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The activities of nickel and nickel-chromia on alumina catalysts for hydrogen-water deu-
terium exchange were measured with 5.5 mm diameter spheres in a fully mixed, fixed bed
reactor and with powder of the same catalysts in a packed bed, flow reactor.

The promoting effect of chromia on the alumina supported nickel was not as large as it
was for coprecipitated nickel-chromia catalysts. There was evidence that the alumina sup-
port was, itself, acting as a promotor. The activity was not affected by the nature of the
anions in the impregnating solution used to prepare the catalyst, except for nickelous sulfate
which gave much lower rates.

Powdered catalysts had a higher activity than large particles unless the nickel was in only
the outer layers of the spheres. When the nickel was uniformly distributed throughout the
spheres, the effectiveness factors could be calculated satisfactorily from the model of
Wakao and Smith [Ind. Eng. Chem. Fundam. 3, 123 (1964)]. This model was less satisfac-
tory when the catalyst structure was altered by muitiple impregnations followed by cal-
cining. When the water pressure was much less than the hydrogen pressure, low effec-
tiveness factors resulted largely from the slow diffusion of water in and out of the pores.

INTRODUCTION ferent metal profiles and different catalyst
physical properties.

In this work, the activities of several
nickel-chromia catalysts supported on alu-
mina were studied to provide criteria for
the design of practical catalysts. The role
of metal profiles and catalyst structure on
the reaction kinetics has been assessed.

Hydrogen-water deuterium exchange
has several advantages for these studies.
The deuterium concentration can be kept
low so that reaction (1) is the only reaction
of importance.

Nickel-chromia catalysts have been
found to be good catalysts for hydrogen-
water deuterium exchange (7,2). These
catalysts were coprecipitated from car-
bonates of nickel and chromium and con-
tained about 85% nickel and 15% chromi-
um. Catalysts were then prepared in a size
and shape suitable for industrial use by
pelletizing the precipitated carbonates (7).
However, the preparation of catalysts by
impregnation is potentially simpler, since
the support can be obtained in various
physical forms with different surface areas, H, + HDO = HD + H,O0. (n
pore volumes and pore diameters. Impreg-

nation by different procedures can give dif- 1hus equilibrium is always approached by
a first order process (2,3), and the kinetic

" AECL No. 5193, a%nglyms is simple. Hgat effects are neg-
2 Present address: Chevron Research Co., Rich- llglble, and the chemical composition re-
mond, CA 94802, mains constant in any type of reactor.
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Experimental effectiveness factors have
been measured directly (4) under condi-
tions where external mass transport was
absent by measuring rates on large pellets
and also on very small particles. Further-
more, by determining the pore structures
of the catalysts, effectiveness factors can
also be calculated and compared with the
measured values. The morphology, total
metal content, and metal distribution of the
catalysts used have been described in a
preceding article (5).

EXPERIMENTAL METHODS

Two reactors were used to measure the
exchange rate. A small, packed bed reac-
tor was used to measure exchange rates
over crushed powder catalysts, and a
stirred, fixed bed reactor was used for the
catalyst pellets (6). The schematic arrange-
ment of these reactors is shown in Fig. 1.
Both reactors could be operated simuita-
neously and a valve allowed selection of
the exit stream from either reactor for
analysis.

The small reactor was identical to that
described earlier (7). Since we wanted to
determine intrinsic rates in this reactor, it
was essential to show that both intrapar-
ticle and interparticle diffusion had been
eliminated. These effects were examined
by using catalyst powders of different
mesh sizes, and by varying the quantities
of catalyst at constant space velocity. In-
traparticle diffusion effects would be re-
vealed by different catalytic activities for
different particle sizes, whereas interpar-
ticle diffusion effects would show as varia-

tions in the activities with flow rates at
constant space velocity (4).

The stirred reactor was made from a
1-liter permanent magnet drive autoclave
by attaching a four-vane catalyst basket to
the stirrer shaft. The catalyst particles
(0.5-2 g) were placed in the basket and ro-
tated. To test the degree of mixing, glass
beads were put into the basket to replace
the catalyst and hydrogen was passed
through the reactor. A pulse of argon (5
cm?®) was injected upstream from the reac-
tor and the argon concentration in the hy-
drogen leaving the reactor was measured
as a function of time (6). These mixing
tests were carried out with various flow
rates and stirring speeds.

