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Approximately equimolar gas phase mixtures of H; and D, were contacted with boron phos-
phate at initial total pressures between 128 and 326 Torr and a temperature of 750 K, for times
of approximately 10 h. The gas phase concentrations of D were in all cases severely diminished,
while those of H, suffered relatively small depletions. Absolute rate constants and external
orders as calculated from the changes in gas phase D, concentration are in reasonable agreement
with those measured from experiments in which the gas phase consisted of D; only. Losses of
up to 2.3 X 1075 mol/m? of deuterium atoms to the surface were measured. Rideal and Eley

mechanisms are consistent with the data.

INTRODUCTION

In the first paper (I) (hereafter referred
to as I) of this series, the interaction of D,
with boron phosphate was described. It was
found, on contacting D, with boron phos-
phate at temperatures in the range from
425 to 468°C and initial D, pressures from
80 to 176 Torr, that HD and H. were
produced in the gas phase in molar propor-
tions of approximately 2:1, respectively.
Further, the rates of change of the moles of
D, and HD in the gas phase (blank cor-
rected) were found to be linear functions
of the moles of D, and HD remaining, re-
spectively, and appropriate rate constants
were obtained. The use of the differential
form of the first-order rate equation circum-
vented the problem associated with ap-
parent lack of attainment of equilibrium
even after 10 h of reaction time. Although
direct comparison with data in the litera-
ture was not possible because of the lack
of detailed kinetic studies of deuterium

exchange on oxides, it was pointed out (1)
that results obtained by Hall et al. (2) for
the Ta—H system gave an activation energy
for the exchange process of 14.9 keal mole!
and rate constants of 5.0 X 10~ to 2.8 X
10—2 sec™! over a temperature range of 530
to 640°C. The rate constants reported in I
ranged from 0.2 X 10~4to0 1.8 X 10~*sec™.
While no claim was made that any direct
relationship exists between the two sys-
tems, the results of Hall et al. (2) compared
reasonably well with the values obtained
for D, over boron phosphate (). Finally,
in I, the existence of exchangeable hydro-
gen atoms on the surface in quantities up
to 1.3 X 1075 mol/m? was demonstrated,
and empty sites, that is, sites apparently
not previously occupied by hydrogen atoms,
were shown to exist in concentrations as
high as 1.5 X 10-5 mol/m?.

As an extension of our previous work it
appeared to be both worthwhile and inter-
esting to examine the effect of including
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protium (H.) along with deuterium in the
gas mixturce contacting the catalyst. Such
an addition would provide for the possi-
bility of the Ho—D, exchange reaction with-
out precluding the occurrence of those
exchange reactions of Iy with the surface
originally examined in paper I. The present
paper, therefore, is concerned with the in-
teraction of approximately equimolar mix-
tures of H., and D, over the catalyst boron
phosphate. The reactions of mixtures of
hydrogen and deutcrium have been and
continue to be studied on a wide variety of
solid surfaces. However, no reports of such
work on boron phosphate or, for that mat-
ter, any of the phosphates, are available.

EXPERIMENTAL METHODS
Materials

As reported in the previous paper (1),
two different samples of boron phosphate
with phosphorus/boron molar ratios of 1.12
and 1.17 were prepared from boric acid
(Fisher reagent grade) and orthophosphoric
acid (Fisher reagent grade 839;) In a
manner similar to that described previously
(3). The boric acid (particle size less than
20-mesh) was slowly added to the phos-
phoric acid heated to 40°C in a stirred
glass reactor and the temperature was
maintained and stirring continued for a
5-h period. The product was dried in air
at 150°C for 24 h and subsequently at
360°C for 12 h. The white solid was then
ground and sieved to 100-mesh. The two
different ratios of boron phosphate are both
in the range (1.0 to 1.4) studied previously
(4) and in which the highest catalytie ac-
tivity is obtained.

Apparatus and Procedure

The apparatus and method were essen-
tially similar to those outlined earlier (1),
with analyses of the concentrations of H,,
HD, and D; in the reactor system being
done by monitoring m/e peaks of 2, 3, and
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4 in a mass spectrometer attached to the
reactor via a variable leak valve. Calibra-
tions were performed with known mixtures
and were checked periodically.

