ts described in the two Precedi
paper. This value may be converted to 298.16°K. by use of the heet content dsta ror
Terrous cxide obtained by Coughlin, King, and Bonnickson§§/ ard the tables of = - .
Kelley26/ for iron and oxygen, - The result is A Bpgg 14 = -63,080 - 16,320 (ferrous
oxide, 1,523° to 208.16%.) « 10,660 (

iron, 298.16° to 1,523%.) + 4,960 (oxygen,
208.16° to 1,5239K.) = -63,780 cal. per mole, : _

ng secticns of this. .

The rounded value, AHpgg 16 = -63.8 K. cal, rer mole,
value of the heat of fTermatlon of ferrous
reduction equilibria reported by Sambongi2
sidered for the present purpose,

is adopted as the best

ide by this method, The carbon monoxide
for liguld ferrous oxlde are not con-

Eydrogen Reduction Eguilibris

Hydrogen reduction equilibria of cyrystalline ferrous oxide have been measured by
Britzke, Kapustinsky, and Sch schking;28/ Chipman end Ma shall;§27 Emmett and -
Schultz;397 Iwase and Sano;}l? and Sibate and Kujirai.32/ The results of the last
four mentioned investigations are in 200d agreement on the average. Those of the
Tirst deviate appreciebly from the others, For the derivation of the heet of forms-
tion of ferrous oxide, the results of Chipman and Marshall and Emett and Schultz
‘&re adopted here as best, Consideration of

deta for the riguid range of ferrous
oxide 1s deferred to a later section of this paper.

The calculations are shown inm table 2, Column (1) gives the temperatures,

HA0 .
Column (2) gives the measured values of K= 2 /PHE' Column {3) gives the corre-

. o _
sponding values of'él%_ = =R ln K. Column (4) gives values of the entropy of

tion at T, obtained from the entroples at 298,16%,33,3%4/ ang entropy increments
gg/ Work cited In footnote 7.
26/

Kelley, K. K., Contributions to the Data on Theoretical Metallurgy. X, High-
Temperature Heat-Content, Heat-Capacity, ang Entropy Date for Inorganic Com-
pounds: Bureau of Mines Pull, 476, 19kg, 241 TD.

. Sambongi, K., On the Reduction Equilibris of Iron Oxides: Japan Sei. Rev .,
Eng, Sei., vol, 1, 19%0, p. 63,

Britzke, E, v, Kapustinskyﬁ A. F., and Schaschkina, T. I., Die Affinitat von
Metallen zy Saverstoff. Uber des Gleigewicht zwischen Eisen und Wasserdampf:
Zvschr, anorg, Chem., vol. 219, 1934, p. 287.

Chiymen, J., and Marshell, S., The Equilibrium FeQ + Hp = Fe + Ho0 at Tempera-
tures up to the Melting Point or Iron: Jour. &m. Chem. Soc., vol. 62, 19ko,
P. 299,

Frmett, P., and Schultz, J, F., Gaseous Thermal Diffus
of Discrepancies among Equilibrium Measurements
Fe30h—H2—FeO—HQO, and FeO-Hp-Fe-~Hp0:
p. 1376. .

Iwase, K., and Seno, K., A Statical Method of Investigation of the Cxidation and

Reduction Equilibria of Iron by Water Vepor: Professor K8tar8 Honda Anniver-
sary Volume;: 1936, p, k&5, .

Sibata, Z., and Kujirai, M., Measurements of the Equilibrium Reaction, HoQ + Dy=
D20 + Hp, 'and Its Statistical ang Thermodynemical Calculations: Jour, Chen,
. SE/ Sac. Japem, vel. 61, i%ko, p, 1199. C -

resc-

lon - The Principal Ceuse
on the Systems Fe 01|_-H2-Fe~320,
Jour, Am. Chem, Boc., vol, 35, 1933,

Work cited in footnote 8,
34/ Work cited in footnote 1.

