGfL,, = - 881,235 - 12.55Tlog (T) + 218.51T

AG? = 789,387 + 33.27Tlog(T) - 368.51T

AGY,, = 789,387 + 159,825 — 556,819 = 392,393 J/mol

(4) Solve

0=392,393 + 1511(8.3144) In (P2 - Py,)
PyoPo!? =2.72 x 10

Since Po, =1/2 P,

P ,=1.14 x 10~ atm
Py, =5.7x 10" atm

PT - Pﬁ%) + PO;(E) = 1.71x10*2atm
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Comment: Comparing the results from Exercise Problems [5.8] and [5.9],

high purity SiO, would allow for a six order of magnitude improvement in
vacuum.

[5.10] Refer to Exercise Problem [5.7]. In order to limit the formation of tri-
lithium nitride, the P, mustbe held below 1.15 x 10-9 atm. Since 0.005
v/o (volume percent) N, in the inert gas is unacceptable, select a pos-
sible candidate metal over which the inert gas could be passed in order

to reduce N, to an acceptable partial pressure before it is used to purge
air prior to brazing.

Solution
Two candidate metals are considered: Ti and Ca.

Ti (o)
(1) SetUp

2Ti(o0) + N,@) ——=T 2.Ti N (=)

2085 |G, 284

AG]
2T (2O + NL(g)—T— 2TiN (s)
(2) Sum
L AGyy, = 0= AGy +2AG, - AGy — AG, - 2AG,
(3) Substitute

2AG; =2AG; = 0 (pure condensed phases)

AGy = 0 (equilibrium)

AG, =8.3144T1n(1.15x107°)

From Table A .4,

AGQ = - 671,600 + 185.8T

- 0=—-671,600 +185.87 - 8.3144T In(1.15x 10-%0)
(4) Solve

7 - 871,600

"~ 376.08

Note: the temperature T = 1786 K is above the transformation Ti (o) = Ti (B).
Hence, from Table A .4:

1786 K
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T '

AGY = - 676,620 + 190.20T —

0=— 676,620 +190.20T —8.3144T ln(1.15 x10 ) =T =1778K. -

T = 1778 K is above 1500 K given in Table A.4 for applicab?hty of the data.
However, the N, — Ti phase diagram shows that the? phase is stable up to the
melting point of 1945 K (according to Table A.2, Ty, 5, = 1933 K). Hence,

Ti (B) is one possibility

Calcium is another possibility, since it forms a stable nitride:

Ca
(1) Setup

3 () + N, (g) ==L Ca N, ()
3AC3, AG, Ag,
2o () + Np () 25T ca 3N, (9

(2) Sum
YAG, =0= AG] +AG, - AG, - AG, - 3AG,

(3) Substitute

AG, = 3AG, = 0 (pure condensed phases)
AG, = 0 (equilibrium)

AG, =RT In (1.15x 1019)

From Table A.4,

AGY = - 439,360 + 209.2T.
0 = — 439,360 + 209.2T — 8.3144T In(1.15 x 10719

(4) Solve
1= 439360 _ 4100k
399.48

Note: The required temperature of 1100 K is just below the melting point
(1123 K) of calcium, hence Ti (B) is the better choice.
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[5.11] According to Kane and Chakachery (1992), possible coating materials
for c_arbon/carbon composites include oxidation resistant SiC and Si.N
coal_u‘lgs as well as glass forming inhibitors such as boron carbide. 'laht::
stability of these coatings in hydrogen environments is unknown al-
though data for B,C and H, can be computed from information in the
literature. Calculate equilibria for the B, C, H system at 0.03 MPa and
13.8 MPa and at a temperature of 815°C. Discuss.

Solution
(1) SetUp
AG
B4C () + ZH, (P T—>48() + CH,4 (@)
AGy 246G 4 446, AG,

A [}
B4 C+ 2H, (9) —2ET 4B (o) +CH, ()
(2) Sum
ZAGy =0= AGy + AG,+4AG, - AG, - 2AG, - AG,
(3) Substitute

4AG, = AG, (pure condensed phases)
AG, = 0 (equilibrium)

CHAPTER 6

(4) Solve

Pew, /B, =8.7x 107, Assuming Py, + Py, = Py and substituting from
above:

By +87x10°R; -Pr=0

Pp =0.03 MPa=0.3 atm.:

_ —12+41+10.44x107

B e = 0.2999 amm
2 2x8.7x10 -

PCH‘ = (0.0001 atm

Py, [Py, = 0.0003

Pp =13.8 MPa =136 atm:

-3

s 1:t-Jl+47.328“)5<10 L4 el

+ 2x8.7x10

PGH. = 1.6 atm
Py, [Py, = 0012

A comparison of the data suggests that it would be more practical to maintain

deoxidizing conditions for B,C(s) at higher total pressures.

