Chapter 12B

Reactions Involving Pure Condensed
Phases and A Gaseous Phase



12. 6 The Oxides of Carbon
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Figure 12.13 The Ellingham diagram for selected oxides.
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12. 6 The Oxides of Carbon
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Consider the equilibrium  (ii) - (i)
Cigry + CO02(g) =20 (V)
AGyy = AGgyy - AGgy = 170,00 -174.5T
AGgyy = 0 at 7= 978 K (705 °C)

= the temperature where (i) and (ii).

Carbon forms two gaseous oxides, CO and CO2, at standard state,
Peo, = Peo = 1

Thus, total P = 2 atm. Rxn equilibria under P,.,,; = 1 atm, more practical.

Figure 12.13 The Ellingham diagram for selected oxides.
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C(gr) + COZ(g) °= ZCO(gc? (CI)V)
AG(iV) = AG(II) - AG(I) = 170,00 '1745T

(i) If P of the system is decreased to 1 atm,

Figure 12.13 The Ellingham diagram for selected oxides.

(ii) Thus, if the decrease in P from 2 to 1 atm, and, at the same time
maintain p.,=p.>, T must be decreased.
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T T ' (iii) The T required for p.=p.,=0.5 is calculated as follows.
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b i |ina(6|)
d
S -4 : / ¢ C +Op = COp (1 atm)
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200 075 a1 This line is obtained by rotating the line for reaction (i) clockwise
e \ -cosaminenin  @bOUt its point of intersection with the 7=0 axis until, at the
4 : T temperature 7 the vertical separation between line (i) and line (vi)
500 1000 1 .
N is R7In 0.5.

Figure 12.14 The effect of varying the pressures of the
product gases of the reactions C(gr)+O,(g) p=1 atm)=CO,(q)
and 2C(gr)+0,(g)p=1 atm)=2CO(g) on the variations of AG
with 7 for the two reactions.
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Figure 12.14 The effect of varying the pressures of the product gases
of the reactions C(gr)+0O,(g), p=1 atm)=CO,(g) and 2C(gr)+0O,(g)p=1
atm)=2CO(g) on the variations of AG with 7 for the two reactions. 7
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line (i)

v

C + Op = COp (1 atm)

line (ii)

= C02 (0.75 atm)

% = COp (05 aim), ine ({IV/|)

=C05 (0.25 atm)

2C + 02 =2CO (1 atm)

= 2C0 (0.75 atm)
= 2C0 (0.5 atm), line &MI I)

o e 2C0 (0.25 atm)

500

1000
temperature, K
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Figure 12.14 The effect of varying the pressures of the product gases
of the reactions C(grn)+0,(g), p=1 atm)=CO,(g) and 2C(gr)+O,(g)p=1
atm)=2CO(g) on the variations of AG with 7 for the two reactions.

(1) CO, and CO, each at 0.5 atm pressure, are in equilibrium with solid C at T of
intersection of the lines (vi) and (vii) (the point ¢), where AG;;=0.

(2) The T at which CO (at 0.25 atm) and CO, (at 0.75 atm) are in equilibrium with
solid C at the intersection of line (i) rotated clockwise until, at 7 it has been
displaced a vertical distance R7In 0.75, and line (ii) rotated clockwise until, at 7 it
has been displaced a vertical distance 2R7 in 0.25. (the point b).

(3) the point d at which CO at 0.75 atm pressure and CO, at 0.25 atm pressure
are in equilibrium with solid C.
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Figure 12.15 The variation, with temperature, of the composition of
the CO-CO, gas mixture in equilibrium with solid C at A, =1 atm.

Line a-b-c-d-e is the locus of P, = 1 atm with varying CO, CO2,
pressure.

