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Nitrobenzene, Et-NO,, and t-BuNOr are hydrogenated to corresponding amines using Pd cata- 
lysts in n-octane suspension at 90°C and at constant H2 pressure. Nitrobenzene reduction to aniline 
has been studied with several Pd catalysts having a different degree of metal dispersion determined 
by X-ray methods and chemisorption analysis. Results indicate that the process is a “structure 
sensitive reaction”; a peculiar lowering in catalytic activity as the degree of Pd dispersion increases 
is observed. This fact is discussed in terms of metallic surface oxidation due to the sorbed nitro- 
compound. Hydrogenation kinetic patterns change with the nature of the nitrocompound. Reduc- 
tion of Et-NO2 and t-Bu-NO, depends on substrate concentration, while nitrobenzene hydrogena- 
tion is independent of this parameter. The relevant kinetic experiments allow the formulation of a 
general reaction mechanism accounting for the different kinetic patterns observed on changing the 
substrate. The discussion illustrates the possibility that in nitrocompound reduction with metal 
catalysts the rate determining step may be hydrogenation of the metallic surface oxidized by the 
sorbed nitrocompound. 

INTRODUCTION shows complex behavior: the rate and or- 

The hydrogenation reaction of nitrocom- der of the reaction depend on the nature of 

pounds with metallic catalysts is used in- the organic moiety, solvent, and substrate/ 

dustrially where, for instance, Pd sup- catalyst loading ratio (4, 5). Reaction (1) 

ported on charcoal is a proven catalyst for may also involve possible partial hydroge- 

the preparation of reduction products of ar- nation products and/or condensation com- 

omatic nitrocompounds (2). Although this pounds, each having a peculiar thermody- 
process has been extensively studied (2, 3), namic and kinetic stabi1ity. 
the reaction mechanism and relevant as- A further intriguing element is obviously 
pects have not been fully demonstrated. In- related to the chemical interaction between 
deed, the reaction the metallic surface and (i) the nitrocom- 

Nitrocompound + 3H2 B 
pound, (ii) hydrogen, and (iii) reduction 
products. On this topic, specific studies 

amine + 2H20 (1) have been reported (6). 
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The kinetic complexity of reaction (1) 
may also be connected with the dispersion 
degree of the metal and structural features 
of the dispersed metallic phase; these pa- 
rameters may control the ultimate perfor- 
mance of the supported catalysts. There- 
fore, investigation of nitrocompound 
hydrogenation over a significant range of 
metallic dispersion may be essential in dis- 
closing some distinctive catalytic features. 

Incidentally, we exploited the availability 
of vitreous supports with high surface area 
and a considerable surface -OH group con- 
tent (7) in designing Ni, Pd, and Pt catalysts 
with a desired degree of dispersion; indeed, 
by appropriate coupling of the peculiar fea- 
tures of our supports with the Yermakov 
preparation method (8, 9), Ni, Pd, and Pt 
catalysts obtained either had very narrow 
metal particle size distributions or were 
widely ranged at higher values ( 10-12). 
With these catalysts we have already re- 
ported some results on the hydrogenation 
of olefins and the selective hydrogenation 
of alkynes and dienes (IO, 13, 14). 

In the present work we extend interest to 
nitrocompounds in the hydrogenation of or- 
ganic substrates, with the aim of shedding 
light on the mechanism of reaction (1). 
Thus, Pd catalysts with different metal par- 
ticle size distributions and metal loadings 
were used; nitrobenzene, Et-NOT and t-Bu- 
NO* were selected as testing substrates to 
study the effect of the nature of the organic 
moiety. 

EXPERIMENTAL 

Materials 

Amines, nitrocompounds, nitrosoben- 
zene, t-Bu-NO, (t-Bu-NO),, and acetaldox- 
ime were commercially available products, 
used after spectroscopic and gas liquid 
chromatography purity control. Si(OEt), 
and Al(OC3H7)3 were Fluka products; other 
chemicals were analytical grade com- 
pounds. Solvents were dried, distilled un- 
der N2 before use, and degassed by freez- 
ing-pump-thaw cycle. The Hz used in the 

hydrogenation kinetics was purified by dif- 
fusion through a Milton Roy palladium 
thimble. 

