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0.0008 M H,SO, is sufficient to prevent formation
of the basic salt at room temperature. Hence a
mercurous sulfate electrode in 0.05 M HySO,
should attain the theoretical potential against a
silver sulfate electrode. This was observed in the
present work. To check on the behavior of mer-
curous sulfate solutions at higher temperatures an
aliquot of saturated mercurous sulfate solution in
0.05 M H,SO, was sealed in a small Pyrex tube and
heated to 250°. Small yellow crystals of what
appeared to be HgO formed on the side of the tube.
They were probably formed by the reaction

Hg,SO, + H,0 —> Hg + HgO + H,SO,

In the case of Ag,SO, no basic hydrolytic product
has been reported. To check on this, a quantity
of Ag,SO, and water was sealed in a silica tube and
heated to 250°. Visual observation revealed no
change in the appearance of the Ag,SO, crystals up
to 250°, and the crystals contained the 2:1 ratio
between Ag*t and SO~ after cooling. Hence, it
does not hydrolyze appreciably under the condi-
tions of the experiment.

If the mercurous sulfate disproportionates and
hydrolyzes at higher temperatures the cell reaction
becomes, in the limit

AF for this reaction is about 412,560 cal., which
gives a valuefor Eof —272mv. ASfor the reaction
is —41.0 e.u., hence dE/dT = —0.89 mv./degree.
Examination of the equation indicates that higher
sulfuric acid concentrations will tend to repress
this reaction and hence favor the simple reaction
2Hg + Hg,SO; — 2Ag + Hg,SO,; This is what
was observed experimentally. In 0.5 M H,SO,
the experimental plot coincided with the calculated
plot over the temperature range studied, while in
the lower acid concentrations the potential of the
Ag:SO, electrode was more negative than predicted.

It was not possible to extend the runs in 0.5 and
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Fig. 1.—The potentials obtained with the silver-silver
sulfate and the mercury—mercurous sulfate electrodes as a
function of temperature: 1, electrodes in 0.5 M H,SOy;
2, electrodes in 0.2 M H,SO,; 3, electrodes in 0.05 M H,SOy;
4, theoretical plot for the electrodes with no hydrolysis.

0.2 M H,SO, to higher temperatures because the
H,SO, attacked the silver above 150 and 200°,
respectively, and destroyed the electrodes. The
run in 0.05 M H,SO, was not extended above 250°
because the Teflon used as a plug and as an insulat-
ing coating on the wires is known to soften just
above 250°.

It is proposed that at 25 and up to about 100°
the potential of the electrode pair corresponds to the
reaction 2Hg + Ag,SO, — 2Ag + Hg,SO,. Above
100° this is also the cell reaction in sufficiently high
H,S0, concentrations. Inlower acid concentrations
it is proposed that the potential corresponds to a
combination of this reaction and the reaction

Hg + Ag.SO, + H,0 —> 2Ag + HgO + H,SO,

It is probable that as the temperature is raised
this reaction is approached as a limit after perhaps
several stages of basic salt formation.

OAK RIDGE, TENN.
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Catalytic Activity and Electrical Conductivity of Chromic Oxide Catalysts
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A study has been made of the electrical conductivity and catalytic activity of chromia and chromia-alumina catalysts.
The catalysts were pretreated with hydrogen or oxygen at high temperature and evacuated at various temperatures before

measurement.
the reduced state.
the reduced state.

activity; the oxidation-reduction state of the catalyst was not changed by the reaction.

In agreement with literature reports, the conductivity was found to be much higher in the oxidized than in
The activation energy for conduction was about 10 kecal. /mole in the oxidized state and 40 keal./mole in
Hydrogen—deuterium exchange at low temperatures ( —78 or —195°) was used as a measure of catalytic

Contrary to what might be ex-

pected, the catalytic activity was greater in the reduced than in the oxidized state, although the concentration of ‘‘defects”

leading to conductivity is greater in the latter condition.

