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NOTES

Studies of the Surface of Titanium Dioxide

IV. The Hydrogen-Deuterium Equilibration Reaction

The interaction of hydrogen with the
surface of titanium dioxide has been stud-
ied in connection with the hydrogen-reduc-
tion mechanism of titanium dioxide, by
means of such measurements as weight
decrease, magnetic susceptibility, hydro-
gen uptake, and electrical conductance (/-
4). It was postulated in the previous study
(1) that the rate-determining step of the
hydrogen-reduction reaction may be the
formation of surface hydroxyl groups, fol-
lowed by the rapid removal of water mole-
cules from the surface.

In this study, the interactions between
hydrogen and the surface of titanium diox-
ide were investigated by measuring the
hydrogen—deuterium equilibration reac-
tion, H, + D, = 2HD, at temperatures
above 200°C on both surfaces before and
after hydrogen reduction to compare the
differences in the reactivities.

EXPERIMENTAL

Materials. Titanium dioxide was pre-
pared by the hydrolysis of titanium isopro-
poxide dispersed in ethyl alcohol by the
addition of water, followed by calcination
at 550°C for 10 hr in a stream of oxygen. X-
Ray analysis showed that the crystal struc-
ture was anatase. From nitrogen gas ad-
sorption at 77 K the surface area of the
sample was found to be 56 m?/g. The
gas' mixture containing 50% hydrogen
(99.995%) and 50% deuterium (99.5%) ob-
tained from Takachiho Chemical Company
was used without further purification.

Procedure. One gram of the anatase sam-
ple was put in the reaction cell shown in
Fig. 1. The volume of the cell was about 25
ml. Two different pretreatments of the sam-

ple were as follows:

(A) Outgassing at 500°C and 1.3 x 1073
Pa (107® Torr) for 3 hr (outgassed surface).

(B) Addition of 51 kPa (0.5 atm) of hydro-
gen at 500°C for 2 hr after treatment (A)
followed by the evacuation at 500°C for 30
min (hydrogen-reduced surface).

A liquid-nitrogen trap was installed just
before the sample to protect it from con-
tamination due to organic substances and to
condense the water vapor produced by the
hydrogen reduction of the sample. After
treatment (B) the color of the sample
changed from white to gray and it was
determined that 6% of the surface oxygen
had been removed from the sample by the
weight decrease measurements using a vac-
uum microbalance.

Hydrogen and deuterium gas mixtures at
pressures between 5.1 and 68 kPa (0.05 and
0.67 atm) were added to the sample and the
equilibration reactions were performed at
temperatures between 200 and 500°C in a
closed circulating system. The whole vol-
ume of the reaction system was 150-155 ml
and 0.5 ml of the reacting gas was pipetted
out for each gas analysis.

Hydrogen, hydrogen deuteride (HD),
and deuterium in the gas mixture were
analyzed by gas chromatography with alu-
mina coated with ferric hydroxide as a
column material cooled at 77 K (5); sepa-
rated hydrogen gases were converted to
water by passing through cupric oxide
heated at 700°C (6). The flow rate of helium
as a carrier gas, purified by passage through
molecular sieve S5SA in a liquid-nitrogen
trap, was 150 ml/min. The retention time
was 8 min.

Each run was performed on a fresh sam-
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NOTES

FiG. 1. Experimental apparatus for studying the
hydrogen-deuterium equilibration. (a) Reaction cell,
(b) sample, (c) electric furnace, (d) liquid-nitrogen
trap, (e) O-rig, (f) glass fan (1000 ml/min), (g) circuiar
gas pipet, (h) gas reservoirs, (i) Hg manometer, (j)
alumina coated with ferric hydroxide, (k) cupric oxide,
(1) detector, (m) electric furnace maintained at 120°C,
(n) thermocouple, (o) purified He.

ple. The isotope effects on the equilibration
at the investigated temperature are negligi-
ble.

