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     ON THE CHEMISORPTION OF CARBON DIOXIDE 

             BY REDUCED IRON. [lIl]. 

          Thermodynamic Consideration of the Chemisorption. 

                       

' Pi}' KIk110 K,twnslTa. 

    Under Professor S Horiba's direction, the autbor has continued the investi-

ga[ion into a newly detected phenomenon-the chemisorption of carbon dioxide 
by reduced iron, and has already stated'~`t that some of the carbon dioxide 
molecules adsorbed on the surface of reduced iron reacted with the active iron 
atoms according to the heterogeneous chain reactions: 

              i) Fe+(CO.:)wa<.=Fe,Oy+(CO),,a,_ 

.vbich have been supported by a number of experimental facts. Ire has also 
shown that reaction i) took place at highly activated points and that reaction ii) 
might occur at less active centres as well In his second report,''•'•st it has been 

pointed out that the hither-to undetected increase in van der )Vials' adsorption 
of carbon dioxide at o°C. due to the dtemisoxption at 3oo°C.•..go0°C. was 
brought about by the increase in the total number of the elementary spaces 
caused by this chemisorption reaction. 

    In thechemisorption of carbon dioxide by reduced iron the formation of iron 
oxide has been observed, but neither the formation of any particular oxide nor 
the existence of carbon monoxide as an intermediate product has so far been 
ascertained. In this report it is the intention of the author, first, to consider the 

possibility of the formation of these products from the thermodynamic standpoint ; 
secondly, to identify the products ; and finally, to clarity the mechanism of the 
chemisorption reaction. 

      ~I] Thermodynamic Consideration of the Chemisorption Reaction. 

    The reactions involving the three elements, Fe, O, C, are of high technical 
interest, and a number of equilibrium studies on the reactions at higher temper-

      t) K. Knwnkitn, R.v. P/it•+. C/reue. ft~inu. B, SH~•.t 16 (t9yy} 
      z) K. Knw°kitn, Rv. Yhrr. Chem. J</an, I I, 75^$9 (x937)• 
      3) I:. Kawakila, Rc. Phr+. Chem. f<~u; 10, ao°..,zn ft93~1• 

      q) t:. Kawnkitry Rev. Ph/v. C/n•m. ,/ague, 12, tag...114 ft9;$)• 
      5) 1:. Knwakiln, /'ra. Gn(.. Beat. %ukvv, 12,.Gr...(i3 (ty;6}
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atures have already been accunwlated, 

considered reasonably reliable: 

        Fe,O,+ C0=3Fe0+ CO„ 

        Fe,O,+qC0=3Fe+gCOa, 

        Fe,0,+3C0=zFe+3COo, 

        3Fe0+5C0=Fc,C+qCO,.

and among them the following may be

3Fe+ 2 C0= FyC+ CO,. 

Fe_0,+3C=3C0+zFe, 

Feo+ c=T•e+co,

Among these reactions the following involve either Ft and CO._ or an iron oxide 

and CO, as reactants:

     Fe+CO.,=FeO+CO, 

     3Fe+gCOo=Fc,O.+qCO, 

     2Fe+3C0_=Fea0,+3C0, 

     3Fe0+ CO_=Fr,O,+ CO, 

     zFi,Q + CO.,= 3Fe.,0,+ CO. 

reactions when a uilibrium is esta

(A) 

(1;) . 

(C) 
(n) 

(E)

   In these q bushed both CO and CO., coexist. 

In the chcmisorption reaction in question the reactants are reduced iron and CO„ 

but the products formed are iron oxide and carbon.a' This fact may be explained 

by the following reactions:

2Fe+C0,=2Fe0+C, 

3Fe+zCO.,=Fe,O,+zC, 

qFe+3C0,=zFe,0,+3C, 

6Fe0+C0,=zFe,O,+C, 

4Fe,0,+C0.=6Fit,0,+C.