Introduction

This report is the first of several to appear on work
being done in these laboratories on the electrical,
chemical and catalytic properties of certain transi-
tion metal oxides. One of the objectives has been to
extend the range of experimental knowledge of semi-
conducting oxides in order that current theories
relating catalysis and electronic structure may be

adequately tested.!—* This paper is concerned pri-
marily with the electrical and catalytic properties of
chromia and chromia—alumina catalysts; a study of

(1) D. A. Dowden, J. Chem, Soc., 242 (1950).

(2) C. Wagner, J. Chem. Phys., 18, 69 (1850).

(3) W. E. Garner, T. J. Gray and F. S. Stone, Proc. Roy. Soc. (Lon-
don), A197, 294 (1949); AR11, 472 (1952); Discussions Faraday Soc.,
8, 246 (1950).
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the surface chemistry of chromia will be presented
subsequently.

Two alternatives are open to the investigator
desiring to study the relation between the electrical
and the catalytic properties of the transition metal
oxides. Either he may prepare separate samples of
different chemical composition, varying in conduc-
tivity because of incorporation of small amounts of
oxides of metals of different valencies*®; or he may
study a single sample, pretreated in different ways
to vary its state of conduction.® The first course of
action is subject to several difficulties: it is fre-
quently difficult to reproduce catalytic activity with
separate samples; values of electrical resistance,
which depend on compactness of interparticle pack-
ing, may also be difficultly reproducible with separate
samples; and the use of high temperatures to achieve
chemical homogeneity of mixed oxides may result in
materials of such low surface area that their catalytic
activity is difficult to measure. For these reasons
the second alternative, involving varying pretreat-
ment of a single sample, was chosen for the work re-
ported here.

Experimental

Materials.—Chromic oxide was prepared by the slow
addition of dilute ammonium hydroxide to chromic nitrate
solution with vigorous stirring.” The solution was allowed
to stand for several days, filtered, washed with warm water
until negative nitrate and carbonate tests were obtained on
the washings, and then air dried at 110° for eight hours.
Chemical analysis showed this material to be 67.89, chromic
oxide; X-ray diffraction studies indicated that it was com-
pletely amorphous, and its surface area was 124 m.?/g.
(BET method).

The chromia—alumina catalyst studied contains 209,
chromia supported on y-alumina; its surface area is 50
m.?/g. This is standard Houdry Type R catalyst, used
commercially for butadiene production.

Dried tank hydrogen was purified by passage over palla-
dium on alumina at 250 to 300° followed by a silica gel trap
at —1953°. Oxygen was dried by passage through calcium
sulfate.

Two tanks of deuterium from the Stuart Oxygen Company
were used; the analyses by mass spectrograph were 99.5%,
deuterium, 0.5% hydrogen deuteride and 98.2% deuterium,
and 1.8%, hydrogen deuteride.

Helium, which was employed for calibration of catalyst
volumes and cooling of catalysts, was purified by passage
through a charcoal trap at —195°.

Apparatus and Procedure.—Electrical conductivity was
measured by placing the powdered catalyst between two
electrodes and applying a direct current potential not ex-
ceeding 3 volts. Measurements were made with a Wheat-
stone bridge or Hickok vacuum-tube voltmeter. Voltage
was applied to the sample only during the measurement of
conductivity in order to minimize polarization effects.

Preliminary measurements of the dependence of conduc-
tivity on temperature and gas composition were made in a
flowing system at atmospheric pressure. In these experi-
ments the catalyst was placed between perforated platinum
electrodes; the upper one was weighted with a perforated
stainless steel cylinder. Catalytic activities and conductivi-
ties were also determined simultaneously with the use of a
high vacuum system; in this case the catalyst was placed
between two concentric gold-plated brass cylinders. An
all-glass, electromagnetic circulating pump was employed
to cycle gas through the powdered catalyst. Provision was
also made for taking small samples of the circulating gas
during the course of an experiment for analysis by mass
spectrometer.

(4) E, J. W. Verwey, P. W, Haayman, F. C. Romeyn and G. W. Van
Gosterhout, Phillips Research Reports, B, 173 (1950).

(5) W. A. Weyl and T. Férland, Ind. Eng. Chem., 48, 257 (1950).

(6) D, J. M. Bevan, J. P. Shelton and J. S. Anderson, J. Ckem. Soc.,
1729 (1948).

