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ON THE CHEMISORPTION OF CARBON DIOXIDE
BY REDUCED IRON. (ID)*

The Influence of the Chemisorption on van der Waals’
Adsorption of Carbon Dioxide at 0°C.

By Ko KAwaAKITA,

In a study of the catalytic decomposition of carbon monoxide, the author
found an interesting phenomenon at 300°-400°C. that, carbon dioxide (the reac-
tion product) being adsorbed on reduced iron, the final pressure of the reacting
system became nearly zero. In his preceding. report” the author proposed such

heterogeneous chain reactions as

(i) Fe+t+ (CO'.‘)AM.= FexOy + (CO)Acu.
(ii) 2(C0)Ad.s.= C+ {Co,s)aau. : .

to be brought forth by the action of some carbon dioxide molecules on the iron
atoms, and he demonstrated the reactions with some cvidences. In this case, it
was ascertained that reaction (i) was brought forth by the iron atoms at highly
active centres, and rcaction (ii) even at less active centres, The relation between
activated adsorption of gases at high temperatures and their van der Waals'
adsorption at low temperatures has lately been investigated by J. Howard? with
the chromium oxide—hydrogen system and by R. M. Barrer and E. K. Rideal¥
with the charcoal—hydrogen system. In the present research, the relation between
the chemisorption at high temperatures and van der Waals' adsorption at 0°C.
and the influence of the chemisorption on the catalytic surface were examined,
and it is the author's intention to report the experimental results and a new

phenomenon which those investigators have not observed.

Experimental.

The measurement of the adsorbzd amouat was made by means of the pressure change
statically. The main part of the apparatus used is shown in Fig., 1. Two spring manometers

* This paper is the English translation of the same article published in Rezn Phys. Chem. Jupan,
10, 200-z11 (1936). .
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— Voand V' were used. The lower part of one
" Pase  of the manometers V was the reaction vessel to
hold the caialyst anxd hat of the other V' the
vessel to hold the gas, and Lhe Glp‘lClU(ﬁ of V
{excluding the catalyst) and V* Inad been pre-
viously measured. The gas was introduced from
the latter to the former. The adsorbed amount
was given by deducting the amount of gas left
in the reaction vessel from the gas introduced.
Fig. 1. Serption. Apparatus. At high temperature experiments, the reduction

and degassing of the catalyst, and the chemi-

sorption_of the gas, an electric furnace was used. The temperature of van der Waals” adsorp-

tion was kept at 0°C. wilh ice water. 'The methods of preparing reduced iron and carbon
dioxide are the same as described in the preceding paper.

Results.

Van der Waals' adsorption isotherms of carben dioxide obtained at o°C. are
absolutely reproducible, and the equilibrium pressure is reached within one minute.
The experimental results obtained by examining the relation between the chemi-
sorption of carbon dioxide at 300°-400°C. and its van der Waals' adsorption at

0°C. are classified into threce groups—[A], [B] and [C]. whose most typical

examples are shown in Fig. 2. In the figure,
28
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[A] is the adsorption isotherm at o°C. on
the fresh surface of the catalyst; [B] that on

the surface which beforehand - chemisorbed a

considerable amount of carbon dioxide at

300°-400°C. and was pumped off at the 16

ot | Lot—dom
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same temperatures; and [C] that on the

surface which beforchand chemisorbed a small

amount of carbon dioxide at 360°C. and was

not pumped off. In Tig. 2, it should be

noted that the amount of van der Waals'

adsorption of [(B] is far greater than that of

-a—19{C)
0 40 80 120 160 200
der Waals’ adsorption due to this chemical £ (Pressure in mon. of Mercury.)

 (van der Waals' Adsorption of C0, in c.e.at N.E 1)

[A]. Such a phenomenon as increase in van

. Wiy, 2. he €] It HE
treatment of the catalyst at high temperatures - 3. Influence of (he Chemisorption

on the Isotherm for van der Wnals'
has never been observed. Adsorption of Carbon Dioxide at o°C.
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§1. [A]. The isotherms at 0°C. on the fresh surfuce werc obtained with

two catalysts The conditions of preparing these catalysts are given in Table 1.

