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The hydrogen-deuterium exchange on zinc oxide has been studied from 100 to
160°C. The first order reaction rate constant above a certain temperature is strongly
influenced by the catalyst particle size and three different activation energies are
observed on the Arrhenius plot with the increase of temperature: 52, 99, and 28
keal/mole, respectively. The experimental results have been interpreted on the
grounds of diffusion effects within the particle and a branched-pore structure of the

catalyst 1s proposed.

Smith and Taylor (I) studied the hy-
drogen—deuterium exchange on zinc oxide
and wused surface heterogeneity to ex-
plain an abnormal temperature coefficient
in the temperature range where a transition
between two types of adsorption has been
revealed (2). In fact, in the interval 132-
157°C no change in the reaction rate was
found, and the activation energies, outside
this temperature range, fell into three

groups: 0.6 and 4.9 keal/mole below
—78°C, 7-8 keal/mole from —78 to 100°C
and  11-13  keal/mole above  this
temperature.

On the contrary Holm and Blue (3) ob-
tained a normal temperature -coefficient
throughout a temperature range including
the region 132-157°C and attributed the
low temperature coefficients reported by
Smith and Taylor (1), to a loss of catalyst
activity during the tests.

The interest of Molinari and Parravano
(4, &) in studying the hydrogen—deuterium
exchange on sintered and unsintered zine
oxide lays in a connection between catalytic
activity and semiconductivity, which last
was modified by suitable addition of for-
eign ions to the catalyst. The Arrhenius
plot of the kinetic data did not yield
straight lines in the temperature range
covered (6). For all the sintered catalysts
above a temperature in the neighborhood
of 115°C, the apparent activation energy
became very low, and above the temper-

ature range of practically zcro activation
energy, a temperature coefficient was ob-
tained as large as before. The unsintered
catalysts, which were ac‘ivated in hy-
drogen, gave straight lines on the Arrhen-
ius plot from 25 to 185°C or more. The
variations in the activation energy with
temperature were attributed to the presence
of two hydrogenated compounds (7).

A mechanism of induced desorption has
been proposed by Molinari (8) to explain
changes in activation energy.

Unfortunately, in the above references
the effect of the catalyst sizes was not taken
into due account to determinate whether
or not the reaction rate is limited by intra-
particle diffusion. It is well known that the
apparent activation energy of a reaction
process is lowered by the occurrence of
diffusional resistances, to which the ab-
normal temperature coeflicients observed in
the hydrogen—deuterium exchange might be
ascribed. In the present paper the marked
effect of the particle size on the reaction
rate above a certain temperature is re-
ported and the variations of the activation
energy with temperature are discussed and
interpreted on the grounds of a catalyst
multibranched-pore model.

EXPERIMENTAL METHODS

The zine oxide was prepared by thermal
decomposition of oxalate (zine nitra‘e and
ammonium oxalate molar solutions) (9).
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The zinc oxalate precipitate, washed until
free of nitrates, had been calcined for 14 hr
in a current of nitrogen and the zine oxide
powder had been sintered at 300°C for 3
h: under a 230 kg/cm? pressure. The cata-
lyst pills were broken up into small pieces
which were separated by DIN 1171 series
sieves into a number of size fractions. Be-
fore employment, the catalyst was kept in
an oven at 450°C for 6 hr and activated at
300°C in the reactor for 9 hr in a current
of hydrogen (flow rate ~1 liter/hr).

The surface area (BET) of the catalyst
pellets, previously kept at 450°C for 6 hr,
was measured by a Carlo Erba Sorptomatic
apparatus. The different sized particles had,
practically, the same surface area, whose
value was about 13.5 m?/g (10). The pore
size distribution and adsorption and de-
sorption isotherms of the catalyst pellets
are reported elsewhere (10).

The kinetics of the hydrogen-deuterium
reaction was followed in a flow system. A
stream of H, containing D, and HD (the
composition of the gas mixture feed, which
at the start of the present research was
98% H, and 2% D., due to the extent of
reaction in the bottle changed to 97.6% H.,
1.6% D, and 0.8% HD at the end) flowed
at atmospheric pressure through the cata-
lyst into a 5 mm diameter Pyrex glass tube
electrically heated reactor, temperature of
which was controlled by a thermocouple
positioned in the catalyst (%0.1°C). For
analyzing the reacted mixture, the reactor
was coupled to a Carlo Erba Mod. C
thermal conductivity detector chromato-
graphic apparatus which was operated as
follows: Column: I1m in length and 5 mm
in diameter filled with Carlo Erba 0.85L
Alumina which had been activated for 12
hr at 250°C in a current of helium; column
temperature: —197°C, hydrogen flow rate:
3 liter/hr.