For both reactors, ultra pure hydrogen
(99.999%) was passed through a pal-
ladium-on-asbestos catalyst to remove any
oxygen and was then saturated with water
containing 3% D,O by volume (6% HDO)
in a saturator maintained at 63.3°C in a
constant temperature bath. Corrections
were made for the different volatilities of
H,O and HDO (8). The exchange reaction
[reaction (1)] took place in the reactor and
the effluent was passed through a con-
denser and a dry ice trap to remove the
water. The hydrogen flow rates were mea-
sured with soap film flowmeters. The HD
content of the hydrogen was measured
mass spectrometrically (9). Flow rates
were chosen so that the conversion did not
exceed 60% of the equilibrium conversion.
All measurements were made at a total
pressure of about 100 kPa.

Prior to rate measurements, fresh cata-

Fic. 1. Flow diagram of the reactor system: (1) heavy water saturator; (2) micro-packed-bed reactor; (3)
stirred fixed-bed reactor; (4) dry ice trap; (5) soap film flowmeter; (6) four-way valve; (7) residual gas analyzer.
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FiG. 2. Experimental results of mixing tests in the stirred flow reactor.

lysts were flushed with argon for at least 1
hr at 150°C and were then reduced in
flowing hydrogen at 300°C for 16 hr, at a
flow rate of at least 2 cm*(STP)/s.

RESULTS

The results of the argon mixing tests in
the stirred reactor are shown in Fig. 2.
Here ¢ and 7 are the elapsed time and
space-time (the ratio of reactor volume to
hydrogen volumetric flow rate), respec-
tively. The argon concentration at = 0 is
given by C,, and C is the concentration at
time ¢ The straight line follows
(C/Cy) =exp (—t/r) and represents
instantaneous mixing in the reactor (6). At
stirring rates greater than 800 rpm and
flows greater than 110 cm®/min, complete
mixing was achieved.

For reaction (1), the net rate of ex-
change, r, can be expressed as (3,10)

r=k[(1—n)N—n(1=N)/K], (2)

where # is the mole fraction of HD in the
hydrogen; N is the mole fraction of HDO
in the water vapor; K is the equilibrium
constant of reaction (1). The rate coeffi-

cient, k., would be the initial rate of reac-
tion (1) in the forward direction for the
exchange of deuterium between pure
HDO and H, [Eq. (9)]. Of course, such
experiments cannot be done since pure
HDO would form an equilibrium mixture
of H,O, HDO, and D,0. At low deu-
terium contents,

r~ k(N —n/K). (3)

The total deuterium content in any ele-
ment of the reactor is conserved, so

F‘]-[2 dn+FH20dN=0, (4)

where Fy, and Fy,, are molar flow rates of
hydrogen and water, respectively. This
leads to
n—n

N=N,— _w—o’ (5)
where the subscript 0 refers to the mole
fractions of HD and HDO in the stream
entering the reactor and = is Py,of/Pp,.
Thus

(v ) (L L) )
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At equilibrium, denoted by the subscript e,

Ne= N, —Ze—"0 (7)
and
— ne(l _ Ne) = [t
K (1 _ne)Ne Ne' (8)
Thus
1 1
No %=ne<?+?). (9)
For the packed bed reactor
_ dn
r_ FHz dWm

- kr[(N0+ %) — n(%-l— %)], (10)

where W, is the weight of nickel in the
catalyst. Rearranging and integrating leads
to (3)

P S <ﬂz) In

—_ Ne — Ny
(1K) + (1) \W,,

He—n'

(11)

For the fixed bed stirred reactor,

=] (No+ 2) = n(z+ L) (2)

This leads directly to an expression for &,
in the stirred reactor:

&= (rrmrm) (#) =)
(13)

For the packed bed used with powdered
catalysts, when In[ (n, — ny)/(n, — n)] was
plotted against F~'y, generally this plot was
linear to fairly high conversions (7) and k&,
was evaluated from the initial slope using
Eq. (11). This procedure was necessary to
eliminate the effects of back-diffusion (9).
For the stirred reactor a true differential &,
could be calculated directly from Eq. (13).
It should be emphasized again that %, is
the rate for reaction (1) in the forward
direction.
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F1cG. 3. Activity of catalyst 543 of different particle
sizes in the flow reactor.

The activity of powdered catalyst 543
[see Ref. (5) for characterization] is
shown in Fig. 3 for four mesh sizes. The
activity varied somewhat at the three tem-
peratures tested but since the variation
was random with respect to particle size, it
can be considered due to unknown experi-
mental differences. Thus, intraparticle dif-
fusional resistance was considered insignif-
icant.

