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Reprinted from the Bulletin of the Chemical]
[ Society of Japan, Vol. 24, No. 1 (1951)

Adsorption of Carborn :oxide on Metal Catalysts

By Takao KWAN and Yuzabre FUJITA

(Received November 13, 1950)

One of the preserd antbors recently investi-
gated the adsorptic . i carbon monoxide on
platinum catalyst'd with special reference to its
state on platinum, and concluded that it was
dissociated into statistically independent atoms.
Developing the method further, carbon dioxide

(1) Ewan, J. Res. Inst. Catalvsss, Vol. 1, No. 2, 110
(1040).

adsorption was now investigated on reduced
nickel, cobalt and i~ . res wwtively.
Adgorption isotl. . : - m dioxide is
derived by introducing : o functions p, ¢
and 8 due to Horiuti,® respe-tively for the
undissociative adsorption CG, 7 CO.(a), for the

(2) Horfuti, J. Res. Inet, + 22slysis, Vol, 1, No. 1, 8
(3948).
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partially dissociative one, CO, 2 CO0(a) + Ofa),
anc for the completely dissociative one into
three statistically independent atoms, €O,
Cla) -+ O(a) -+ Oa), as lfollows;

g g% ®

1~ p®s= (1.1)
[6)]
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where # i3 the covered fraction of the surface
and q®:0), 00®  2CGE) and ¢O®) are the
functions particular to the adsorbed states
COy{a), CO(a), C(a) and Ofa) expressed as,

_hy

Ry _St+ihZy
0@ = JT(1 ¢ kT)-1,

T ete. (2.9)
and pC0(), 5CO@, 4O and pO® are related
with the chemical petentials p®0:®), LCO@),
#CE and puO® of COLa), CO{a), C(a) and
Ola) as,
uC0r® = — BT log p0:®), ete. (2.p(a))

and p®Y% with the chemical potentinl of gascous
carbon dioxide %% and hence with the ordi-
nary partition function € and its concentration
N a8,

108 = - LT foy %02 = RT Jog Q/N (2.p)

Mo adsorption cquilibrinm we have

€07 =2 gy 000 (3.1)
1l = puCo@ 4 po® (3.2
O = ) 4 0 4 o) (3.3)

respectively for the case when €O, molecule
is undissociated, partially dissociated or com-
pletely dissociated at the adsorbed state. From
Faso (1), (2) and (3) we have

6 . N qcol (‘)

Er i (4.1)
2] 2_~ NqCO(a)qO(u)

(i) = TR e

: 3 A o (8)40(3)40(a)

Eqs. (4.1), (4.2) and (4.8) are expressed further
in terms of the measurable quantities such as

(3) 'The & must be equa! because of the stoichiome-
‘rical relation for CO(s) and O(a) or for C(a), O(s) snd
another Q(8).
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the equilibrium pressure P and the differential
heat of adsorption per mole 4 & neglecting the
contribution from the higher vibrational levels
of gaseoue carbon dioxide molecules and fo-
the case < 1 as™®

P 3108900’(') y: .3
P qCO ¢ 5 aT Peﬁ (6.1)
;@%ﬂlﬁ“j de
o000 T poRT (5
Q
7loggo®eOmgon 4
P _qC®)g0®)g0ee)g . T P BT
Q
(3.3)
wherc
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The investigation of the factors

7 8 lOg chzf“

¢V (®)e aT el
in"the above equations shows that evely one
of them is generally greater than 1 and
approaches 1 as Ay > kT.  Assuming that the
latter condition is fulfilled, we have

0 e (6.1)
@Y =P, (6.2)
e (6.8)

The above eyuations give relations between @
and P respectively appropriate to the threc
different adsorbed states affording a method of
experimental determination of them.

Materials

Reduced Nickel.—1 g. of nickel oxide obtained
by igniting the basic carbonate at 500° was
thoroughly reduced at 350° similarly as described
in the previous paper® under several cm. Hg
hydrogen for several days keeping the catalyst
from volatile matter which might be evolved
from stop-cock grease by means of liguid air
trdp attached directly to the catalyst vessel. The
reduced nickel powder thus prepared was then
subjected to the adsorption experiment of carbon
dioxide and theseafter to the determiunation. of the
surface area by B.E.T. method using nitrogen
at liquid oxygen temperature and the surface area
was found to be 20 m?,

(4) Of. Kwan, J. Res. Imet. Catalysis, Yol. 1, No. 3,
81(1949).
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Reduced Cobalt.—Reduced cobalt prepared by
reducing 0.5 g. of cobalt oxide at 450° and once
used for hydrogen adsorption was used again. The
B.E.T. area of the catilyst was 7 m2

Roduced Iron.--Reduced iron prepared by
reducing 2 g. of magnetite at 500° and once used
for hydrogen adsorption apd them for carbon
monoxide adsorption as well was used again. The
B.E.T. area of the catalyst was 4.2 m?