Table

Conditions of the Preparation of the Catalyst,

Weight of Ferric

Temp. of Reduction

Time of- Reduction

Time of Evacuation

Oxide after Reduction
Catalyst 1.

G.4088 g. 440°C. 24 hrs. 24 hrs. -at 440°C.
Catalysl 2.

3.2508 1. 440°C. 24 lirs. 24 hrs, at 36o°C.

The results with Catalysts 1 and 2 are shown in Fig. 3

(Expts. 1 and 1’) respectively.

(Expt. 1) and Fig. 4

§2. [B]. Employing Catalyst 1. van der Waals' adsorption at 0°C. was

observed after carbon dioxide had been cheniisorbed at 360°-440°C. and the

reaction vessel evacuauted «f warions temperatires.

The experiments were carricd

out 16 limes, the experimental conditions being given in Table 2. The results

ubtained are shown in Fig. 3.

‘I"able

2
aa

Experimental Conditivns,

Chemisorption of
Expt. No. Carbon Dioxide c.c.

Temperature of = Temperature of

Time of Fvacuation

j al N.T. P i Chemisorption (°C.) | Evacuvation (°C.) | (hrs.)
' [ o | | ‘
2 l 0.103 | .360 200 24
3 i 0.426 i 360 3 24
4 a.609 360 100 24
5 1.166 300 360 5
. 0 | 1.877 300 360 1o
7 | 5.687 360 100 24
8 ! 74.600 420 o 24
Y ' 74609 420 360 | 24
10 ‘ 82324 430 o 24
11 ! 82324 430 | 360 ]
12 ‘ 82,324 430 , 360 77
13 82,324 430 450 24
14 8z.324 439 460 24
15 | 421345 440 a 24
16 4z21.343 440 460 24
D 0. schdieacaddibitme .. . .

.
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In Fig. 3 the increase in the
i . amount of van der Waals' adsorption
j ' LT e | at 0°C. duc to the chemisorption at
L e higher temperatures should be noted
¥ "
o // void I_ except Fixpts. 8, 10, 15 and 16. The
- V'/ — — T o adsorption isotherms of Expts. 2, 3, 5
S / V/ vaillh - and 6 (temperature of chemisorption,
. irava® " 5 ‘
f:”‘ ] -’// 360°C.) rise a little higher than that
z 3 .
=, / of lixpt. 1, and it is to be noted that
= A
g / 4 the amounts of van der Waals' adsorp-
E:'. / tion are nearly the same. This shows
- b ﬁ » . -
T 4 o vs“’?"'"ﬁan, 23158 that van der Waals' adsorption is not
& || - . .
£ = '}f;,lr‘" f:i-‘? s0 much influenced by a little increase
'%-u > o ;?1: in the amount of chemisorption, if the
& P » 3 o Eapu .
= =T e same catalvst is employed and the
NI Z a8z ==L i o iy
< [ J /’/ /é- -] Bons pretreatment is the same in every ex-
= / )% /(’ =i periment. The isotherm of Expt. 4 is
2. / almost the samc as that of Expt. 7.
£ 7 T
z /.f/ ! The temperature of evacuation in this
[t . .
. /ﬁ case is [0o°C,, so that the isotherm
8 7 slightly declines as compared with that
of Expt. 2 and others; The tempera-
I tures of chemisorption of Expts. 9 and
thne | 11 are 420° and 430°C. respectively
¢ Expl6 —
| and in this case the isotherm of Expt.
[ ] » " W B 190 128 180 1M 130 208 3 Il..

