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Introduction

The assumption that the “active mass” of a solid in heterogeneous
reactions is represented by its surface area, has been shown by Langmuir?
to lead to conclusions in conflict with the requirements of the phase rule
in the large class of reactions in which a solid substance appears on each
side of the reaction equation, provided that the two solids form separate
phases of constant composition. It was shown that in all probability
such reactions take place only, or mainly, at the interface between the
two solid phases. Since the interface area will ordinarily increase during
the early stages of the reaction, it is evident that the occurrence of auto-
catalysis in such cases should be the general rule. If, on the other hand,
the two solid phases are muscible, Langmuir argued that the reaction
must be of the “non-interfacial” type, in which the rate depends upon
the surface area of the reacting solid rather than upon the area of the
interface. Hence, in reactions in which the two solids form solid solutions,
the rate should be a maximum at the start and decrease continuously
thereafter.

A study of the dissociation pressures of ferric oxide led Sosman and
Hostetter® to the conclusion that at temperatures above 1100°, ferric
oxide and ferro-ferric oxide form a nearly complete series of solid solu-
tions. If solutions, rather than pure phases, constitute the stable arrange-
ment at lower temperatures also, the reduction of ferric oxide to ferro-
ferric oxide should be a non-interfacial reaction. In the case of nickelous
oxide, on the other hand, the measurements of Woéhler and Balz* on the
equilibrium in the reduction of this oxide by hydrogen at 450° show that
solid solutions are not formed under these circumstances. This reaction
should therefore exhibit the characteristics of auto-catalysis.

Accordingly, we have considered these two reactions suitable for testing
the idea that the phase relations at equilibrium may be used to predict
qualitatively the course of heterogeneous reactions. We have chosen
the case of nickel oxide also as a necessary preliminary to an investigation
of the behavior of nickel as a catalyst in the synthesis of water vapor.

1 National Research Fellow in Chemistry during the period covered by this in-
vestigation.

2 Langmuir, THIs JOURNAL, 38, 2263 (1916).

3 Sosman and Hostetter, ¢bid., 38, 807 (1916).

4 Wohler and Balz, Z. Elektrochem., 27, 413 (1921).
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Both of these reactions have been the subjects of previous investiga-
tions, by Wright and Rennie’ in the case of ferric oxide and by Sabatier
and Espil® and by Berger” in the case of nickel oxide. However, in neither
reaction have results been obtained which lend themselves readily to a
solution of the problems under consideration.

Experimental Method

Apparatus and Procedure.—The method of carrying out the experi-
ments was similar to that employed by Pease and Taylor® in a recent
study of the reduction of cupric oxide.

Electrolytic hydrogen from a tank, purified by successive passage through absorbent
cotton, solid potassium hydroxide and heated palladized asbestos, was metered in a re-
sistance-tube flow-meter, dried over phosphorus pentoxide and passed into the reduction
furnace. Here the preheated gas passed down through the oxide sample and finally
out to the atmosphere through a calcium chloride weighing tube. Condensation of
water was avoided by electrically heating the exit tube of the furnace. The hydrogen
flow was maintained constant at 50 cc. per minute (0°, 760 mm.) throughout the ex-
periments. Rates of reaction are expressed as milligrams of water absorbed in the cal-
cium chloride tube during five minutes’ passage of the exit gases.

In the experiments hydrogen was passed through the cold furnace until all air was
displaced, and the temperature was then quickly raised by the application of two
or three times the amount of current needed to maintain the desired temperature. After
a little practise, it proved to be a matter of no great difficulty to bring the contents of
the furnace to the required temperature within 10 or 12 minutes after first applying
the current, and to maintain it constant thereafter within the limits of £=1°. 'The in-
stant at which the temperature first reached a point within 1° of the desired temperature
has been considered as zero time. Great care was taken that the bulb of the calibrated
thermometer should extend well into the oxide sample.

Oxygen was mixed with the hydrogen, when desired, by electrolyzing saturated
barium hydroxide solution between chromel electrodes and passing the resulting elec-
trolytic gas over phosphorus pentoxide and into the hydrogen line at a point close to the
furnace. Mixtures of hydrogen with water vapor were obtained in the same way, except
that the hydrogen-oxygen mixture was by-passed to the furnace by means of a 3-way
cock, through a tube containing heated palladized asbestos and heated electrically to
avoid condensation of the water formed. ‘The desired concentration of oxygen or water
vapor was obtained by holding the electrolyzing current constant at 360 milliamperes.
The oxygen so added is sufficient to furnish, on complete conversion, 10.1 mg. of water
per 5-minute interval. ‘The volume concentrations are 2.45%, in the case of oxygen and
4.77%, in the case of water vapor.

The samples were supported in the inner furnace tube by a plug of glass wool,
and were always approximately 2.5 cm. in height. Since the diameter of the tube
was 2.1 cm., the apparent volume of oxide employed was 8.7 cc. In the case of nickel
oxide, this volume weighed between 4.6 and 5.0 g., averaging about 4.8; the same volume
of ferric oxide (prepared from nitrate) weighed on the average about 5.4 g.

The reduction furnace used in a number of preliminary experiments was similar to

5 Wright and Rennie, J. Chem. Soc., 37, 757 (1880).

8 Sabatier and Espil, Compt. rend., 158, 668 (1914); 159, 137 (1914).
7 Berger, 1bid., 158, 1798 (1914); 174, 1341 (1922).

8 Pease and Taylor, THis JOURNAL, 43, 2179 (1921).
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the one described by Pease and Taylor.8 It early became apparent, however, that at
the higher temperatures here required, certain modifications were essential in order to
avoid the poisoning action of vapors from rubber connections in the heated zone. ‘This
was accomplished by extending the upper and lower parts of the furnace for some dis-
tance beyond the heating element and by replacing the rubber stopper with a ground-
glass joint. As a result of these changes the few unavoidable rubber connections re-
mained at room temperature, but as a further precaution the rubber tubing was boiled
with sodium hydroxide solution.

Preparation of the Oxides. (¢) NickrLous OxipE.—The nickel oxide was made
by calcination of c. . hydrated nickel nitrate. The latter was dehydrated in an open
dish over a sand-bath at a low temperature and then transferred to the electric furnace,
where the decomposition was effected in a current of air or nitrogen at temperatures
raised progressively from room temperature to the maximum given below. Each
“charge” thus prepared was sufficiently large to furnish a number of “samples” for the
separate experiments.