The vitreous supports of chemical com- 
position Si02/A1203/Na20 = 71/18/l 1 were 
prepared according to the method de- 
scribed in (15) and used after heating at 
240°C as a 200-240-mesh powder. The cata- 
lysts were obtained by anchoring an appro- 
priate amount of Pd(CjH& to the surface 
-OH groups of the supports in pentane 
suspension. The metal dispersion was pre- 
pared by reducing the anchored Pd(II) or- 
ganometallic species with Hz at room tem- 
perature (7, 10, 12). 

The Pd on charcoal catalysts were ob- 
tained using the conventional procedure 
(16). 

The catalysts were kept under nitrogen in 
schlenk tubes. 

Instrumentation 

An HP 5730A gas chromatograph 
equipped with a 6ft 10% UCC 692 Chromo- 
sorb WAW DMSC column was used for glc 
analysis . 

‘H NMR spectra were recorded using a 
Varian FT 80. Mass spectra were obtained 
with a VG Micromass 16F mass spectrome- 
ter. Infrared spectra were recorded on a 
Perkin-Elmer 597 spectrophotometer using 
KBr windows. 

Kinetics 

The catalysts were transferred and 
weighed under nitrogen into a 50-ml 2- 
necked flask. The desired amount of dry 
solvent (10 ml, n-octane) was added by si- 
phon and the degassed suspension con- 
nected under HZ to hydrogenation appa- 
ratus of the type described in (17, 18). 
After equilibration of temperature and Hz 
pressure the substrate was injected by sy- 
ringe through one arm of the flask fitted 
with a serum cup. 

Temperature was kept constant by exter- 
nal circulation of a thermostate and con- 
trolled to within +OS”C. 

Barometric pressure (760 2 9 mm/H& 
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was maintained during the kinetic run by 
progressive reduction of the volume of the 
gas phase by using gas uptake apparatus. 
The progress of the reaction was followed 
by analyzing a sufficient number of samples 
withdrawn from the reacting mixture. The 
complexity of the factors affecting nitro- 
compound hydrogenation with the solution- 
suspended catalysts prompted us to rigor- 
ously check any relevant experimental 
conditions which might have distorted the 
kinetic data. In particular, the reacting mix- 
ture was very efficiently and thoroughly 
stirred to avoid possible influence of Hz dif- 
fusion; the suspension was stirred with a 
1.2-cm teflon coated magnetic bar at a stir- 
ring rate of 400-500 rpm, the diffusion af- 
fecting the kinetic data at a stirring rate 
lower than 40-50 rpm. At this rate of stir- 
ring, kinetic results became inferior to the 
24% standard deviation ascertained with 
higher stirring rates. 

Chemisorption and X-ray Analysis 

Measurement of palladium dispersion 
was made by CO chemisorption at room 
temperature using pulsed-flow equipment. 
The relevant procedure has been described 
elsewhere (9). On the basis of infrared and 
chemisorption studies (20), the stoichiome- 
tric ratio Pd/CO = 1.1 was used to calculate 
the averaged Pd particle diameter. 

Previous papers (12, 21) have detailed 
the experimental arrangements for the 
Small Angle X-ray Scattering (SAXS) and 
Wide Angle X-ray Scattering (WAXS) 
methodological approach, raw data han- 
dling, and final data treatment. Only a short 
definition of terms will be given here. The 
average weighted particle sizes, as quoted 
here, were calculated according to the ex- 
pression 

D = l,y .tiUW(= .fvVOdR (2) 

where fs( R) and fV( R) are, respectively, the 
normalized mean surface and volume distri- 
bution functions; R is the size parameter. 

The total metal surface areas, S,, (m2 
gpd-l) were derived from the asymptotic be- 
havior in the tails of the scattered intensi- 
ties by means of absolute intensity mea- 
surements (12, 21, 22). 

The fraction of exposed Pd, D,, was cal- 
culated as the ratio of the number of surface 
atoms to the number of total atoms in the 
spherically averaged volume of the metal 
particles. The equation used was 

D, = 1; R3 - (“,1 2Ro)3 f,(R)dR (3) 

where Ii0 = 2.75 A is the atomic diameter of 
Pd. 

RESULTS 

Catalyst Features 

Table 1 shows the degree of Pd disper- 
sion for each catalyst in terms of metal par- 
ticle diameter. The Pd surface areas S,, and 
fraction of exposed metal D, are also re- 
ported. 