by
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sbove 298.16°K.32/0-In this comnection, it should be noted
- Fep oh70 at 298,16 K., as reported by Todd and Bonnickso
contains en eddition of 0.%1 cal per deg.
rlete randomness of occurrence of vacant i
based upon evidence of any type, but merel
at the time their paper was written.
report Indicete strongly that the latt

ice is ordered.

has been omitted as S858,16 = 13.74% is used.
at T, obtained by combining results in columns

gives the heats of reaction at 298.16°K.6
heat-content increments above 298,16°%.35,37
tion in the composition of ferrous oxide in th

TABLE 2, - Celculstion of hegt of reduction of ferrous oxide by hydrogen at 298.16°K,

(3) ana (4),

obtained from the va

hat the entropy of
of this laboratory, g
per mole to account for the assumed com~ -
ron spaces in the lattice.
¥ appeared the more plausible procedure
The caleulations conducted for the present
Consequently, this correction
Colum (5) givee the hests of reaction
Finally, columy (&) L
lues in colum {5) enq
No eccount has been taken of the devig-
ese experiments from Fep,ou70.

This was not .y

PHE,0 o -
T,%K, K. T2 /pﬁe _é_.i.__ AS AH AE298.16" cal. /mole ;
Datas of Chipman and Marshall o
1,438 0.792 0.46 1.80 3,250 5,780
1,461 197 A5 1.77 3,240 5,840
1,519 806 A3 1.69 3,220 5,940
1,526 840 .35 1.6k 3,040 5,770
1,556 835 .36 1.61 3,070 5,880
1,623 - BB7 .28 1.50 2,890 5,830
1,631 .83k .36 1.50 3,030 5,990
1,633 870 .28 1.50 2,910 5,880
mean 5,860
Date of Frmmett and Schultz
&73 .33k 2.18 2.10 3,740 5,830 T
973 RISES 1.73 2.05 3,680 5,820
1,073 501 1.37 2.28 3,920 5,860
1,173 .603 1.01 2.18 3,7h0 5,770
1,273 678 77 2.13 3,690 5,810
mean 5,820

The mean value of the heat of the reaction,
Feo.9h70(°} + Holg) = 0.947 Fe(e) + Ho0(g),

at 298.16°E. Trom the two sets of date is A Hpgg 16 = 5,840 cal. per mole. Joining
this value with the heat of formation of gaseous water,ﬁﬁ/ leads to A HpgB,16 = (
~63,640 cal, per mole as the heat of formetion of ferrous oxide, which is rounded to

AHpg8.16 = -63.6 K. cal.per mole. '

Werk cited in footnote 25.
Work cited in footnote 7.

Work .cited in footnote 26,
Work clted in footnote 1k,

el
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Disproporticnation Reaction of Ferrous Oxide

Knowledge of the disﬁrdportionation reacticn,'-

and the entropies of its coustituents mey be employed to obtain the heat oflforﬂa—.

. tion of ferrcus oxide, The work of Darken and Gurryiﬁ/ (their table XIT) shows that

ferrous oxide of composition Fep,gh70 begins to disproportionate on cooling to 873°K,
under equilibrium condditions. It is knovn also -that disproporticnation is complete
at 833°K. under equilibrium conditions.  For the present purpose, no significant
error will be mede in using the mean of these temperatures, 853°K., in the caleula-
tions that follow,

From the work of Todd and Bonnlckson,hof a5 amended in the previous section,
and the compilation of Kelley,hl/ the entropy of the above reaction ls A SpgR 16 =
-14.85 + 1.0 eal. per deg. This value may be converted to the corresponding result
at 853%K. by use of the tables of Coughlin, King, and Bonnicksont2/ and Kelley.