The same catalyst activities are shown
in Fig. 4 plotted as a function of flow rate
at constant space velocity. The activity of
the catalysts remained essentially constant
while the flow rate was varied by a factor
of three. This leads to the conclusion that
interparticle diffusional resistance is small.

Figure 5 shows the activity of catalyst
542 [Ref. (5), Table 1] both as the original
spheres of 5.5 mm diameters, and as the
crushed powder as a function of the tem-
perature in an Arrhenius plot. Catalyst 542
was prepared by impregnation of the alu-
mina support spheres with a solution con-
taining 0.15 mol/liter of chromic nitrate
and 0.71 mol/liter of nickelous nitrate. It
had a reasonably flat nickel profile,
although the nickel concentration was de-
pleted in the region near the outside sur-
face of the spheres and chromium was
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Fic. 4. Activity of catalyst 543 at different flow
rates in the flow reactor.

concentrated in the outer region (5). Also
shown are the activities of the spherical
catalyst calculated from the rate over
powders and efficiency factors which were
computed from the catalyst pore structure
as discussed below.

Figure 6 shows rate data from catalysts
543 and 575. Catalyst 543 was impreg-
nated with 1.43 mol/liter nickelous nitrate,
and had most of the nickel concentrated in
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Fic. 5. The activity of catalyst 542 as 5.5 mm
diameter spheres and as small particles. The origin of
the calculated line is given in the text.
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FiG. 6. The activity of catalysts 543 and 575 as

spheres and as small particles: (X) 543 powder; (O)
543 spheres; (A) 575 powder; (O) 575 spheres.

the outer shell. Catalyst 575 was impreg-
nated with 1.47 mol/liter nickelous sulfate
to yield a fairly uniform concentration of
nickel in the outer two thirds of the pellet
and no nickel in the core (5). For catalyst
543, in fact, the spheres had about the
same activity as the powder, indicating
that the efficiency factor for the spheres
was very high. Both catalysts 542 and 575
showed lower activities as spheres, in-
dicating a lower efficiency factor for the
spheres. As powder, catalyst 542 dis-
played a slightly higher activity per gram
of nickel than catalyst 543. This indicated
a slight promoting effect of chromia, but
this promotion was much less effective
than for the coprecipitated catalysts (2).
Rates were very much lower for catalyst
575 which was prepared from nickelous
sulfate solution. This was probably a result
of the lower surface area (5) and the pres-
ence of sulfur in this catalyst.

Figure 7 shows the activities of catalysts
578-U 578-V and 578-W as powder and of
578-U and 578-W in the form of spheres.
Also shown are the calculated activities
for catalyst 578-U and 578-W as spheres.
These catalysts were prepared from nick-
elous nitrate and chromic acid solutions.
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Fic. 7. The activity of catalysts 578-U, 578-V and
578-W as spheres and 578-U and 578-W as small par-
ticles. The origin of the calculated line for 578-U and
578-W as spheres is given in the text.

They were each prepared somewhat dif-
ferently but all have similar concentration
profiles (5). There was no significant varia-
tion in activity among them for the pow-
dered catalysts. The activity of the spheres
was much lower, indicating small ef-
ficiency factors.

DISCUSSION

Our measured rates, expressed as rates
per unit weight of nickel, are three to four
orders of magnitude higher when the
nickel is supported on alumina than would
be predicted from rates measured by other
workers over bulk nickel (2). For example,
at 130°C, the rate for catalyst 543 is about
0.4 mol HD/hr g Ni. At 79°C, the rate is
9 X 1075 mol HD/hr g Ni for bulk nickel
(2). Thus alumina seems to act as a pro-
motor. Some of this promotion may be
structural, but the bulk nickel used by
Margineanu and Olariu (2) had a surface
area of 4.4 m?/g. Thus any increase in the
nickel surface areas of our supported cata-
lysts could not account for all the increase
in rate. Therefore, a large proportion of the
promotion by the support must be chemi-
cal. In fact, our measured rates were only

slightly lower than rates measured over
coprecipitated nickel-chromia catalysts
containing the optimum amount of chromia
(2,10). This also suggests that the alumina
support is acting as a chemical promoter.

Recently it has been shown that alumina
may act as a chemical promoter for nickel
catalyzed hydrogen-water exchange (/7).
Thus the further effect of small additions
of chromia is a factor of two at most (cata-
lysts 543 and 542).