Charges X and XI were prepared by heating in a current of air for about 100 hours
to a maximum temperature of approximately 400°.

Charge XIII was heated in a current of purified atmospheric nitrogen for 115 hours,
to 360°, and cooled out of contact with air.

Charge XIV was heated in a current of air for 230 hours, to 360°.

The charges were preserved in glass-stoppered bottles. Immediately before reduc-
tion each sample was dried by heating for a short time in a current of air (or nitrogen
in the case of samples from Charge XIII) at a temperature not exceeding that employed
in preparation.

Analyses of two portions of Charge XI by determining the water formed on complete
reduction in hydrogen gave 21.55%, and 21.609%, of oxygen, respectively. Since pure
nickelous oxide contains 21.43%, of oxygen, these analyses point to the presence of a
trace of higher oxide.

(b) Ferric OxipE.—Two charges of ferric oxide were used. One was obtained
by ignition of pure ferric nitrate in a current of air for 135 hours, to a maximum tempera-
ture of 525°. 'The other was prepared by precipitation with ammonia from a hot, dilute
solution of ferric ammonium sulfate, washing by decantation until tests for impurities
were negative and finally drying in a current of air for 45 hours, up to a maximum temper-
ature of 350°.

Results with Nickelous Oxide

The results of a number of representative experiments on the reduction
of nickel oxide with pure hydrogen are collected in Fig. 1, in which the
ordinates signify the rate of reaction, expressed in milligrams of water
formed per 5-minute interval, and the abscissas represent the time in
hours. Neglecting Curve E for the moment, it is seen that the rate of
reaction is small at first, but increases rapidly up to a maximum and
finally falls off gradually to the end. This is the behavior characteristic
of auto-catalysis.

“The curves of Fig. 1 illustrate a number of points of secondary interest.
Thus Curves A and B show that, when exactly similar samples are reduced
at different temperatures, the reaction rate is greater at the higher tem-
perature, and the maximum is reached in a shorter time and at an earlier
stage of the reduction, The samples used in obtaining Curves D and E
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were reduced at still higher temperatures, but the former was prepared
by heating the nitrate to 525° and the latter was a commercial ¢. p. nickel-
ous oxide which had evidently been heated to a high temperature. It
appears, therefore, that the higher the temperature to which the oxide
had been heated, the more difficult it was to reduce. When reduced at
280°, the commercial oxide gave little evidence of any accelerating period.
After complete reduction and subsequent re-oxidation to constant weight
in air at 400°, this oxide yielded a reduction curve at 188° very similar

[0.¢]
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Milligrams of water per 5-mintite interval.

Time-hotrs.

Fig. 1.—Reduction of nickelous oxide by hydrogen. A. Charge X
at 188°. B. Charge X at 206°. C. Charge XIII at 188°. D. Reduc-
tion at 250° of oxide prepared at 525°. E. Reduction at 280° of com-
mercial oxide.

to those obtained for samples prepared from nitrate at 400°, shown in
A and C, Fig. 1.

In a number of experiments, as will be noticed from the curves, small
quantities of water were produced at the start in a manner suggestive of
the presence of higher oxide. This was especially pronounced in the case
of samples from Charge XIV, which had been prepared from the nitrate
by heating for many hours in a current of air at 360°. Here the initial de-
scending branch of the curves represented more than 30 mg. of water.
Since the conditions of the experiments precluded the possibility of ad-



2732 ARTHUR F. BENTON AND PAUL H. EMMETT Vol. 46

sorbed water ‘being present in more than traces at the start, it seems
reasonable to attribute this initial water to the presence of higher oxide.
If so, the oxide of Charge XIV contained 0.689, of oxygen in excess of
the 21.439%, required to form the monoxide and accordingly had the
average composition of NiOj.os2. All the other charges gave evidence
of only traces of higher oxide. In order to discover whether the elimi-
nation of these traces would exert any influence on the course of the re-
duction of the monoxide, Charge XIII was prepared in a current of nitro-
gen instead of air. The results with this charge (Curve C, Fig. 1) showed
that, aside from an increase in the length of the incubation period, there
was no essential difference between the curves obtained for the samples
prepared in nitrogen and in air.

w
(=]

Milligrams of water per 5-minute interval.

Time-hours.

Fig. 2.—Effect of water and oxygen on reduction of nickelous oxide by hy-
drogen at 188°. A. Normal reduction (Charge XIII). B. Effect of 10 mg. of
water per 5-minute interval (Charge XIII). C. Effect of 10 mg. of water per
5-minute interval (Charge XI). D. Effect of oxygen equivalent to 10 mg. of
water per 5-minute interval (Charge XIII).

Effect of Water Vapor.—The auto-catalytic nature of the reduction
suggests that water does not greatly inhibit the reaction after it has
started. To determine its effect in the early stages, reduction was carried
out with hydrogen to which was added in the manner already described
10 mg. of water vapor per 5-minute interval. The results are shown in
Curve B, Fig. 2. On comparison with Curve A for the reduction with
pure hydrogen, it is evident that the water vapor greatly increased the
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length of the incubation period. After about two hours, however, the
reaction began and accelerated only a little less rapidly than in the ab-
sence of the added water. Curve C shows the results of a similar experi-
ment on another sample. (For convenience we have subtracted from the
ordinates the 10 mg. of water introduced along with the hydrogen, before
plotting Curve C.) Here again the principal effect of the added water
was to delay the start of the reduction, though at later stages of the re-
action also a slight but definite retardation was produced. From these
results it is clear that the water formed in the reduction is not the auto-
catalyst.

Effect of Oxygen.—In Fig. 2, Curve D, are shown the results of an ex-
periment in which the hydrogen was mixed with sufficient oxygen (2.45%)
to yield, if completely converted, 10 mg. of water per 5-minute interval.
The curve is very similar to that obtained when water instead of oxygen
was introduced with the hydrogen. It is evident that all the oxygen
was converted to water, although for 80 minutes no reduction occurred.
When the reaction did start, it accelerated more slowly at first, but after-
wards more rapidly, than in the presence of added water. These minor
differences are doubtless to be accounted for on the supposition that the
oxygen is not completely converted to water until it has passed through ,
a considerable portion of the sample. For this reason it is perhaps justi-
fiable to conclude that small quantities of oxygen actually exert an in-
hibitory influence in the early stages of the reduction. The results shown
in Curve B, Fig. 2, point in the same direction, since here, when an equiva-
lent amount of oxygen was substituted for the water in the entering gas,
the yield fell off, although it is improbable that any oxygen passed through
the sample unchanged. It may therefore be supposed that, if the oxygen
were not converted to water, it would exert a powerful inhibitive effect
in the early part of the reduction.