(r ) 
(G) 

(FI) 
(I) 
0)

            The Free Energy Changes of Reactions (A) to (J) 

    The free energy changes as a function of the temperature in the case of the 

transition of F<(a) to Ft(~), the reaction Fe0+C0=Fe(R)+CO„ and the forma-
tion of FeO, Fe,O„ and Fe,O, are given by the equations o(. Chipman and 

Murphy" as (ollotvs . 

   Fe(a)=Fe(R); JF'=-zo5o-5.95TtaT+o.oo3g7=+39J7T. (t) 
   Fe0+C0=Fe(fi)+CO.,; dF°=-3850+o.65TGeT-o.a:o87° 

                              +o.z5 x to ~T+o.85 T. (z) 

   Fe(fi)+I/z O,=FcO; JF'=-63z9o+r:7oTGeT-o.ooI75T=+6t3T. (3) 

   Fe(a)+I/z0_=F. O; JF°=-65340-4.z5TbeT+o.ooI65T°+q>•9o7~ (q)

6) IC. Kawukim, Rev. Phyr. C/rrur. fnfxnp 11, 87 (r9J7)• 

7) J. Chipman and U. R'. Dturphg led. F.mg. CMm., 25, Jcg..Ja7 Q93J}
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   3Fe(r<)+zO,=Fe,O,(a); dF°=-266570+5.3oTGeT-o.ot4lT'+57•o5T (5) 
   zfr(u)+3/z0_=F<,0,; JF'=-196z6o+o.oSTGtT-o.oo745T= 

                            +z.8 x Io-6T'+69.3oT. (6) 

From these equations the free energy cbanges as a function of the temperature 
in reactions (A) to (E) have been deri~~ed. 

Combining (t) and (z), we have 

   F(u)+CO.,=FeO+L'O; JF°=+1800-6.GoThaT+o.oo4~T" 
                                -0 .z5 x ro-`T"+33.gzT. (A) 

From (4) and (5), 

   3Fe0+I/zO.,=FcaO,(a); JF'=-70550+I8.o5Tb<T-o.oT9o51=-80.657- (7) 
From (7) and (A), 

   3Fc(a)+3C0.,+1/zO.,=Fe,O.(u)+3C0; VF°=-65t5o-t.75TlvzT 
                      -0.006457=-o.75xlosT+36.uT. (8) 

rrom (z) and (3), 

    CO+I/zO..=CO: JF'=-67I4o+z,35TGtT-o.ooz55T' 
                         +o.z5 x 1o"'T'+6.93T. (9) 

From (S) and O), 

    3Fr(a)+4C0.,=Fe,O,(u)+4C0; dF'=+1990-4.1oTlaT-0.00397" 
                                      -Lox ro fiT'+z9.13T. (B) 

From (5) and (G), 

    zFe;,O.(a)+T/z U,=3Fe,0,; dF°=-55640-to.45TL~:T+o.oo5S5T= 
                                +8.4x 10 ̀T'+93.SoT. (to) 

From (B) and (to), 
    6Fe(u)+SCO.<+t/z0.:=3Fe.,0„+8C0; dF'=-5T66o-I8.65T1,iT

From (9) and (11),
-o 00195 T'+G4 x 1o_sT'+ 15z.a6T.

zFe(u)+3L0,=Fe_0,+3C0; VF°=+5160-7.oollaT+o.ooozT'

From (7) and (9),
+2.05 x Io-sT•,+48.36T.

3Fe0+C0,=Fe,O.,(a)+CO; dF'=-34to+T5.7oTb<"l-o.o165T=

From (to) and (9),

-o .z5 x Io-0T'-57.63 T.

2Fe:,0,(r<)+C0;=3Fe.,O,+CO; uF'=+ItSoo-lz.8oTluT+o.oo84T'

aF" [or the reaction

is given by Lewis and

               +8.r, x Io-`T'+S6.8zT. 