{7) W. A, Lazier and J. V. Vaughen, THIs JourNaL, 54, 3080 (1932).
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In a typical experiment 7 g. of catalyst was heated to the
temperature of pretreatment (350 or 500°) under vacuum.
Oxygen (or hydrogen) was admitted and circulated over the
catalyst for three hours; the catalyst was then evacuated
for one hour and retreated with oxygen (or hydrogen) for
three hours. The catalyst was finally pumped, at pretreat-
ment temperature, for 16 hours and cooled under helium
to —78 or —195°, at which temperature the hydrogen—
deuterium exchange was studied at 400 mm., after removal
of the helium. The reactor section had a calibrated vol-
ume of approximately 200 cc. (STP) with the catalyst at
—78°, The first gas sample was taken for analysis after
ten minutes reaction time. At the conclusion of the ex-
change experiment the catalyst was evacuated at low tem-
perature and was heated to pretreatment temperature under
vacuum. The exchange studies were carried out witha 1:1
hydrogen-deuterium mixture.

Results

Dependence of Conductivity on Temperature and
Gaseous Atmosphere.—The electrical resistance of
chromic oxide was measured as a function of gas
atmosphere and of temperature. For each atmos-
phere, excellent straight line plots were obtained
for log R versus 1/7. The calculated activation
energies for conduction are shown in Table I.

TABLE I
AcTivaTioN ENERGIES FOR CONDUCTION
Gas O, Air N, H,
E, keal./mole 9.8 9.8 10.8 39.9

The results confirm those of Bevan, Shelton and
Anderson® for a sintered chromia sample, the resist-
ances increasing in the order: oxygen =< air < nitro-
gen << hydrogen. Water caused only a slight in-
crease in resistance in oxygen, air, or nitrogen, and it
exerted no measurable effect in a hydrogen atmos-
phere. Exposure to ultraviolet radiation or X-rays
had no effect on the conductivity of chromic oxide.
No fluorescence was noted in either case.

Catalytic Activity as a Function of Pretreatment.
—It was originally intended to employ a hydro-
carbon reaction such as cyclohexane dehydrogena-
tion to study the activity—conductivity relation-
ship. Unfortunately, it became clear that at the
temperatures necessary for appreciable reaction
(450 to 500°), the reacting gases rapidly exerted a
“leveling effect” on the catalyst; as soon as the reac-
tion started, the catalyst was brought to the same
state of reduction and conductivity regardless of its
pretreatment. It became necessary, therefore, to
find some reaction, catalyzed by chromia, which pro-
ceeded at temperatures so low that the state achieved
by pretreatment would not be changed by the reac-
tion. The hydrogen—deuterium exchange, Hy +
D, = 2HD, was found to be such a reaction, and it
was used in all further work. The exchange reaction
has the additional virtues of being relatively simple
and of providing information on the mechanism
whereby molecular hydrogen is activated.

Attempts to carry out pretreatment at 350° fol-
lowed by hydrogen—deuterium exchange at —78° re-
sulted in reproducible conductivity values, but
poorly reproducible catalytic activities. It was
assumed that this behavior resulted from difficulty in
removing adsorbed water by evacuation at 350°.

As a result of the poor reproducibility obtained
with catalysts pretreated at 350° activity was inves-
tigated as a function of pretreatment at 500°. Prior
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to these experiments, the chromic oxide catalyst was
sibjected to several cycles of oxygen and hydrogen
treatment at 500° in order to put it in a “steady
state” condition with respect to composition and
surface area. Salley, Fehrer and Taylor had indi-
cated that chromic oxide gels could, by careful treat-
ment, remain stable and active up to 600°% A
similar result was obtained in these experiments; the
chromic oxide catalyst cycled at 500° was still
active, and different preparations had surface areas
of 15 to 35 m.%/g. after cycling. The color of the
catalyst was dark green-black in the oxidized condi-
tion and bright green in the reduced condition, the
color changes being reversible at 500°; as pointed out
by Salley, Fehrer and Taylor, the green color is not a
definitive indication of the occurrence of an irrever-
sible “glow phenomenon.” X-Ray diffraction pat-
terns of the cycled catalyst showed the presence of
very small crystallites of a-chromia.