The result is A 5g53 = -14.85 + 6.05 (0.788 Fe, 298 169 to 8539) + 49,70 (FEBOQ,
298.16° to 853°%) = -52.20 (kFeq . 9470, B539 to 298, 169} = -11.3 cal. per deg,

Taking &F§53 = 0, 1t follows that A Hggs = -11.3 z 853 = -9,640 cal. for the

heat of the disproporticnation resction at §53%K. This velue is converted to the
corresponding result for 298.16°K. by the reverse of the process followed above for
AB, The result is A Hagg, 16 = -9,640 - 3,330 (0.788 Fe, 853° to 298.16%) - 27,590
{Fe30y, 853° to 298.16°) + 27,900 (YPeq gly70, 298.16° to 853°) = -12,660 cal,

From the heat of the disproportionation reacticn at 298,16°K. and the heat of
formation of maguetite, AHpg8,16 = -267,400 cal. per mole (adopted previcusly), it
follows that the heat of formatiom of Feg gh70 is A HpgB,16 = -63,680 cal. per mole,
which 1s rounded to A Hpgg 16 = -63.7 K. cal. per mole. The #1.0 cal. per deg. wn-
certainty in A Spgg 14 for the disproportionation reaction places the error in this

heat value at about +0,9 K, cal, per mole.
Discussion

Table 3 lists the results cobtained for the heat of formation of Feg gi70 by the

Tive methods. These values have a spread of 0.7 E. cal, per mole, which is not ex-
orbitant. The directly determined values {that is, the present measurements) are
the highest and lowest in the group, Both results depend upon complex and difficult
experimentation, and thet from sclution celorimetry suffers in accuracy from the un-
certainty in the heat of formation of ferrous chloride (see table 1), The least ac-
curate value in the group is the one hased upon data for the disproporticnation
reaction. The neglect (of necessity) of deviations in composition from Fep ghy0 in

treating the hydrogen reducticn eguilibria should not produce an apprecisble error,
as Darken and Gurry&&/ have shown that the heat of formation of ferrous oxide per
gram atom of oxygen is substantially comstant over the composition range Feg, 9480
to Fep 8620-

Work cited in footnote L,
Work cited in Footnote 8.
Work cited in fooinote 12,
Work cited in footnote 7.
Work cited in footnote 24,
Work cited in footnote 4.
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TABLE 3. - Heat of formstion of Feg.ok70 at 298,16°K.

R . Method AHzog 16,K.cal, fmole
(1) Combustion calorimetry (measurements in this PEPET) ...... -6k.0
(2) Solution calorimetry (measurements in this raper) ........ -£3.3
{3) Carbon monoxide reduction equilibria (literature data) ,.. -63.8
(k) Eydrogen reduction equilibris (literature deta} ...... ene -63.6

- {5) Disproportiomation reacticn {literature data) ........... . -63.7

———

It appears that the best choice for the present is A Hpgg,16 = -63.8 + 0.2 K,
cal, per mole, which is about the meen of all the values.

HEAT AND FREE ENERGY OF FORMATION FUNCTIORS

For the reaction

0.947 Fefe) + 1/2 Oo(g) = Feq g470(c),

the value A HpoS,16 = -63.8 + 0.2 X. cal, per mele was adopted in the preceding

sectlon. The entropy of Fe0.9k70, 5898.16 = 13.74% cal. Per deg. per mole and the en-
troples of irom end oxygen, listed by Kelley,ﬁé/ iead to A S298,16 = -16.91 + 0.2 cal,
per deg. per mole. From these values and the heat content and entr Y lncrement

tables of Coughlin, King, and Bonnicksonib for Fep,g470 and KelleyE for iron and
oxygen, the isothermal heat and free energy mey be calculated at high temperatures,
The results appear In teble 4, vaelues being listed at even 100°-intervels and at

transition and melting points of iron and ferrous oxide, It 1s believed that these
values will be reasonably adequate for other compositions of the ferrous oxide phese
in the high iron region. As was mentioned breviously, Darken and Gurryﬁﬁ/ found the
heat of formatien ber gram-atom of oxygen combined to be quite insensitive to compo- -
sition in the range FED.9MBO to Fep g620 at 1,523%,

REDUCTION EQUILTERIA

Hydrogen Reduction

The results in table %, when combined with similar deta for gaseous water,&g/
lead to heat and free-energy values for the reaction

Feo.ghTO(c,l) + Hy(g) = 0.947 Fe(e,1) + E;0(g).

%g/ ‘Wark cited in footnote 12,

/ Work cited in footnote 7.