Mechanism of Reduction.—Since the reduction of nickel oxide by
hydrogen is auto-catalytic and is not accelerated by water, the cause of
the increasing rate must be sought either in the nickel produced in the
reaction, or in some progressive change in the oxide itself, such as the
gradual disintegration of its crystals. The latter hypothesis is rendered
very improbable by the results of several experiments in which it was
found that samples which had been completely reduced and then re-
oxidized in air at the same temperature as in the original preparation
from the nitrate gave reduction curves practically identical with those
obtained in the first reduction. With some samples re-oxidations were
carried out at lower temperatures and the alternate reduction and re-
oxidation repeated three or four times, with no diminution in the auto-
catalytic acceleration of the reduction. There can be little doubt, there-
fore, that the nickel formed in the reaction is the auto-catalyst. Never-
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theless, negative results were obtained in attempts which were made to
shorten the incubation period by starting with a layer of reduced nickel
in contact with the oxide. The nickel employed for this purpose had been
reduced at 400° in an effort to diminish its pyrophoric properties and
considerable care was taken to prevent the access of air, but it is conceiv-
able that sufficient oxygen entered to cause superficial oxidation. In
any case it is not to be expected that nickel prepared at this relatively
high temperature and merely in loose contact with the oxide, would be
so active a catalyst as that formed in the progress of the regular reductions.

In view of all the facts, the conclusion appears inevitable that the re-
duction of nickelous oxide by hydrogen takes place, under a wide variety
of experimental conditions, most rapidly at the interface between the two
solid phases. This behavior can hardly be due to a local rise of tem-
perature at the interface because the heat effect of the reaction is very
small.’ Consequently, either the oxygen atoms at the interface are
more reactive than the rest, or the hydrogen is activated by contact
with the nickel. In discussing the reduction of cupric oxide by hydrogen,
a reaction which also exhibits interfacial characteristics,® Langmuir,!®
and later Palmer!! have taken the view that the auto-catalytic accelera-
tion is due to the ability of the metallic copper to adsorb and activate
the hydrogen. This idea could be employed with even greater force in
the case of nickel, which adsorbs relatively large quantities of hydrogen.
On the other hand, an entirely different explanation would be needed for
the acceleration observed in the thermal decomposition of silver oxide.?
For this reason it seems to us preferable for the present to suppose that
in all these cases the oxygen atoms of the oxide are rendered more active
by contact with the free metal. '

A simple interpretation of the differences in shape of the curves ob-
tained is found in the hypothesis that the rate of reduction is proportional
to the interface area and that the interface area present at any time de-
pends not only on the extent to which the reaction has proceeded, but
also on the manner in which it began. If reaction starts at only one or
two points, it is to be expected that considerable reduction will take
place before the maximum rate is reached; but if the process begins at
many centers, each will spread and soon overlap neighboring centers,

9 There is a discrepancy of 6400 cal. between the values given for the heat of forma-
tion of nickelous oxide by Berthelot and by Mixter. The calculated value of the heat
evolved in the reduction reaction is —200 cal. in the former case and 6200 in the
latter. Many of our experiments have indicated that the negative value is more nearly
correct, as it was usually necessary to increase the heating current slightly as reduction
accelerated, in order to hold the temperature constant.

10 T angmuir, Trans. Faraday Soc., 17, 620 (1922).

11 Palmer, Proc. Roy. Soc. (Londoq) 1034, 444 (1923).

12 Lewis, Z. physik. Chem., 52, 310,(1905).
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with the result that the maximum rate should occur at an earlier stage of
the reduction. Thus it is probable that an increased temperature of
reduction causes reaction to start in more points, since the percentage
of the oxide which had been reduced when the maximum rate was reached,
was less at the higher temperatures (compare Fig. 1). Other compari-
sons of this sort are difficult to make because different charges did not
give uniform results, although duplicate runs with samples from the same
charge showed remarkable agreement. Such factors as the location of
the starting point and the character of the contacts between particles
doubtless enter here. It would be interesting to study the effect of vary-
ing the shape of the sample.

Hydrogen-Oxygen Catalysis over Nickel Oxide.—The experiments
already described, in which oxygen was added to the hydrogen, permit -
certain conclusions to be drawn concerning the mechanism of the catalytic
combination of hydrogen and oxygen in presence of nickelous oxide.
Curve D, Fig. 2, shows that the rate of water formation remained approxi-
mately equivalent to the added oxygen for considerably more than an
hour. ‘The shape of the curve itself suggests that reduction did not
commence during this time and the same conclusion is reached by com-
parison with the other curves of Fig. 2. Evidently the initial, horizontal
part of curve D represents complete conversion of the added oxygen,
unaccompanied by any reduction of the oxide. For this reason the
hydrogen-oxygen catalysis over nickelous oxide cannot be attributed
to reduction to metallic nickel and subsequent re-oxidation. 7This point
is illustrated even more strikingly by ‘a similar experiment on Charge
X1V, in which the rate of water formation remained just equivalent to
the added oxygen for the six hours’ duration of the run. The same facts
argue against the view that the catalysis depends on adsorption and con-
sequent activation of the hydrogen, since it is to be expected that the
water, which for a long period protects the oxide from reduction by the
hydrogen, would also prevent the adsorption of hydrogen. Two hopeful
possibilities remain: activation of the oxygen molecules by adsorption,
and oscillating oxidation and reduction between nickelous oxide and a
higher oxide. If this hypothetical oxidation is merely superficial, the
two cases become indistinguishable. Indirect evidence for the view
that it is the oxygen which is activated, is found in the observation of
Bone and Wheeler!? that the rate of this catalytic reaction in presence
of nickel oxide is independent of the pressure of the oxygen. This could
hardly be the case if the reaction occurred mainly as a result of impacts
between gaseous oxygen and adsorbed hydrogen; on the other hand, the

13 Bone and Wheeler, Phil. Trans., 206A, 1 (1906). It should be noted that our

interpretation of the reaction kinetics observed by Bone and Wheeler is the exact op-
posite of the one proposed by them.
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mechanism preferred above leads at once to this relation if the quantity
.of oxygen adsorbed is independent of the pressure.