Table II contains the results of a series of hydro-
gen—deuterium exchange reactions carried out with a
single sample of cycled, unsupported chromic oxide
which had been pretreated with hydrogen or oxygen
at 500°. The activity for hydrogen—deuterium ex-
change at —78° was determined in triplicate experi-
ments for both the oxidized and the reduced catalyst,
pretreatment and evacuation being at 500°; reason-
able reproducibility was obtained. With the oxi-
dized catalyst, evacuated at 500°, equilibrium for
hydrogen—deuterium exchange at —78° was attained
within four to seven hours (experiments 5, 6, 7),
while the reduced catalyst, also evacuated at 500°,
required less than ten minutes to reach equilibrium,
The exchange proceeded too rapidly on the reduced
catalyst to permit study of the kinetics; however, for
the oxidized catalyst, the first-order rate constant
was in the range 0.5 to 1.0 hour—! at —78°.

TaBLE 11

H,-D; ExXcHANGE AcCTIVITY AT —78 AND —195° AS a
FuncTioN oF PRETREATMENT; UNSUPPORTED CHROMIA
Pretreatment

Treated Temp. of
at He—De2
Exp. 500° Temp. of exchange,
no. with  evac., °C. °C. Activity
1,2,3 H 500 — 78 Equil. (469 HD) with-
in 10 min.

4 H, 500 —195 149% HD in 27 hr.

56,7 0, 500 — 78 Equil. within 4 to 7 hr.

8 0O, 500 —195 Inactive

9 02 — 78 — 78 Inactive
10 H, -78 — 78 Equil. within 20 min.
11 H, - 78  —195 Inactive
12 H, —195° —195 Inactive
13 H, 500 —195 6% HD in 29.0 hr.

@ Cooled from 500 to —78° in O,. & Cooled from 500 to
—78°in H,. ¢ Cooled from 500 to —195° in H,.

The electrical resistance of the catalyst sample
during the oxygen pretreatments at 500° was about
3000 ohms, and it approximately doubled on evacua-
tion at 500°. When, at the conclusion of each ex-
change experiment, the temperature of the evacuated
sample was again raised to 500°, essentially the same
resistance was observed as during the initial evacua-

(8) D.]J.Salley, H. Fehrer and H. S. Taylor, THIS JoOURNAL, 68, 1131
(1941).

tion. The behavior of the prereduced catalyst was
similar (the resistance of the reduced catalyst was 0.5
megohm in hydrogen at 500° and 0.4 megohm after
the 16-hour evacuation). To the extent that the
oxidation-reduction state is characterized by the
resistance, therefore, the low temperature exchange
reaction did not affect the preconditioned state of the
catalyst. Consistent with this conclusion is the
fact that in these experiments the atom per cent.
deuterium in the gas phase remained constant, within
experimental error, during hydrogen—deuterium ex-
change at —78° over both oxidized and reduced
catalyst. A decrease of 19, in the atom per cent.
deuterium in the gas would correspond to an ex-
change of ‘“‘catalyst hydrogen” equivalent to about
29 of a monolayer. This failure of ‘“catalyst hy-
drogen” to participate in the exchange reaction at
—78° is very reminiscent of the observation of
Kummer and Emmett® that hydrogen adsorbed at
higher temperatures on singly promoted iron cat-
alysts did not exchange with deuterium at —195°,
although exchange occurred rapidly between gaseous
hydrogen and deuterium.

The equilibrium constant, K = (HD)?2/(H,)(D.),
at —78° for the exchange reaction was found to be
2.88 = 0.01 (based on 44 determinations). This
value agrees well with an average value of 2.92 ob-
tained by Gould, Bleakney and Taylor!® with chro-
mia and nickel catalysts.

As experiment 8 demonstrates, chromic oxide
oxygen-treated and evacuated at 500° is not active
for hydrogen—deuterium exchange at —195°. In
experiment 9 the catalyst was cooled in oxygen to
—78° after high temperature treatment, and it was
then evacuated for one hour at —78°; presumably
some of the adsorbed oxygen which would be de-
sorbed by evacuation at 500° is not removed at
—78°. This catalyst was completely inactive even
at —78°.