The very much lower activity of the
catalyst prepared from nickelous sulfate is
attributed to poisoning of the surface by
sulfur. The surface area of this catalyst is
also somewhat lower (132 m?/g as against
163 m?/g) suggesting that some of the
pores may be plugged.

In all catalytic processes there are the
physical and chemical steps of bulk phase
mass transfer, pore diffusion, adsorption,
surface reaction, desorption, pore diffusion
and bulk phase mass transfer of products.
Any of these processes can be rate li-
miting. We have attempted to eliminate
bulk phase mass transfer by using the
stirred reactor for large spheres, and
appropriate flow conditions in the packed
bed. Pore diffusion would be eliminated in
the packed bed if our particles were small
enough (4). The data in Fig. 3 suggest that
this is the case. Thus, the rate data from
the packed bed include the adsorption,
reaction, and desorption terms which we
shall call the intrinsic rate. The data ob-
tained from the large spheres in the stirred
bed should reflect pore diffusion and in-
trinsic rate. The ratio of the two gives the
experimental effectiveness factor directly.

Ever since the concept of the effec-
tiveness factor was introduced by Thiele
(12), there has been much interest in eva-
luating effectiveness factors for reactions
in porous material. Satterfield (4) has re-
viewed this work and has listed reactions
for which the effectiveness factor has been
determined by experiment, and where it
has been compared to the theory. A
number of theoretical treatments are pos-
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sible, but for the catalysts considered here,
which contain both macro- and micro-
pores, the treatment developed by Mingle
and Smith (/3) and Wakao and Smith (/4)
seems especially apt. Their model has
been well tested using ortho-para hy-
drogen conversion over NiO on alumina
(15,16).

The model as developed by Wakao and
Smith (I4) treats first order reversible
reactions in a solid consisting of small mi-
croporous particles forming a larger matrix
with macropores between the small par-
ticles. For the small particles making up
the pellet, the rate is expressed as (/6)

r=kymi(ne—n). (14)

We will consider first the case where
water diffusion is slow and assume hy-
drogen diffusion to be fast. We will return
to this point later. In Eq. (14), n; is the ef-
fectiveness factor of the small particles.
Comparing Eqgs. (14) and (3), it is apparent
that &£, in Eq. (3) is the rate coefficient for
reaction (1) in the forward direction only,
whereas &, 7; in Eq. (14) is a rate constant
for the first order equilibriation of reaction
(1). Following the steps involved in
deriving Egs. (11) and (13), it can be
shown that

Fu, In ne” —

ks = In = (15)

’

in the packed bed reactor, and

F ”le, - nol

W, n —n (16)

kwni =
in the stirred reactor where the primes in-
dicate conditions applying in the micro-
porous particles. In other words, in the
small particles

1 1
If the pellet effectiveness factor for the
macropores is 7,, then for the spheres:

1

(1 1
kwnma—k,(KJrW). (18)

For an isotopic exchange reaction where
the flux of each chemical species must be
the same, the effective diffusivity, D, in the
pellet is (/4)
€2(1+ 3¢,)

1+ ¢,

€2

= {1/D,) + (1/Dxa)

D +

Ni

(D, + (0 ¥
where the €’s are the void fractions and
D’s are diffusion coefficients. The sub-
script a refers to the macrovolume and the
subscript / to the microvolume. The sub-
script b refers to a bulk diffusion coeffi-
cient and the subscript £ to a Knudsen dif-
fusion coefficient. These were calculated
from an equation given by Satterfield (4),
employing the pore radii previously mea-
sured (5). Since the elementary particles of
the sphere are of the order of a few tens of
micrometers, and since we have already
shown that there is no noticeable effect of
pore diffusion for particles as large as 400
pm (40 mesh), n; was taken as 1.0. With D
evaluated, 7, could be calculated (I/3)
using Eq. (20)

R (LR )
ho=Ro( B ) (20)

where pg is the bulk density and R, is the
radius of the sphere. Effectiveness factors
so calculated and applied to the rates mea-
sured over crushed catalyst in the packed
bed reactor gave the calculated rates over
the large sphere. These calculated rates
are shown in Figs. 5 and 7.