Aliquots of the samples of boron phos-
phate were pretreated in the quartz reactor
at 10=% Torr and at the reaction tempera-
ture for 13 h. Known approximately cqui-
molar quantities of deuterium and hydro-
gen were then introduced and the progress
of the reaction was followed. Surface areas
of the samples were measured both before
pretreatment and after reaction. For the
catalyst of phosphorus/boron molar ratio
of 1.12, the surface arcas of aliquots were
15.4 + 1.0 and 29.5 & 1.0 m?/g before pre-
treatment and after reaction, respectively,
while the catalyst of 1.17 P/B ratio had
surface areas of 8.5 £ 0.5 and 24.0 + 1.0
m?/g, respectively. Separate cexperiments
were performed which showed that the in-
crease in surface arca occurred during the
pretreatment of the catalyst, with little or
no change of area taking place during the
reaction itself. Temperatures of approxi-
mately 480°C and initial total pressures
from 128 to 326 Torr were employed for
the reactions. The results from similar ex-
periments performed in the absence of cata-
lyst were employed as corrections to the
results obtained in the presence of boron
phosphate.

Since the gas phase concentrations of H,,
D, and HD were followed with time, the
conglomerate effect of exchanges of these
molecules with the surface and the Ho-D,
reaction itself could be measured.

RESULTS AND DISCUSSION

In the previous cxperiments in which
boron phosphate was contacted with D,
(1), the gas phase deuterium (D,) concen-
tration decreased with time while that of
HD and H, increased. In the present ex-
periments, as cxpected, both H, and D,
disappeared from the gas phase during the
course of the rcaction, while HD was
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Fia. 1. Variation of the amounts of Hj, D3, and HD during the interaction of equimolar quan~-
tities of H; and D, with boron phosphate (T = 477°C), Pps® = 86.0 Torr, Pus® = 82.9 Torr).

formed (Fig. 1). However, in all cases, the
gas phase concentration of D. suffered a
significantly larger depletion than that of
H,. Further, an amount of HD greater than
that of H, lost was produced during the
course of the approximately 9-h reactions.
A number of possible explanations may be
given for such observations. While, as sug-
gested previously (1), D, (and presumably
H,) may chemisorb on empty sites and
thus be removed from the gas phase, any
H, which exchanges with surface hydrogen
produces another H, molecule and does not
reduce the gas phase concentration of Ho.
In the case of Dy, its reaction with surface
hydrogen is evident in the production of
HD, and in the marked decrease in the gas
phase concentration of D,. Further, it is
possible that, in the later stages of the
reaction, a secondary reaction of H., with
the increasing quantity of surface deuter-
ium becomes more important, and adds to
the production of HD while at the same
time reducing the H; concentration. In
addition, some reverse reaction of HD to
give D; and H, or with surface hydrogen
to give H, and surface deuterium may
occur. These various possibilities are con-

tained within the three reaction pathways
which have been suggested (6-7) for the
exchange of isotopes between the gas phase
and a solid catalyst.

D:(g) + H(s) 2 HD(g) + D(s)}(R,)
HD(g) + H(s) 2 Ha(g) + D()
D:(g) + 2H(s) = Ha(g) + 2D(s)
HD(g) + 2H(s) = Ha(g)
+ D(s) + H(s) o (R")
HD(g) + 2D(s) 2 D2(g)
+ D(s) + H(s)

Dy(g) + Ha(g) 2 2HD(g) (R)

It was found, in all cases, that the rate
of decrease of the concentration of deuter-
ium in the gas phase was proportional to
the amount of D, remaining in the gas
phase (Fig. 2). As pointed out in (7), the
use of the differential form of the first-order
rate equation ecircumvented the problem
associated with apparent lack of attain-
ment of equilibrium. The absolute rate con-
stants thus obtained are shown in column
5 of Table 1. These values are reasonably
similar to those obtained previously (1) for
D, over boron phosphate, where reactions
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Fra. 2. First-order kinelics from the rate of disappearance of 1J); (same reaction as in Fig. 1).

under similar experimental conditions are
compared. For example, the rate constant
for Dy obtained at 753 K and 69.0 Torr was
previously given as 2.31 X 10715 mol - sec™!-
m~2, to be compared with a value for D, in
the present work of 2.02 X 107! mol-
see™!-m~2 measured at 753 K and 61.7 Torr.
An external order of 1.0 (40.2) was ob-
tained from these data, to be compared
with the value 0.8 (£0.2) obtained in a

similar calculation for the reaction of D,
over boron phosphate (7).