Low temperature evacuation of the 500° hydrogen-
treated catalyst left the chromia still able to catalyze
the hydrogen—deuterium exchange at —78° (experi-
ment 10), but the ten minute gas sample did not
quite correspond to equilibrium; this may represent
a difference from the catalyst evacuated at 500°.
The catalyst was inactive at —195° after it was
cooled in hydrogen from 500° to either —78 or —195°
and pumped at those temperatures (experiments 11
and 12). An attempt to measure exchange at —78°
on the reduced catalyst, cooled in hydrogen and
pumped only at —195°, was dropped when it was
found that adsorbed hydrogen was desorbed from the
catalyst on warming from —195 to —78°. Experi-
ment 13 was a repeat of 4; the results indicate that
the sample had not suffered much loss of activity
during the series of experiments.

The chromia—alumina catalyst studied was pre-
treated with oxygen and hydrogen at 500° in a man-
ner similar to that employed for unsupported
chromia, and the catalytic activity was then deter-
mined at —78 and —195°. The results are sum-
marized in Table III. Both oxidized and reduced
catalysts were very active at —78°. At —195°,

(9) J. T. Kummer and P. H, Emmett, J. Phys. Chem., 56, 258
(1952).

(10) A. J. Gould, W. Bleakney and H. S. Taylor, J. Chem. Phys., 8,
362 (1934).
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however, the oxidized chrownic oxide was completely
inactive, while the reduced chromic oxide showed a
small, but appreciable activity. These results are
qualitatively similar to those obtained for unsup-
ported chromic oxide, the reduced material being
more active than the oxidized.

TaBLE III

Hy-Dy EXCHANGE ACTIVITY AT —78 AND —195° A5 A Fuxc-
TION OF PRETREATMENT; CHROMIA-ALUMINA

Treated Temp.

ate of Hz—D:

Exp. 500° exchange,

no. with °C. Activity
14,15 O — 78 Equil. (46% HD) within 0.5 hr.
16,17 H, — 78 Equil. within 10 min.
18 H, =195 2.49 increase in HD in 25 hr.
19,20 O. —195  Inactive
21 H, —195 1.19%, increase in HD in 31 lr,,

2.7% in 74 hr.
* Catalyst evacuated at 500° after gas treatment at 500°.

Discussion

Most interpretations of the behavior of non-
intrinsic oxide semiconductors have been based on
the assumption that omly slight deviation from
stoichiometric composition occurs. Any studies of
the influence of the gas atmosphere on electrical prop-
erties of semiconductors should be guided by the
principle that the gas treatments should not cause
gross changes in chemical composition or crystal
structure; this is a caution which frequently is over-
looked. In the particular case of chromic oxide, it is
illuminating to consider the thermodynamics for the
reduction and oxidation of the bulk material.

Chromic oxide is quite stable toward reduction.!!
For the reactions

1/3Cr05 + Hy —> 2/;Cr 4 H40O (1)
and
Crs05 + H, —> 2CrO + H,0 2)

the standard free energy changes at 800°K. (527°C.)
are, approximately, AF° = + 24 kecal,, AF,° = +
16 kcal. These values correspond to equilibritim
constants, K = puo/pu, of Ky = 3 X 1077, K, =
3 X 1075 For a hydrogen partial pressure of 1
atmosphere, therefore, the water partial pressure
must exceed 3 X 10~7 atmosphere to prevent reduc-
tion to metallic chromium, and must exceed 3 X 10—*
atinosphere to prevent reduction to chromous oxide.
Consideration of the water evolved when chromia is
cycled in oxygen and hydrogen at high tempera-
ture!®1? makes it appear likely that this condition
was satisfied on the catalyst during the hydrogen pre-
treatments employed in this work, and no reduction
of bulk chromic oxide is to be expected. It may be
noted that the stability of chromic oxide toward
reduction is even greater at temperatures less than
S00°K.