Itandall"~ as

(1I)

(C)

(D)

(E)

(1939)

     8) G. N. Lewu aml 
New fork, P• 5T4 trJZ3)•

fit. Randall, " Thermsdj~i+wuiur arut the Arr Energy of C/renei<n! Srrb.rtattrs;'
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of products is considered more stable 

than the reactants from the stand-

point of thermodynamics. As readily 
seen from the table, JF't,, is minus 

for those of (D), (F), (G), (H), and 

(I), and among these only (D) con-
tains CO as one of the products. 
\Vltclher CO is actually formed in 

the chemisorption reaction or not 

will be discussed below 

        [Il] Identification of C 

    If CO is ;formed on the surface 
it is conceivable that some of the 

some others may acquire sufficient 

surface. The identification of CO n'. 
solution."

90 K. KAWAKITA 

        dF"=+4o9io-4.9oThrT+o.oo495T'-o.5t x to-0T'-i2.~i6T. 

From (A) and (tz), we have 
   2hnu)+C0,=2Fe0+C; d!'°=-373 to-8.3uTluT+0.00345%' 

                                   +o.ot x to-~T"+9o.5oT 
From (13) and (t z), 

   3Fc(u)+2C0==Fr,Oa(u)+zC; JF°=-79830+5.7oTluT-o.oi33T-
                                     +o.o2x to~7-'+54~45T 

From (C) and (t2), 

   4Fe(u)+3C0:=zFe,0,+3C; JF'=-.u2gto+o.7oTbrT-o.otgg5!' 
                                 + .5.63 x to `7"+i34.8o7: 

Prom (U) and (ta), 

   6Fc0+C0,=2Fr,0,(u)+C; dF'=-47730+36.3oTGrT-o.o3195~' 

                                      +o.ot x to'"T-t62.6oT. 
From (E) and (tz), 

   4Fr, 0a(u)+CO_=6Fee0,+C; d!"=-t79to-zo.7oTlrrT+o.ott857`' 
                                    +i6.8t x to-`T'+t86.3o%: 

The free energy changes in reactions (A) to (J) at 360°C. calculated 

above equations are given in Table t. Table t . 
    When dF° is minus, the system c¢lt~laco„ ~f eP° ;ri ;ro°c.

Vol. \III 

(iz)

(F)

(G)

{Il)

(I)

  (J) 

from the

Keattiov.

P~{a)+CO_mPeO+CO 

3F~ta)+aCO,=Pr,Oa(¢)+aca 

3Pr(a)+zCO.=/2,Oa+zC

(A) 

~~;) 

(CJ 
(P) 

~r:~ 

~r•~ 
(~%) 

(iq 

(~) 
(A

dF°sn(/.~nl.J

L09 

 1.~ 

 7.77 

 l.q l 

l9.59 

rz55 

z7.6o 

zR.58 

17-54 

x4.45

CO as the Intermediate Product. 

c of the catalyst by [he chemisorption of COQ, 

le CO molecules formed may decompose while 

n[ energy to escape undecomposed from the 

ryas made by the reduction of a palladous salt

' y) J . Schmidl, " I-rv Sohlenu~yJ aiirre Bedeupmg uml Varwendwrg ~in Jer 
Leipzig, s. lSb, ty4 (1935)•

Icchnischen Clremic ",
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    (I) ExperimenU~l Details. - -

    A schematic drawing of the reaction vessel is shown in Pig. T. "`-' 

A is the Pyrex Mass vessel of z.3 cm. in inside diameter and •r4 

cm. high, in the bottom of which was placed the cata]yst. The 

temperature was raised to about 3oo°C.~.;oo°C. and a steady 

stream of CO. e•as introduced, and finally the gas passed through -

the catalyst was n:lshed vvah 5o cc. of o.?",o aqueous solution of ~°"'~ 

palladoms chloride. CO_ from a commercial cylinder was purified T°s' '" 
before being used ; reduced iron +vas prepared by the same method as mentioned 

in the first report. 

    (3}~ Results. 