The near similarity of the rate constants
and external orders for the disappearance
of D, from the gas phasc in the two cases,
(i) where the gas phase, at least initially,
consists entirely of D, and (ii) where the
gas phase consists of both H, and D., sug-
gests thst the processes in the two cases
are essentially equivalent. This would ap-

TABLE 1

Absolute Rate Constants and Net Amounts of Deuterinm Gained by the Surface of Boron Phosphate as
Calculated from the Decrease of (Gas Phase 1D, Concentration and from the Increase in Gias Phase HD

Concentration

Catalyst Initial Initial Reaction Rate constant [D* Jmax
P/B H. D, temperature (mol -m™2)

(mol/mol) pressure pressure (K) kanP2(X 101)  k,HP(X 101%) (X 10%)

(Torr) (Torr) (mol - (mol -
sec”!.m™2 sec”l-m™2)

1.12 62.2 61.7 753 2.02 4.79 0.67
1.12 68.1 67.4 733 1.91 3.78 0.85
1.17 66.3 64.9 753 1.95 4,29 1.19
1,17 163.0 162.6 750 3.64 6.80 2.21
1.17 109.2 104.4 749 3.16 4.44 0.90
1.17 128.3 132.1 749 4.95 5.86 2.28
1.17 64.8 63.8 750 1.48 4.03 1.10
1.17 82.9 86.0 750 3.02 5.11 1.92
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Fia. 3. First-order kinetics from the rate of production of HD (same reaction as in Fig. 1).

pear to render unlikely any significant con-
tribution of a purely gas phase Hy-D,
reaction. The observation of the substan-
tial differences in the changes of H, and
D; concentrations as the reactions pro-
ceeded provides additional support for such
a conclusion. Heylen et al. (5) in their
studies of the hydrogen-deuterium equil-
ibration over synthetic faujasites and
Kemball and McCosh (8) in their work on
CoX zeolites have observed the same iden-
tity of kinetic parameters for the Dy~
surface exchange and the H,-Dg-surface
exchange. These authors have noted that
such identities would point to a common
slow step for both reactions.

An additional set of rate constants (col-
umn 6 of Table 1) was obtained by noting
that the rate of formation of HD decreased
linearly with the gas phase concentration
of HD (Fig. 3). Again, where comparisons
are possible, the rates of production of HD
in the Hs + D> and in the D, exchange
reactions (1) are in reasonable agreement.
The external order of the H, + D, reaction
determined from the HD rate data was
calculated to be 0.6 (x0.1), to be com-
pared with a value of 0.9 (£0.2) found for
HD in the previous experiments with Ds.

It is of interest to note that the values of
rate constants obtained in the present work
fall in the same range as those obtained by
Heylen et al. (5) with synthetic faujasites.

The number of moles of deuterium atoms
gained by the surface was calculated from

[(D*] = 2[D.] — (2[D.]. + [HD]y),

where [ D, ]° represents the initial gas phase
concentration of Ds, and [D.], and [HD],
are the gas phase concentrations of D, and
HD at time ¢. Such values of [D*] were
found to fit the integrated Elovich equa-
tion (Fig. 4). It was demonstrated in (I)
that deuterium is lost from the gas phase
to the surface by exchange with surface
hydrogen atoms and by occupying sites on
the surface not previously occupied by a
hydrogen atom. The quantity [ D*] defined
above represents the net loss of deuterium
atoms from the gas phase, and conse-
quently the quantities calculated refer to
the deuterium atoms gained by the surface
by the two processes just mentioned. While
the latter of these processes may obviously
be labeled as a chemisorption process, it is
not so obvious that an exchange process
should be so labeled. Nevertheless, perhaps
as a consequence of the relatively nondis-
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criminating nature of the Elovich equation,
the numbers of deuterium atoms gained by
the boron phosphate at various times by
whatever process do fit such an equation.
Calculated values of the two constants in
the Elovich equation as obtained in the
present experiments were found to be of
the same order of magnitude as those ob-
tained in the earlier D,y work.

