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In Fig. 9 this limiting value is nearly approached
for 7z = 15. Here in addition to the unimolecular
layer one-third of the remaining 13 layers is ad-
sorbed at saturation, giving a total of v/v, =
5.33. That large capillaries according to the pres-
ent theory are not completely filled up even
near p, is probably due to the crude manner in
which the fluctuations were calculated. We ex-
pect that one would get completely full capillaries
at p, if the interaction of each molecule with its
neighbors were to be taken into account in detail.
For smaller capillaries with not too small g values
the present theory predicts that the capillaries
are practically full at p, and the above difficulty
does not arise.

We believe that the present theory has two
advantages over the capillary condensation
theory. In the first place it is a unified theory
that includes unimolecular adsorption, multi-
molecular adsorption on free surfaces, and the
enhanced adsorption that takes place in capil-
laries; whereas the capillary condensation theory
only deals with the last of these three phenomena.
In the second place the present theory supplies
an isotherm equation that can describe all the
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five different types of van der Waals adsorption
isotherms and can be tested by experiment. The
Kelvin equation, on the other hand, is not an iso-
therm equation; at best it allows only the cal-
culation of one isotherm from another. A modi-
fied form of the capillary condensation theory,
proposed by Patrick and McGavack,!” although
successful in many cases in fitting experimental
data, is purely an empirical equation.

Summary

The isotherm equation derived in a previous
paper for the multimolecular van der Waals ad-
sorption of gases has been extended to cover two
additional cases: (1) when the heat of adsorption
in the first layer is smaller than the heat of lique-
faction, (2) when the capillaries of the adsorbent
are completely filled, the heat of adsorption in the
last layer is greater than the heat of liquefaction.
The new equation covers all the five types of ad-
sorption isotherms found in the literature. Com-
parison is made with experimental data and with
the capillary condensation theory.

(17) McGavack and Patrick, TH1s JoUrRNAL, 42, 946 (1920),
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Chemisorptions of Gases on Iron Synthetic Ammonia Catalysts'

By STEPHEN BRUNAUER AND P. H. EMMETT?

Introduction

In several previous publications we reported
the occurrence of chemisorptions® of carbon di-
oxide, oxygen, carbon monoxide,*%¢ hydrogen,®?
and nitrogen® on various promoted and unpro-
moted iron catalysts, and described a method®®
whereby the chemisorptions of carbon monoxide
and carbon dioxide in connection with low tem-
perature van der Waals adsorption measurements’
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(3) By *“chemisorption’ we refer to adsorptions that involve
forces that are greater than those active in physical adsorption or in
condensation, and approach in magnitude the forces active in chem-
ical reactions (see reference 9). In this sense the term includes
"activated adsorption’’ as well as chemical adsorptions that proceed
so rapidly that no activation energies can be measured.

(4) Brunauer and Emmett, THis JoUrNAL, 87, 1754 (1985).

(8) Emmett and Brunauer, ibid., 59, 310 (1937).

(6) Emmett and Brunauer, 1bid., §9, 1553 (1937).

(¥) Emmett and Harkness, ibid,, 57, 1631 (1935).
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(9) Brunauer, Emmett and Teller, ibid., 60, 309 (1938).

can be utilized to determine the fraction of the
surface covered by the aluminum oxide and the
alkali promoter in singly and doubly promoted
catalysts. The present experiments were under-
taken to study further the concentration and
distribution of the promoters on the surfaces of
catalysts, to ascertain the nature of the binding
of the chemisorbed gas to the surface, and in gen-
eral to obtain additional information about the
nature of the catalyst surface and the mechanism
of promoter action.

Experimental

Most of the chemisorption experitnents were performed
on three iron synthetic ammonia catalysts: unpromoted
catalyst 973 (containing 0.159% AlQ; as iinpurity), singly
promoted catalyst 954 (containing 10.29, Al:Oj), and
doubly promoted catalyst 93! (containing 1.599%, K,O
and 1.3% Al;0;). Whenever in this paper we refer to the
three catalyst types, or to the pure iron, singly promoted, or
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doubly promoted catalyst without specifying its number,
we are referring to these three catalysts. We performed a
few experiments on three other catalysts: catalyst 930
(containing 1.07% Ks0), singly promoted catalyst 424
(containing 1.03% ALO; and 0.19%, ZrO,), and doubly pro-
moted catalyst 958 {(containing 0.35% Al:O; and 0.08%
K,0). Twenty-five cc. samples of each of the six catalysts
were used; the mesh size of the granules was 8-14, The
weights and reduction schedules of the six catalysts for the
present work are given in Table I. The high pressure
activities as determined previously on other samples of the
same catalysts, following standard reduction and testing
procedures, are shown in the last colnmn.

TABLE 1
Activity
% NHj at
Unre- 450°, 100
duced Reduction schedule atm. and
oxide, Time Temp., 5000 space
Catalyst g. hr. °C. velocity
424 68.1 48 at 350 to 450 Not detd.
48 more at 450 to 500
930 64.5 48 between 350 and 450 5.3
931 61.0 18 at 300 to 330 12.3
65 more at 350 to 450
18 more at 450 to 530
954 66.8 48 at 350 to 450 8.2
48 more at 450 to 500
958 71.9 36 at 350 to 450 10.4
36 more at 450 to 500
973-I11 66.2 92 up to 400 3.3

The adsorption apparatus, the preparation and purifica-
tion of the gases, the nature of the constant teniperature
baths, and experimental procedure have been described
elsewhere. 588 The adsorption measurements were car-
ried out in the usual manner; the dead space was deter-
mined by means of helium, To avoid the possibility of
contamination of the catalyst surface by air diffusing
into the apparatus overnight, the catalyst was reduced
every morning for one hour in a stream of 500 cc. of hydro-
gen per minute, Thisreduction was followed by a one-hour
evacuation of the catalyst at the same temperature with a
mercury diffusion pump. Both reduction and evacuation
were carried out at 400° for the unprom~*ed catalyst, and
at 500° for the promoted catalysts. After evacuation the
catalyst always was cooled in helium to the desired low
temperature of the adsorption run; after temperature
equilibrium was established the helium was removed by
evacuation down to a pressure of 10~ mm.

In calculating the adsorption correction was always
made for the deviation from the ideal gas laws of the gas
contained in the dead space around the catalyst, as previ-
ously described.?

Results

The experiments performed on each catalyst
consisted of investigating the chemisorptions
individually and, as far as possible, studying the
effect of each chemisorption upon every other; the
effects of a few combinations of two or three
chemisorptions were also investigated. The re-
sults included in the following fifteen tables repre-
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sent only a fraction of the experiments performed;
practically every run was checked, some of them
three or four times. Throughout all of the chemi-
sorption experiments concurrent surface area
measurements were made by means of the van
der Waals adsorption of nitrogen at —183°.%¢
The columns in the tables headed ''nitrogen
monolayer’’ represent the number of cubic centi-
meters of nitrogen necessary to cover the entire
catalyst surface with a complete monomolecular
adsorbed layer. The decrease in the value of the
nitrogen monolayer on a given catalyst is due to
gradual sintering.

Discussion

A study of the results obtained shows at once
the extreme complexity of even the pure iron
catalyst surface; correlation of all observations
becomes difficult even on this catalyst. It goes
without saying that the results on the singly
promoted catalyst with both iron atoms and alu-
minum oxide molecules on its surface and the
doubly promoted catalyst with iron atoms and
possibly aluminum oxide, potassium oxide, and
potassium aluminate surface molecules are even
more difficult to interpret.