"%g/ Work cited in footnote 24,
/ Work cited in footnote k.

X5/ Work cited in Tootnote 14: Ser. ITI, teble of June 30, 1948, 'if.
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. TABLE L. - Heat and free energy of reactlon 0.947 Fe(e,1)+ 1/2 0a(g) = Peq.qu70(c,1)

~ AH, ATFO, | AT, —AFO,

. 7,9, K. cal./mole K. cal./mole ?,°x, K. cal./mole K. cal,/mole
208.16 -63.8 -58.75 1,300 -63.45 <h3.2
o) -63.55 =57.1 1,400 -63.3 -431.7
500 -63,35 -55.5 1,500 -63.15 -40.0
600 63,15 -53.95 1,600 | . . ,~63.0 -38.6
700 63.0 -52.1 1,650 1/ 63,95 -37.85
800 -62.95 -50.9 1,650 2/-55.45 -37.85
900 -62.55 by b 1,674 E/ -55.35 -37.6

1,000 -63.1 -h7.85 1,67k k/-55.45 ~37.6

1,033 5/-63.% - -B7.35 1,700 ~55.45 -37.3

1,033 =634 -h7,35 1,800 ' -55.2 -36.25

. 1,100 -63.45 - 46,35 1,803 4/.55 2 -36.25

1,179 63,45 -45.1 1,803 6/-58.7 -36.25

1,179 3/-63.65 -45.1 1,900 -58.5 -35.05

1,200 -63.6 =148 2,000 -58.25 -33.8

1/ Crystalline ferrous oxide.

2/ Liguld ferrous oxide,

E/ Gamma iron.

_/ Delta iren, :

2/ Megnetic inversion; Curle point,

6/ Liguid iron.

The results of these calculations are given in table 5. Columns (2) and (3)
conteln the heats and free energies of reaction, Column (4) contains values of the

P .
equilibrium coustant, K = H20/PH2, end column (5) contains the eguilibrium percent-

age of water in the ges phase for the case in which no gmses other then hydrogen and
vater are present, The velues in column (5) also mey be interpreted as the maximam
theoretical percentage utilizaticn of hydrogen in the reduction of ferrous oxide,
under conditions in which the total gas pressure is low enough thet fugaclty correc-
tions need not be made. '

The percentage of water is plotted against temperature iIn figure 1. It 1s seen
that 1t increeses with temperature to a meximum value et the liquidus temperaturs of
ferrous oxide. The megnitude of the heat of fusion of ferrous oxide is large enough
to reverse the sign of the heat of the reduction reaction, and, 8s a result, the
percentage of water decreases at higher temperatures. The shape of the curve in the
fusion region is confirmed by the measurements of Chipman and Marshall,2Q/ with
which the present calculations agree reasonsbly well.

Carbon Monozide Reduction

 The results of teble & also mey be combined with data for carbon monoxide and -
carbon dioxidedl/ to obtain the heet and free energy of the reaction

Feo_ghTO(C:l) + CO(g) = 0.947 Pele,1) + Cos(g) .

50/ Work cited in footncte 29,
51/ Work cited in footnote 1h: Ser. ITI, tables of Mar, 31, 10hg.
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TABLE 5. - Data for reaction.Feo_gh?O(c,l) + Hy(g) = 0.947 Fele,1) + Hy0{ g}

—

. : aE, AFO, K = "E20/p Hz0, vol.
T,%K. K, cal,/mole K. cal./mole 2 ___percent
298.16 6.0 B k.1 9.55 x 10~+ 0.1
k0o 5.5 3.55 1.14 x 1072 1.15
500 5.05 3.1 4,32 x 10-2 L.15
600 b65 2.8 ' 9.70 x 10-2 8.85
T00 L.3 2.5 1.67 x 10°% 1.3