Results with Ferric Oxide

The results of reduction experiments on two different samples of ferric
oxide are given in Fig. 3. Curve A refers to the precipitated oxide dried
at 350° and Curve B to the oxide prepared from nitrate at 525°. 1In
both cases the observed rate of reduction is greatest at the start and
decreases continuously up to and somewhat beyond a point corresponding
to the composition Fe;O,. The effects produced by adding water or
oxygen to the hydrogen weré
also investigated, as with nickel
oxide, but the only definite in-
fluence in either case was a slight
retardation of the initial rate.

It will be noted that the ox-
ide prepared from nitrate re-
duced much less readily at 300°
than the precipitated oxide at
285°. 'This difference in reac-
tivity largely disappears when
the magnetic oxide stage is
reached, as indicated by the rel-
ative position of the two curves
in the latter part of the reduc-
tion. No special study was
made of the reduction kinetics
of the magnetic oxide, but the
curves of Fig. 3 suggest at least
the possibility that it is auto-
catalytic.

These experiments indicate
that, if the reduction of ferric

Time-hours. to ferro-ferric oxide is catalyzed

Fig. 3.—Reduction of ferric oxide by hydrogen. by the products of reaction. the
A. Reduction of precipitated oxide at 285°. B. ;

Reduction at 300° of oxide prepared from nitrate.
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initial acceleration is so great
that the rate has passed through
its maximum in less than six to ten minutes after the reaction temperature
is reached. This is presumably what would happen in case the reaction
spread-auto-catalytically from a very large number of centers distributed
over the whole surface of the sample. The principal objections to this view
are that no evidence has been obtained in support of it and that nickel ox-
ide samples prepared from nitrate always gave unmistakable maxima.
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There is a further objection in the case of the precipitated oxide, for we
have found that the interfacial characteristics of the reduction of cupric
oxide are marked even with samples prepared by this method. Accord-
ingly, the conclusion appears justified that the reduction of ferric oxide to
the magnetic oxide by hydrogen is a “‘non-interfacial” reaction.

In conclusion, we wish to record our indebtedness to the Carnegie In-
stitution of Washington for financial aid in the prosecution of this investi- -
gation, made in the form of a grant to Professor A. A. Noyes.

Summary

An investigation has been made of the kinetics of reduction by hydrogen
of nickelous and ferric oxides, prepared by various methods.

The nickel oxide reduction is auto-catalytic, proceeding mainly at the
interface between the solid phases. In the reduction of ferric to ferro-
ferric oxide no auto-catalysis was observed, the reaction rate being greatest
at the start and decreasing continuously. The characteristics of these
reactions are in agreement with Langmuir’s theory that heterogeneous
reactions involving a solid substance on each side of the reaction equation
should be “‘interfacial” when the two solids form separate phases of con-
stant composition (nickel oxide) and ‘“‘non-interfacial” when solid solu-
tions occur (ferric oxide).

In the case of nickel oxide the following observations were made: (1)
reduction takes place less readily, the higher the temperature of prepara-
tion of the sample; (2) at higher reduction temperatures the maximum
rate is higher and occurs at an earlier stage of the reduction; (3) water
vapor retards the reaction, especially at the start; (4) oxygen in the hydro-
gen produced effects similar to those of water vapor, being completely
converted to the latter even before any reduction of the oxide could be
detected.

The most satisfactory mechanism for the hydrogen-oxygen catalysis
over nickelous oxide appears to be that of activation of the oxygen by
adsorption or by superficial conversion to a higher oxide of nickel.

PAsSADENA, CALIFORNIA



THE CATALYTIC SYNTHESIS OF WATER VAPOR IN PRESENCE OF
MZPALLIC WICKREL.

By Arthur . Benton* ond Pavl H. Dusett,

When the mmmfim of a metal and the radustion of the resulting oxide
take plage at Senperstures not fay rauoved from $hat at which the metal bew
ging to promote the widon of hydrogen mnd oxygen, 1% is notural to suprone
that the oatalysis procesds by a mechanism of suscessive oxidstion and re-
duction. Poase wnd Taylor” have shown Shat this hypothesis furnishes o
satisfactory explonation for all thelr revults on the hydrogen-oxygen
oatalysis by wetallic copper. With nickel, howevor, the slaln is made that
this wechoniog 1s Incepoble of ascounting for the olscrved fucta, because
nicked induwees the combination of hydrbgen and pxygen ad tenperatures
commiderably below thot at which the reduction of nickel oxide begins, Thers
are, howavoer, seversl reasons for believing that the oxide formed during
catalysies ig mors roadily wveduced than ordinary nickel oxida, In tM firas
place, we have shown’ that the redustion of nickel oxide by hydrogen is an
interfacial mmt&m,‘ that is, o resption whose rate depends uwpon the area
of contact hotween the two solid phases NI and N0, Starting with pure
nickel oxide the initinl rate is zerc, and only after & cortain lopse of
time, which is longer nd lower temporatures, do® messurable reduction ccour.
ﬁamg aﬁiy vhen the rrotess is storted by metallic nickel maldng its appear-

ance san the reduction rate ndtain o considerable walue. In the second place,

-

dyational Sesenrch Fellow in C endstry.
Pease and Taylow, Jour, Amewm. Chem Sot., 44, 1637 {1922).

Thanton and Bunets,Jour. Mwor. Chem. Soc., U6, 2728 (1924).



our resulis in the reduction of rure niskel oxide st low lexperstvres
sugzoad that the mmﬂnu" bogins ot only one or Pwo polints and soreads
more ¢ lens spherioally Crom thene as centers. Under these conditions
the aves ¢f contact batwoen the P sclid phosoers will always be very’
small in conparison with the aves thal would be pressat £ the resction
bagan ab weny polnts Atutributed over the whole surface of ﬁm sagple. If,
howaver, we supyose that the condition of the surface durlng the progress
of the hyirvogsue-oxyion Catniysis is such as fo present » large nmumber of
nickel nucled, the oxide formed in the catslytie prMts would reducs ab

a festor rola than wure nickel nxide af the swoe tewravature. Pinally,
sur reduction exporimends on nickel sxide agaln 13lostrated the welleknown
faut thot oxtdes reduce less readily the highoe thar tomperaturs o which
they buve been yreviously Mm&* Por thin rosson aise the oxide fomed
during cataliysis ab Imv toaperatures would reduse more mmly than ordin.
ary nickel oxids,.