The situation with respect to composition changes
on oxidation is more complicated. A variety of
oxides intermediate between chromic oxide and
chromic anhydride have been observed on controlled

(11) (@) F. D. Richardson and J. H. E. Jeffes, J. Iron Steel Inst.
(London), 160, 261 (1948); (b) C. G. Maier, U. S. Bur. Mines Bull.
No. 436 (1942),

(12) E. J. Dickinson, Trans. I araday Soc., 40, 70 (1944),
(13) This Laboratory, unpublished resnlts,
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decomposition of chromic anhydride.*=7 At low
temperatures, or at superatmospheric pressure, it is
probable that higher oxides such as chromium
dioxide or dichromium pentoxide become the most
stable phase. In the presence of oxygen at atmos-
pheric pressure, however, chromic oxide appears to
be the stable phase at temperatures above about
400°. It may be concluded that no change in bulk
composition will occur on treatment with oxygen at
atmospheric pressure and 500°. At 350°, however,
there is a possibility of change in the bulk phase on
oxidation; this may have been a contributing factor
to the difficulty in obtaining reproducible results
with pretreatments at 350°.

It will be appreciated that this discussion relates to
the thermodynamics of the bulk phases, and that the
situation may well be different for the surface layer.
The point remains, however, that experimental
conditions should be so chosen in work of this kind
that at least the nature of the dulk phase can be
unambiguously specified.

Perhaps the outstanding result of these studies is
the fact that, as far as hydrogen—deuterium exchange
is concerned, chromic oxide has the Jowes! catalytic
activity in the state in which it has the greatest num-
ber of “defects” reponsible for electrical conductivity.
The hypothesis is untenable, therefore, that a simple
and direct parallelism always exists between activity
and conductivity. The data presented do not, how-
ever, prove the contrary hypotheses that no relation
exists between the two phenomena. It is conceiv-
able that P-type semiconductors, such as chromia,
are most active for oxidative, rather than hydrogena-
tive, reactions when in their most highly conducting
state; the converse inay be true for N-type semi-
conductors.

Sites exist in reduced chromia which catalyze the
activation of hydrogen. Adsorbed oxygen or ad-
sorbed water (see succeeding paper) may occupy
these sites and thereby act as a poison for hydrogen
activation. In any event, it seems clear that the
surface chemistry of chromia will have to be con-
sidered in detail in order to understand the catalytic
behavior. Work along these lines will be presented
in a subsequent paper.

The relatively high exchange activity reported by
Gould, Bleakney and Taylor® for chromic oxide at
—195° has been verified only under special circum-
stances. Fresh catalyst, treated with hydrogen at
350°, had an activity comparable with the catalyst
of Gould, Bleakney and Taylor; it is noteworthy
that they also employed fresh catalyst treated only
with hydrogen at 340°. Chromic oxide which has
been stabilized by cycling in oxygen and hydrogen at
either 350 or 500° is nmuich less active at —195°; this
can be due only in part to the approximately fivefold
decrease in surface area which occurs on cycling.
Stabilized chromia-alumina shows a comparably low
activity at —195°, even in the “reduced” condition.
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Both reduced and oxidized chromic oxide, after evacuation at 500°, are able to absorb considerable amounts of water at

very low pressures at 30°.

—124° is completely inhibited by absorbed water corresponding to about 159, of surface coverage.
one-half of this amount is required for complete deactivation.

The catalytic activity of reduced chromic oxide for hydrogen—deuterium exchange at —78 and

At —195° only about
A much smaller quantity of water is necessary to poison the

oxidized than the reduced catalyst; at —78° complete deactivation results from the adsorption of water sufficient to cover

only 29 of the surface,

Introduction

Previous work! in this Laboratory has established
that the electrical conductivity is low and the cat-
alytic activity for low temperature hydrogen—deu-
terium exchange is high for reduced chromic oxide,
while the reverse behavior is shown by oxidized
chromic oxide,

Since water is formed in the oxidation of reduced
chromic oxide or the reduction of oxidized chromic
oxide, it is important to determine any effect which
adsorbed water may have on the catalytic activity of
the chromic oxide. This is especially true in view of
the possibility that different amounts of water may
remain on oxidized or reduced chromic oxide.

