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Adsorption and Inter-reaction of Hydrogen and Deuterium on Chromias
at Low Temperatures

By RoBerT L. BURWELL, JR.* and KENNETH S. STEC
(Ipatieff Laboratory, Northwestern University, Evanston, Illinois 60201)

Summary Deuterium displaces hydrogen from an irrevers-
ible, molecular chemisorption on activated chromia at
—196 °C without formation of hydrogen deuteride and
with an isotope effect of 50 favouring adsorption of
deuterium wvs. hydrogen.

THIs communication reports the results of an investigation
of the molecular chemisorption of hydrogen and deuterium
on activated chromias at low temperatures and of the
reactions between the two in the adsorbed state. The
very large isotope effects which are observed can be con-
sidered to result from involvement of a chemical reaction
at —196 °C.

Many of the catalytic properties of chromia appear to
result from one or both of the pair sites, Cr3*(cus) and
O%*(cus) (cus = co-ordinatively unsaturated surface)
which are formed by surface dehydroxylation during
activation at higher temperatures.! The surface concen-
trations of Cr®t(cus) on amorphous chromia, as measured
by the adsorption of carbon monoxide or of oxygen,
irreversible at —78 °C, amount to 0-4 sites nm—2 after
activation at 300 °C and 1-0 sites nm~% at 400 °C.

The excess of oxygen of an amorphous chromia dried in
air finally at 135 °C and designated 85W135% was removed
by treatment with flowing ultrapure hydrogen at 300 °C
for 6 h.2 The sample was then swept with flowing ultrapure
helium (<C0-05 p.p.m. oxygen content) at 300—500 °C, the
highest temperature (T 4¢4) being maintained for 12 h. The
resulting chromia is symbolized CryO4(7T 3¢t). Cry04(500) is
microcrystalline «-Cr,0, but at lower T3¢ the chromia is
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FIGURE. Hj(T) (full symbols) and Dyre(T) (open symbols) vs.

T for Cry0,4(851) (squares) and «-Cr,04(501) (circles). Adsorptions
are in pmole per g of hydrogen.
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amorphous. Pulses of H,, D,, HD, CO, O,, N,, and Ne
were injected into the helium carrier passing over the
chromia. Any H,; 4+ HD 4 D, in the flowing helium
beyond the chromia was trapped at —196 °C by a Linde
5A molecular sieve which, upon warming, released a pulse
for gas chromatographic analysis for H,, HD, and D,, or
for measurement of quantity by catharometry.

CryO4(Taet), usually 0-2 g, was exposed to H, at tem-
perature T between —205 and —130 °C for 15 min and
then swept with helium at the same temperature for 30 min.
Considerable variation in these times produced negligible
difference in result. Warming the chromia liberated the
irreversibly adsorbed H, as a pulse, the amount of which
was measured. The adsorption so measured is designated
Hir(T). All H, was desorbed by —100 °C. As shown in
the Figure, Hyyr(T) decreases steadily with T, becomes zero
at ca. —130°C, and Dy (T) always exceeds Hip (7).
Hijrr(—196) increases with Tyt somewhat more rapidly than
COqrp(—178). Hipp(—196)/COyrr(—178) is 0:32 at Tgey = 300
°C, 0-43 at 460 °C, and 0-58 at 522 °C. A sample of chromia
initially dried at 25 °C and free of excess of oxygen? gave
essentially the same results when it was activated without
initial treatment in hydrogen at 300 °C.

Pulses of D, displace H, from Hjy but pulses of neon
at —196 °C do not. Hjyyr(—196) is zero on chromia con-
taining COjr(—78) or O,yp(—78). Thus, Hjpy is site-
selective and displacement does not depend upon the
strength of physisorption of the displacing gas. Hipr is,
therefore, best classified as a weak chemisorption and dis-
placement by D, as a chemical reaction. Weak, molecular,
site-selective chemisorptions which, however, are reversible
at —196 °C are known on activated alumina® and zinc
oxide.4

At —196 °C, pulses of D, (0-104 cm3) were passed over
Cr,04(350) containing Hj,r(—196). The exit pulses from
the first two injections contained 1009, H,, the third 829,
H, + 18% D,, and the fourth 1009, D,. Warming liberated
1009 D,. At —161 °C, the first pulse contained 1009 H,,
the second 329, H, + 209, HD + 48%, D,, the third 39
HD + 979% D,, and the fourth 1009 D,. HD completely
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displaces H, from Hjyy at —196 °C and D, displaces HD
from HDjy,. Displacement of Hyy by D, at —196 °C with-
out formation of HD is also observed on Cr,04(525) and
Cr,0,-Si0O, (made by reduction in H, at 294 °C of Davison
Grade 62 silica gel containing 4-58 wt. %, of CrO;). Pulses
of H, displace D, from Diy(—196) but much less sharply
than in the reverse reaction. No HD is formed at —196 °C,
but at —161 °C more HD is formed than in the reverse
reaction.

To characterize further the large isotope effect evident
in this work, a mixture of mole ratio H,/D, = 19 was
passed over Cr,0,(375) at —196 °C to a steady state, the
chromia was swept with helium, and the (H,D)iyr released
by warming was analysed. Under these conditions, our
sensitivity, 1—29%,, permitted measurement of the H, con-
tent both of the gas and of the adsorbate. [Dirr/Hirr}/
[Dy(g)/Ha(g)] Was ca. 50. _

At —196 °C, Hy;, probably involves molecular, polariza-
tion adsorption at Cr3t(cus) O%(cus).>® Since some
interaction of D, with +H, appears to be necessary in the
displacement, the displacement can be represented by the
sequence (1),

*H, 4 Dy(g) — Dy+H, — Dy + Hy(g) (1)

and the isotope effect appears in the last step. At some-
what higher temperatures, D,*H, must rearrange to
(HD)#*(HD) perhaps via H-#(HD,)*. We cannot however,
exclude displacement by H,* — H,’(g)** followed by
D,(g)** = D,*, where H,(g) is in equilibrium with H,* and
P(H,) (equil.) falls rapidly with coverage,

The surface hydroxyl ions of chromia, OgH—, do not
change detectably with pulses of D, below 0°C. Since
both heterolytic and reductive dissociative adsorption!
would generate OgD~ amidst OgH—-, these dissociative
forms of adsorption are unlikely to be involved in the
experiments at lower temperatures.

(Received, 18th May 1976; Com. 552.)

1 R. L. Burwell, Jr., G. L. Haller, K. C. Taylor, and J. F. Read, 4dv. Catalysis, 1969, 20, 1.
* M. P. McDaniel and R. L. Burwell, Jr., J. Catalysis, 1975, 36, 394.

3W. K. Hall, Accounts Chem. Res., 1975, 8, 257.
¢t R. J. Kokes, Accounts Chem. Res., 1973, 6, 226.

D, A. Dowden and D. Wells, ‘Actes du Deuxiéme Congrés International de Catalyse,” Technip, Paris, 1961, Vol. 2, p. 1499.