Thess considerafions load o the soncluclon that the mechandenm of
suseannive oxldntlion snd reduction is by no means an Deossibility in the
gase of the cowbinntion of hydrogen snd oxygen in contact with metaiilo
nicked. WNWevertheless there are Sw obsorvations o be considered, which
wight bve thought in confiict »ith this view of the mechanism. In the
.fkmt plaE, our previows work showsd thet the hydrogen-cxypen satalywls
pver wWiokel oxide at Inw tomperatures could not be expleined by the hypo-
thesis of reduction & metallie nickel snd subsequent reoxidotlon. The
somsiderations odvanoed in the previous payadraplt 2how, howswer, thak

this oonwlusdon is not o vesl a%:jm‘;im to the oxidstion-reduction
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smechoniam in the osse of $he cataiysis with metallic nickel., Dnly in cove
the surface of the nickel becoms gumpletoly oxidized covld this view of
the procens be escluded. The othor a@mﬁnt objection is the obaervation
of Bone and m'mmiari‘ that the rate of combination of hydrogon and cxygen
in contact with metallic nickel is nearly proportionsl to the portial
progaurs of the hydrogen and independent of the partial pressure of the
oxygen, 'This wns oxplained on the asmumpbion that the mechonism of the
entolysin consisted dn the adeorption and consequent activation of the
hydrogen by the nickel. m&%qwm work by various anthors” hae shown,
howaver, ﬁxat the adsorption of hydrogen by nickel is independent of the
prossure of $he hydrogen over o wide rzm;;a. Conseguently, if the mt.gr
formation reedly wore due o Inpacte betwoeen oxygen molecules wnd ad-
sorbed h}fm;m, the resetion rate should be proportionsl %o the partisd
pros-ure of the oxygen and inderendent of the hydrogen prossure. ’Hm
relations observed by Bone and Whesler soof to s, thersfors, very strong
evidence sgainst the view that activation of the hydrogen by adsorpiion
45 the dominant faotor in this cntalytic renction,®

The prasent invostigstion 68 the combinmation of hydrogen and oxygen
over metallic nickel was undortalen in the hope that definiio evidanve
might Be obtsined, oither for or against the oxidstion-redustion mechanism,
 In particular wo wished to fimd whether oxide is actusily formed undor the
eonditions of the aatalyeis, ond if so, vhebher hydrogen would weduge this

oxide at the suwe temporature. .
*Bone and Theeler, Thil. Trans,, 2064, 1 (3006).
Payler and Burns, Jour. Awer. Chem. Sows, 43, 1273 (1921); Geuger and
Taylow, ididi, 45, 920 (1923).
Hmiler comiderations may be advaneed &n oprosition fo the conglusicns
of Bong and Wwsaler in the cnse of all the catalysts studied by them in the
{Bontimued on pagd W),



The aproaratus and azgéwimm&a& progedurs ware the same as thoso sige
ployed in the vrevioue work on the reduction of niskel and dron oxides.s
The wethod, vidch is essentially the some ss $hat used by Pease and Paglor®
in thelir study of the hrdrogen-oxygen datalysis by metslliie copper, wos
brisfly as follows. & constant ourrent of mure dry hydrogen was paseed
through the catalyst, vhich was suprorted in the inner tube of & double-
wailed eloctris furnste. Oxygen wos ailed to the hrdrogen in mny desired
proportion by sletrolysing barfun hydwoxide solubion st a suiteble rate,
snd admitting Into the hydrogen line the siectrolytie gas thus produced.

The rate of resotion won detorcined ab frogquent intorvsls by absorbing

and weighing in o osleims chloride tubs the water formed during {uwmally)

% minutes pazasage of the exit gsses from the furnacs. Particwlar care was
ta&m{ to prevent condensstion of the woter Before reacshing the Muim
ehicride tubs. To insure relinble yesulia It was found necessnry %o have
the bulb of the thermometer used in messuring the rescton temperature exiend
well into the tatalyat msss, and also to avodd the use of rubber conmestions
in the heated zone.

The hydragen 'mm'm was maintrined corstant throughout oach exporisent
ot B0 es. p;rr minte {09, 700 mm.),. Since the hydrogen was always _in axmwt;
“M- is oonvenisnt to express $he pxygen congentrations in terms of the nusbey
of miliigroms of wator which would be formed 1f A1) the oxygon nossing
through the catalyst durdng o Sninpte peried ware convertad to wates.

rosanrch sivendy vaferred $o. Bven vhen, os In many casss, the adsorption
faathorms are wimoun, the fact that the reaction rote in independent of the
oxygen preseues is alone sulficient to show that thedr views sust be modified,
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Yor this purpose we will employ the expression, "Oxygen oqudvalont $to X
milidgeams of water (por Senimite interval)™. The corvesponding volume
eontontrations are 2,450 when X equals 10, and M77% when X aquals 20,
The rate of the resotion is ewxpressed as the mumber of milligrens of
water astually obtained per Semimute intorval.. |

The e saople of catulyet was used in all the axperimenta. It wos
abtained by reduction wuh hydrogen ad H0® of o smmple of strongly Lo~
nited nickel oxide. The saople was supported on o plug of glass wool,
ond radustion carried out in eitu. The lovse calalyad mass fhus formoed
 was eylindricsl in shope, 2.1 om, !;.n dinmetoyr and svproxinately 2.5 cue
| high, and welghed sbout 15 grams, |

Exporinentul Results

A posber of preliminary roms sers mede ot different tenporatures with
o conventration of oxygen sgudvalent So 10 wg. of water per Sminute ine
serval. At 1007 and af bipgheor femperatures the oxygen was corserfed
:auaﬁtimt&ﬂl:; into waler, wiih 11t5le or no pomement oxidation of the
surface. A% 15° the convareion w mater was neerly zero, although lorge
guantition of oxlde wors formed. The rtesults obtained sk twe intemmedlste
berporaturen, 659 and 829, are shown in curven 5 and 8, ¥ig. 1.