2 (Pressure in mm, of Mercury.) 11 rises bigher than that of Expt. 9.
¥ig. 3 Totherms for the Adsorption of The time of evacuation of Expt. 12 is
Carbon Dioxide by Reduced Iron at o°C. longcr than that of Expt. 11 and in
The Relation between the Chemisorption and . . . :
van der Waals' Adsorption. this case the isotherm of Expt. 12

declines as compared with that of
Expt. 11. The temperatures of evacuation of Expts. i1, 13 and 14 are 360°,
450° and 460°C. respectivelv. With rising temperature activity gradually falls
and the isotherms decline in the order of Expts. 11, 13 and 14. In Expt. 16,
carbon dioxide was chemisorbed nearly to saturation so that a number of the
activated iron atomns are considered to be lust.  In this case the isotherm rather

declines as comparced with that of Iixpt. 1. The isotherms of Expts. 8, 10 and
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15, whose temperature of evacuation is 0°C..
decline as compared with that of Expt. 1.
This result of the experiments (temperature
of evacuation, 0°C.) is similar to the result
gained by J. IToward on the chromium
oxide—hydrogen system and that by R. M.
Barrer and E. K. Rideal on the charcoal—
hydrogen system.

In short, as shown in TFig. 4. when
evacuation was done at 360°-440°C., after the
chemisorption, the amount of van der VWaals'
adsorption in the case of (ii) is markedly
greater than that in the case of the fresh
surface (i). \When evacuation was done at
o"C. after the chemisorption, van der Waals’
adsorption in the case of (iii) is less than
that in the case of the fresh surface (1).

§3. [ClL

der Waals' adsorption at 0°C. ws observed,

Employving Catalyst 2 van

after carbon dioxide had been chemisorbed
at 360°C. and the reaction vessel wot cva-
enated. The ‘experiments were carried out
4 times. The results are shown in Iig. 3.
Expt. 1 in Fig. 5 is the isotherm at o°C.
on the fresh surface of the catalyst;
! at 0°C. 24

evacuation at o°C, after Expt. 1, and it

Lxpt.
1t/ is the isotherm in
shows that the isotherms are reproducible.
The reaction vessel being fully evacuated
after Expt. 1’, carbon dioxide was chemi-
sorbed at 360°C. and when the final pressure
approached zero. van der Waals' adsorption
was measured at 0°C. without evacuation.
The result is shown in Expt. 2, Expt.' 3
was carried out in the same way after Expt.

2. The chemisorbed amounts of Fxpts, 2

hours™
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Fig. 4. Tsatherms for the Adsorption of

Carbon Dioxide by Reduced Iron at o°C.

The Relation between the Chemisorption

and van der Waals’ Adsorption.

(i) Isotherm ai 0°C. on the fresh surface
of the catalyst.

(i) Ttotherm at 0°C. on the surface which
heforehand chemisorbed a consideralile
amount of COs at 300°~500°C. and
was pumped off al 160~.500°C.

(ifi) Tzotherm at o°C., on the surface which
beforehand chemisorled a considerable
amount of CO, at 300°~500°C. and
was pumped off at oL
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Fig. 5. Isotherms for the Adsorption of
Carbon Dioxide by Reduced Tron at o°C.,
The Relalion between the Chemisorption
and van «der Waals' Adsorption.
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and 3 were 0.200c.c. and 0.484c.c. respectively. In Fig. 5 it should be noted
that considerable decrease in the amount of van der Waals' adsorption is noticed
when a small quantity of carbon dioxide is chemisorbed and the reaction vessel

is not evacuated.

Consideration of the Experimental Results.

The fraction of the surface covered with gaseous molecules and the total
number of the elementary spaces of the surface will be calculated from the results

shown in Figs. 3 and 35, and then considerations on these will be made.

Calculation of the Fraction of the Surface covered with Gaseous
Molecules and the Total Number of the Elementary Spaces.