800 L.05 2.25 2.4 x 1071 19.6

900 3.9 ' 2.05 3.20 x 10-1 24,25
1,000 © 3,0 1.85 3.96 x 10-1 28.35
1,033 k.15 1.80 k.20 x 101 29.6
1,033 415 1.80 bh.2o x 1071 - 29.6
1,100 b1 1.65 L.70 x 1072 31.95
1,179 L.o - 1.,h5 5.36 x 10-1 34,9
1,179 Lo 1.45 5,36 x 10-% k.9
1,200 .1 1.4 5.51 x 10-1 ' 35.55
1,300 3.85 1.3 6.24 x 10-1 38.4
1,400 3.55 1.05 6.89 x 10-1 40.8
1,500 3.3 .85 7.55 x 10-1 43,0
1,600 3.05 75 7.9% x 10-1 b, 75
1,650 2.95 .65 .18 x 10-1° . 45.0
1,650 -k .55 .65 . 8.18 x 10-1 k5.0
1,674 4,65 T 8,05 x 1071 b4 .6
1,674 -4 55 e 8.05 x 10-1 Ly 6.
1,700 4.6 .8 7.87 x 10-1  Lk.05
1,800 k.9 1.15 7.2k x 10-1 42,0
1,803 -9 1.15 7.21 x 10-1 41,9
1,803 -1.4 1.15 7.21 x 10-1 B I+
1,900 -1.7 1.3 7.05 x 10-1 51,35
2,000 2.0 1.5 6.89 x 10-1 40.8

The calculations are summsrized in table 6. Columms {2) and {3) contain the
heats and free energies of reaction., Column (&) contains values of the eguilibrium

P
constant, K = COQ/PCO. Column (5) gives the equilibrium percentages of carbon di-

oxide when no geses other than carbon monoxide end carban dioxide are present.

These results also may be interpreted as the maximm theoretical percentage utiliza-
tion of carbon monoxide in reducticn of Ferrous oxlde, under conditions in which the
total gas pressure 1s low enocugh that fugacity corrections need not be made,

The percentage of carbon dioxlde also is Plotted against temperature in rigure

1. It is seen that it decreases continually with increasing temperature. The heat
of fusion of ferrous oxide causes a sharp change in slope in the fusion regicon., The

4677 | -1 -




;-two curves in figure 1 illustrate the adage that carbon monoxide is the better re-
gh temperatures, The reducing

‘ducing agent at low temperatures and hydrogen at hi
povers are equal at sbout 1,085°K,

TABLE 6. - Data for reaction Feg oh70(c,1) + Co(g) = 0.947 Fe(e,1) + Cox{g)

. AH, AFPO, K = 00/, C0p, vol.
T, °K, L. cal,/mole K. cal./mole Co percent
298.16 -3.85 -2.7 9.38 x 10+ 98.95
Yoo .2 -2.25 1.65 x 10l 9k, 3
500 -4 b5 -1.75 5.70 85,1
600 -b .65 -1.15 2.62 724
700 -k.75 - .55 1.51 60.2
"800 -4.8 .00 9.86 x 10-1 Lg.65
900 -b.7 .65 7.03 x 10-1 41.3
1,000 -4 45 1.2 5.47 x 10-1 35.35
1,033 b1 1.4 5.08 x 10-1 3.7
1,033 b 1.4 5.08 x 10-% 34,7
1,100 -4.0 .75 447 % 10-1 30.9
1,179 -3.9 2.15 k.oo x 10-1 28,55
1,179 -3.7 2.15 k.00 x 10-1 28.55
1,200 -3.75 2.25 3.86 x 1071 27.85
1,300 -3.8 2.8 3.41 % 1071 25.45
1,k00 -3.85 3.3 3.06 x 10-1 23,45
1,500 . -3.9 3.75 2.83 x 10-1 22,05
1,600 -3.9 .3 2,58 x 10-1 20.5
1,650 -3.9 b, 55 2.48 x 1071 19.85
1,650 -11.h 4,55 2.48 x 10-1 19.85
1,674 -11.45 4.8 2.37 x 10-1 19,15
1,674 -11,35 4.8 2.37 x 10-1 19,15
1,700 -11.35 5.05 2.2h x 1071 ©18.3
1,800 -11.4 6.0 1,86 x 10-1 15.7
1,803 -11.k 6.05 1.84 x 10-1 15.55
1,803 -7.9 6.05 1,84 = 1071 15,55
1,900 -8.05 6.8 1.65 x 10-1 14,15
2,000 -8.1 7.6 1.49 x 1071 12.95

Carbon Reduction

Carbon reduction of ferrous oxide mey be represented by

Feg.gh70 + C = 0.9%7 Fe + CO.

