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The rates of hydrogenation of nitrobenzene in n-butanol have been measured over
catalysts of the palladium-siiver alloy system. Variation of the experimental activa-
tion energy from low (about 5 kcal mole™) values on palladium rich alloys, to much
higher values on silver-rich alloys {about 25 kcal mole™) is consistent with the
electronic band theory of catalysis, and the view that the promotion of electrons
from within the conduction band of the solid to its Fermi surface under the in-
fluence of the adsorbate is rate determining.

The catalytic behavior of the transition
metal-noble metal alloy systems Pd-Au
(1, 2), Pd-Ag (3, 4, 5) and Cu-Ni (6)
have provided much of the evidence sup-
porting the electronic band theory of
catalysis (7). These investigations have
been confined, however, largely to re-
actions at the vapor metal interface, and
consequently to reactions involving rela-
tively simple molecular species and pro-
ceeding by simple mechanisms. Evidence
for the band theory provided by studies
of reactions at metal-liquid interfaces is
less substantial. Although the presence of
electron d-band vacancies are clearly es-
sential for low activation energy catalytic
hydrogenation even in the liquid phase
(8, 9), the detailed dependence of a cata-
lyst’s activity and its band structure are
uncertain (10). The importance of surface
geometry (11) and lattice defect structure
(12) cannot be disregarded in the com-
parison of alloys for which changes in the
height of the Fermi surface are small.

The present work was initiated in an
attempt to clarify the role of the electronic
factor in liquid phase heterogeneous
catalysis, particularly the suggestion (4)
that promotion of electrons from adsorbent
bonding levels within the conduction band
to the Fermi surface is rate determining.
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EXPERIMENTAL

Catalyst Preparation and Characterization

Pure metal and alloy catalysts were
prepared by co-precipitation of the oxides,
from aqueous solutions containing ap-
propriate ratios of Ag* and Pd*+ ions. The
oxides were reduced with alkaline hydra-
zine sulphate, washed free of reducing
agent, vacuum dried, and after further
reduction with hydrogen at about 5 Torr,
vacuum annealed at 400°C for about 2 hr
(5). The annealed powders were examined
by X-ray powder photography using
Cu K, radiation, and their lattice param-
eters determined. The sharpness of diffrae-
tion lines was indicative of satisfactory
homogenization and the absence of phase
separation. Alloy ecompositions were de-
termined from their lattice parameters (4).

The large grain size of the catalysts
precluded the wuse of gas adsorption
methods for the measurement of specific
surface areas. Fstimates of surface areas
were derived from particle size distribu-
tions obtained using optical microscopy.

Hydrogenation rate studies were carried
out in a conical reaction vessel, attached
to a constant pressure gas burette con-
taining dibutyl phthalate. Provision was
made to allow flushing of the system with
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hydrogen or nitrogen, and for filling the
system with hydrogen or with mixtures
of the two gases at known partial pres-
sures. The total pressure in the system
was maintained at 1 atm. The contents
of the reaction vessel, whose walls were
indented to promoted turbulence, were
agitated with a magnetic stirrer. Reaction
temperatures between 0 and 80°C were
maintained by a thermostated liquid bath.

Simple rate studies were carried out by
placing about 50 ml of a solution of nitro-
benzene in n-butanol in the reaction vessel,
flushing out the system with hydrogen,
and after the system had reached equilib-
rium, breaking the small bulb containing
the catalyst sealed under nitrogen. The
bulb was attached to a glass rod which
passed through a leak-free gland in the
lid of the reaction vessel.

A similar procedure was used to investi-
gate the reaction rate order in hydrogen,
by filling the system with mixtures of
hydrogen and nitrogen of known partial
pressure.

The effect of hydrogen poisoning on
hydrogenation rates was studied in the
same apparatus; placing the catalyst, with
50 ml of n-butanol in the reaction vessel
where it was exposed to hydrogen gas for
periods up to 60 hr. Reaction was initiated
over the catalyst containing hydrogen by
breaking the bulb which contained pure
nitrobenzene.

REsvrLTs AND DiscUssion

Measurements of the dependence of re-
action rate on the weight of catalyst re-
vealed a constant specific rate over the
range of conditions used in this work,
indicating that absorption of hydrogen at
the gas-liquid interface, and its diffusion
to the surface of the catalyst were not rate
determining.

The dependence of reaction rate on
nitrobenzene concentration in the solvent,
n-butanol, is shown in Fig. 1 for pure
palladium and for an alloy containing
1.2% of the metal. These results show
a progressive decrease in the rate with
inereasing solute concentration above about
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I1c. 1. Dependence of hydrogenation rate on
concentration. @, Pd at 300°C; O, 12 At. %
Pd at 73.1°C (rate X 50).