Carbon Dioxide.—Carbon dioxide wae prepared
by igniting sodium bicarbonte in an evacusted
tube and traces of air and water vapors were
removed by fractionation with liguid air.

Experimental Proeedure

The apparatus and the general procedure for
the measurement of adsorption equilibrium are
identieal with those of the previous paper.(
After any of the reduced metal catalysts has been
prepared, U-trap is surrounded by copper gauge
filled with copper powder whose bottom being
slightly dipped into liquid air, then the tem-
perature of U-trap can be kept at about—60°
avoiding the condensation of carbon dioxide inside
the U-tube on one hand and freezing out traces
of volatile matter from stop-cock grease on the
other.

The catalyst is then evacuated by means of
mercury diffusion pump for one hour at 350°,
one hour at 400° and one hour at 500° for nickel,
cobalt and iron respectively. The known guantity
of carbon dioxide iz them admitted into the
reaction vessel, which is maintained at a desired
temperature by the electric furnace through the
U-trap and the decrease in pressure is followed
by Mcleod gauge. After letting it stand for
about 20 houre the equilibrium pressure is deter-
mined both from adsorption and desorption side
by lowering or raising the temperatire of the
furnace, - ¢

Adsorbed quantity « is given by

£ = PVoRT - a P,

where P,V/RT is the quantity of carbon dioxide
initially taken and P the equilibrium .pressure.
@ is the constant depending on the temperature
of the reaction vesse] and is determined preli-
minarily keeping any part of 4he apparatus
precisely the same but without a catalyst.

Additional portion of carbon dioxide is then
succesively admitted and the corresponding
equilibrium pressure is similarly determined in
respective cases.

Results

Nickel.—The rate of adsorption and of
de§orpti0n as well were found appreciably
q}n@k as was in the case of hydrogen adsop-
tion on this catalyst, syggesting  that adsorp-
tion equilibrium was instantaneously attained.
Any of equilibrium pressures was however

{¥ol. 24, No. 1

determined, after being left standing for about
20 hours, by approaching it hoth from
tion*snd desorption side. Adsorption wmotnerras
thus determined at 157 and 200° and s
pressure ranging from 107 1o 1077 ma
are shown by the plot of lug rithm <
adsorbed gquantities agains!
equilibrium pressure in Fig. 1.
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Fig. 1.—Adsorption isotherms of COy
on reduced nickel.

Fig. 1 the adsorbed quantity was found to be
proportional to 1/3 power of the equilibrium
presaure at the lower degree of adsorption,
decreasing rapidly with incressing adsorption.
It is apparent from the result that carbon
dioxide adsorption takes place according to
Eq. (63) viz. with completely dissociative
adsorption at least in the lower pressure region.

Differential heat of adsorption 4§ calvulates
from the isotherms aceording tc the ususl
expression AE = RT*(Olog PIOT), wes almost
constant at 22 kcal./mole over the range of
the smaller adsorption.

Using the heat of adsorption derived, the
covered fraction fmlc was now calculated at
200° according to Eqs. (6.1), {6.2) or (6.3) and
compared in Fig. 2 with fobs derived from
the adsorbed quantity and the B.E.T. area of
the adsorbent assuming that 10 nickel atoms
per square centimeter were available and each
atom was equally capeble of adsorbing CO.{a),
CO(a}, C{a) or O{a)®,

It is obvious that fovs agrees fairly well with
Bearc derived from Eq. (6.8) and not with that
from Eq. (6.1) or (6.2), hence showing that
carbon dioxide molecule dissociates into three
atatistieally independent atoms. Somewhst
small vatue of Bealc may be probably attributesd
o the simplification that Ay, = kT in 45

(6) In the case of undissociative or partirlly dissocl
ative adgorption, Oohs may be more or less diffsrent
accordin g as whether c‘bg (a) or QO (8) oceupies how meng
atoms of nickel. But this would be rather ignored & far
sk three sdsorbed states, mentioned above, conoarn whis
Beale B in interest ave much more diffeved with esch nthew,
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Fig. :.—The relation bstuoen ¢ and P
«n reduced nickel, 7= 200°C.
although have no sviunhie datt ~wini

respect to v;3 of C(a) or Claj.

In the case of the adsorbed hydrogen atom
H(a) on r~ineed nickel, Horinti szl co-
workers®:  tained t'rvoe vibrational frequ
cies by caiculation as

417 e,m 479 emt 1900 em.?
taking into consideration the potential of the
surrounding nickel atoms upon the adeorbed
hydrogen atom for the (110) plane.