At 65° the rote of water formstion rose gradusdly from wrastically
iam ot the ataﬁf to sbout 50F conversion ot the ond of ® oimaten, and then
guickiy doorsssed to shout 59 aémamﬁmﬁ Heore the axygen was cub off and
hydeopan alone passad over the catodyrat at the ssme bermerature, with the
result that the webtor yleld at once decvensed to an fnwessurobly snall welue.
Aftor somp time oxygon egqeivalert o 10 pp. of waker per Seminute Intorval

was sgain fntroduned with the hrdvopen. 48 cuyve 5 showe, the rate of wter
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formation rose terporarily nearlsy o 207 comwersion, but soon foll off
to & ompll volue. A% this point the oxygen was agadn cut off, the
tasperatures wee roined to 1089, and hrdrogen alome vsssed over the
catelynt. In & hours 23 mge of walor wore obtained; st the end of this
time raduction was s$1ll toling place, dul st o very slow rate. Since this
83 ng. of water mab Me Baen produced by reduetion of oxide, it is evident
that in this rn nickel oxide was actuslly fowmed during the progress of
fthe catalysin. ',xa; In nafural %o mfar; thert, that the sudden decronse in
the rate of catalvels o ich pocurred &0 mimtes affer the stort of the rum
wes due to complate onidation of the surfuce of the nickel. That the cone
version decrensed only to 5% rathor than to zere, would indicste that nickel
oside itself poases e cumidam?ﬁl& satnlybic sotivity dn the hydvogenw
oxygen resstion, o fact whioh we had provisusly oboerved.? hen the DEYZN
was oub off with the surfeace in the completely oxidized condition, hardly a
trace of reduotion atonered, doubbless becsuse the surface 4id not contaln
the nickel mwlel vhich ave necessary for the progress of this auto-oadalviis
rodvstion. Thet & vory oiight reduction 444 Pinally ctcur, howawver, 1s shown
by the fant that on m’bacmnﬂy'mm&mmg the oxygen-hydrogen misturs, .
wator was produded for o slork time of & rote 3 or U Blmew av greot as that
obtathed with the somrietely ﬂxi&&zm‘i surface. '

The run at(ge“ {ounrvs 6, Fig. 1) followd the ono ab 659, Just des~
sribed, aftor the cxlde formed in the lstbor had been reduced nt I0B® for a
long time, bub not to oomplotion. A% 827 the conversion liersssed rapldly
almpst to 100% ond then slowly decliined to & roughly constant value of
spprovimately 0% Mtxmmzs ot this fomperature the suwringe &id wt beccne
sompletely oxidized, although the run was contizuad for vesrly 2% hours.



The raduction curve obiained after shubting of f the oxypen indicates, however,
that some oxide was prosent on the surface and that 1% was reduced st this
temperature, at lenst Partiadly.

After those preliminsry esporicents the gatolyst waa ol ternedely oxidized
and reduced several $lpes, the leat reduction being ab 200%.  As wonld be
axpocted, the oatalybic aetivity of the nickel s cormiderably inoressed by
this freatment; at 65%, 100% sonversion of the oxygen {aquivaient to 10 ug
of wnter per Saninute intorval) was now ohfained. To ovoid the wse of incon-
veniently low tmmmﬁuﬂﬁ, we then decraaned the mﬁ-z’wiﬁy of the catalynt
aslightly by heating 1t in o current of hydrogon for 5 hours at 3H0%  After

this trestment 1t still showed s high order of sctivity, piving complete

gonversion of 10 mg.™ of oxygen 2% 59, The experiments with this catulyet
are deseribed below in She @r&mr‘ in which they were . ALl were made with
an oxygen concentration equivalent to 20 mg. of waler per Seninute intorval,

The first exroriment {run 10} wes begun at 55% (Mo curve is given for
this rum, o8 1is essential features are similar o those shown in curve 1k,
Figs 3.) The rate of water foruation incrensed rapidly st first and then
more graduslly to about THE sonversion ab the and of 90 minutes. A% this
poing the rate decresned wory suddenly, finally resching w roughly consbtant
value corgesponding o aboud 3% comwersion. On ralsing the tenporature to
100% the rate more then dbubled, but the surfase sprarently ronsined come
plately oxidized. On cubting off the oxypen the water yield st first
decraensed os the ﬁfli_lﬂli« amount of asdsorbed wator was removed, bt soon the
redustion of the nickel oxide hegon, and procesded in the characturistic

subo-ontolytic vonners While reduction was still Salidng place, the oxygen



was sgoin turned on, «ith the result $hat the water ylsld tewporarily rose
to at least 25.5 mg. (per Seminute interval) and possibly higher. Of this
yig?ia vok lesn tham 5.5 mze st have come from mcﬁmﬁm of oxlde, in
méiiu of the fact that tho finsl reduction rate before furning on the
pxygen was only .73 mg.

The next ran (curve 11, Fg. 2) wss staried at the same temperature
{85°) as that used in the Pirst vart of the previous yun. As the curve
ﬁ};;xm, the nickel wos ﬁm% more active .mam bofors, the mindmun conver-
?ipn m& being 8790  After sbout four and a hel? hours the temversture was
’;hzmrad to TH®, with the result that the rate of tatalyals somevhat de-
ereased for s tiwe, and then dropped off aharply to & very low volue. Hore
the oxygen was oub off, snd hydrogen alone nasved over the catalyst at 759
After 3 or b mg. of water had been obtuined by x'miwt&ﬁ# the oxygen was
sgein Surned on. The conversion repidiy ross o vore than X% but quickly
decrassed Lo & small value slmoat mm;ﬁmﬁﬂm $ndicating that the oxida-
tion of the surfoce had sgain becoms compleis. The oxygen was then cut
off onse mors and the temperature raised to 1540  After 2 m’nm‘ the redus~
tion was prnctically complete; 67 me. of wator wore obbnined during this
tiwea.

e next experiment, st 75°, {ourve 12, Mg, 2) wae practioally &
repetition of the previcus one, exvept thot the oxypen was oub of' f before
the surface was complately oxidised, m& the subsegnent reduction wis
garried consideradly furtter than before. In the latter part of the rm,
with more ’ﬁmn hc‘if‘( the surfage probably still covored with oxide, the rule
of cotnlysis wos much grestor than in the first verd, and a further guontity

of the oxide already present was reduced in sddition.
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Another experiment was then made at 75% (curve 13, Wig. 3). The cataiytic
conversion in this run was always close o 1007, and accordingly thore was
no oppuriunity for any considerable permmonent oxidation of the surface to
ocours, This conclusion ia verdfied by the shape of the curvs obtained after
sutting of f the oxygen.