The kinetic data have been computed
from the equation:

nXe =X _ Kr )
Xe — X5 Xe
where x is the conversion of D, to HD

(x: = conversion in the gas bottle, x; =
conversion at the exit of the reactor), K
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the rate of exchange and = the spa.ial time
defined as ratio between catalyst weight
and volumetric feed rate. x. denotes the
equilibrium conversion of D, in the H,
2% D, mixture; its temperature dependence
is negligible (11, 12). The Equation (1)
follows from the first-order kinetics of the
exchange reaction (1, 4, 6, 12). The activa-
tion energies of the process can be obtained
from the Arrhenius plot of

Xep Xe 77 Xi,
T Xe — Xs
REsurts

To determinate whether or not film dif-
fusion has taken place, two series of runs
have been made at varying values of r with
a constant weight of catalyst in each run
series. The two curves, which are plotted
in Fig. 1 with

In Xe — X

Xe — Xf
vs 7 at two reaction temperatures for a 14~
23 mesh catalyst, coincide in the range of
experimented values of +; therefore, there
is no film diffusion effect. In addition, the
first-order kinetics of the exchange reac-

tion is supported by the present data.

The rate of exchange is reported in Fig.
2 on the Arrhenius plot for various cata-
lyst sizes (the temperature range has been
explored with both rising and decreasing
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limiting.
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Fia. 2. Arrhenius plot for various sized catalyst pellets.

temperature without revealing any evi-
dence of catalyst deactivation during the
runs). It is plain that the size of particle
plays a marked role on the reaction rate,
showing a pore diffusion effect through the
catalyst pellet. Moreover, three ranges of
temperature characterized by different
values of activation energy may be recog-
nized, in agreement with the data of Smith
and Taylor (1) and Molinari and Parra-
vano (4). The observed activation energy
is 52 keal/mole in the first range of tem-
perature, then it drops to 9.9 keal/mole in
the second. Above a certain temperature,
the exchange picks up speed again showing
an activation energy of 28 kcal/mole. The
curves of the different sizes of particles
overlap in the first range of temperature
and the break which follows it occurs at
the higher temperatures as the size of the
catalyst particle decreases. The runs were
stopped at the temperature where film dif-
fusion effects became evident.

DiscussioN

The present data indicate the strong ef-
fect of the size of particle on the exchange

rate. Consequently, it becomes hard for us
to attribute the breaks in the Arrhenius
plot exclusively to two types of adsorption
or to two different hydrogenated compounds
or to an induced desorption mechanism. In
fact, on the last grounds the variation in
the activation energy should be occurring
at a certain temperature independently of
the size of particle. Furthermore, the
straight-line Arrhenius plots, previously
obtained (3, 4), do not agree very well with
the proposed mechanisms. Rather, an inter-
pretation based on diffusion effects within
the catalyst may be given.

As the reaction rate, at low temperature,
is independent of the size of particle, the
reaction step on the surface of the catalyst
is controlling. With increasing the temper-
ature, the diffusional resistances within the
particle become increasingly important
relative to the resistance to chemical step
until strong pore diffusion regime appears
and the apparent activation energy ap-
proaches a minimum value if no film dif-
fusion effects are involved (13, 14).

In the present investigation the chemical
regime can be considered falling in the
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first range of temperature, where all the
curves in Fig. 2 overlap and 52 kcal/mole
is the activation energy of the reaction
step. The successive decrease of the ob-
served activation energy from 52 to 9.9
kecal/mole may be attributed to the oc-
currence of the strong pore diffusion regime.
In the last conditions (the catalyst particle
may be considered isothermal), as re-
ported in Appendix the ratio between the
apparent activation energy and the true
activation energy is related to the branch-
ing degree of the porous structure, «, by
the equation:

Bup _ 1.
E, ~ 2 @

The experimental data of Fig. 2 give a ~
24; on this value an intermediate pore
model between a two-branched and a three-
branched one may be proposed to schema-
tize the porous structure of the zine oxide
pellets. As concerns the catalyst structure,
the classical single-pore model (15, 16) has
been extended by Mingle and Smith (17)
and Carberry (18, 19), who introduced the
maero-micropore model to represent cata-
lyst pills containing macropores, created
via pelleting of porous microspheres. The
last model may be visualized by a cylin-
drical pore (macropore) from which micro-
pores branch along the length and at right
angle to the maeropore (two-branched pore
model). A three-branched-pore model is
generated from the previous one via branch-
ing of mieropores along the length and at
right angle from the existing micropores;
therefore, the experimental value of «, ob-
tained on a sintered eatalyst, may be con-
sidered physically consistent. The succes-
sive increase of the observed activation
energy from 9.9 to 28 keal/mole may be
attributed to the inecreasing limitation of
the diffusion-reaction zone at the outer
surface of the particle where branched
pores are not involved. Hence, in this tem-
perature range, a value a ~ 0.9 is obtained,
which practically conforms to the single-
pore model.