As mentioned above, deuterium atoms
may be gained by the surface through ex-
change with a surface hydrogen or through
apparent chemisorption on an empty site,
that is, a site not already possessing a hy-
drogen atom. Consequently, the amount
of deuterium gained by the surface ([D*])
is indicative of the total number of ex-
changeable and empty sites for a given
temperature and pressure. The maximum
values of deuterium gained by the surface
([D*]mex) in a given experiment (column
7 of Table 1) fall in the range 0.7 to
2.3 (X107%) mol/m? which is approxi-
mately the same as that found in the ex-
periments with D, on boron phosphate (7).
In those cases where the [ D*] versus times
curves had leveled off, the maximum was
taken as this level value, while in some
others [ D*] was still increasing slowly, so
[D*]ax was taken to be the value at the
end of the 8- to 10-h reaction. In addition,
it should be pointed out that, as has been
mentioned previously, equilibrium with re-
speet to the Ha—Dp exchange reaction is
evidently not attained in the present reac-
tions (nor in the previous D, reactions),
and since the values of [D*],.x are ob-
served to increase with increasing pressure,
the actual number of exchangeable and
empty sites available to take up deuterium
may well be somewhat higher than that
expressed by [ D*]...x. The results of mea-
surements (9) of the oxidation of iodine
ions on boron phosphate suggest that ap-
proximately 0.3 X 10=% mol/m? of iodine
can be chemisorbed on the surface of a
sample of boron phosphate with a P/B
ratio of 1.22, Further, the total concentra-
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tions of acid sites, as measured from titra-
tions of n-butylamine, fall between 2 X 10—5
mol/m2. All three sets of values, represent-
ing different measurements of surface sites,
show a convincingly similar magnitude. It
would not be expected that such values
would exactly correspond, since the kinds
of sites measured are not identical.

It is interesting to examine the applica-
bility of the various possible mechanisms
for Ho-D, exchange to the present results.
One mechanism (R) involves the reaction
of Hy and D, entirely in the gas phase
without participation of the solid surface.
However, the results of the present work
together with the previous work (1) on the
exchange of deuterium gas with boron
phosphate show that the absolute rate con-
stants for loss of D, from the gas phase
are, for comparable conditions of tempera-
ture and pressure, approximately equal. In
addition, the rate constants for D. con-
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sumption are not, in general, equal to one-
half of those for HD production which they
presumably should be for an entirely gas
phase reaction. Further, a net loss of deu-
terium atoms from the gas phase occurred
in the Hy;-D, exchange experiments on
boron phosphate. Consequently, an en-
tirely gas phase mechanism can be ruled
out in the present work.

The results of the previous work on D,
exchange with the surface of boron phos-
phate provide evidence for both the ex-
change of deuterium atoms with surface
hydrogen as well as the occupancy of empty
sites by deuterium. The latter observation
could be interpreted as favoring either a
Bonhoeffer-Farkas or Rideal mechanism.
However, the observation, with both D,
and Hy—D, experiments, that the absolute
rate constants increase with increasing
pressure, implies the operation of an Eley
mechanism, and plots of the data in the
form of 1/k,, versus 1/(P)* for both D and
HD data, although displaying scatter, are
sufficiently linear to provide further sup-
port for the Eley mechanism (10). How-
ever, since it has been pointed out (10)
that, for sufficiently low pressures, the rate
constant in the Rideal mechanism increases
and passes through a maximum es pressure
increases, it may not be possible to elimi-
nate the Rideal mechanism in the present
case.

It is difficult to explain the deviation of
knHP/k, P2 from a value of 2 on the basis
of either the Eley or the Rideal mechanism.
The differences appear to be sufficiently
large to support the contention that they
are real and not the result of experimental

MOFFAT AND SCOTT

error. An approximate, inverse corrclation
can be noted between this ratio of rate con-
stants and [D*7J,.x, the total number of
deuterium atoms taken up by the surface.
This could be interpreted as reflecting an in-
crease in k,P? as the number of empty sites
available to take up deuterium increases.

The external order, as measured from
both the D; and HD data, is probably best
stated as falling in the range of 0.6 to 1.2.
This is consistent with an Eley mechanism
at lower coverage or a Rideal mechanism
at somewhat higher coverage.
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