TABLE I 

Main Parameters Obtained from Catalyst 
Characterization” 

Catalystb Pd wtW S,, Particle DS’ 
(m* gpdml) Diameteti 

(‘Q 

A, 0.69 424 13 0.95 
A2 0.85 316 16 0.87 
A3 1.3 250 19 0.78 
B2 1.42 195 27 0.69 
G 1.75 86 54 0.43 
c2 5.0 44 106 0.30 
D 0.49 (1W (31) 0.73 
E 0.24 (102) (51) 0.53 
F 1.01 166 29 0.71 

(189) (26) 

a Values in brackets refer to chemisorption mea- 
surements; other data result from SAXS analysis. 

b SAXS data of Catalysts A,-A2, B2, C,, and C2 
were calculated from previously reported SAXS char- 
acterization (II). 

c From elemental analysis. 
d SAXS data refer to Eq. (2). 
e From Eq. (3); chemisorption data are averaged 

values. 
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The features of catalysts constituted of 
Pd supported on vitreous powders which 
we currently prepare by the “gel route” 
(15, 23) can be accounted for by the ob- 
served parallelism between the -OH group 
content on the support surface and the de- 
gree of metal dispersion (II, 14). In partic- 
ular, since the smallest metal particles are 
generated by the fraction of Pd(CjH& 
chemically interacted with the surface hy- 
droxides of the support (12), the content of 
-OH groups determines the fraction of 
metal particles with diameter approxi- 
mately smaller than 30 A. Thus, in agree- 
ment with the high concentration of surface 
-OH groups on support A (equivalent to 
16.2 ml of H2 evolved per g of support ti- 
trated with LiH), the corresponding cata- 
lysts are constituted of very small Pd parti- 
cles arranged in an almost monomodal 
particle size distribution function (II). In 
the case of catalysts Bz, D, E, and F, where 
the -OH contents are, respectively, 4.9, 
5.2, 3.1, and 4.6 ml of Hz evolved per g, the 
resulting metal dispersion is progressively 

lowered. Here the largest amount of 
Pd(C3H& is simply sorbed and not an- 
chored to the support surface; in this case 
reduction with H2 generates metal particles 
larger than 30 A. 

In Table 1 some catalyst parameters 
come from SAXS, others from chemisorp- 
tion analysis. The good agreement found in 
the case of catalyst F might allow us to con- 
sider the two methods as consistent with 
each other. On the other hand, comparison 
between SAXS and chemisorption analysis 
constitutes a topic which goes beyond the 
scope of this work. 

Hydrogenation Results 

In all examined cases the hydrogenation 
of nitrobenzene displayed a very good lin- 
ear trend of plots of percent conversion vs 
time. A typical case is shown in Fig. I. 
Least squares treatment of these data ob- 
tained at constant HZ pressure allowed the 
calculation of standard deviations on the 
pseudo-zeroth-order rate constants kobc. 
Relevant uncertainties never exceeded 4%. 

FIG. 1. Nitrobenzene hydrogenation. Catalyst E, f = 90°C; PHI = 520 k 19 mm/Hg. 313 mg of 
catalyst, substrate 0.41 M. 
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In some cases the same run was repeated 
with the same catalytic system and the re- 
producibility of slopes based on nitroben- 
zene consumption displayed deviaiions of 
about 3%. This behavior was observed in 
the 0.2 to 0.9 M nitrobenzene concentration 
range; it may be considered a good test for 
the absence of poisoning. 

Apart from the high stirring rate used in 
all catalytic experiments, kinetic behavior 
may be related to possible HZ diffusion con- 
trol; this prompted us to ascertain the line- 
arity of the plot of In k,dT vs l/T. One 
example in the 40 to 100°C temperature 
range is shown in Fig. 2; the kobs data refer 
toPH2 = 760 mm/Hg once the linear depen- 
dence of kobs on PuZ in the 0.5 to l.O-atm 
interval had been ascertained. We calcu- 
lated activation energy values ranging from 
7.2 to 9.6 Kcal mol-‘, in general agreement 
with the reported values for aromatic nitro- 
compound hydrogenations (4) in the ab- 
sence of Hz diffusion control. 

Kinetic results are summarized in Table 
2, where kinetic data are expressed per mg 
of Pd metal. Moreover, since the metal dis- 
persion of the catalysts was also known, 

-14.4 _ 

-15.0 _ . 
‘i 

1 I , I I 
2.60 2.14 2.66 3.02 3 16 3.30 

l/T. 103 

FIG. 2. Effect of temperature on nitrobenzene hy- 
drogenation. kobs data refer to PHI = 760 mm/Hg, cata- 
lyst E. 