RESULTS AND DISCUSSION

Figures 2 and 3 show the formation of
HD on the surfaces before and after the
hydrogen reduction at temperatures be-
tween 200 and 500°C and 51 kPa, respec-
tively. The HD concentration, [HD},, ex-
pressed by the fraction of HD present at
time £, was plotted as a function of time.
Over the period of the reaction, experi-
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F1G. 3. HD formations on the hydrogen-reduced
surface of titanium dioxide (after hydrogen reduction)
at temperatures between 250 and 400°C and 51 kPaas a
function of time.

ments with no sample showed no apprecia-
ble equilibration reaction. The HD amounts
at equilibrium, [HD],,, were in good agree-
ment with the theoretical values obtained
from Urey and Rittenberg (7). The rates of
HD formation increase with an increase in
the temperature, having the same tendency
as the weight decrease and hydrogen up-
take (7, 2). It should be noted that the HD
formation shown in Fig. 2 exhibits the
sigmoidal curves which have often been
observed in autocatalyzed reactions.

The equilibration curves in Fig. 3 are in

Time

Fic. 2. HD formations on the outgassed surface of titanium dioxide (before hydrogen reduction) at
temperatures between 200 and 500°C and 51 kPa (0.5 atm) as a function of time.
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good accord with the usual first-order reac-
tion kinetics given by

In(l — a)™! = ket, N

where o is the reaction degree given by
[HD),/[HD].q and k. is the first-order reac-
tion rate constant. The temperature depen-
dence of k. gives the activation energy, 37.8
kJ/mol, of the equilibration on the hydro-
gen-reduced surface. This value is rather
small compared with the results of Harris
and Rossington (8); in the latter case 42-84
kJ/mol was reported for anatase sample
above 150°C.

The sigmoidal curves in Fig. 2 could not
be expressed uniquely by any simple reac-
tion equations. The application of Eq. (1)
gave two breaks in the plots, i.e., three
periods divided according to the reaction
degree (at 0.22 and 0.63 of ). Figure 4
shows the pressure dependence of the ab-
solute reaction rate constant, k,, on the

Fic. 5. HD formation curves on the surface of
outgassed (O), hydrogen-reduced (®), and reoxidized
(®) samples at 300°C (broken lines) and 400°C (solid
lines) and 51 kPa.

outgassed surface at 300°C. k., is given by
the following relation:

km = k.N/60A molecules/cm? sec, (2)

where N is the total number of reacting
molecules and A is the surface area of the
sample. As is seen in the figure, k., is found
to be proportional to P*, where n is the
reaction order and changed from 0.9 to 1.2
as the reaction progressed.

When hydrogen-reduced anatase sample
was reoxidized by oxygen at 20 kPa (0.2
atm) and 500°C for 30 min after a run of
equilibration, the HD formation on the sur-
face increased again although it was still
less than that on the original outgassed
surface, as is shown in Fig. 5. These find-

TABLE 1

Activation Energies of Several Reactions on Titanium Dioxide

Reaction Sample Activation energy
(kJ/mol)
Weight decrease Anatase (below 500°C) 50-84
Anatase (above S00°C) 88-150
Rutile 140
Hydrogen uptake Rutile 110
Water desorption Rutile 110
HD equilibration Anatase (outgassed) initial 21-25
final 17-21

Anatase (hydrogen-reduced) 38
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ings are similar to those for the heats of
immersion of the reoxidized anatase re-
duced by hydrogen in water (9). The rate of
equilibration on outgassed and reoxidized
surfaces increases continuously as the reac-
tion proceeds and is larger than that on a
hydrogen-reduced one. The hydrogen
atoms adsorbed on the former surfaces may
catalyze the equilibration reaction either by
reducing the surface or, as in spillover,
activating the surface.

The equilibration reaction below 200°C
was very slow though weight decrease and
hydrogen uptake in the previous studies
were not observed appreciably below
300°C. The activation energies of the equili-
bration reaction in this study are compared
with those of weight decrease (/), hydrogen
uptake (2), and desorption of water (/0) on
titanium dioxide, rutile or anatase, as was
examined in the previous study (/) and the
results are summarized in Table 1. It should
be noted that the equilibration gives a lower
activation energy than the others suggest-
ing that the dissociative adsorption of hy-
drogen is not the rate-determining step for
the hydrogen-reduction reaction of titanium
dioxide. Dissociatively adsorbed hydrogen
may isomerize slowly to some form of
reductive adsorption according to the
classification for the nature of adsorbed
hydrogen on metal oxides (//, /2).
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