I. The Location of the Chemisorptions on the
Catalyst Surface.—Tables II and III show re-
spectively the extent of chemisorption of carbon
monoxide and carbon dioxide on the various
catalysts. The results are interpretable in terms
of our previously expressed conclusion® that
carbon dioxide is chemisorbed only by the alkali-
containing surface molecules, whereas the carbon
monoxide is held by the surface iron atoms.
The chemisorption of carbon dioxide on the pure
iron catalyst and the aluminum oxide promoted
catalyst is probably due to undisclosed traces of
alkali, since for catalyst 958 only 0.089, KO
causes a coverage of about 279 of the surface with
alkali. The fact that the ratio of chemisorbed
carbon monoxide to physically adsorbed nitrogen
is greater than unity on the pure iron catalyst is
explained easily by the expected relative packing
of the two molecules on the surface, one chemi-
sorbed carbon monoxide molecule being held by
each iron atom.¥

The locations of chemisorbed carbon monoxide
and carbon dioxide molecules could be inferred
from the magnitude of their adsorptions com-
pared to the total nitrogen monolayer. It is not

(10) See discussion in section 4, also footnote on page 1561 in refer-
ence (8).
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TasBLE II
CHEMISORPTION OF CARBON MONOXIDE

Carbon

mon-

Nitrogen oxide
powe cheml Zsmpol nade

cc?:ré Soccp. at sorgtion, CO chemisorption
Catalyst S.T.P, S.T.P, C. N3 monolayer

973 15.5 19.4 - 78 1.25
15.5 17.1 — 183 1.10
13.2 17.2 - 78 1.30
13.2 14.9 — 183 1.13
10.8 12.8 —183 1.18
10.4 13.0 - 78 1.25
954 121 58 - 78 0.48
121 50 —183 .41
102 49.5 - 78 .49
102 44 — 183 .43
83 41,7 - 78 .50
83 36 —183 .43
424 104 68 -183 .65
931 30.0 15.2 - 78 .51
30.0 13.3 —183 .44
29.0 14.3 - 78 .49
28.0 12.1 —183 .43
27.4 13.4 - 78 .49
958 29.8 21.5 - 78 .72
29.8 18.6 —183 .62

so simple, however, for the two hydrogen,!! the
nitrogen and the oxygen chemisorptions. All of
these, naturally, must take place on the surface
iron atoms since they are found on the unpro-
moted catalyst. However, for the promoted
catalysts one might ask whether these chemi-
sorptions are located only on the iron atoms or also
on the promoter molecules. We shall advance
now some arguments showing that these four
chemisorptions are located on the iron atoms
only, and not on the promoter.

Oxygen appears to be located on the iron
atoms, but not on the alkali promoter molecules,
for, as shown in Tables XII and XIII, the oxygen
chemisorption has no effect on the carbon dioxide
chemisorption but a marked effect on the carbon

(11) Two types of activated adsorption of hydrogen have been
found to exist on iron catalysts: one occurs rapidly at —78°, the
other, at a comparable rate, at about 100°.? The former was desig-
nated Type A, the latter Type B adsorption. The —78° adsorption
of hydrogen in the present work undoubtedly represents pure Type
A; the 100° adsorption is predominantly, but not entirely, Type B.
We do not know at present exactly what fraction of the 100° ad-
sorption is Type A. For the sake of convenience we have called the
100° adsorption throughout the entire paper Type B. 1t should be
noted also that in the runs where the effect of the chemisorption of
hydrogen at 100° on other chemisorptions was studied the catalyst
was necessarily evacuated with a Toepler pump down to a few mm,
pressure; in gll other runs the 100° hydrogen adsorption was meas-
ured at 760 mm. Since the heat of adsorption of Type A hydrogen
is probably lower than that of Type B hydrogen, the 100° adsorption
at low pressure probably contains a smaller fraction of Type A hy-
drogen than at atmospheric pressure,
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TABLE III
CHEMISORPTION OF CARBON DIOXIDE AT —78°

Nitrogen Carbon dioxide Ratio |
monclayer, chemisorption, COz chemisorption

Catalyst cc, at S. T. P, ce.at S, T. P, N: monolayer
973 13.2 1.7 0.13
954 108 5.0 .05
424 104 8.0 .08
930 5.7 4.2 .74
931° 32.7 21.5 .66
30.7 19.4 .63
30.2 17.6 .58
29.8 16.6 .56
958 29.8 8.0 .27

% On catalyst 931 a CO, chemisorption run was per-
formed at 0°. In this run the nitrogen monolayer was
30.7 cc., the CO; chemisorption 21.2 cc, and the ratio of
COy/N; was 0.69.

monoxide chemisorption. Although we cannot
advance a similar proof regarding the surface
aluminum oxide, it seems to us safe to assume that
aluminum oxide is no more capable of chemisorb-
ing oxygen than are potassium oxide and K3ALO,.

Tables VII and VIII show that when the entire
iron surface is covered with either chemisorbed
carbon monoxide or oxygen on any of the three
catalyst types, the Type A hydrogen adsorption
is almost completely eliminated. Since oxygen
and carbon monoxide are chemisorbed only on
the iron atoms, this must be true of Type A hy-
drogen also.

The location of nitrogen and Type B hydrogen
cannot be determined according to any of the
above methods since these adsorptions take place
at higher temperatures and consequently the
effect of chemisorbed carbon monoxide, carbon
dioxide or oxygen on them cannot be studied.
However, one can study the reverse effects. Table
VIII shows that the inhibiting effect of nitrogen on
Type A hydrogen is roughly one to one. This
indicates that the chemisorbed nitrogen is located
on the same points of the surface as the Type A
hydrogen adsorption, that is, on the iron atoms
only. Furthermore, Tables X and XIIT show
that the effect of both Type A and Type B hy-
drogen adsorptions is probably zero on the carbon
dioxide chemisorption after equilibrium is estab-
lished, but is definitely inhibiting on the carbon
monoxide chemisorption. The Type B hydrogen
adsorption has roughly the same inhibiting effect
as Type A on the carbon monoxide chemisorption
on each of the three catalysts. Thus apparently
Type B adsorption is also located only, or at least
predominantly, on the surface iron atoms.
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TABLE IV
CHEMISORPTION OF HYDROGEN?
co
i i ume ads., .
uﬁ}i;ffg?r, cl;:zsi:gf ’ TSa:xlxlli)xiﬁsorpt.iou of hydrogen Vo;?c’i‘ teatP } He Chemisorpl'}.atl’% ype A hydrogen
Catalyst S.T. P S. T. P. °C. Time (at 1 atm.) CO Chemisorpt. Type B hydrogen
973 15.5 19.4 —78 30 min. 7.33 0.38 0.98
15.5 19.4 100 1 hr. 7.50 .39
12.8 16.7 —-78 45 min, 6.65 .40 1.04
12.8 16.7 100 1 hr. 6.40 .38
10.2 13.0 —-78 1 hr. 5.53 .43 1.02
—78 18 hr. 7.79 .60
10.2 13.0 100 3 min, 5.05 .39
100 2.5 hr. 5.54 .43
5.67 —78 2.5 hr, 3.20 .56 1.24
—~78 20 hr. 3.67 .65 1.24
5.56 100 1 hr. 2.57 .46
100 18.5 hr. 2.95 .53
3.1 —-78 1.5 hr. 2.25 1.43
—78 20 hr. 2.75 1.62
3.1 100 1 hr. 1.57
100 18.25 hr. 1.70
954 102 49.5 —78 1 hr. 25.6 .52 0.88
102 49.5 100 1 hr. 29.2 .59
83 41.6 —78 3 min. 21.7 .52 1.18
—78 30 min. 25.0 .60 1.00
—78 1 hr. 25.2 .61 0.92
—78 20.25 hr. 25.8 .62 .67
83 41.6 100 3 min. 18.3 .44
100 30 min, 25.0 .60
100 1 hr. 27.4 .66
100 18 hr. 38.4 .92
931 30.7 15.9 —~78 1 hr. 15.0 .94 .99
30.7 15.9 100 2 hr. 15.2 .96
26.3 14.0 100 1 hr. 12.3 .88 1.07
100 18 hr. 13.9 .99 0.99
26.3 14.0 —78 1 hr. 13.2 .94
—78 20 hr. 13.8 .99
958 29.8 21.5 —78 1 hr, 10.7 .50

¢ In the table we have listed only the runs performed at —78° and 100°.

A hydrogen; the 100° adsorption is, for simplicity, called

The —78° adsorption represents pure Type
Type B, although it contains some Type A hydrogen.