TABLE 2 

Hydrogenation of Nitrobenzene: Effect of Pd Metal 
Dispersion” 

Catalyst 10’ kobr lo4 . CSAb 
(M set-I m gr,-‘) (M set-I mpdm2) 

A, 0.76 1.8 
A2 0.67 2.1 
A3 0.60 2.4 
B2 2.64 13.5 
Cl 1.73 20.1 
c2 I .23 27.9 
D 1.48 9.1 
E 3.32 32.6 
F 3.21 19.3 

0 T = 9O”C, barometric pressure 760 k 9 mm/Hg, PnZ 
= 520 + 19 mm/Hg. 

* Calculated from kob,lS,, ratios. 

the kobs per m2 of exposed metal were also 
calculated. These data of catalytic specific 
activity (CSA) expressed as M sec-‘mpd-2 
are markedly dependent on the metal dis- 
persion. 

Et-NO2 and t-Bu-NO, were hydrogen- 
ated to the corresponding amines at 90°C 
and barometric pressure (Pu2 + solvent va- 
por pressure) like the nitrobenzene hydro- 
genations. Catalysts D and E were used. 
The progress of the reaction was followed 
by nitrocompound consumption. The for- 
mation of Et-NH, from Et-NO2 was also 
ascertained by glc analysis of the gas phase. 
Kinetics carried out at different substrate 
concentrations and with different amounts 
of catalyst indicated progressive deviation 
from the linear trend as the nitroalkaneicat- 
alyst ratio was increased. The shape of the 
slopes of the percent composition vs time 
changed so much from one case to another 
in the Et-NO2 concentration interval O.l- 
1.2 M that the possibility of rationalizing 
the system as a function of substrate con- 
centration was prevented. 

During these experiments, no side prod- 
ucts were detected during the kinetic run. 
Moreover, acetaldoxime was very slowly 
hydrogenated to amine; this excludes the 
suggestion that hydrogenation of Et-NO2 
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involves this partial reduction product as an sumption, within the interval of concentra- 
intermediate. tion used here, may be expressed as 

Figure 3 shows a representative result for 
the hydrogenation of t-Bu-NO, to amine. 
The experiments were carried out at 90°C 
and therefore the amine was also present in 
the gas phase. The rate constant of the ni- 
trocompound consumption can be calcu- 
lated from the first-order treatment of the 
percent concentration data vs time. In this 
case too, the reproducibility of the rate con- 
stant values, obtained upon successive ad- 
ditions of t-Bu-NO, to the same reaction 
mixture, suggested the absence of poison- 
ing in the substrate. The k values are shown 
in Table 3; they depend on the initial sub- 
strate concentration CO, according to the 
plot of k vs Co of Fig. 4. This result indi- 
cates that the rate law of t-Bu-NO* con- 

-dCldt = (A - BCK. (4) 

It is noteworthy that in this case the pro- 
cess involves the formation and buildup of 
a detectable intermediate which is in turn 
hydrogenated to amine. Glc analysis ex- 
cludes the identification of this intermediate 
as t-Bu-NO or as a condensation product of 
the type t-Bu-N=N-t-Bu, t-Bu-NH-NH-t- 
Bu or (t-Bu-NO),. ‘H NMR and mass spec- 
tra of the distilled reacting solution do not 
give conclusive evidence for the character- 
ization of this intermediate. Independent 
hydrogenation experiments of t-Bu-NO in- 
dicate that this substrate is reduced much 
faster than t-Bu-NO, and the relevant kinet- 

FIG. 3. Reaction profile of the t-Bu-NO2 hydrogenation: A t-Bu-NO,; x intermediate; * t-Bu-NH2 
seconds 0 refers to the first-order treatment of t-Bu-NO2 consumption. 
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TABLE 3 

Kinetic Parameters for t-Bu-NO2 
Hydrogenation0 

Co (Ml lo4 x k (see-’ m g,,-‘) 

1.05 0.33 
0.65 1.38 
0.42 2.88 
0.20 4.19 

u T = 9O”C, catalyst D, PHI = 520 k 19 
mm/Hg. 

its do not show the occurrence of any inter- 
mediate. 