AG, =8.3144 (1088)In ( Py, )

2AG, = 83144 (1088)In B2, )

AGr = AGpLy, - AGY} . From Table A 4,

AGP Ly, =- 69,126 + 51.26Tlog(T) — 65.36T.
AGPf ¢ = AHRS p o ~ TASSL 8,c» assuming AC, = 0.

0,f _
AGr 0= 57,700 — T(S%g p,c — SShs.c 483088 ) = -57,700 - T[27.07
5.69 — 4(5.86)]
=-57,700 + 2.06T.

AGY = - 69,126 + 51.26Tlog(T) — 65.36T — (-57,700 + 2.06T).
AGPgs = 84,577 J/mol

84,577 =~ 8.3144(1088)In (P, /73, )

84

[5.12] Calculate the maximum allowable P, needed to stabilize wollastonite
at 570°C. Use the data for the contact metamorphic reaction given in
Exercise Problem [3.12] and Appendix A, Table A.1. Solid reaction com-
ponents are in the standard state. State rationale for any assumptions

used in the calculation.
Solution
From Example Problem [3.12], the reaction is
Si0, (o) + CaCO,(s) — CaSiO,(s) + CO,(g)
AS %5 = 165.65 J/(mol-K)
AH % =-393.51 - 1635.22 — (-910.70 — 1206.7) = 88,670 J/mol.

AG ? = 88,670 — 165.65T, assuming AC,=0.
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(1) SetUp

SI0, (K)+Calo, (=) ﬂﬁ% CaSi0,(s) 10, (4)
AGy AGs AG, AG,

S10,(%) +CaC04 (9) ﬁaﬂ-’e@si O,(s) +Cozfj)
) Sum

YAGy =0=AG g3 + AG, + AG, - AG,,, AG, - AG,
(3) Substitute

AG §,; = 88,670 — 165.65(843) = —50,973 J/mol

AG, = AG, = AG, = 0 (pure condensed phases)
AG,,,= 0 (equilibrium)

AG, = 8.3144(843)In o, )

0=-50,973 + 8.3144(843)in (P, )

(4) Solve
In(Poo, ) = 50,973/(8.3144(843)]

Peo, = 1440 atm

Assumptions AC,= 0, no correction for nonideal gas behavior.

[5.13] Illustr.ated below is a weathering rind: a rim of chemically weathered
and discolored rock enclosing an unweathered rock core.,

Weathering
Rind

Unweathered Core
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FeO(s), one of the initial chemical weathering products of Fe-rich min-

erals, frequently undergoes a combination of oxidation and hydration to

produce the orthorhombic mineral goethite, FeO(OH). Goethite, a com-

mercial source of iron, imparts a yellow-brown color to weathering rinds.

FeO(OH) is also reported as a corrosion product on iron (Pourbaix dia-

gram, Metals Handbook, v. 13, p. 38).

(a) Calculate Fo, o) required to form and stabilize goethite at 298 K.
Condensed reaction components are in the standard state.

(b) What assumption, if any, about the stability of goethite is inherent
in the result from (a)?

Solution
(@

(1) SetUp

2Fc0 (&) + %0, @+H,0(0) 283 oo o H)(s)

206, %hae, A& O [ra®

2Fe0() + %2 O, (g)+ H,0 (L) L€, re O (0H) (<)

(2) Sum
TAG,, =0 = AG %z + 2AG, — AG,, — AG, — 12AG, - 2AG,

(3) Substitute
2AG, = AG, = 2AG, = 0 (pure condensed phases)
AG,,, = 0 (equilibrium)

124G, = 1/2RTIn (P, ) = 1/2(8.3144)(298)In (P, )
AG %5 = XnAG % (Products) — InAG % (Reactants)
From Tables A.1 and A 4,

AG %95 =—239,706 J/mol.

Substituting into YAG,; =0,

0= -239,706 ~1/2(8.3144)(298)In (o, )

(4) Solve

239,706
In(Fo, ) = —55(z.3144y298)

Fo,= 10"* atm. = goethite is stable in air at the surface where Fo, =0.22
atm.
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(b) See problem statement.