Several runs were performed in which the amount of the total hydrogen chemisorption (Type A plus Type B) was in-
vestigated. The maximum amount of mixed adsorption that we obtained on Catalyst 954 was 68.4 cc., the CO chemi-
sorption at —78° was 58 cc., the ratio of total hydrogen to CO was 1.18. The maximum mixed adsorption on Catalyst
931 was 19.4 cc., the CO chemisorption at —78° was 13.6 cc., the ratio of hydrogen to CO was 1.42,

II. The Nature of the Adsorbed Particles.—
One question of great interest is whether chemi-
sorbed particles remain molecules or dissociate
into atoms on the catalyst surface. We believe
that the results of our experiments answer this
question quite definitely for all six chemisorptions
investigated, and show that in the temperature
ranges studied the chemisorptions of carbon
monoxide and carbon dioxide are molecular,
whereas the chemisorptions of both types of hy-
drogen as well as nitrogen and oxygen are atomic.

The existence of carbon monoxide as a molecu-
lar rather than a dissociated form on an iron

surface would be expected because of the known
readiness of formation of iron-carbon monoxide
bonds in iron pentacarbonyl. It will suffice, there-
fore, to point out very briefly four definite addi-
tional indications that the adsorption of carbon
monoxide on iron is molecular. (1) The volume
of carbon monoxide adsorbed (Table II) is con-
sistent with its being molecular rather than atomic
(see footnote, page 1561 in reference (6)). (2)
When an iron catalyst on which carbon monoxide
is chemisorbed is slowly heated, a mirror forms on
the glass adsorption bulb indicating that the
chemisorbed carbon monoxide molecules react
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TABLE V

CHEMISORPTION OF NITROGEN

Nitrogen cheuﬁg)rgt.
monolayer, at =~78°, Volume ads.,
cc. at cc, at cc. at S. T, P.
Catalyst S.T. P, S. T. P, {at 1 atm,)

973 12.8 16.7 3.6
14.6 3.6
10.2 13.0 3.2
7.2 2.4
4.2 2.1
954 102 49.5 12.8
83 41.7 14.3
931 31.2 16 .4 8.1
30.2 15.4 7.6
26.3 14.0 7.2

Chemisorption of nitrogen®

Ratio
Ni Chemisorpt. N3 Chemisorpt.

Temp,,

°C. Time CO Chemisorpt. Ni Monolayer
395 30 min. 0.22 0.28
395 30 min. .25

395 1 hr. .25 .31
392 1 hr. .33
393 1 hr, .50
440 34 min, .26 .13
391 1 hr. .34 .17
392 34 min. .49 .26
391 34 min. .49 .25
391 1 hr. .51 .27

¢ When the catalyst is cooled down from the temperature of the run to room temperature a slight additional adsorption
takes place: the adsorption rises from 3.6 to 3.9 cc. for the unpromoted, 14.3 to 14.6 cc. for the singly promoted, and 7.6

to 7.8 cc. for the doubly promoted catalyst.

with the surface iron atoms to form iron penta-
carbonyl. (3) A layer of chemisorbed carbon
monoxide almost completely eliminates Type A
hydrogen (Table VII). At —183° such a chemi-
sorbed carbon monoxide layer reduces the oxygen
sorption by more than 909 (Table XIV). (4)
Carbon monoxide, though adsorbed only on iron
atoms, is able to inhibit carbon dioxide adsorption
on adjoining promoter molecules (Table XVI).
The large carbon monoxide molecules overlap
from the iron atoms to the neighboring alkali
molecules, thereby inhibiting the chemisorption
of carbon dioxide. No such inhibition would be
expected if the chemisorbed particles were small,
that is, atoms.

The expected molecular rather than dissociative
chemisorption of carbon dioxide on the alkali
promoter molecules is confirmed by two types of

evidence, (1) Any products of dissociation of
carbon dioxide would be held strongly by iron
atoms, yet the chemisorption of carbon dioxide de-
creases with increasing ratios of iron atoms to
alkali promoter molecules (Table III). (2)
Carbon dioxide chemisorbed on the promoter
molecules inhibits chemisorption of carbon mon-
oxide (Table XV) and slows down the rate of Type
A hydrogen adsorption (Table VII) on the ad-
joining iron atoms. Such overlapping effects can
be expected only from chemisorbed molecules and
not from atoms, as pointed out before.

The atomic nature of nitrogen adsorption and of
Types A and B hydrogen adsorption appears
established by their comparatively small in-
hibitive effects on the chemisorption of carbon
monoxide at —183 and —78° as shown in Tables
X and XI. If either a nitrogen or hydrogen mole-

TABLE VI
CHEMISORPTION OF OXVGEN*

mI\OTil:;i)ag;élr' ch:xzﬂ?&%g&i'on Chemisorpt. of ox_}[’\ge;?p” s Chemisorpt.Rau.oOg Chemisorpt.

Catalyst cc. at S. T. P. ce. at S. T. P. Cc.atS. T. P, °C. CO Chemisorpt. N2 Monolayer
973 5.5 6.0 25 —183 4.2 4.5
5.5 6.0 46 - 78 7.7 8.4
954 96 46 519 - 78 11.3 5.4
94 44.5 376 - 78 8.5 4.0
92 43.5 318 - 78 7.3 3.5
83 41.7 242 - 78 5.8 2.9
83 41.7 322 - 78 7.7 3.9
931 29.6 14.9 104.5 - 78 7.0 3.5
28.0 13.8 94.7 - 78 6.9 3.4
27.4 13.4 48.3 —183 3.6 1.8
54.3 —183 4.1 2.0
25.6 12.3 94.9 — 78 7.7 3.7
89.5 — 78 7.3 3.5

¢ The ratios in the last two columns indicate that the adsorption here is not monomolecular; several of the top layers

are oxidized. The word “chemisorption,” therefore, is not strictly applicable here.



TJuly, 1940 CHEMISORPTIONS OF GASES ON IRON CATALYSTS 1737

TaBLE VII
EFFECT OF THE CHEMISORPTIONS OF CARBON MONOXIDE AND CARBON DIoXIDE ON TYPE A HYDROGEN ADSORPTION
Nitrogen Type A hydrogen adsorption 1nhibiting Type A hydrogen adsorption
monolayer, on pure surface chemisorption, on top of inhibitor

Catalyst cc. at S. T. P. Ce.at S. T, P. Time cc. at S. T. P. Ce.at S. T. P. Time
973 14.4 7.19° 3 min. 18.3 CO® 0.0 3 min,
7.33 30 min. .0 30 min.
954 102 25.6 1 hr. 52 CO 4 3 min.
.5 23 min,
931 12.6 30 min. 14.7 CO .0 30 min.
12.6 30 min. 4.7 CO 7.9 30 min,
13.1 1 hr. 13.4 CO 0 32 min.

2 18.5 hr.
931 30.7 12.2 3 min. 21.2 COP .2 3 min,
15.0 1 hr. .6 30 min.
.9 55 min.

8.8 17.5 hr.
931 30.7 12.2 3 min. 19.0 CO, 0.8 3 min.
15.0 1 hr. 2.6 30 min.
3.8 50 min,

12.2 16 hr.
958 29.8 10.5 12 min. 8.0 CO, 6.5 12 min.
10.7 52 min. 8.9 52 min.

9.6 18 hr.

¢ Type A hydrogen and carbon monoxide was adsorbed always at —78°. ® Carbon dioxide was adsorbed on the cata-
lysts at —78°, except the 21.2 cc. which was adsorbed at 0°.

TABLE VIII
EFFECT OF THE CHEMISORPTIONS OF OXYGEN AND NITROGEN ON TYPE A HYDROGEN
monoiaer, P A e PN ibitingd e o arer Ratio®:
cc. at Ce. at chemisorpt., Ce. at __ Decrease
Catalyst S. T. P, S, T. P Time cc. at S. T. P, S. T. P. Time W2 Chemisorpt.
973 5.5 3.4 30 min. 42 0O 0.17 30 min.
954 99 21.5 3 min. 519 O, 1.0 8 min.
26.2 20 min. 1.3 30 min.
26.9 1.25 hr. 2.5 18 hr.
931 12.2 30 min. 31.8 0. 4.8 30 min.
931 29.8 11.0 3 min, 100.6 O 0.2 3 min.
14.1 1 hr. 0.3 1 hr.
973 12.8 6.65 45 min. 3.9 N, 2.34 48 min. 1.10
973 4.2 3.0 2 hr. 21N, 0.4 1 hr.
3.1 3 hr. 0.9 3 hr. 1.06
954 99 21.5 3 min. 13.5 N, 6.8 3 min. 1.09
26.2 20 min, 14.2 33 min. 0.91
26.9 1.25 hr, 14.7 1 hr. .90
954 83 21.7 3 min. 14.6 N, 5.8 3 min. 1.09
25.0 30 min. 11.5 31 min. 0.93
25.2 1 hr, 11.9 1.25 hr. 91
25.9 21.25 hr. 13.2 20.75 hr. 87
931 31.2 12.2 3 min. 8.1N, 1.8 3 1nin. 1.28
15.0 1 hr, 5.3 1 hr. 1.20
5.7 5 hr.
931 26.3 11.8 3 min, 7.4 N 2.9 3 min. 1.20
13.3 1 hr, 4.4 { hr. 1.20
13.8 20 hr. 5.0 20 hr. 1.19

¢ All Type A hydrogen runs were performed at —78°. ® Oxygen was adsorbed on the catalysts at —78°, except the
31.8 cc. which was adsorbed at —183°. Nitrogen was adsorbed at 392-395°, except the 13.5 cc. which was adsorbed at
439°. ° This coluinn gives the ratio of the decrease in the number of cc. of Type A hydrogen adsorption (caused by the
nitrogen chemisorption) to the number of cc. of nitrogen chemisorption put on the surface.