Tet @, represent the fraction of the surface covered with the adsorbed mole-

cules, then

-
H|=Tﬁ;"7}r .......,..........................-........-u-.......(l)
0

where A {s Avogadro’s constant, and A}, the number of the elementary spaces and
7 that of gram molecules of the gas adsorbed per cm’. of the surface. lquation

i can be rewritten as

Q=y3=a01=a£ }eaasstsansasasrasnnian trasans ........,....(’.’)

where @ is the adsorption amount. S the whole area of the surface and a a pro-
portional factor, '

Applying Langmuir's isotherm to the value ¢, we have the lincar relation
between p/Q and p. from which we can calculate the value a. and then #, and

S can he easily evaluated from cquation (2) as will be explained helow.

Calculation of the Proportional Factor a.

Let us sece whether the isotherm experimentally obtained at 0°C. satisfies the

cquation of Langnmir's adsorption isotherm:

g abp

Q afl, i__'__&p_ W Seeesivemmee o R T A A 0 (1)
or

s A T, AN RNNVRINRIROPR ',
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Applying equation {4) to the rusults of Figs. 3 and 5, it was found that the

relation between p and p/Q is linear as shown in Figs. 6 and 7.

'”l_*r 1T " A
0Bxp.1 @Exp.9
AExp.2 ARxp.10 18
| GExp.3 okxp,J1 A
180" ox3p.4 aBxp.12 %
R T
+Bxp, .
20l PEIP.7 Exp, 16 ,?5’/ A 2
120" oRxp.5 ®itxp.18 |7 -"/
i ’//f./;: all I
2";/ P S aco '// ry =
2 8o s o R i
1.. / % | 1 oa V'
T o 400 o8- Y,
40| LA y'o“-
(AT
[ A o] 40 BO .1£0 180 200
o ) 80 120 186 200 — P
—_— P
Vig, 6, Data for the Adsorption uf Fig. 7. Data for the Adsorption of

Carbon Dioxide by Reduced Iron at Carbon Dioxide by Reduced Tron at

0°C. graphed according to the Langmuir 0°C. graphed according to the Langmuir

cquation. equation.

I'rom these inclinations the values 1/a are given and hence the values a are
The values a of Expts, 1—16 in Tig. 6 are given in Table 3 and those
¢ in Figs. 6 and 7

is expressed by cubic cen imeter and so is @ in Tables 3 and 4. Therefore a in

obtained.

of Expts. 1, 1/, 2 and 3 in IYig. 7 are tabulated in Table 4,

equation (2) corresponds to af22412.

Table 3. Table 4.
Expt. Nn. a 1 Expt. No. a Expt. No. a
1 1364 0 2.583
2 1.655 10 1.264 & 0.440
3 155 n 738 - 0179
4 1.430 12 2,635
5 1,655 13 2.421 3 0.130
6 1685 14 2.423
7 1.48 | 15 1170
8 1.381 16 1.474

Calculation of #, and A,S for van der Waals'

adsorption at o°C,

Using the value 2 obtained, @, can be calculated from the following equation :
f=0/a.

And A,S is obtained from equation (2) as follows :

R I R I TR I T T R T T I SR

e



MEILZEOES Vol. 12n No. 4 (1938)

112 ; KIMIO KAWAKITA. Vol. XTI

NS=a\, R e T T TITTYVRPPPRPIRNSUURIN ()
or

JV,,S: 6.00 x 10™

—_ 18 -
T Xa=27.0276 X 10%xa, ... ceeene(7)

6, and A,S caleulated from Table 3 are given in Table 5 and those from Table 4
are in Table 6.