[5.14] In the absence of sufficient H,0, chemical weathering of a rock contain-
Ing iron-rich minerals will produce hematite, Fe,0,, instead of goethite

(refer to Exercise Problem [5.13]). Hematite imparts a red to reddish-
brown color to rocks.

(a) Calculate the minimum P, . . required to form and stabili 1
tite at 298 K., 0 () T4 and stabilize hema

b) Discuss_ t!le significance of (a) with respect to the Fo, (g in air and
the stability of hematite at the surface of the carth. 4

Solution
(@
(1) Set Up

2Fe0(8) + /5.0, (3) 42238 5 F ¢
ZAG.% V.’.A.érz_ A6,

2Fe O(8) + 1.0, (9) 2928 55 o (o

(2) Sum
XAGy = 0= AGys + AG, - AG,,, - 1/2AG, - 2AG,

(3) Substitute

AG, = 2AG, = 0 (pure condensed phases)
AG,,, = 0 (equilibrium)

124G, = 1/2(8.3144)(298)In 7, )

From Tables A.1 and A 4,

AGgg =-260,395 J/mol

Substituting into ¥AG,; = 0,

0=-260,395 - 1/2(8.3144)(298) In (P, )
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(@) Solve
260,395
In(Fo, ) = Z533140)298)

Py, =5x10%atm
. Sl

(b) See problem statement.

[5.15] Chemical analysis of the reddish and yellow-brown weathering rind on
a rock reveals that it contains both goethite and hematite. Based on the
results of Exercise Problems [5.13] and [5.14], suggest how the above
mineral assemblage might occur.

Solution

(1) Localized area(s) of rock remain depleted in H,O, hence the mixture of
minerals.

(2) Zones of H,0 depletion may vary over time and promote dissociation of
goethite into hematite and H,0.

(3) Changes in pH may also be a factor according to the Pourbaix diagram
(see Exercise Problem [5.13]).

Combining reactions in Exercise Problems [5.13] and [5.14]:
(a) 2FeO (s) + 1/20,(g) + H,O (1) — 2FeO(OH) (s)

AGjpg =-239,706 J/mol

(b) 2Fe0 (s) + 1/20,(g) — Fe O, (s)
AGLg =-260,395 J/mol

Reaction (b) — Reaction (a):
2FeO(OH) (s) = H,0 (1) + Fe, O, (s)

AGyyg =—-20,689 J/mol
The above reaction is independent of F,_ and favors the dissociation of
FeO(OH) into Fe, O, with the release of 13120. Regions that promote depletion

of H,0 would favor this reaction since the removal of H,O would shift the
reaction from left to right.
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[5.16] Brucite, Mg(OH),, is slowly heated in an atmosphere where the iso-

baric partial pressure of H,O vapor is 102 atm. At
will brucite begin to decompose?

Solution

what temperature

Two TL’s are employed in this problem. The first is used to find AHE, ASY;
hence, AG. The second is used to find Pyo-

(1) Set Up
ARG AST
Mg (o), (s) S2nl2T Mﬁ@h@@m
AHg Aty HOWR) 225 HA00)
3713
A ) . A3 T AH,, AS,
Mg (o), (=) 272282528, Mao (o) + H, 0 (0)
(2) Sum

EAI{FL:O: AHzogg +AH]+.AHT’+AH;+AH3_ AHTO_MI4
TASp; =0= ASj + AS, + AS™ + AS, + AS, - AS? — AS,

(3) Substitute

AH3,,(J/mol) = TnAHY (Products)— ¥ nAH2! (Reactants)

— AFTOS of — AFTOS '
—AHm.H,oa>+AHmm-> AH yo8 oty o

=—285,900-601,300- (—925, 500) =
AHZY,, = 38,300 J/mol
ASS, = £n8, (Products)— X nSY,(Reactants)

— 0 /] — S0
= Shemon + S o goc) Smsm{om, ®

=70.09+27.41-63.00 =
ASGs =34.50 J/(mol -K)

AH™ 41,09 kI/mol
AH%, = 41.09 kKJ/mol, AST, = =
o icl, B8y =—5 IBK
AS; =110.16 J/(mol-K)

373
AH, = [(7544)dT = 5658 Ifmol
298
T
AH, = J' (30.00+10.71%107 +0.33x10°72)ar
373
=30T'+5.36 X107 T2 - 0.33x10° 7! —11,847
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f Sep=2\ 4
AH, = I(42.59+7.28><10*3r~6.19><10 772 )l
298
= 42.59T + 3.64 X 10°T2 + 6.19 x 10°T- - 15,092
o -0.5
AH,= | (158.40-4.076x107T~10.523x10°T ~L.1713x10°T Jar
4
298