1738 STEPHEN BRUNAUER AND P. H, EMMETT Vol. 62
TABLE IX
EFrFECT OF THE CHEMISORPTION OF NITROGEN ON TYPE B HYDROGEN ADSORPTION
moniager, | ToPe B fvdrogen sdaorptiont Inpibiting N Tope® bydrogen on Ratior
cc. at Ce. at cc. at Ce. at Decrease
Catalyst S. T. P. S. T. P, Time S.T. P. S. T. P. Time N3 Chemisorpt.

973 12.8 6.26 30 min. 3.9 3.95 30 min. 0.59
6.40 1 hr. 4.3 1 hr. .54

973 10.2 4.7 3 min. 3.45 1.4 3 min. .96
5.5 1 hr. 4.2 1 hr. .38

7.8 .18 hr. 5.5 16 hr. .67

973 7.2 3.0 3 min. 2.5 1.3 3 min. .68
3.5 1 hr. 2.5 1 hr. .40

4.6 17 hr. 3.3 16.5 hr. .52

954 83 25.8 1 hr. 14.7 26.5 1 hr. — .05
27.1 1.5 hr. 29.3 1.5 hr. - .15

37.2 19 hr. 44.8 21.5 hr. - .52

954 83 24.1 30 min. 14.5 23.2 30 min. .06
26.5 1 hr, 27.0 1 hr. - .03

37.0 18 hr. 41.5 18 hr. - .31

954 83 18.3 3 min. 13.6 10.9 3 min, .54
25.1 30 min. 23.8 31 min. .10

27 .4 1 hr. 28.9 1.25 hr. - .11

38.4 18 br. 42.1 18 hr. - .27

931 31.2 12.7 3 min. 8.0 4.1 3 min. 1.07
14.2 30 min. 7.2 30 min. 0.88

14.7 1 hr. 7.9 1 hr. .85

931 26.3 10.7 3 min. 7.5 3.4 3 min. .97
12.3 1 hr. 6.2 1 hr. .80

13.9 18 hr. 8.4 20 hr. .73

% All hydrogen runs were performed at 100°; it was assumed that at this temperature all adsorption is Type B.
¢ This column gives the ratio of the decrease in the number of cc. of

inhibiting nitrogen was chemisorbed at 391-395°.

® The

Type B adsorption (caused by the nitrogen chemisorption), to the number of cc. of nitrogen put on the surface as inhibi-

tor.
adsorption caused by the nitrogen, instead of a decrease.

cule were adsorbed as such on an iron atom, it
would be physically impossible for carbon mon-
oxide to be adsorbed on the same iron atom.
There simply would not be room for both the
nitrogen molecule and the carbon monoxide
molecule. Corroborative evidence of the atomic
nature of chemisorbed hydrogen and nitrogen is to
be found in the absence of any appreciable inhibi-
tive effect by them on the chemisorption of carbon
dioxide (Table XIII), in marked contrast with the
strong inhibiting effect of the molecular carbon
monoxide chemisorption.

The last chemisorption to be considered is that
of oxygen (Table VI), If the number of carbon
monoxide molecules chemisorbed is approxi-
mately equal to the number of iron atoms on the
surface, then the number of oxygen atoms sorbed
at —78° is about 15 times as great. Clearly, we
cannot speak here strictly about chemisorption;
actually at least the outer 7 or 8 layers of the
catalyst are oxidized in the sorption process.
Further evidence for this is found in the very

The negative ratios for the singly promoted catalyst show that there was in this case an ixncrease in the Type B
The two other catalysts show strong inhibition.

high heat evolution (about 110 kilocalories per
mole of oxygen), found by Dr. R. A. Beebe
(unpublished), that was obtained when oxygen
was admitted at —183° to catalyst 973 or 931 in
sufficient quantities to oxidize several layers of
iron to FeO. Oxygen that thus penetrates several
layers deep into the iron lattice instantly at
—183° obviously cannot be held as molecules;
it must be in the atomic or, more probably, the
ionic form. Table XIII shows that the inhibiting
effect of oxygen on carbon dioxide is zero, quite
in line with the idea that the former is not mo-
lecular on the iron catalysts.

The effect of oxygen on the carbon monoxide
chemisorption, given in Table XII, deserves a
close scrutiny. While the inhibiting effects of
chemisorbed nitrogen and hydrogen on carbon
monoxide are either slight or zero, the inhibiting
effect of oxygen on carbon monoxide is very
strong. Thus on the oxygen covered surface of
the singly promoted catalyst at —78° after four
minutes only one-third as much carbon monoxide
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TABLE X
EFrFeCT oF TYPE A AND TYPE B HYDROGEN ON THE CARBON MOoONOXIDE CHEMISORPTION
Chemisorption of CO 1nhibiting CO Chemisorption  Decrease in Decrease
on pure surface chemisorption,b on top of inhibitor, CO chemisorpt., per hydrogen
Catalyst Cc.at 8. T. P, Temp., °C.0 cc, at S. T. P. cc.atS. T. P cc. at 8. T. P. atom®
973 17.7 - 78 6.3 Type A 16.5 1.2 1/10.5
14.8 —183 6.8 Type A 12.3 2.5 1/5.4
4.9 —183 3.0 Type A 3.9 1.0 1/6.0
4.6 —183 1.3 Type B 4.3 0.3 1/8.7
954 44.0 —183 26.0 Type A 39.5 4.5 1/11.5
49.5 - 78 40.0 Mixed? 42.5 7.0 1/11.4¢
41.7 - 78 21.1 Type A 39.3 2.4 1/17.6
41.7 - 78 26.5 Type B 38.7 3.0 1/17.7
36.0 —183 20.8 Type A 32.5 3.5 1/11.9
36.0 —183 26.8 Type B 32.0 4.0 1/13.4
931 14.4 —183 14.0 Type A 11.5 2.9 1/9.7
14.4 —183 21.8 Mixed 10.1 4.3 1/10.1
13.5 - 78 10.8 Type A 13.0 0.5 1/43.2
11.2 —183 11,5 Type A 9.1 2.1 1/11.0
12.4 - 78 14.9 Mixed 11.1 1.3 1/22.9
@ These temperatures also refer to the CO chemisorption runs on top of the hydrogen adsorptions. ® The Type A

hydrogen was adsorbed at —78°, the Type B hydrogen at 100°. Where "mixed’”’ hydrogen is indicated first the Type B
hydrogen was adsorbed at some higher temperature, then the temperature was lowered to —78° and the catalyst was al-
lowed to come to equilibrium with the hydrogen. ° This column gives the decrease in the CO chemisorption per hydro-
gen atom; thus the fraction 1/10.5 means, for example, that one chemisorbed CO molecule is eliminated per 10.5 chemi-
sorbed hydrogen atoms, ¢ We performed on the singly promoted catalyst a run testing the combined inhibitory effect
of nitrogen, Type A and Type B hydrogen on the CO chemisorption. It was performed immediately after the run in
which 40 cc. of Type A and Type B hydrogen was used as inhibitor. First 12.4 cc. of nitrogen was put on the catalyst
at 440°, then 37.9 cc. of mixed Type A and Type B hydrogen in the usual manner; thus altogether 50.3 cc. of inhibiting

gas was adsorbed on the surface.