 The final run (curve b, g, 3) was begum ut 67° After shout 3 hours
the surface had ovidently becums gompletely oxidized. Incrassing the Semrers-
ture $o 100" inorsased the convarsion M or 5§ timua. After cutting off the
oxyigen the surfnce was partly reduced and the oxygoen sgain sdnitied. Not only
wers the 20 mge of wator squivalent o the aldled oxygen completely retovered,
but the rate of reduction of the oxide previcusly nresent increased from M5 mg.
of water per Seminute intorvsd to at least 5.8 mg. On turning off the oxygen
ofter mont of $he oxide had Mm reduged, the roate of reduction wppesrs 6 |
hove decraassed considerably, indicating that under these conditions slse ree
dustion is more ropid in the mresence of oxygen. A% the end of thia m' the
tanverature wis roismed to 150° to complete the reduction of the oxide; aprrom-
imagely U0 mg. of wabnr wers thus obinined.

In these exparfments it will be noted thos when the oxygen is introduced
the wator yield starts ob serc and Incroesses vary wapidly during the firat fow
minuteg. This Bohawior is doubbless due in purt W the fackt that the oxygen-
hydrogen mixzture dows 1ot Domedlately displzce all the hydrogen previously
prosent in the #urmwﬁ', Thie principie resson, however, is ;:mﬁa‘bly' ths re~
tention by the eatoalyst of much of the waber formed at the wiert. Doth of
these factors slse onber in the descending branches of the curves, aftcr the
vsygen is cut off. Mrin;; the main part of the catalysis the rate of water

?X.t should be menticned that afteor the preliminary exporivents the spparatus
was modifled in sneh o way se to reduce this footer to a minimum,
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formution inoreasss with time in sowe of the curves, snd decresses in others.
These 4ifferences are uwnloubtedly due in the main to the fast thal varying
puantition of oxide were present on tho surfage at the start of different
rns.  Then oxide was kmovn to ba slmost sntirely sbsent ot the start, s

fn mms 5 pnd 12, the curves rose contimuously uwntil the surfece was nearly
completely oxidized. In the other runs it i fmposeible to estimate
acsurately the smownd of oxide Initially present, beomuse, on atanding over
night in an atwosphere of hydrogen, the datalyst apparently became oxidized
to & slight extent by air 4iffusing into the Hunese through the rubber
somestions. For this roason no exnch oaleulations cen be made of the smount
of oxygen which ponsed unchanged through the catalved In the 4ifferent runs.
Nevertheless, it neens irproboble that any large quontity escaped in this
way, even a% the lowsst Jemperature, until the oxidation of the surfmde wus
nesrly cmapzet&;

In nome of the exporiments the mnomnt of oxygen necessary to "polsen ©
the surface corpletely can be sstimated from the subseguant redustions. In
run 5 it is thus found that oxide eguivalent $o about £3 ng. of water was
sufficient %o produce complets polsoning: in max 33, 167 1. wera requived;
in ran 18, 190200 ng, These resuiis show that ae the cotalywt became more
active in sutcensive runw, vore oxygen s needed to form a complete loyer
of oxide. Althoush it is proboble $hat the increnss in sctivity iz socom-
ponied by on inerease in surfece aven, 1% is not thought that these large

guantitios of oxlde renvesent o monopnlodulag loyvel.
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As mantioned above, the shops of the desconding branches of the
guryes obtained aftsr cutting of f the ozypen fmﬂrxg a run is offected
by the desorption of water from the satalyst and by the wnaveidable
delay in sweeping the oxygen out of the Durnace, When ao nuch oxide
hos been formed that the raduction rate increasos sutocatalyticnlly, these
fastors are susily distinguishable from the actusl reduction. On the
othor hand, whon only o sumall smount of oxide is present, the course of
the subssguent reduction Is masked %o »a lopge extent. To overcoms this
uncertuinky in cases of the latter kind, the expedient was Yried of firet
substitusing nitrogan for the oxygenehydrogen mixture, in order to drive
out the adsorbed waluer before beginning the reduction. These exporiments
proved to be of little walue, howewery bocouse of adsorption of the
water formed in the raduction itself.
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Conclusions

Thete oxporimonte 58 svhole leove no SGubt that when fhe cakalysd is
functlondng ot less than 1007 efficiensy, oxide s actwdly forved during
the process. A% low Saperatures the surfsos aventuslly becowes #cmpt:ataly
oxidized nnd the rate of oulolysis drops off sharply to o amell velue. The
reduction of such a completely oxidized surfase is vory alow =8 firsd, Iut
ascelerates ae the ares of sontest betwesn the oxide sod e nicked grows.
The highest rate of radvebion shnerved ab 79% {oupve 12, g, 2) e 1035 og.
of water pey Seninuie 'némﬂmm ok 100% the el prate was SO ng in
ran 10, and 4.5 mge in run 38 (In okiek the catalyst was connldernbly move
setive then In ran 10). Fven with the relatively inactive m;m?._;vst off i B
sons raduotion cosured st 55%, sud the yabe would duuliless have considerably
lnorassed had the run boen continued. These results show that even o}
the lowsst taporobures vwied in the ostolysis, roduction takes place st an
wppreciable rule a8 Long as $he surfats $9 not coupletaly covered with uxide,
But they also show that wnlens the rate of reduotion in the oatalybic vrocess
Lo much greator than the mbon hers chaorveld, succasaive oxidation and re-
dustion son 1wt be a signdficont pert of the ootalybic mechaniem,

There are twe ressons for belisving that the rate of reduction in the
sadalytic procens 1 actuslly grester thon tho pates ohadyved in thens
sxperiments with hydrogen slone. In the flrst place, adiition of oxygen fo

the hydrogen produces & provounced iogrease in the redustion mtﬁg.

aﬁ.ﬁma the ftemperature wee ordineeily sonabent within ¥ 0.5° snd the ther-
mometer buldb was fmbadded in the vabalyst, there sesms to be no posaidility
thut thess incranses arg dus o a genersl rise of femperalore throvghout the
eatolyst. A pure_ly locsl tomparaturs rise resulting from the vombination
of hydrogen and oxygen 1, however, not luprobable.
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In run 10 the rate incressed from 3.3 mg. por Heninute interval 0 ot leasd
5.5 mge, ond in roan 14 from S mg. S0 6.8 mg. Striking as these incresses
are, thay are nevsrtheless for fron sufficient to poke the rate of reduction
comparable with thet of the cabulyels.