Up to this point we have considered the
case where water diffusion was responsible
for any diffusional limitations in the cata-
lyst, and hydrogen gradients were smalil.
When we considered the case where water
was in equilibrium and the diffusion of
hydrogen was rate controlling, »n, was
always greater than 0.85 and was generally
greater than 0.95. The high effectiveness
factors, compared to those calculated for
water seemed to result from the higher
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hydrogen pressure used [see Eq. (20)].
Therefore water diffusion in and out of the
pores appears to be the primary cause of
small effectiveness factors.

For catalyst 542, the model predicts the
effectiveness factors well at lower temper-
atures but predicts lower rates than were
actually observed at higher temperatures
(Fig. 5). This catalyst is deficient in nickel
at the outer edges, but has chromia in the
outer edges. At higher temperatures, rela-
tively more of the reaction takes place in
the outer region where the promoting ef-
fect of chromia is measurable. Also, the
pore structure used in the model was that
for alumina impregnated with nickel. This
is probably not applicable in the outer
region. Catalyst 543 has most of its nickel
in the outer shell and consequently has an
effectiveness factor of 1.0 over the entire
range of temperature.

For catalyst 578-W, the model predicts
the measured rates extremely well,
whereas the measured rates over catalyst
578-U were much lower than predicted.
These catalysts had essentially similar
metal distributions with nickel spread uni-
formly throughout the sphere and a small
quantity of chromia at the edges. Catalyst
578-U was made by impregnation with a
single solution containing both chromium
and nickel, whereas catalyst 578-W was
impregnated with chromium, dried, cal-
cined, and impregnated with nickel. The
latter technique clearly gave a less active
catalyst. Since the rates over crushed
powder are not greatly different, the rate
differences for the spheres must be physi-
cal in nature rather than chemical. It
would seem that prior calcining with
chromic acid present resulted in a finer
macropore structure which hinders dif-
fusion.

In summary, the addition of chromia as
a promoter for nickel catalyzed hydrogen-
water deuterium exchange is much less ef-
fective for alumina supported nickel than
for coprecipitated nickel-chromia catalysts

because the alumina itself seems to act as
a chemical and structural promoter. For
catalysts made by impregnation with a
single solution, the pore diffusion model of
Wakao and Smith (/4), using catalyst para-
meters obtained from nickel impregnated
catalysts, predicts the efficiency factors
observed. Prior impregnation followed by
calcining appears to alter the pore struc-
ture so as to vary as a function of depth in
the sphere. This invalidates the model and
makes the predictions inaccurate.

ACKNOWLEDGMENT

The authors are grateful to the National Research
Council of Canada for providing Postdoctoral Fel-
lowships to H.C.C.

REFERENCES

1. Taylor, E. H., “Production of Heavy Water” (G.
M. Murphy, H. C. Urey, and 1. Kirshenbaum,
Eds.), McGraw-Hill, New York, 1955.

2. Margineanu, P., and Olariu, A., J. Catal. 8, 359
(1967).

3. Rolston, J. H., and Goodale, J. W., Can. J.
Chem. 50, 1900 (1972).

4. Satterfield, C. N., “Mass Transfer in Heteroge-
neous Catalysis” MIT Press, Cambridge, MA,
1970.

5. Chen, H. C., Sagert, N. H., and Jones, S., J.
Catal. 39, 1-10 (1975).

6. Tajbl, D. G., Simons, J. B., and Carberry, J. J.,
Ind. Eng. Chem. Fundam. 5, 171 (1966).

7. Sagert, N. H., and Pouteau, R. M. L., Can. J.
Chem. 49, 3411 (1971).

8. Kirshenbaum, 1., in “Physical Properties and
Analysis of Heavy Water (H. C. Urey and G.
M. Murphy, Eds.). McGraw-Hill, New York,
1951.

9. Sagert, N. H., and Pouteau, R. M. L., Can. J.
Chem. 51, 4031 (1973).

10. Fodor, T., Margineanu, P., and Olariu, A., Stud.
Cercet. Fiz. 22, 697 (1970).

11. Abou El-nour, F., and Schuetze,
topenpraxis 8, 391 (1972).

12. Thiele, E. W., Ind. Eng. Chem. 31, 916 (1939).

13. Mingle, J. O., and Smith, J. M., AIChE J. 7, 243
(1961).

14. Wakao, N., and Smith, J. M., Ind. Eng. Chem.
Fundam. 3, 123 (1964).

15. Rao, M. R., and Smith, J. M., 4AIChE J. 9, 485
(1963).

16. Rao, M. R., Wakao, N., and Smith, J. M., Ind.
Eng. Chem. Fundam. 3, 127 (1964).

H., Iso-