The decrease in CO chemisorption at —78° was 9.0 cc., which corresponds to the elimi-

nation of one CO molecule per 11.2 adsorbed atoms, hydrogen or nitrogen.

is chemisorbed as corresponds to the equilibrium
adsorption on the pure surface; even after twenty-
three hours the adsorption is only about half of
that equilibrium value. The most reasonable
explanation that occurs to us is that oxygen here is
in the ionic rather than atomic form. This is
suggested by the fact that the oxides of iron are
ionic structures, the nitrides non-ionic. Ap-
parently the nitrogen and hydrogen atoms do not
alter markedly the activity of the surface iron
atoms, but oxygen ions bring about a profound
alteration. The small carbon monoxide chemi-
sorption that actually does take place is probably
due to inward migration of the surface oxygen.
In the half hour that is necessary to evacuate the
oxygen from the gas phase, about one-third of the
oxygen ions seems to migrate inward, leaving
one-third of the surface of the singly promoted
catalyst free to chemisorb carbon monoxide; in
the next twenty-three hours some further inward
migration takes place, resulting in further ad-
sorption of carbon monoxide. The observed in-
crease in oxygen chemisorption at —78° over-
night is approximately equivalent to this slow
increase in carbon monoxide chemisorption.

At —183° the inward migration of oxygen ions
is much slower; consequently, we find that only
79 of the surface iron atoms is capable of chemi-
sorbing carbon monoxide on the doubly promoted
catalyst after two hours.

ITI. Concentration and Distribution of the
Promoters on the Catalyst Surface.—It has been
pointed out in previous publications>® that the
chemisorptions of carbon monoxide and carbon
dioxide can be utilized to determine the promoter
concentration on the catalyst surface. Carbon
monoxide is chemisorbed on the iron atoms only,
not on the promoter molecules; carbon dioxide
is adsorbed on the alkali promoter only, not
on the iron atoms, nor on the aluminum oxide
molecules. These facts enable us to estimate the
percentage covering of the surface with promoter
molecules.

The data obtained in the present work afford
added confirmation of this picture and also throw
some light on the distribution of the promoters
on the catalyst surface.

For the singly promoted catalysts 954 and 424
the data in Table II confirm our previously ex-
pressed conclusion® that about 559, of the sur-
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TABLE X1
EFFECT OF THE CHEMISORPTION OF NITROGEN ON THE CHEMISORPTION OF CARBON MONOXIDE

Inhibiting N,* Total CO adsorption, cc. at S. T. P.b Pressureb Decrease in total
chemisorption, Temp.,b of CO, CO adsorption,®
Catalyst cc.at S. T. P. On pure surface On top of nitrogen °8. mm. cc. at S. T. P.
973 3.6 25.8 (Run 1) 24.4 (Run 2) —183 200 0.8
24.6 (Run 3) —183 200
973 3.6 24.6 (Run 3) 24.4 (Run 2) —183 200 0.6
23.5 (Run 4) —183 200
954 13.3 54.2 54.2 - 78 56 0
63.2 62,2 — 78 296 1.0
954 13.0 142.0 142.0 —183 80 0
163.0 163.0 —183 231 0
931 8.3 45.8 45.8 —183 70 0
52.1 52.1 —183 256 0
55.8 55.8 —183 364 0
931 7.4 20.2 19.6 - 78 302 0.6
22.4 22.0 - 78 581 0.4

¢ The nitrogen was chemisorbed on catalysts 973 and 931 at 391 to 395°, on catalyst 954 at 439°,
resent the total adsorption of CO, not the chemisorption alone.

® These columns rep-
Since in the case of the pure iron catalyst the surface

decreased in each consecutive run, the order in which the runs were performed is also indicated. The temperature and

presstre refer to the CO adsorption on both the pure and "’poisoned’’ surface.

¢ Since this column gives the decrease in

the total adsorption (including van der Waals), obviously the decrease in the chemisorption of CO is either equal to or

less than this quantity,

One can, therefore, safely conclude that the chemisorbed nitrogen has practically no influence on

the CO chemisorption either at —78 or —183° on any of the three types of catalysts.

face of 954 and 359, of 424 is covered with alumi-
num oxide promoter molecules. When one takes
into consideration the fact that the packing of
chemisorbed carbon monoxide is denser by about
259%, than that of physically adsorbed nitrogen
and that at —183°, and perhaps even at —78°, a
small part of the iron surface may still be free of
carbon monoxide, it seems probable that the cov-
erage of 954 by aluminum oxide is 55 = 5%, and
of 424, 35 = 59, even though chemical analysis
gives only 10.29, zirconium oxide for catalyst
954, and 1.039, zirconium oxide and 0.199,
zirconium oxide for catalyst 424.

The fact that potassium oxide evaporates
much more readily from catalysts containing no
aluminum oxide than from doubly promoted
catalysts (see footnote, page 314 of reference (2))
indicates that the potassium oxide is combined
with aluminum oxide on the doubly promoted
catalyst surface. Evidence furnished by Tables II
and III is consistent with this. If free potassium
oxide and free aluminum oxide existed on the
surface of catalyst 931 (containing 1.3%, alumi-
num oxide and 1.6, potassium oxide), the sum
of the carbon monoxide chemisorbed by iron
atoms and the carbon dioxide chemisorbed by
the alkali promoter molecules would be smaller
than the volume of physically adsorbed nitrogen
required for a monolayer since aluminum oxide
molecules do not chemisorb either carbon mon-

oxide or carbon dioxide. Actually 17.6 cc. of
carbon dioxide (Table III) and 15.2 cc. of carbon
monoxide are chemisorbed compared to 30.0 cc.
of nitrogen for a monolayer. Hence no large
concentration of free aluminum oxide appears to
be present, the potassium oxide and aluminum
oxide promoters being, presumably, combined on
the surface, For catalyst 958 the ratio of alumi-
num oxide to potassium oxide in the solid phase
is four to one. One may possibly, therefore, ex-
pect an excess of aluminum oxide on the catalyst
surface. There are indications that this is really
the case. Table II shows that the carbon mon-
oxide chemisorption at —78° is 21.5 cc., and if we
assume that the density of packing of chemi-
sorbed carbon monoxide is 239, greater than
that of van der Waals nitrogen, as we found for
the pure iron catalyst, the iron part of the sur-
face could be covered by 17.2 cc. of nitrogen. The
nitrogen monolayer is 29.8 cc., which leaves for
the promoter part 12.6 cc. Actually only 8.0 cc. of
carbon dioxide is chemisorbed (Table III), which
means that 4.6 cc. of the nitrogen covers free
aluminum oxide. This represents about 15%
of the total surface. Since the catalyst contains
only 0.35%, aluminum oxide, we find in this
case a strong concentration of both promoters on
the surface.

The inhibiting effects of carbon dioxide on car-
bon monoxide and Type A hydrogen and the
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TABLE XII
EFFECT OF THE CHEMISORPTION OF OXYGEN ON THE CHEMISORPTION OF CARBON MoNOXIDE®

CO Chemisorpt. Temp. ofb CO Inhibiting Oy° CO Chemisorpt.éd Decrease in® CO Time of
on pure surface, chemisorpt., chemisorpt., on top of oxygen, chemisorpt., adsorption of CO+
Catalyst cc. at 8. T, P, °C. cc. at S. T. P. cc. at S. T. P, cc. at S. T. P,  on O: covered surface

954 45 — 78 519 17 28 1.5 hr.

954 44.5 — 78 376 17.1 27.4 30 min.
18.2 26.3 1 hr.

954 44 — 78 721 14.1 29.9 4 niin.
17.3 26.7 2 hr.
18.8 25.2 4.25 hr.
23.0 21.0 23 hr.
954 36.0 —183 323 6.0 30.0 2 hr.
931 14.3 - 78 105.7 7.4 6.9 1.25 hr.
7.8 6.5 2.25 hr.
9.0 5.3 5.5 lir.
12.3 2.0 23.5 hr.
931 12.1 —183 97.0 1.0 11.1 2 hr,

% Since the oxygen chemisorption injures the surface of pure iron catalysts, this effect was studied only on the promoted
catalysts. ® These temperatures refer to the chemisorption of CO both on the pure and the oxygen covered surface.
¢ The oxygen was adsorbed on the catalysts at —78°, except the 721 cc., which was adsorbed between —78 and 100°,
¢ The CO chemisorption values on top of oxygen were determined after the lapse of time indicated in the last column.
It is uncertain whether at —78° even the adsorption values after 23 hours represent final equilibrium values. ¢ The de-
crease in CO chemisorption given in this column represents the difference between the CO chemisorption values in the
second and fifth column. These values do not correspond to equal times of adsorption.