On the basis of these valves the calcunlation

9 log gA(®)
[ a2

of the factor ¢BE®e T  was carried out,
affording 7, 5 and 2 at 300°, 200° and 20°
respectively. The experimental facts on reduced
nickel or cobalt® however revealed, as reporied
previously, ti:at the above factor was approxi-
mately 1, gi~ 1g no temperature effect bel -
300°. Xt s .ns lixely that th sassampt
hye» kT~ s head enough ax oy as ©
bydrogen rption on these cotalvsts co
cerne,

Reduced Cobzs.ic.—Adsorption isotherms .
carbon dioxide on reduced cobalt were dete -
mined similarly as those of reduced nickel ..
%7 and 40° and below 0.1 mm. Hg as show o

#ig. 8. The isotherms appear to obuy
«1ly Freundlich’s type in this cuse, probab:y
mitsing such a lower ‘degree of adsorpticn

(6) Horiutl, Okamoio and Hirote, §oi. Pap. nt. irys.
Chem. Res. Tokyo, R, 235(1998).
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proportional to 1/3 power of the equilibrium
Ppressure,

o - °
5 0 —
316 5 40 o
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=30 20 o7,
Log Pmm.Hg

Fig. 3.—Adsorption isotherms of carbon
dioxide on reduced cobalt.

Differentia]l heat of adsorption calculated
therefrom was found to be 14 kcal./mole.
Using the heat of adsorption derived, Bcalos
were calculated at 0° similarly as in the case
of nickel and were compared in Fig. 4 with
Oobs showing the sstisfactory agreement of the
latter with fQeic derived from Eq. (6.8) at a
very low degree of adsorption and Gobs rapidly
flattened with increasing adsorption.

6.2)

2 4 6 i i)
P, m‘m,ngIO”

Fig. 4.—The relation between 9 and P
on reduced cobalt. 77=0°C,

Reduced Iron.-—The adsorption isotherms
on reduced iron datermined at 0° and 25°
similarly as in the case of nickel or cobalt are
ahown in Fig. 5. Differential heat of adsorp-
tion celoulated therefrom was found to be
1b.5 zoai.'mole at the lower degree of adsorp-
tio... ‘‘h plot of the covered fraction Hous
against the equilibrium preéssure P in  the
present oase lies without agreeing with any
st on by Ege. (1), (6.2), (6.8) as saown
in ¥i;. o, veing more ox less differed frciu the
results given by the two catalysts cited above.
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5.—Adsorption isotherms of carbon
dioxide on reduced iron.
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Fig. 6.—The relatien hetween ¢ and P
on reduced iron. T=0°C,

It should be however remembered t' =% the
surface of the rcduced iron is not homoge-
peouns on the basis of the statistical mechanical
investigation of hydrogen adsorption, ™ ex-
posing at least two crystal planes, We hercby
have to take into consideration quantitatively
the extent of heterogeneily of the surface.

It is now assumed that two crystal plancs
1 and 2 are exposed and every iron atom ab
the surface hchaves physically identical even
in the case of carbon dioxide adsorptior,
namely, the corresponding heats of adsorptic =
of carbon dioxide 4&, and 4€, appear ide:r-

(T) Xwen, J. Res. Inst. Catalysis, Vol. 1, No. 2, 10¢
(1949).
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tically with those of hydrogen adsorption. The
observed heat of adsorption of carbon dioxide
4E st o very low degree of adsorption would
henee reveal 4E; of the plane 1 provided that
AEl»AET
The ratio of Bobs. t0 eute. calculated statisti-

cal mechanically using the observedd hesat of
adsorption 4& means the fraction of that
““active ” plane 1 as described in the previous
paper, i. e.

€0b8-* N[

0«110. - N 1 +N 2

where N; and N, are the numbers of iron
atom respectively belong to the plane 1 and 2.
Ni/Ny+ N, is about 1/100 according to the
previous investigation of this catalyst. Hence
multiplying 100 to Bobs/fcalc we find a better
agreement between fovs and fealc derived from
Eq. (6.8, with regard to the order of magni-
tude, leading to the same conclusion on the
adsorbed state of carbon dioxide as in the
case of nickel or cobalt.

Summary

Differential heat of adsorption of carbon
dioxide on redveced nickel, cobalt or iron
catalyst was determined by the indirect method
at the lower degree of adsorption with parti-
cular precaution for securing thermodynamical
equilibrium, being found at 22, 14 and 15,5
keal. mole respectively. Using the heat of
adsorption derived adsorption isotherms were
investigated statistical mechanically with
retercnce to the adsorbed state of carbon
dioxide molecule, leading to the conclusion
that the molecule dissociates into three statisti-
cally independent atorns in any case of the
catalysta,
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Director of the Institute J. Horiuti for his
kind and valusble direction on this work.
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