    The presence of CO can be chemically determined by the reaction 

              PdC/,t CO+I/~O=Prf+CO_+zHCI. 

b\'hcn the rate of gu flow was 1 ~-lo liters per hour there was no change in 

the palladorts chloride solution, but when the rate was increased (about qo li[.~hr.) 

a precipitation of metallic palladium was observed. A typical example will be 

given below. The preparation of the catalyst and the experimental conditions 
are shown in Table 2. 

                                  'fable >. 
                                Preparation n( the Calnlyst.

:~-:

»~;

4 (1939)

\Neighl n( Fcrric
Oxide Uxd.

Temp. of
Reduction.

Time n(
Reduction.

Time of Evacuation a(ler
liednctinn:

5.39 k'~ ;so°(:. zq Ivs. x4 Lcs, at 33o°C.

~xpcrimental Conditions.

'I'emperalure nE

Chemisorplinn.

Rnte of Plow of
Carlwn Iliuxirle:

Time of
Itenclion.

Weigh) of PQ. Precipimled.

38o°C. ]00 C0./min. zy hrs. o.oGooS g.

   In a 

observed 

days. In 

hydrogen 

[ion was 

   The 

hydrogen

blank test with CO, in the absence of the catalyst no chances were 

in the solution even when the gas was introduced continuously for three 

another run a completely chemisorbed catalyst was re-reduced with 

and when CO. was passed over this catalyst the palladium precipita-

again observed. 

reduction to Pd of Pd C/ may be accounted for either by (i) the desorbed 

or by (ii) the presence of C0 produccr3 in the chemisorption reaction.
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Since the catalyst was evacuated at the temperature of reductintr it is improbable 
that a large amount of )tydrogen still remained adsorbed10i after 24 hours' evacua-

tion. This consideration makes (i) factor unreasonable, and leaves (ii) factor as 

the cause of the reaction with PdC! From these experiments it may be said 

that the- proposed consecutive reaction mechanism. 

             i) Fe+(COs)na..=FPxOr~'(CO)e,r.. 

is justified. 

       [III] Thermodynamic Consideration of the Primary Reaction 
                        (CO Formation). , 

   According to Tablet the free energy changes at 36o°C. arc +t.o9, +t.36, 

+7.77, and - t.4t . heal. for reactions (A), (A), (C), and (D) respectively. Their 
heats of reaction n•ill be calculated using the heat capacity equations given in 

Table 3 and equation (t3), where dC,,, OH, and dHT have their usual signi-

ficance.'O 
r 

           JFI,^d7I+ dCp rfT (13) 

If the heats absorbed at the absolute zero (or reactions (A), (R), and (D) are 
dH ~,=+t8oonrl., dHs=+l9goral., and JH„=-34tocal. respectively, then the 

                   TaUlc 3. TaUle a. 
                  1 [eat Capacits Equations J!! a[ ;fio°C.

4 (1939)

Substance.

P,{a) 

Ar0 

AraO~(a) 

CO(g~) 
CO.(gas)

Range (A'°}

z73^1033 

z98~1630 

zg3•-.858 

zgR~ z3oo 

z98•-z .;ao

lSgaation.

390+0.oo68T 

l l.4}oAOgT 

19.q+oA$o6 T 

6.5o}o.omoT 

7-toto.oo66 T-l.$ K ro~7"-

Readion. 

 (A) 

 (II) 

 (P)

Ain/. 

+ q-0z 

} 6.66 

- 6.61

heats of reaction at 36o°C. will be as given in Table q. It is found as shown in 

Table q that reactions (A) and (B) are endothermic. P'or reaction (A) Chaudron"' 

     lo) According to A. Sieverls (Z. dfrloll(mndq 21, po (lgz9)), al about qoo°C. less than o.l mg. of 
/!, is ndsorlxd at one ntmosphert per loo grams of iron; N. I. Nikitin (Z. mmrq. n. n/(gern. C/rrm., 
I S~, I3q (lgz6)) states [hat at 38o°C. 5 grams oI pymphnric iron nlnorbs less than Etc. (N.T.P.) of K. 
nt ]oo mm. Hg.-J. \V. Mel3aiq "The Sar[.finn of Caret mid Yr?atrrt by Sa/idt ", London, p. 3o6^-;zi 
(193z} 

     tl) G. N. I<wu anQ M. Randall, "TYrcrmod~nrnmiei and l/u Arcr Eutrgj~ of Chtmicol Srrhttmuer" 
New York, (19z3). 