0.15 mole fraction, and are consistent with
results reported by Bond (13). Compara-
tive studies of hydrogenation over the
whole alloy composition range were, there-
fore, determined for solutions containing
0.12 mole fraction of nitrobenzene in n-
butanol, at which concentration rates are
relatively insensitive to errors in nitro-
benzene concentration.

The rates of hydrogenation over palla-
dium-rich alloys were fast, and constant
for an initial period of about 10 min
before decreasing; whereas silver-rich
alloys were found to be less active, re-
quiring higher temperatures to achieve
measurable rates. Pure silver was inactive
at even the highest temperature used
(80°C). Silver-rich alloys also displayed
induction periods of up to 5 min before
reaching full rate. Measurements of the
initial rate of hydrogenation over pure
palladium exposed to hydrogen for various
times (Fig. 2) indicate that hydrogen
poisoning does not significantly affect the
rate in the first 10 min, and the maximum
rates were taken as characteristic of the
Pd-Ag alloy system rather than the Pd-
Ag-H system.

Experimental activation energies and
pre-exponential frequency factors were
obtained by fitting experimental data to
the Arrhenius equation using a linear
least-squares method, and probable errors
in the activation energy determined statis-
tically (14). Table 1 contains the experi-
mental activation energies, pre-exponential
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Fic. 2. Effect of hydrogen sorption on hydro-
genation by palladium catalyst.

frequency factors (B, molecules cm™
sec’') and specific surface areas of the
alloy catalysts used in nitrobenzene hydro-
genation. Values of B, greater than the
surface collision frequency of hydrogen gas
at 1 atm (~10%® molecules em=? sec?)
which are found for the high activation
energy catalysts are not uncommon in
heterogeneous systems (7) and may have
their origins in large positive entropies of
aetivation.

There are no data available for the
solubility of hydrogen in the nitrobenzene-
n-butanol reactant solution; the heat of
solution of the gas in nitrobenzene, ethanol,
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and isobutanol is estimated (15) to be
about 1 kcal mole?. Measured experi-
mental activation energies which contain
a COHLIIDUMUII J.IOIII l/Ile Ile&D OI bOlUUOD
of hydrogen must accordingly be reduced
by this amount over the whole alloy range.
In addition the reduction of hydrogen
partial pressure over the reactant solution
by the vapor of the solution introduces a
further correction dependent upon the
heat of evaporation of n-butanol. This
amounts, for measurements made in nitro-

benzene and n-butanol mixtures, to the

addition of mr\]y 0.1 keal mole? fnr n“nve

studied over the lowest temperature range
(palladium-rich alloys), but the addition
of about 2.5 kcal mole? to experimental
activation energies derived from measure-
ments at the highest temperatures (on
silver-rich a]loys). Contributions from the
heat of evaporation of nitrobenzene are
negligible for all ailoys.

The experimental activation energy in-
creases with increasing silver content of
the alloy, and increases rapidly for cata-
lvsts containing more than about 50 At. %
silver. The difference in activation energy
between the extremes of the composition

range (about 20 keal mole™) is appreciably

TABLE 1
ActivaTion ENERGIES, FREQUENCY FacTORS, AND SURFACE AREAS OF CaTaLysTs Uskp FoRrR
N1TROBENZENE HYDROGENATION

Activation energy

Surface area Frequency factor

At. 9, (keal mole™) (10°m2g™1) (molecules cm~2 sec™?)
100 3.83 £0.15 5.8 2.5 X 10%
1002 4.10 + 0.26 — —
100* 12.2 £0.12 — —
88.8 4.22 £ 0.06 14.0 2.9 X 10?°
62 4.63 +£ 0.09 3.6 3.3 x 10
57.8 8.33 £ 0.01 7.4 6.4 X 10%
57 .8« 2.81 +0 14 — —_
49.8 5.61 £ 0.72 7.4 5.0 X 102
49 .8 8.43 £ 0.11 — —
40.1 15.49 + Q.45 3.1 2.5 X 1028
23.7 19.5 £1.2 21.9 3.3 X 103
16 17.8 £2.2 3.7 2.3 X 10%°
12.8 242 +1.6 3.1 7.7 X 10%
1.2 24.8 £2.0 4.2 1.12 X 103