The adsorption of water vapor on chromic oxide
has been studied by Harbard and King.? Their re-
sults showed that the initial adsorption of the water
vapor was complete at about 0.1 relative humidity,
beyond which point the amount of water vapor ad-
sorbed increased slowly with increasing pressure.
Salley, Fehrer and Taylor® have shown that 0.35
mole of water per mole of chromic oxide can be re-
moved between 300 to 550° from a chromia gel, even
after previous evacuation at 300°. Practically all
of the water is desorbed below 500°. They also
showed that the addition of as little as one mole per
cent. water to a heptane charge stock sharply de-
creased the extent to which dehydrocyclization pro-
ceeded over a chromia catalyst.

In this work water adsorption isotherms at 30°
have been determined for oxidized and for reduced
chromic oxide. The hydrogen—deuterium exchange
reaction has also been studied on oxidized and re-
duced catalysts as a function of the amount of ad-
sorbed water.

Experimental

Materials,—Tank hydrogen was purified by passage over
palladized alumina at 250 to 300° and through a silica gel
trap at —195°. Tank oxygen was dried by passage through
calcium sulfate. Helium was purified by the use of a char-
coal trap at —195°. The deuterium (99.5%,) was obtained
from the Stuart Oxygen Company and used without further
purification.

The distilled water employed in these experiments was de-
gassed by repeated freezing and melting under vacuum.

(1) S. Voltz and S. Weller, TrIS JOURNAL, T8, 5227 (1953).

(2) E. H. Harbard and A. King, J. Chem, Soc., 19 (1940),

(3) D. J. Salley, H, Fehrer and H. S. Taylor, THIS JOURNAL, 63,
1131 (1941),

The preparation of the unsupported chromic oxide used
in this study has been described elsewhere.! Prior to use,
this catalyst was stabilized by cycling several times in hy-
drogen and oxygen at 500°; its specific surface area after
this treatment was 35 m.2/g.

Apparatus and Procedure.—The water adsorption iso-
therms were determined in a standard adsorption apparatus#
equipped with a water reservoir and an extra gas buret.

The hydrogen-deuterium exchange experiments were
carried out in a high vacuum system. An all-glass circulat-
ing pump was employed to circulate the reaction mixture
over the catalyst, and the sampling system was so designed
that small gas samples could be taken for mass spectro-
graphic analyses at any desired time. In most of the ex-
periments the catalyst was treated with hydrogen (or oxy-
gen) at 500° for three hours, evacuated for one hour, re-
treated with hydrogen (or oxygen) for three hours, and then
evacuated for at least 16 hours. It was then cooled to room
temperature under helium and, after the helium was evacu-
ated, the desired amount of water vapor was admitted to
the catalyst. The adsorption of water was essentially com-
plete in less than one minute for amounts of water up to
about 150 g moles of water per gram. The catalyst was
then cooled to a low temperature and a 50-50 mixture of
hydrogen and deuterium was admitted to the reactor.

Results

Water Adsorption.—Figure 1 contains the water
adsorption isotherms at 30° for chromic oxide after
either oxygen or hydrogen treatment at 500° and
evacuation at 500°. In both cases there is an
initial adsorption of 140 to 180 u moles of water per
gram catalyst which occurs at very low pressures,
after which the adsorption increases gradually with
increasing partial pressure. The amount of the
initial adsorption corresponds approximately to a

third of a monolayer, using 10.8 A.? as the effective
cross-sectional area of an adsorbed water molecule.
In the absence of confirming data, no significance is
attributed to the slightly higher adsorption values
shown by the reduced catalyst.

Effect of Water on Activity of Reduced Chromic
Oxide.—In Table I are summarized data showing
the influence of water, adsorbed at room tempera-
ture, on the catalytic activity of reduced chromic
oxide for hydrogen~deuterium exchange at —78,
—124 and —195°. Within the limitation of the
experimental procedure, adsorbed water exerted no
influence on the activity at —78° up to an amount of
35 micromoles per gram; equilibrium was achieved

(4) W. E. Barr and V. J. Anhorn, **Scientific and Industrial Glass

Blowing and Laboratory Techniques,’”’ Instruments Publishing Co.,
Pittsburgh, 1949, Chapter XII.