     lz) G. Chnudron, Anr+. Chim., 16, z53, z68 (l9zl}
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has calculated dH= + 3.4 Kcal. (17°C.) Gom the thcrmodynainic data and 
dH=+zKcal. (65o°C.) from the equilibrium determinations; n•hile Tigerschiold"~ 

gives dH=+~-81Ccal. (17°C.). Similarly, Chaudron obtains. dH=+fsKcal. 
(t7°C) from the thermodynamic data, dH=+z Kcal. (65o°C.) from the eyuilibrium 
determinations .for reaction (B) ; 1'igerschiold's calculation from the thermodynamic 

data gives dH=+ 1 q Kcal. (fy'C.). For reaction (D) Chaudron obtains dH=-g 
Kcal. (ty°C.) and dH=-6.8 Kcal. (65o°C.) from the thermodynamic data and 

the equilibrium determinations respectively ; and Tigerschiiild gives dH=-q Kcal. 

(1~°C.). 
    From the results of Tables 1 and q, it is thermodynamically considered that 
reaction (D)'should occur most readil}'. IE the catalyst is assumed to be com-

pletely reduced, (D) can not be initiated; but (D) always follows the occurence 
of (A). Although dF° for (A) is + 1.09 Kcal., the circumstances that the 

existence of active iron atoms on the surface of the catalyst is certain and that 

one of the products, CO, is continuously taken away b}• its decompositimt make 

the occurrence of reaction (A) plausible. Since reaction (A) and (D) are thought 
of as coexisting, and Fe0 is unstable as compared with FesQ at temperatures 

below 57o°C.,"' it is not amiss to assume the existence of reaction (13). 

   The mechanism of the reaction, (A)+(D)=(R), may also 6e explained by 

the following considerations. Let the equilibrium constant of (A) be K,,, and 
that of (D) be Knn, and assume that FeO, Fe,O,. CO, and CO_ are confined in a 

closed system. Further, consider the (ollofving cases 

   (t) Ky~> KpD. The concentration of CO in (A) will be higher than that 
of (D), and the direction of the reaction in the closed s}'stem will be clockfvise. 
as •written, 

              t 1 
                3Fe0+ COQ=Fe;,O,+CO, 

                                          F-. 

and the following hvo conditions will be set up: (i) if the amount of Fe is 

greater than that of Fe,O„ the final equilibrium of the whole s}'stem will be con-
trolled by that of (A); (ii) if [he amount of Fe is smaller than that of Fe~Oa, 
the. final equilibrium will be determined Uy that of (D). 

   (?) Ky,, CIf„°. The direction of the reaction in the closed system will be 

    i3) M. TigerschiJld. Jerxkoatonh Arur., 78, 79, too f~9z3)• 
    1q) J. W. Sfel loq "A Camfn/murive Tirahie- ar leagmda mrd 7&roreficn! G'heu,irlry ", Vol. 12, p. 

62z, 6z3; Vol. 13, P• 737 tr934)•

(1939)
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counter-clocl:n•ise. Fe0 will tend to disappear, anti the final equilibrium of the 
whole system \dill be determined by that of (R). 

    van Groningen" t has obtained the equations -lagKna=(ooo/T-1.16 and 
- .1vgKp„=-1000/1'+t.9z for K, ,, and Kp„ respectively. Ho(man's' has gained 
the. equations -logKpa=949/T-i.14o and -loghNt,=-1645/y~+1.935 as well. 
From these equations, it is pointed out that the value of K,,,t is smaller than tha[ 

of Ke„ in the temperature range, behccen goo°C. and 4oo°C. Therefore reaction 

(B) will predominate in this temperature range. Thus, in the chemisorption reac-
tion in question the formation of Fe,O, is theoretically not only possible, but 

probable, 
    The presence of Fe;O, .was in fact confirmed thus : Magnetic and non-

magnetic substances \vere separated from the completely chemisorbed catalyst The 

magnetic substance thus .isolated was treated with dilute nitric acid,'rt and the 

physical. and chemical properties of the subst:utce remaining insoluble in this 
treahnent were examined. 