= 158.4T — 2.038 X 10-°T2 + 10.523 x 105T-' -2.3426 x 10°T*5 - 10,114

Using the same Cp and substituting into the general expression

%L C,dT
-[1"1 T’
AS, = 16.94 J/(mol-K)
ASL = 30In(T) + 10.71 x 10T - 16,500 T(-; - 1282.?128 2

=42.59In(T) + 7.28 x 10-T + 3.1 x 10° T - 248.
ig, =158 41n% —4.08 x 10T + 5.26 x 10° T2 + 2.34 x 10°T-*° — 1042.83
% E

4) Solve ) ;
EJsing the summation equatiogs YAH;, =0and 2AS,, =0, the following
expressions for AH7 and AS7 are obtained:

AH2 (J/mol) = — 85.81T + 10.86 x 10> T2 - 466,300T" + 2342.6T% +
68,223

AS? [(3/(mol-K)] = 22.07 x 10T 232,500T2 - 2340T*% - 85.81 In(T) +
773.62

Substituting into [4-8], 5
AG2(J/mol) = —859.43T — 11.21 X 10-3T? - 233,800T-" + 4682.6T° +
85.81T In(T) + 68,223

91




THERMODYNAMIC LOOP APPLICATIONS IN MATERIALS SYSTEMS

Applying the second TL.:

(1) SetUp

Mg (oW, () —=5

> Mﬂo (=+H,0 (33
A A6, |AS
MﬂtoH)zCQ = Mq0 (s) +H; 0(9)

(2) Sum
XAG;, =0= AG} + AG, + AG, - AG, - AG,

(3) Substitute

AG?: Previously calculated

AG, (J/mol) = 8.3144 T In(10°5) = 9.57T
AG, = AG, =0 (pure condensed phases)
AG, = 0 (equilibrium)

Substituting into the summation equation,

0=-859.43T - 11.21 x 10T - 233,800T-! + 4682.6T°5 + 85.81T In(T) +
68,233 + 9.57T

[5.17] Methane is produced when water saturated sedimentary rocks contain-
ing graphite are heated to elevated temperatures. Calculate the equilib-
rium P, - Py, / B, o ratio for the reaction

2C(s) + 2H,0(g) — CH,(g) + CO,(g)
at T'= 600°C and P, = 2 atm. What is the effect of an increase in P_?
Explain.

Solution

Elemental carbon in sedimentary rocks occurs only as grains of graphite or
diamond, typically of organic origin. Sedimentary rocks heated to elevated
temperatures (= 600°C) become textually and sometimes mineralogically
transformed into metamorphic rocks.
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(1) SetUp

2C(s) * 2H,0(9) Afas CHy (g0 CO, (9)
2.A6’4, ZAG’a AG‘2".. AC—:'-[

2C(9) + zH2065)—A—G’—§E-> Chy (9)+ CO, (8)

(2) Sum
YAG,, =0 = AGgy; +AG, + AG, - AG,,, - 2AG, - 2AG,

(3) Substitute
AG, = 8.3144(873)In (Pco, )

AG, = 8.3144(873)In(Pcw, )

2AG, = 2(8.3144)(873)ln(Py,0)

2AG, = 0 (pure condensed phase)

AG,,, = 0 (equilibrium) .

AGL3 = AGY co, + AGES cu, — 2AGg 1,04 from Table A4, AGgy; = 9511

Jfmol (using C, data from Appendix A and TL analysis, AG, = 11,328 J/mol).

Substituting into EAG,, = 0 and using AGgy; = 11,328,

0= 11,328 + 8.3144(873)In (Pro, ) + 8.3144(873)In (P, ) -
2(8.3144)(873)InPy,0)

(4) Solve
PCOJ. -PCH4 /P:{,_O § Q'?'—l

Since 2 moles of H,0 (g) react to form 2 moles of gas, the reaction equilib-
rium is independent of pressure . This can also be shown by substituting

the partial pressures into Dalton’s law:
n, n,
e
L /=021

=5

where P, cancels.
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[5.18] Using the ratio computed in Exercise Problem [5.17], calculate the par-

tial pressures of each gas at 600°C and P, = 2 atm.

Solution

(1) Assume, from the stoichiometry of the reaction, that 2 moles of C(s) and 2

moles of H,0(g) are initially available to react.

(2) Let n = the number of moles of H,0(g) that react with n moles of C(s) to
form CH,(g) and CO,(g).