TaBLE XIII

EFFECT OF NITROGEN, OXVYGEN, AND TYPE A AND TvPE B HYDROGEN ADSORPTIONS ON THE CHEMISORPTION OF CARBON
DioxipE
CO; adsorption at —~78°%

Inhibiting® Decrease in®

chemisorption, On pure surface, On top of inhibitor, Pressure, CO: adsorption,
Catalyst cc, at S. T, P. cc. at S. T. P. ce. at S, T. P. mm, cc. at 8. T. P,
931 13.7 Mixed H, 53.4(T) 52.6(T) 200 0.8(T)
56.8 56.2 300 .6
59.1 58.7 400 .4
61.9 61.6 500 .3
931 11.5 Type A H, 18.0(C) 17.4(C) 200 .B(C)
17.7 500 .3
931 18.6 Mixed H, 17.5(C) 16.3(C) 200 1.2(C)
17.5 500 0
931 7.8 N; 17.0(C) 15.8(C) 200 1.2(C)
16.1 474 0.9
931 7.8 N, 17.0(C) 15.6(C) 200 1.4(C)
15.9 478 1.1
931 104.3 O. 42 .8(T) 42.8(T) 200 0 (D

¢ The Type A hydrogen was put on the surface at —78°, the ""mixed”’ hydrogen at some higher temperature first and
then at —78°, The nitrogen was put on at 391-392°, and the oxygen at —78°. ® The CO, adsorption values represent
in some cases total adsorption (sum of van der Waals and chemisorption), in other cases merely the chemisorption value.
The former are indicated with (T), the latter with (C). ° The decrease in CO. adsorption also refers in some cases to the
decrease in total adsorption (T), in other cases to the decrease in the chemisorption alone (C). It will be seen that the
decrease is slight always, whether caused by hydrogen, nitrogen or oxygen.

effect of carbon monoxide on carbon dioxide lead
to the conclusion that the iron atoms and alkali

carbon monoxide chemisorbed on catalyst 931 at
—183°, given in Table XV. After 17.7 cc. of

promoter molecules are not distributed over the
catalyst surface in larger patches alternating with
each other, but are mixed so thoroughly that prac-
tically every promoter molecule has an iron atom
for its neighbor, and wvice versa. Let us consider
first the inhibiting effect of carbon dioxide on

carbon dioxide is chemisorbed, the carbon mon-
oxide chemisorption on top of it becomes 3.7 cc.,
instead of the 13.8 cc. that takes place on a pure
surface. The 10.1 cc. decrease is apparently
due to the overlapping of the carbon dioxide
molecules from the alkali to the iron atoms; it
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TaBLE XIV
ErrecT OF THE CARBON MONOXIDE CHEMISORPTION ON THE OXYGEN CHEMISORPTION
Inhibiting CO% Temp. of Pressure® Decreaseb
chemisorption, Oxygen sorption, cc. at S, T, P, Oz sorpt., of oxygen, Time of in Os sorpt.,
Catalyst cc, at S, T. P On pure surface On top of CO °C, mm, adsorpt, cc, at S. T, P,
954 44.5 376 260 308 - 78 0 18 hr. uncertain
954 43.5 302 322 300 - 78 340 2 hr. 128
931 13.9 48.3 54.3 4.5 —183 0 2.5 hr. 47 =3
931 13.3 81.6 78.5 65.4 - 78 670 2 hr. 142
13.3 94.9 89.5 79.0 — 78 0 20 hr. 133

¢ The carbon monoxide was always chemisorbed at —78°. ® Because the oxygen sorption changed strongly from run
to run, it was determined on the pure catalyst surface both before and after the run performed on the carbon monoxide

poisoned surface.
puted from the average.
and CO covered surface.

The average of these two runs was then taken, and the decrease reported in the last column was com-
¢ This column gives the pressure at which the oxygen sorption was measured both on the pure
Where zero pressure is indicated the catalyst was evacuated with a Toepler pump to a pressure

that could not be read on a manometer, and the residual adsorption was determined,

represents the number of surface iron atoms that
have alkali molecules for neighbors. The other
3.7 cc. of carbon monoxide chemisorption (279,
of the total) then represents the number of iron
atoms that have no alkali molecules as neigh-
bors. Omne would expect that when the same
effect is measured at —78° the initial decrease
should be the same, and indeed the decrease in
carbon monoxide chemisorption is 9.9 cc. after
six minutes. Later at this higher temperature
some surface rearrangement takes place that
leaves room for further carbon monoxide chemi-
sorption, so that after two and one-half hours the
decrease is only 8.8 cc. If these views are cor-
rect, then the reverse effect of carbon monoxide
chemisorption on carbon dioxide chemisorption
at —78° should be also 10 cc. initially, and
Table XVI shows that this is apparently the
case. Unfortunately, the carbon dioxide adsorp-
tion was not measured in the first few minutes,
but the decrease after one hour was 8.8 cc,,
after three and one-half hours 8.2 cc., so the
initial decrease must have been close to the ex-
pected 10 cc. It seems therefore that about
“three-fourths of the iron atoms of the surface
have alkali molecules for neighbors on the sur-
face of catalyst 931. The surface of this catalyst
consists roughly of 409, iron atoms and 609,
potassium aluminate molecules. In the case of
catalyst 958 only about one-fourth of the surface
is covered with alkali, One would expect, there-
fore, that every alkali molecule has an iron atom
for its neighbor. This is indeed so. Table XV
shows that 9.2 cc. of chemisorbed carbon dioxide
causes an initial decrease of 11.3 cc. in the carbon
monoxide chemisorption at —78° indicating
possibly that some carbon dioxide molecules over-
lap to two neighboring iron atoms. After twenty-

two hours the decrease becomes 7.3 cc., showing
that surface migration and rearrangement en-
abled some further adsorption of carbon monoxide.

The effect of carbon dioxide chemisorption on
Type A hydrogen, given in Table VII, further
confirms the above expressed views. When car-
bon dioxide is chemisorbed on catalyst 931 about
three-fourths of the iron atoms are put out of com-
mission, as we have seen above. Under such
circumstances one would expect that the number
of free iron atom pairs available for the adsorption
and dissociation of hydrogen would be rather
small, and indeed when the surface is loaded with
carbon dioxide at —78° the initial Type A hy-
drogen adsorption is only 0.8 cc. after three
minutes. Later, surface rearrangement enables
further hydrogen adsorption to take place, so that
when final equilibrium is reached the decrease
may be slight, or even zero. The situation is
quite different with catalyst 958, three-fourths of
the surface of which consists of iron atoms. In
this instance, after the chemisorption of carbon
dioxide, there are still a large number of iron
atom pairs available for the hydrogen adsorption
and, consequently, the initial adsorption on this
catalyst is much greater than on catalyst 931.

IV. The Heterogeneous Nature of the Iron
Surface..—Many of the data contained in Tables
IT to XVI can be explained if we assume that the
iron crystals expose on their surfaces a variety of
developed faces. These faces may be divided into
two groups for the sake of convenience. The
first group presents a closed structure, as exempli-
fied in the (110) plane (Fig. 1), the plane of densest
packing in a body-centered cubic crystal. The
second group, exemplified by planes (100), (111),
(211), etc., has an open structure; the iron atoms
are loosely packed and expose a lower lying layer
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TaBLE XV
EFFECT OF CARBON Di1oxipE CHEMISORPTION ON THE CARBON MoNoXIDE CHEMISORPTION

1nhibiting CO:8 Temp. of CO Decrease in CO

chemisorption, Chemisorption of CO, cc. at 8. T. P. chemisorpt., Time of chemisorption,

Catalyst cc, at S, T. P, On pure surface On top of CO: °C. CO adsorpt. cc.at S, T. P,
958 9.2 21.6 10.3 - 78 3 min. 11.3
11.9 1.5 hr. 9.7
12.3 4.75 hr. 9.3
14.3 22 hr. 7.3
931 18.3 15.7 5.8 - 78 6 min, 9.9
6.6 1 hr, 9.1
6.9 2.5 hr. 8.8
931 17.7 13.8 3.7 —183 1 hr. 10.1
3.7 2.5 hr. 10.1

¢ The CO, chemisorption was put on catalyst 958 at 0°, on catalyst 931 at —78°.