    Specific gravity of this undissolved substance was measured by [he ordinary 

method and. the value .5.04 obtained. 'It was observed, on the other hand, that 

the ferromagnetic substance insoluble in dil. HNO, reacts with HC! and becomes 

soluble and that the solution contains Few and Fe+++ TLest: facts are con-
sidered to indicate the existence of ferroso(erric oxide. 

    From the .identification of CO and Fe,O,, it now becomes certain that reac-

tion (13), which consists of two reactions (A) and (ll), is the prinnry reaction in 

the chemisorption reaction discussed in the present paper. 
    Finally, the reactions involving the free energy changes of the chemisorption 

are summari7.ed below: 

         (t) Fe+CO,=FeO+L'O JF,;r,=+LOgKcnl., 
         {z) 3Fe0+C0.=Fr;,O.+CO JFun=-1.qt KctrL, 

        (g) 3Fe+4C0,=Fe,0,+4C0 JF„~,=+t.36Kcal., 
         (q) zCO=C+CO. JF~r,=-14.73 Kcnl., 

         {5) 3Fe+zCOe=AyOa+aC J/•nr,=-z7.6oKcrrl., 

and it is inferred that reaction (t) is the primary surface process, (z) the susses 

sive reaction, (g) the resultant primary reaction, (q) the secondarysur(ace process 

     r5) P. van Groningen, DisrerY. lk/jq s. 56 (t9n). 
      x6) S- IIefman, l.. E/rktrockem., 31, r7z Q9z5)• 

      I7) Pure iron is diasolved in warm dil. nitric :wid, but (urroen(emc oxide formed at toe' tempuras 
to res is insoluble. (J.\V. Mellor, "d Canrfmk<nrrr Tirntiu mr Grorg,mirmrd T/uwrtirn/Ckrnnrtry", Vnl, 
13, PR 34z-, 759 (+934)•) -
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which is catalytic and irreversible, and (5) the resultant reaction cmised by both 

carbon dioxide and reduced iron in the temperature range between 3oo°C. and 

400°C. 

                      [IV] Summary. 

   (T) The possibility of the reactions in the chemisorption of carbon dioxide 
by reduced iron has been considered from the standpoint of thermodynamics, and 

the equations of free energy changes in the iron~.carbon dioxide system have 
been derived and the t•alues at 36o°C. crlculated. 

    (z) The identification of carbon monoxide as the intermediate product of 
the cbemisorption has been made by the reduction of palladous chloride solution. 
' (3) ]t has been pointed out from the result obtained that the consecutive 

reaction mechanism of the chemisorption' is justified. 

    (q.) The existence of (en'osofen'ic oxide as one of the chemisorptiot prdducts 
has been indicated. 

    (5) From the above-mentioned important facts and considerations, it Itas 
been suggested tlrtt the chemisorption in question consists of the following four 

reactions (t); (z), (3), and (q), and that reaction (g) is the aplklrent reaction in 

this system-

       (t) Ft+CO.,=FeO+CO, (z) 3FP0+C0,=Fe•,O,+CO, 

       (3) 3Fi'+qCO.=FeaO,+CO, (4) zCO=C+CO=, 

    The author n•ishes to take this opportunity to express his thanks and ap-

preciation to Prof. 5. Horiba for his guidance throughout the course of this work. 

     This paper is prcsenlcd 1n the C°nunillcc of Catalysis of the. Japan Socicly for the Yrnnudicn nl 
Scientific Research. 

            %c Labornlory @f I'%yaicnl ChenTixfry, 

      
- h'y°fo Impcria% (Tnir~er8ily. 
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