Table 5.
Fraction covered wilh Adsorbed Molecules, 8, and Total Number of Elementary Spaces, V5.
: | 5 : 5
Expl. 3o (at (‘:s(:ﬁn.) ! {at IS?;I!!TD-) I‘;‘ﬁc i ;;::;:d@u‘:l?el‘l‘::n;;? ;2;?::;
[ 1.306 0.957 36.877
2 1.5458 0.933 44.743 @
3 1.545 0933 44.743 @&
4 1.400 0.946 40.001 @
5 1.545 0.933 44.743 ]
6 1545 0933 44.743 @
7 1.400 0.946 40.001 a
8 L.173 0.849 37333 @
9 2.426 0.939 69.8z1 @
10 L110 0875 34.297 e
| B 2,508 0.038 74.014 @®
12 2.458 0933 71.216 @ :
13 2232 0.922 65.435 D
14 2,181 0.900 65.490 @
15 0.995 o851 3L614 e
10 1.223 o310 39830 @
Tahle 6.
Fraction covered with Adsorbed Molecules, 8,, and Total Number of Llementary Spaces, Ap5.
Expt. No. (at g 5(:.:1:;1}11.) (at 1 5?:1mm.) l‘;”‘{( 2;';?\5!2«1@\\(::‘!:‘ ?‘I‘: al:;z?l lbrl,lr‘i}:lg::
r &1 0.413 0.939 15892
0.152 0.849 4338 e
0.107 o824 3.508 &)

It should be noted in Table 5 that NS of all the experiments except Expts.
10 and 15 is larger than that of Expt 1. In Expt. 11, the total number of the
clementary spaces became about twice as many as that of the fresh catalyst. On
the other hand, it is seen in Table 35 that #, is not so influenced by the chemi-
sorption, being 0.900-0.96 (at 150 mm. Hg:) except in Expts. 8, 10, 15 and 16.

This shows that the increase in van der Waals' adsorption due to the chemisorption
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and cvacuation is attributable to the increase
in the total

The value N,S generally decreases

number of the elementary
spaces.
in the order of Expts. 8. 10 and 135 when
the reaction vessel has been evacuated at
0°C. alter the chemisorption and the value
¢, of these experiments diminishes as com-
Table 6 shows
that the values A,S of Expts, 2

parcd with that of Expt. 1.
and 3
markedly diminish as compared with that
of Expt. 1.

All the experimental results are sum-
As to [A]. [B] and

[C]. the following relations hold :

marised in Table 7.

A
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Table 7.
NS
Exph {at 150‘ mm.) 10¥x
A) 0,957 36.877
(B) 0.933 74.014 !
(&) o849 4.838

(A) Adsorption at 0°C. on the fresh surface
of the calalyst.

[B) Adsorplion at o°C. on the surface
which befor¢hand chemisorbed a con-
siderable amount of CO, al 300°~400°C.
and was pumped off at the same tem-
perafures.

[C) Adsorplion at o°C. on the surface
which leforehand chemisorbed a small
amount of CO, al 360°C. and was not
pumped aff.

heveerevereeen . [B1 2= [A] > [C]

NoSeiriveinrenne[B] > [A] > [C]

From these relations it is considered that there is little difference between

[B] and [A] in the value 8, and so in their adsorption ability, but the total

number of the elementary spaces of [B] increases as compared with that of [A].

Summary.

(1) The chemisorption of carbon dioxide by reduced iron at 300°-3500°C.

has been studied from the measurement of its van der Waals' adsorption at o°C,

(2) The influence of the chemisorption on van der Waals' adsorption at 0°C.

is shown in the following table.

Variation in van der Waals'
Surlace Pretreatrent Adsorption at 0°C. as compared
with the Surface (A)

[A) Fresh surface without chemisorption
m When the reaction vessel is evacuated at 300°-

400°C. after chemisorption +
) Vhen the reaction vessel is not evacuated or

evacuated at o°C. after chemisarption - -

(3] The fraction of the surface covered with the adsorbed molecules and the

total number of the elementary spaces in van der \Waals' adsorption at o°C. have

been calculated.
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(4) It has been found that the following relations hold between [A]. [B]
and [C] in (2) with respect to the fraction of the surfice covered with the

adsorbed molecules and the total number of the elementary spaces,

The I‘raction of the Surface covered with
the Adsorbed Molecules .oviviniviininsniras v [B1=[A] > [C]

The Total Number of the Llementary Spaces......[B] > [A] > [C]

Thus, it has been pointed out that increase in van der \Waals' adsorption due
to the chemical treatment at high temperatures in the case of [B] is ascribed to

increase in the total number of the elementary spaces.
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