(3) Gas HOE  CH®E  COp)
Initial Moles 2 0 0
Moles Reacting or Produced n 0.5n 0.5n
Moles Remaining 2-n 0.5n 0.5n

The total number of moles of gas as a function of n are (2 —n) + 0.5n + 0.5n
= 2 (check, initially n = 2),

(4) Applying Dalton’s law:

P =Y _P
| Pao Py, (n/2)°
Py, = Yo Py {—20 % 7=0.21

2
H,0 (2-n)
Pco, =Y;:o,‘l')i\r‘

Expanding and solving:
n2+2In-21=0

e —21+.f(21) - 4(-21)

=0.956
2

—-0.956 ]
PH,O = (2_2"-2)( 2=1.044 atm,

2(0.956
Pcm = %——lx 2=0.478 atm; P, = 2 atm (check)
PCO: = M)—x 2=0.478 atm.

2 =

Note: Since the reaction is pressure independent, the partial pressures
increase in direct proportion to total pressure.
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[5.19] The mineral siderite, FeCO,, is found in low- temperature hydrothermal
veins and low oxygenated continental waters where it is associated with
clay and carbonaceous materials. Calculate the Py, and P, required
to equilibrate siderite and magnetite, Fe,0,, at 300 K in a CO,-CO at-
mosphere containing Gﬁ%molc percent CO,.

Solution
At equilibrium,
Fe,0,(s) + 2CO,(g) + CO(g) = 3FeCO,(s)
From the stoichiometry of the reaction, Feg, = 2Fco.
(1) SetUp .
Fe a0y ()4 200, () +CO &) ————>3Fe (O, (=)

A4 286, 2 O A

Fely 0 )t 2, (9)+ COCA) 2ET—>3FeCo (o)

(2) Sum
TAG,, =0 = AG{ +3AG, - AG; - AG, - 2AG, - AG,

(3) Substitute
From Table A 4,

AGY =-220915 + 46.94T from 298-700 K
=-220,915 + 46.94(300) = —206,833 J/mol

3AG, = AG, = 0 (pure condensed phases)

AG, = 0 (equilibrium)

AG, =RTIn(Pep)
24G, =RTIn(P%,)

Substituting into YAG,, =0,
0= -206,833 — RTIn (o) — RTIn (P, )
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(4) Solve

—206,833
In{ By P, Jim weott20
" (Feo o, ) (8.3144)(300)
Since PCOZ =2PC0’

~206,833

ln[Pco -(ZPCO)Z] = (8_3]'4_.4)(3_00) or

4P, = exp{-206,833/[(8.3144)(300)]}

exp{-206, 833/(8.3144)300)]}
1 =

Hence, B, :3\/

Pco = 6.24x103atm
Fro, = 2Poo =2(6.24 X 10 atm) = 12.48x10-8atm

Note: Actual partial pressures may be modified by: (1) hydrothermal volatiles
associated with igneous processes or (2) decomposing organic matter,

[5.20] Thorium metal is used as an alloying addition in magnesium technol-
ogy and is also used as a deoxidant for molybdenum, iron, and other
metals. However, thorium may corrode in water vapor to form thorium
oxide and hydrogen and lose weight by spallation. Discuss the feasibil-
ity of controlling the gas phase composition as a method for minimizing
corrosion. The following data is provided (Wilkinson and Murphy, 1958,

p. 213-215):
Th + 2H,0(g) — ThO, + 2H,(g)
AGgg =-171 keal.
Solution
(1) Set Up

Thie 4 2H, 0@ AG2q3 >ThOz_Cs)+2H2C3)

Aty 206, Q A&, 2AG,

This) + ZHZOCj) AG-ozqg —Th Oz ) TZHZCj)
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(2) Sum

YAG,, = 0= AGjy + 2AG, + AG, - AG,,, — 2AG, - AG,

298

(3) Substitute
AGyyg =-171 kcal/mol (given)
24G, =RTIn (P, )

AG, = AG, = 0 (pure condensed phases)
AG,,, = 0 (equilibrium)

24G,=RTin (R} o)

Substituting into YAG, =0,
0=-171,000 + RTIn (7, ) - RTIn (A3 )

(4) Solve
in Pa, |__ 171,000
Pio ) 2(1.987)(298)
P
Bt 5110 0r a0 = 2% 10,

H,0 By

2 2

It would be impossible from a practical point of view to hold Py, o suffi-
ciently low to shift the equilibrium from right to left.

97