With a further increase of temperature,
when the reaction process is limited at the
external surface of the particle, an activa-
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tion energy of 52 keal/mole must be ex-
pected again (pseudochemical regime). In
the present case these conditions cannot be
achieved because the range of temperature
investigated is limited by the occurrence of
film fluid resistaneces. Nevertheless, Smith
and Taylor (1) and Molinari and Parravano
(4, 6) after the temperature range of very
low activation energy, obtained a temper-
ature coefficient as large as before. The de-
pendence of the exchange rate on the par-
tiele-arithmetic-mean radius, reported in
Fig. 3, appears to support such standpoint
in the interpretation of the experimental
results. Deviations from the theoretical be-
havior may be attributed to irregularity of
the catalyst particles.

SUMMARY

The rate of the reaction H, + D, =2
HD on zine oxide has been studied from
100 to 160°C, and the reaction shown to
be first order.

The size of catalyst particle above a cer-
tain temperature plays a marked role on
the reaction rate revealing a pore diffusion
effect within the catalyst particle.

Three successive ranges of temperatures
have been recognized where the activation
energy is 52, 9.9, and 28 kcal/mole, respec-
tively. The break of the activation energy
from 52 to 9.9 keal/mole is interpreted as
a transition from a chemical regime to a
strong pore diffusion one. The following in-
crease of the activation energy from 9.9 to
28 keal/mole is attributed to the increasing
limitation of the diffusion-reaction zone at
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the outer surface of the particle where
branched pores are not involved.

From the ratio between the observed
activation energy in strong pore diffusion
regime and the true activation energy,
evaluated in the chemical regime, the
branching degree of the porous structure
has been calculated, assuming a multi-
branched-pore model.

APPENDIX
Let us consider the reaction:

C+A=22B (A.1)
with first-order reversible kinetics:
r, = Ki{d] — KJB]. (A.2)

In the a-branched-pore model, call tth-
pores those of the ith-branching; let the
ith-pores have radius r; and length I; and
the diffusivity within be the same for both
the reactants A and B. Assume the surface
of (2-1)th-pore entirely covered by ith-
pores. From the stoichiometry of the re-
action (A.1) the reduced concentration of
B may be related to the reduced concen-
tration of 4 by the equation:

bi = —2(1,' + 2&0 + bo.

The a-material balance equations are

(A.3)

Me?

da, _
(ath-pores) ot 2

X [2a0 — (1 = x.)Rao + bo)] (A4)
and
. d?a; da;py1 .. _
(jth-pores) W]’ = 20 (—~ ﬁ)ﬁﬂ-l =0,
Aa—-j+49)
1<i<a—1
where
_ ( 2K 1)” : .
Mo = roD. o

is the ath-pore diffusion reaction modulus

and
6= (D__ l_‘)’
! Dj riljia
are the geometric moduli of the multi-

branched porous structure,
In strong pore diffusion regimes the re-
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action rate drops to zero at the pore ends
where the equilibrium conditions are
established.

By solving the Egs. (A.4) and (A.a--3),
the rate of transport of reactant 4 into the
pore is obtained:

2
. L mritD
o = -tz 21T

x(j:ym"mwuf—n.

The material balance of A for a differential
element of weight of catalyst (the cata-
lyst pellets are considered spheres) in a
plug flow reactor is

361

wr 12d r

vl d]® dx =

¢ dP. (A.a+ b)

Integration of Eq. (A.a-5) gives

InXe = Xi L g P (Aa + 6)
Xe =™ Xr Xelo
with
1—1/2%"1
K= 3 X le GDI( n 0h”2"")
! h=1,., -1
me N1
x(vz) x (Aat7)

If the temperature dependence of both dif-
fusivity and y. is negligible, the apparent
activation energy, defined as

5 o _ MK
e = 5(1/R, T
in diffusion-limited regimes becomes:
Bapp _ 1, ;
T, ~ (A + 8)

In the same conditions, the dependence of
reaction rate on radius of catalyst particle
is expressed by:

dln K
m = 1. (Aa + 9)
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