The other and more important factor tending to incrense the reduction
rake in the oatalysis is the increased arena of contnot between the nickel
oxide and the nickel. As sirsody mentioned, the reduction of a completely
oxidized surface by hydrogen at these low tamperatures probably hegins st only
» fow points.  Spreading from these the reaction assolerates, bub ab any
instont only » reiatively snall number of oxygen atoms lls ot the interfece,
If, on the other hand, the surface is only vartislly oxidised, leaving free
nickel atoms distridbuted throughoud, sach of thene oon sermve a8 o rmeleus for
roduction of adjacent oxide. Under these conditions the yate of reduction
would b8 conperatively very great. This raisaes the guestion whethor the
oxintion of the nickel setunlly coouwrs in such s way as $o producte a
relatively large area of contact betwesn the two solid phases, Rvidently the
fhrat oxygen molsculaes which strike the nmatal suwrfoce and form oxide must be
in a very active atate, since they are surrounded on all sides by free nickel
atoms, Nevortheless, 40 the oxldation of o corpl etely wdu::ﬁd surface, like
the reduction of » dompletely oxidized one, spread suto-catalyticelly from
enly one or two senters, thare would be nt rosson to believe that the area of
the Interface wonld be greater in the setelytic process than in the reduction
of the completely nxidized surfuse with hydrogen alone. Since all available

dats shows”, howaver, that oxidation begins practically simultaneously over

gnthongh thoere are strong theorstical ressons for believing that the oxidation

of & metal nust taks place wore readily at the interfuce between the solid phuse

if the reduction (or dissccistion) of the oxide is interfacisl, the exporinents

of Tanmonn and Koster (Z. snorg. Chew,, 123, 196 {1922)) and others show $hat
{(Contimed on vuge 14.)



the whole surfase, the conclusion follows that the interfage ares, snd
consequantly the rate of reduction, must be very nuch grester in the
catalysis than is indicnted by the results of owr reduction exporimerts.
An B or 10-7034 incresse iz a1l that is necessary to meke the weduction.
m%a somparable with the obuerved #Mw of sza&a&ﬁm&m

Tt is evident, thorefors, that some and possibly all of the satalytic
water formation is due to successive oxidation and vedugtion of the
catalyat., It in ?ay no means irconcoeivsble, howevsr, that some of the
waber wight be formed a8 & rewuld of lmpocts bebtween gnsecus oxygen and
adsorbed hydrogen, since af these temperatures donsiderable guntities of
hydrogen are adsorbed and reesumsbly astivated by wetalliic ﬂiﬁkﬂa&ﬁi If the
latter machoniem were the predominating one, the ohscaved rate of cutulysils
should decresse progresaively during o ron, becsuse the awount of metallis
nickel avellable for hydrogen adeorption must decresase as the soount of
oxide increases. Our results show, however, that when oxide was known to be
sbsent st the stort {rune 5 and 12), ii-ha rate of catalyeis inoressed ss the
guantity of oxide incressed, and finally dropped off spddanly ohen the surfece
exidation had hacémw complete. From these facts and from the rosotion kinetics
rerorted by Bone snd Wheeler (discussed in the introduction of this paper), it
seoms Justifisble to conclude that impscts between gasevus opxygen and sdsorbed

‘hydrogen do nob play an fmportant pert In the catolytic PrOCHns.

oA S

the initlal forpation of oxide muclel ocours ot such a large nmuber of
conters that aute-cabalvsis is nof erdinarily cbrerved in these cuses.
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Supznaxy,

A study has been made by a flow method of the sombination of hydrogen and
oxyzen in contect with redused nicksl, using oxygen concenkrations up to 5%

1. & ;m tomparatures at which sny wator formation could be detected it
was found that superficdsd oxidation of the nickel vamiily took plase. Ak the
lower tanperatures this oxidation eventuslly mara& the whole surface, with
the resnit that the rate of catalysis suddenly decrensed to - small value.

2. Vhen hydrogen was pem%& over o cabaiyst superficially oxidized in
this way, the rate of reduction necelersted auto-catelybicslly, in conformity
with the provious ohaorvation that the reduction of srdinary nickel oxide is
an interfscizl resction, that is, a vreaction whone rate depends on the area of
contact hetwsen the two solid phases. Howevar, the maximan rates of redustion
a0 obtained were always very swmell 4n comparison «ith the rates of the
hrdrogen-oxygen sakeiysis ot the same temperature.

3 It was found that vnder cortain conditions the rate of reduction
was considerably incrensed by the presence of oxygen in the hydrogen,

4  Argwente are presented to show that the ares of contnot between the
nicke) oxide snd the nickel, and $teorefors alno the rate nf' reduction, nra
very rmch greator in {he ostalyvtis process thoan in the reduction of a completely
exidized surface by hydrogen sione.

5« The conciusion is reached that the dntelytic water formabion don he
largely and verhaps entiyely scoounted for on the thoory of successive oxidation
and reduction of the cubalyst. '

In conclusion we wish %o record pur indebtaodness o the Curnegle Institu-
tion of Washington for fimeneisl sid in this investigation {rom a grant nede
to Prof. A. A. Noyes.

Pasadens, Culifornia.
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SUB~TITLES T0 ACCOMPANY ¥IGURES

Fig. 3. = Oxyzen concentration sguivalent %o 10 mg. of water per
S-mimute interval. Curve 5: run 4§ at 65°; curve 6: rum 6
&’g &un

Fig, 2. - Ozygen concentration equivalent to 20 mg. of wator per
Sempivate interval. Curve 11: 85° ot stars, -iater lowored
to 75%; curve 123 75%

Fige 3. - Oxygen concentration sguivalent to 20 mg. of water per
B-minute interval. Curve 13: 75% ocurve 14: 67° at start,

later increased to 100°.
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