TABLE XVI
EFFECT OF THE CARBON MoNOXIDE CHEMISORPTION ON THE CARBON DioxipE CHEMISORPTION

Inhibiting CO Temp. of Time of Decrease in CO;
chemisorption,® Chemisorption of COg, cc. at S. T. P. CO:q chermsorpt CO: chem.tsorptxou,
Catalyst ce. at S. T. P, On pure surface On top of CO °C. adsorpt. cc.at S, T
931 16.9 16.8 8.0 —~78 1 hr, 8.8
8.6 3.5 hr. 8.2
931 13.6 16.8 9.7 —-78 1 hr. 7.1
9.9 2 hr. 6.9

% The 16.9 cc. was chemisorbed at —78°, the 13.6 cc. at

of iron atoms, as in plane (100), or even two lower
lying layers of atoms, as in plane (111). The
atoms marked "A” lie in the outermost plane
of the crystal, those marked "'B” lie in the plane
below. It is assumed as a working hypothesis
that on each "A” type iron atom one atom of
Type A hydrogen or one atom of nitrogen, and on
each "B” type iron atom one atom of Type B
hydrogen can be chemisorbed. (It is also possible
that in planes like the (111) the iron atoms marked
"C” can also chemisorb Type B hydrogen.) The
chemisorbed carbon monoxide molecules are
assumed to be located in all instances on the "A”
type iron atoms. The manner in which these
assumptions help to explain the experimental ob-
servations of the present work can be illustrated
by the following correlations.

(1) Chemisorbed nitrogen decreases Type A
hydrogen adsorption in the ratio 1:1 as is evident
from Table VIII. This agrees with the postulated
adsorption of nitrogen on the same group of iron
atoms on which Type A hydrogen is adsorbed.

(2) The ratio of Type A hydrogen to Type B
hydrogen increases for the unpromoted iron
catalyst as sintering takes place (Table IV, last
column). This trend is consistent with a pref-
erential disappearance during sintering of faces
having open structures in comparison with the
(110) planes. The (111) plane is the one of loosest
packing for the body-centered iron crystal; it is

—183°.

also probably the plane of greatest energy and
catalytic activity (judged by ethylene hydro-
genation), as the work of Beeck, Wheeler and
Smith!? seems to indicate. The (110) plane is the
plane of densest packing, and probably of least
energy and maximum stability. The increase of
the ratio of Type A to Type B hydrogen with
sintering is therefore in accord with the gradual
transformation of various faces to those con-
sisting of (110) planes.
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Fig. 1.—Arrangement of iron atoms in the (100), (110},
and (111) planes. The distances between the centers of
the iron atoms are drawn to scale, ao being taken as 2.86 A.
The circles are not intended to represent the sizes of the
iron atoms.

(3) The ratio of Type A hydrogen to carbon
monoxide chemisorbed at —78° increases on sin-
tering the pure iron catalyst (Table IV, column
7). Because of the very dense packing of iron
atoms in the (110) plane, it is necessary to assume
that two iron atoms are required for the chemi-

(12) Beeck, Wheeler and Smith, Phys. Rev., 58, 601 (1939).
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sorption of a carbon monoxide molecule, whereas
one iron atom is sufficient in the (100), (111), or
(211) planes.® The limiting ratio of Type A
hydrogen to carbon monoxide chemisorption on
this basis is 1.0 for plane (110), and 0.50 for the
other planes. Thus, the increase in ratio is con-
sistent with the preferential increase in (110)
planes on sintering. The ratio of Type B hydro-
gen to carbon monoxide also increases on sintering
to some extent. This is probably due to the fact
that the 100° adsorption of hydrogen is not purely
Type B; if as much as 209, or so of the adsorption
is Type A the increased ratio can be accounted
for easily.

(4) The ratio of chemisorbed nitrogen to the
volume of physically adsorbed nitrogen required
to form a monolayer also increases with sintering
of the unpromoted catalyst (Table V, last col-
umn). Since the iron atoms in the (110) plane can
chemisorb more nitrogen per unit surface than
any of the planes of open structure, this is an
added indication of the preferential increase in
(110) planes on sintering.

(5) The ratio of the volume of carbon monoxide
chemisorbed at —78° to the volume of physically
adsorbed nitrogen required to form a monolayer
is 1.25 for the pure iron catalyst (Table II, last
column). This ratio is reasonable, since if 13.7 sq.
A. be taken as the area occupied by a physically
adsorbed nitrogen molecule,® the value of this
ratio would be 1.68 if all of the developed faces
were (100) planes; 0.97, if (111) planes; 1.35, if
(211) planes; and 1.19, if (110) planes and, in this
last instance, two iron atoms were required for
each chemisorbed carbon monoxide molecule.

(6) In a previous work?!® the conversion of ortho
to para hydrogen at —183° was found to be de-
creased 859, by a given volume of hydrogen
adsorbed at 100°, compared to 159 by the same
volume adsorbed at —78°. This must mean
if the present postulates are correct, that Type
B iron atoms in Fig. 1 are much more active in the
magnetic conversion of ortho to para hydrogen
than are Type A iron atoms and that hydrogen
adsorption at 100° occurs predominantly on the
“B” type iron atoms. Since the magnetic con-
version depends upon the non-homogeneous na-
ture of the magnetic field with which the hydro-
gen molecule comes in contact, it is entirely rea-
sonable that hydrogen molecules in passing be-
tween Type A iron atoms to Type B iron atoms

(13) Emmett and Harkness, THrs Jour~ar, 57, 1624 (1935).
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would be subjected to greater magnetic pertur-
bation than if they were adsorbed directly on the
Type A iron atoms.

The explanation given above for the experi-
mental data mentioned under items 1 to 6 ap-
pears to us fairly satisfactory. We fully realize
the speculative nature of the considerations about
the developed crystal faces on a catalyst surface;
yet, we believe that these chemisorption experi-
ments suggest some interesting new possibilities
for the investigation of the surface structure of
catalysts.

V. Penetration of Adsorbed Atoms below the
Surface.—All of our results obtained for the
chemisorptions of carbon monoxide and carbon
dioxide are consistent with the idea that these
take place only on the surfaces of the catalysts.
Indeed, one would not expect that large particles
like carbon monoxide and carbon dioxide mole-
cules could penetrate into the crystal lattices of
the catalysts. The four other chemisorptions,
however, are atomic. Offhand it does not seem
impossible that these small particles may be able to
diffuse some distance below the surface layer.
In this section we shall consider the evidence
relative to the penetration of oxygen, hydrogen,
and nitrogen atoms below the surface.

There can be no doubt that oxygen penetrates to
lower layers. If we take the carbon monoxide
chemisorption at —78° as the measure of the num-
ber of iron atoms on the surface, then Table VI
shows that at — 78° roughly fifteen times as many
oxygen atoms are sorbed by all three catalyst
types as there are iron atoms on the surface.
Undoubtedly here an oxidation of the upper
layers of the iron crystallites takes place even at
—183°. The oxygen in the lattice is probably in
the form of ions, just as it exists in the oxides of
iron.

It is much more difficult to decide whether the
hydrogen and nitrogen atoms penetrate to lower
lying layers. If the surface of a catalyst consists
of faces of open structure, such as (100), (111), or
(211) planes, then the maximum Type A hydrogen
adsorption that can take place on the surface is
equal to one-half of the maximum carbon mon-
oxide chemisorption. If on the surface we find
(110) faces also, the ratio of Type A hydrogen to
carbon monoxide chemisorption will be greater
than 0.50, since it is assured from molecular size
considerations that at least two iron atoms will be
needed to chemisorb one carbon monoxide mole-
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cule but only one iron atom for each hydrogen
atom. It was also pointed out in the previous
section that sintering increases the relative num-
ber of (110) faces. Table IV shows that on a
sintered pure iron catalyst the ratio of Type A
hydrogen to carbon monoxide was 0.65, and on a
singly promoted catalyst, 0.62. These ratios indi-
cate that on the pure iron or the singly promoted
catalyst, Type A hydrogen adsorption takes
place on the surface only, and the hydrogen atoms
do not penetrate to lower lying layers. For the
doubly promoted catalyst, however, the ratio
0.99 was obtained, definitely indicating that all
the hydrogen could not be located on the surface
iron atoms. Either some of the hydrogen atoms
must have penetrated to lower lying layers, or
they must have migrated to iron atoms lying im-
mediately below the surface promoter molecules.