(1) At T < 600 K, the equilibrium gas is virtually CO, at P=1 atm. (a)
(2) T>1400 K, the equilibrium gas is virtually CO at at P=1 atm.(e)

At any 7 the CO-CO, mixture in equilibrium with C exerts an equilibrium
oxygen pressure, POz(eqr)’ via the equilibrium
2C0 + 0, = 200, (i)

AGS, = —564.800 + 173.62T) = —RTIn ()

f}m) + RT In Poieqas
.ﬂf—l'.l: . W ith

564.800  173.62 (Pm:) (12.12)
———— 4+ 21n
eq. with C

I" Pen oy, = —— — 4 e
;{J,--:.q iy H-H 1447 33]44 oo

= ZRTIn(

For M+0,=MO,, if solid C is to reduce MO, at 7 then Py () < Pp_(eq.T)
10
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Figure 12.16 lllustration of the effect of the ratio PCOZ/pCOin a Co,

CO gas mixture on the temperature at which the equilibrium
M+CO,=MO+CO is established.

mojmoz = 10-2
PCO/PCO, =101

pCOIPCO, =1

PCO/PCO, =10

PCO/PCO, =102

The Equilibrium 2CO+0,=2CO,

(i) The Ellingham line for the reaction = the line cs.

The variation of AG°with T, this line is for the reaction which
produces CO, at 1 atm from CO at 1 atm and O, at 1 atm.

The effect of producing the CO, at any pressure, £ other the
1 atm (from CO and O, each at 1 atm) is the rotation of the
line ¢s about the point ¢ clockwise if P<1 atm and
anticlockwise if P>1 atm.

11
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Figure 12.16 lllustration of the effect of the ratio PCOZ/pCOin aco, -

CO gas mixture on the temperature at which the equilibrium
M+CO,=MO+CO is established.

(i) The Ellingham line for the reaction M+0,=MO,

This intersects the line c¢s at7s, which is thus the
temperature at which AG&H) for the reaction

MO, + 2C0 = M + 2C0, (ix)
Is zero, i.e.,
Peo, :
AGH,atT, =0 = —RT]n( j
' Poo
and thus
Pco, l
Pco

The Ellingham line for the reaction M+0,=MO, intersects
the line cu at7, and 7, is thus the temperature at which
the reaction

MO, + 2C0O(1 atm) = M + 2C0.(0.1 atm) (x)

is at equilibrium, i.e.,

AG,, atT, = AGS,, + 2RTIn 0.1

12
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But, by definition,

AGE,, = RT]n('nm)
Peo /e

and thus

o,

AG,, =0 = —’?RTIn( ) + 2RTIn 0.1

oo

At T, calculation gives (Pco/Pco,)eq = 10.

If T is decreased to T, from T, the ratio must increase from 1

to 10 to maintain the rxn equilibrium.

At T, calculation gives (Pco/Pco,)eq = 0.01.

If T is increased to T, from T, the ratio must decrease from 1

to 0.01 to maintain the rxn equilibrium.

13
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Similarly, the H,/H,O nomographic scale is added by

considering the effect of the variation of the pressure of H,O

on the reaction equilibrium

2H, + O, = 2H,0
The equilibrium H,/H,O ratio at 7 for the reaction

MO, + 2H, = M + 2H,0

is read off the H,/H,O scale as the point which is collinear

with the points A and for the reaction M+0,=MO.,.

14



12. 7 Graphical Representation of Equilibria in The System

‘29 (PO, 'PCO)