The actusl mechenism of this reaction is considered to be

and

he7T

- 15 =

Fep.gh70 + CO = 0.947 Fe + COz,
Cop + C = 2C0,

(1)

(2)
(3)



in which cerben dicxide acts as = carrier of oxygen from ferrous oxide to the excegz
carbon in the system, Reactions (2) and (3) cambine to give reaction (1) as the .
over-all result. It is of interest, therefore, to have the heat and free energy vel.
ues of reaction listed in table T. These were cbtained by cambining the resultg in .

teble 4 with corresponding data for carbon monczide.32/ - - S S

It is noted that reaction (1) %s not potent below S009K. At about 1,000%K., .
the fre€ energy 1s zero ani the corresponding equilibrium partial pressure of carbon
monoxide resches 1 atm, At higher temperatures, the free energy continually becomesg
more negative and the reaction thermodynamically more potent.

TABLE 7. - Data for reaction Feg,g470{c,1) + C{graphite) = 0,947 Fe(e,1) + Co(g)

- AH, 4AFC, AE, AFO
T, K. E. cal./mole | K. cal./mole T,9K, K. csl./mole K. cal./mole
298,18 37.4 . 25.95 1,300 36.25 -11.0°
400 37.25 22.05 1,400 35.9 -1k ,65
500 37.05 : 18.3 1,500 35.6 -18.25
600 36.8 14,55 1,600 | 35.25 -21.8
700 36.6 10.85 1,650 35.1 : -23.6
8oc 36.4 7.2 1,650 27.6 -23.6
900 36.3 3.5 . 1,674 27.5 -24 .35
1,000 36.35 - .05 1,674 27.6 -24 .35
1,033 36.6 -1.05 1,700 27.55 -25.15
1,033 36.6 ~-l.2% 1,800 27.15 . -28,2
1,100 36.55 -3.7 1,803 27.1 -28.3
1,179, 36.4 | -6.6 © 1,803 30.6 -28.3
1,179 - 36,6 -6.6 1,900 30.2 -31.45
1,200 36.55 =7.35 2,000 29.8 -34.7
CONCLUSIONS

The data and calculations of this baper support the Tollowing conclusions:

(1) The best value of the heat of formation of Fferrous oxide is A Hpg8 16 =
-63.8 + 0.2 K, cal. per mole. This ic based upon results cbtained from combusticn
calorimetry, solution celorimetry, hydrogen reduction equilibria, carbon monoxide
reduction equilibria, and the dAdsproportionation reastion of ferrous oxide,

(2} The best correlation of all available dats ies cbtained by the assumption
that crystalline ferrous oxide is ordered, that 1s, that there is ne randomness of
occurrence of vacant iron spaces in the lagttice, Consequently, the entropy of
Fe0_9470 should be taken as 5598.16 = 13.74 + 0.10 cal per deg. per mole, as given

directly by lov-temperature heat-capacity data.

(3) In hydrogen reduction of Terrous oxide, the maximum theoretical percentage
utilixation or hydrogen is about 45 percent, occurring at the ligquidus temperature
of the oxide, :

(%) In carbon monoxide reduction of ferrous oxide, the theoretical percentage
utilixation of carbon monoxide decrecases continually with inereasing temperature .
Cerbon monoxide and hydrogen are equally potent reductants at about 1,085°K,

(5) Carben reduction of ferrous oxide 1is thermodynamically potent mt tempera-
tures above 1,000°K., where the theoretical equilthrium partial pressure of carbon
monoxide exceeds 1 atm,

52/ WVork cited iIn footnote 1h: "Ser, III, table of Mar, 31, 19kg,
LETT ' - 16 -
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