2 In pure nitrobenzene.
b Exposed to hydrogen for 60 hr.
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larger than the range found for the para-
hydrogen conversion on palladium-silver
alloys (about 13.5 kecal mole!) and the
difference in Fermi energies of palladium
and silver, so the suggestion (4) that the
rate-determining step in the parahydrogen
reaction involves electron promotion to the
Fermi surface would not scem applicable
to hydrogenation of nitrobenzene. How-
ever, there is evidence (I16) that nitro-
benzene hydrogenation proceeds through
the relatively stable intermediates nitro-
sobenzene, N-phenylhydroxylamine and
possibly azobenzene and azoxybenzene.
The appearance of an induction period for
the reaction over silver-rich catalysts sug-
gests that the rate-determining step in
hydrogenation is preceded by a step or
steps of comparable rate, but whieh does
not involve the consumption of hydrogen.
Over palladium-rich alloys, there is no
evidence of a delay in the achicvement of
maximum rate, suggesting that the rela-
tive importanee of the steps has changed.
The measured rate orders with respect to
hydrogen (Fig. 3) for palladium and 62%
palladium alloy are 1.28 +0.01 and
1.23 = 001, respectively, which again sug-
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F16. 3. Dependence of hydrogenation rate of
nitrobenzene in n-butanol upon hydrogen pres-
sure. @, on 62 At. % Pd, O, on Pd (rate X 107).

gests that at least two reaction steps pro-
ceed with similar rates and that their
relative importance depends upon the
alloy composition. A linear correlation
between the experimental activation energy
and log,nBn (See Table 1) is also char-
acteristic (17) of a reaction whose mech-
anism consists of two or more steps, of
comparable rate, but with different activa-
tion encrgles.

CONCLUSIONS

Nitrobenzene, nitrosobenzene and N-
phenylhydroxylamine are similar in struc-
ture, and it is expeected that the hydro-
genation transition state complexes derived
from them will be similar also. The energy
of formation of the activated complexes
and hence their rates of formation will be
very close. Subtle differences in the stabi-
lization of transition states on different
alloys are likely to decide the relative
importance of these steps in the hydro-
genation of nitrobenzene.

A simple electron promotion mechanism
would require a close parallel between
the height of the Fermi surface of the
alloy and the activation energy of the
catalytie process. A shift in rate-dominat-
ing step, as a result of the slight changes
in lattice parameters or redistribution of
the density of states within the conduction
band of the alloy, could distort the
parallelism if the levels from which elee-
trons must be promoted to allow bonding
of the activated complexes are different
in the two steps. Thus the behavior of
Pd-Ag alloys towards the hydrogenation
of nitrobenzene found in this study is
consistent with the electronic band theory
of catalysis and an ecleetron promotion
mechanism.

REFERENCES

1. RieNAcKER, G., AND SaRrY, B., Z. Anorg.
Chem. 257, 41 (1948).

. Courrr, A., anp EBrey, D. D., Discuss. Fara-
day Soc. 8, 172 (1950).

3. Scawas, G-M., Naturwissenschaften 31, 322

(1943) ; Trans. Faraday Soc. 42, 689 (1949).

D)



34 METCALFE AND ROWDEN

4. Couper, A., ANp MetcaLrg, A, J. Phys. Chem.
70, 1850 (1966).

5. Rossingron, D. R, anp Runk, R. B, J.
Catal. 7, 365 (1967).

6. DowpeN, D. A., aNp Reyworps, P. W., Dis-
cuss. Faraday Soc. 8, 184 (1950).

7. Bownp, G. C., “Catalysis by Metals,” Academic
Press, N. Y., 1962.

8. MosgevicH, I. A., Tverpovskil, I. P, aNp VERT,
Zwu. L., Zh, Fiz. Khim. 37, 2683 (1963);
Tr. Gos. Inst. Prikl. Khim. 46, 176, 184
(1960).

9. RieNnacker, G., AND ENGes, S., Monatsber.
Deut. Akad. Wiss. Berlin 5, 706 (1963).

10. Bonp, G. C.,, Chem. Eng. Progr. Symp. Ser.
No. 73 63, (1967).

11. Bavanvin, A, A, Z. Phys. Chem. Abt. B2,
289 (1929); B3, 167 (1929).

12. ConstasLe, F. H., Proc. Roy. Soc. (London)
Ser. 4 108, 355 (1925).

13. Acres, G. J. K., anp Bonp, G. C., Platinum
Metals Rev. 10, 122 (1966).

14. Larson, H. J., “Introduction to Probability
Theory and Statistical Inference,” J. Wiley,
1969.

15. “Landolt~-Bornstein Tables for Physics, Chem-
istry, Astronomy, Geophysics, and Engineer-
ing,” Vol. IIa, 1-71. Berlin, 1964.

16. Drsus, H., anp Juwaers, J. C., Bull. Soc.
Chim. Fr., 785 (1959).

17. Cremer, E., Advan. Catal. Relat. Subj. 7,
75 (1955).