Metal-Carbon-Oxygen

c

} ' \ ' ' As the nomographic scale for the ratio CO/CO, in Fig. 12.13 shows
\ that the range of interest of values of PCO/pCOZis 10714 to 104, it is
2p wu convenient to present this ratio on a logarithmic scale. Fig. 12.17,
wn which uses the coordinates log (PCO/pCOZ) and 7 represents a
' w‘w“ ], convenient method of clear presentation of reaction equilibrium in
“‘ﬁ“x\mlﬁ ‘““'H the carbon-oxygen and carbon-oxygen—metal systems.
N 108 From Eq. (iii), for
0 ASET ‘EH
Ll x B
R\ o 2C0,,, + Oy, = 2C05,,
i A\ “;~ AGE, = —546,800 + 173.627)
,|. unstable gas a1 P = 1 atm. “*wn:‘IBL “,13 _ _E“n( .”r._l.] )
“"-L aot? w “ PH:'-”U;
“"\m . and thus
ar ~ Y
1 i i 1 I i | ) ,:,
400 600 800 1000 120:: 1400 log (fﬂ) _ 1 log pg. + —— 564,800 ~ 173.62
Peo 2 - 2% 2303 X B3144T 2 x 2,303 X 83144

temperature *C

Figure 12.17 The relationship between the partial pressure of oxygen in a

CO,— CO gas mixture and temperature. The broken line is the variation, with

temperature, of the composition of the gas which is in equilibrium with

graphite at 1 atm pressure. The lines AB and CD represent, respectively, the

equilibria Fe+CO,=FeO+CO and Co+C0O,=Co0O+CO. 1c
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Figure 12.17 The relationship between the partial pressure of oxygen in a
CO,— CO gas mixture and temperature. The broken line is the variation, with
temperature, of the composition of the gas which is in equilibrium with
graphite at 1 atm pressure. The lines AB and CD represent, respectively, the
equilibria Fe+CO,=FeO+CO and Co+C0O,=Co0O+CO.
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C.’F” + CU_‘.I.’F] = ECD

sets a lower limit on the CO2/CO ratio which can be
obtained at any temperature,

AGS,, = 170,700 — 174.5T1 = —RTIn (.r:'{ u)

oo,

igh

and thus, at a total pressure of 1 atm, i.e., when P¢p, =1 — P¢

Péo =H( 1?{1?{1:) (_13_1) 1_
| = peo P\ 831447 /P \83144) -
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24 x—-Vx + dx
Moo - L
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Metal-Carbon-Oxygen

3 . T . | Equilibria such as
\ \ FeQ,,, + CO,,, = Fe,, + COy,,
2o AG°=-22,800+24.26T J and thus the variation of the equilibrium
%ii PN ratio CO,/CO with temperature is given by
" * "., -
S | "::..\ wt |° log (F-:'n:) B 22,800 B 24.26
g h 0z e E\ o Jeureome 2303 X 8.3144T  2.303 X 8.3144
g or A ] L :
g o j‘ g 1€, it is the temperature at which
g \'{‘\ o’ Pogeqicocoy = Pogeq Fefen
-1 _\ \;\
The line CDin Fig. 12.17 represents the variation of log (P¢o,/Pco )
_p unstable gasal P= 1 atm. N e ‘“ Tor 13 with 7 for the equilibrium
*x e Co0y,, + €Oy, = Coyyy + COyyy
T 6! "5 .
-af \: t\‘im; for which
TS — AG® = —48,500 + 14.97)
400 600 800 1000 1200 1400
and
temperatura *C 3 _ g
Figure 12.17 The relationship between the partial pressure of oxygen in a love “_n - ﬂ — 14.9
CO,~ CO gas mixture and temperature. The broken line is the variation, with = Peo / eqarcon 2303 x 831447 2,303 x 8.3144

temperature, of the composition of the gas which is in equilibrium with
graphite at 1 atm pressure. The lines AB and CD represent, respectively, the
equilibria Fe+CO,=FeO+CO and Co+C0O,=Co0O+CO. 17
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Figure 12.18 Fig. 12.17 reproduced as log (PCOZ/PCO) vs. 1/T.

With respect to the amount of information which can be obtained
from a graphical representation of equilibria in a system, Fig. 12.18
is a better representation than is Fig. 12.17. As

()]

dIn K ~ AH®

the slope of a tangent to an equilibrium line at the temperature 7
gives the value of =8H°/. If AC,= 0, log K'is a linear function of 1/7.

18
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