We have assumed that the chemisorption of
nitrogen takes place on the same iron atoms that
are capable of chemisorbing Type A hydrogen.
Table V shows that for the pure iron catalyst
that is not strongly sintered the ratio of nitrogen
to carbon monoxide chemisorption is 0.25,
suggesting that only every other A’ type iron
atom on the surface can chemisorb a nitrogen
atom. The solid phase iron nitride of highest
nitrogen content is Fe;N, and here we seem to deal
with a surface whose apparent composition is
Fe;N. Obviously in this case there is no evidence
of penetration below the surface. With the two
promoted catalysts, however, higher ratios are
obtained: 0.34 for the singly promoted and 0.50
for the doubly promoted catalyst. It is possible
that the promoter enables every iron atom of the
surface to chemisorb nitrogen, and that the sur-
face composition approaches FeN instead of
Fe;N. On the other hand, nitrogen may migrate
to the iron atoms lying directly under the pro-
moter molecules, or penetrate further within the
lattice as dissolved nitrogen. Since the high
ratios occur on the promoted catalysts and not
on the pure iron, we are inclined to favor the view
that the excess nitrogen atoms are also located
under the surface promoter molecules.

The Type B hydrogen adsorption presents an
even more complex problem. The reason for this
is that the open structure faces vary with respect
to capability of adsorbing Type B hydrogen. If,
for example, the atoms marked "'C” in the (111)
plane (Fig. 1) can also chemisorb Type B hydrogen
atoms, then faces crystallized in the (111) plane
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are able to adsorb twice as much Type B hydrogen
as those in the (100) or (211) planes. Thus, if the
surface would consist of (111) planes only, the
maximum ratio of the Type B hydrogen to the
carbon monoxide chemisorption would be 1.0,
and the maximum ratio of the mixed hydrogen to
carbon monoxide would be 1.5. The Type B to
carbon monoxide ratios found for the pure iron
catalyst indicate no penetration to lower layers.
The maximum Type B to carbon monoxide ratio
found for the singly promoted catalyst was 0.92,
for the doubly promoted catalyst 0.99; the
maximum mixed hydrogen to carbon monoxide
ratio was 1.18 for the singly promoted and 1.42
for the doubly promoted catalyst (Table IV).
Since from the foregoing discussion it is clear that
the surfaces of the promoted catalysts cannot
consist solely of (111) faces, we may safely con-
clude that the high ratios obtained indicate mi-
gration of the Type B hydrogen atoms to iron
atoms lying under the surface promoter mole-
cules.

VI. Chemical Effects of Promoters.—Several
investigators!#1516 have shown by indirect meth-
ods that one function of the aluminum oxide pro-
moter was to provide and maintain a large sur-
face. We have confirmed this by direct surface
measurements® and found that the singly pro-
moted catalyst 954 had five times as large surface
after reduction at 450° as the pure iron catalyst
973 reduced with utmost care at 350°. Sintering
up to 500° had very little effect on the aluminum
oxide promoted catalyst, but decreased the sur-
face of the unpromoted catalyst to one-fourth of
its value. Thus, the physical action of aluminum
oxide is unquestionably established. However,
until now, no positive evidence has been pre-
sented of a specific chemical action of the pro-
moter aluminum oxide for iron synthetic ammonia
catalysts.

A very interesting evidence for a chemical
effect of aluminum oxide is found in the effect of
nitrogen chemisorption on Type B hydrogen
adsorption on catalyst 954 (Table IX). In the
study of seventeen different effects of chemi-
sorptions upon each other in the present work we
have found that in only this one instance does a
chemisorption increase rather than decrease the
chemisorption of another gas. The ratio of the
decrease in Type B adsorption per unit amount of

(14) Wyckoff and Crittenden, THuIs JoUrNAL, 47, 2866 (1925).
(15) Brill, Z. Elekirochem., 88, 669 (1932).
(16) Mittasch and Keunecke, :bid., 38, 666 (1032).
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chemisorbed nitrogen is 0.97 after three minutes
and 0.73 after twenty hours for the doubly pro-
moted catalyst 931; 0.68 after three minutes and
0.52 after sixteen and one-half hours for the pure
iron catalyst. In contrast to this, for the singly
promoted catalyst the initial decrease in the Type
B adsorption is followed by a rapid pick up of
hydrogen at 100° that amounts after twenty
hours to an increase of 0.5 volume of hydrogen
per volume of chemisorbed nitrogen.

This enhancement of hydrogen adsorption at
100° by chemisorbed nitrogen is apparently to be
attributed to the catalytic action of aluminum
oxide on the formation of NH or NH; complexes
between hydrogen and the chemisorbed nitrogen.
Such complex formation appears from the data of
Table IX to be slow at 100° on pure iron, even
slower on doubly promoted catalyst 931, and
relatively fast on singly promoted catalyst 954.
Since ammonia is known to inhibit ammonia
synthesis, it is possible that the tendency of
aluminum oxide to catalyze and of potassium
oxide-aluminum oxide to inhibit the formation
of a poisoning NH or NH; complex on the iron
may be a factor in explaining the well-known
superiority at high pressures of the doubly pro-
moted catalyst over the singly promoted. The
fact that nitrogen causes any initial retardation of
the Type B hydrogen adsorption appears at first
to be inconsistent with the allocation of chemi-
sorbed nitrogen to A type iron atoms (Fig. 1)
and Type B hydrogen to "B’ type iron atoms.
When it is remembered, however, that Type B
hydrogen is adsorbed much more slowly than
Type A and may possibly result from an acti-
vated migration of hydrogen atoms from the A
position to the B, the inhibitive effect of chemi-
sorbed nitrogen atoms on Type B hydrogen ad-
sorption is easily understood.

In conclusion it should be pointed out that the
volume of chemisorbed nitrogen per unit surface
area of iron atoms is greater on the doubly pro-
moted catalyst than on either the pure iron or the
singly promoted catalyst (Table V, column 7).
Whether the excess nitrogen adsorption takes
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place on the surface iron atoms or on iron atoms
located immediately below the surface alkali
molecules, this may be a factor in accounting for
the greater catalytic activity of doubly pro-
moted catalysts over singly promoted catalysts at
high pressures.

Summary

The chemisorptions of oxygen and carbon
monoxide at —183 and —78°, carbon dioxide at
—78 and 0°, nitrogen at 400-450°, Type A hy-
drogen at —78° and Type B hydrogen at 100°
were studied on an unpromoted, a potassium
oxide promoted, two aluminum oxide promoted,
and two potassium oxide plus aluminum oxide
promoted iron synthetic ammonia catalysts.
From the investigation of these adsorptions in-
dividually and from their mutual inhibitory
effects the following conclusions can be drawn:

1. The carbon dioxide chemisorption is located
on the surface alkali molecules, the five other
chemisorptions on the surface iron atoms.

2. Carbon monoxide and carbon dioxide are
chemisorbed as molecules; nitrogen, Type A, and
Type B hydrogen as atoms; oxygen probably as
ions.

3. Both the aluminum oxide and potassium
oxide promoters are strongly concentrated on the
surfaces of singly and doubly promoted catalysts.
The alkali promoter is very intimately mixed with
iron atoms on the surface.

4. The iron surface is heterogeneous, the
heterogeneity probably being due to different
developed crystal faces.

5. The molecular carbon monoxide and car-
bon dioxide chemisorptions are purely surface
adsorptions; oxygen ions penetrate several layers
below the surface; nitrogen and hydrogen atoms
probably do not penetrate below the surface but
migrate to iron atoms located under surface pro-
moter molecules.

6. Both the potassium oxide and aluminum
oxide promoters give evidences of specific chemical
effects.
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