DISCUSSION 

Effect of Pd Dispersion on Catalytic 
Activity 

Nitrobenzene hydrogenation to aniline 
was particularly suitable for a kinetic inves- 
tigation involving comparison of catalytic 
activity among catalysts having different 
kinds of dispersion of the metallic phase. 
However, as supports we used vitreous ma- 
terials and charcoal which may interact dif- 
ferently with the Pd phase; the incidence of 
this parameter on the CSA may be signifi- 
cant but, unfortunately, it is difficult to 
evaluate because of the lack of charcoal 

and vitreous powder catalysts with identi- 
cal size distribution functions for the dis- 
persed Pd. Thus, we restricted our atten- 
tion to catalysts on vitreous supports 
excluding those of type C, for which a quite 
different pore diffusion may also be sur- 
mised. 

Figure 5 shows the diagram of the vari- 
ous CSA data versus the dispersion of the 
corresponding catalysts. The resulting pic- 
ture indicates strong dependence of CSA 
on metal dispersion. The experimental un- 
certainties in the CSA values and the ap- 
proximation used for the determination of 
the fraction of exposed metal are clearly 
negligible with respect to the trend shown 
in Fig. 5. Thus the reaction 

Pd catalysts nitrobenzene + 3H2 - 
aniline + 2H20 (5) 

behaves like a structure sensitive reaction 
(24) with a lowering in catalytic activity as 
the degree of metal dispersion increases. 

The kinetic behavior observed for nitro- 
benzene hydrogenation was identical in all 
cases examined and therefore leads to the 
formulation of a single reaction mechanism, 
independent of Pd dispersion. An accept- 
able interpretation of the independence of 

FIG. 4. Dependence of the rate of t-Bu-NO, consumption on initial substrate concentration. 
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FIG. 5. Dependence of the catalytic specific activity, 
CSA, on degree of Pd metal dispersion. 

the substrate concentration is that nitroben- 
zene is strongly adsorbed on the Pd sur- 
face; this is found in some well-documented 
records where similar results have been in- 
terpreted in the same way (2). Thus, the 
dependence of CSA on the degree of Pd 
dispersion may not be related to nitrocom- 
pound coordination, but rather to HZ activa- 
tion which constitutes the rate determining 
step. 

Recently reported XPS experiments have 
demonstrated that the nitro group of nitro- 
benzene adsorbed on metallic film dissoci- 
ates, leaving oxygen on the metallic surface 
(6). The thickness of the resuhing oxide 
layer has been estimated at 4-5 A. This fact 
cannot be disregarded in our discussion; 
within the assumption that the Pd catalysts 
under kinetic conditions behave in a man- 
ner similar to that of the nickel and iron 

catalysts of (6), the catalysts constituted of 
clusters with averaged diameter in the 
range 10 to 15 A, once reacted with nitro- 
benzene, should be regarded as Pd oxide- 
GHSN(ads). 

At variance with this case, since Pd metal 
particles ~50 A show well-defined crystal- 
lographic features, the occurrence of sub- 
strate-metallic surface interaction only 
along preferential geometrical planes may 
be envisaged, as demonstrated in a number 
of cases (25). This leads to different activity 
of the catalysts constituted of Pd clusters, 
with respect to those constituted of Pd par- 
ticles 2-50 A. Indeed, the almost total ab- 
sence of crystalline features for catalysts of 
type A (11) compels us to surmise an un- 
usual structural condition for the smaller Pd 
particles or, in any case, a progressive crys- 
talline organization related to the progres- 
sive increase of particle diameter. The 
characterization of catalyst F is representa- 
tive in this regard. The WAXS pattern ob- 
tained is shown in Fig. 6; the volume crys- 
tallite distribution function (26) leads to a 
crystallite averaged diameter of 50 A, while 
SAXS analysis indicates a value of 29 A. 
The latter agrees with the results of chemi- 
sorption analysis, suggesting that a consid- 
erable fraction of noncrystalline Pd escapes 

FIG. 6. 1 I1 and 200 peak profile for catalyst F. Back- 
ground due to glass scattering has been recorded in 
parallel and matched against the catalyst data. Inten- 
sity was collected in 0.02” steps in the range 35-50”. 
Instrumental conditions: divergence slit 2”; graphite 
monochromato; PHA acceptance 40%; X Cu target 
tube operated at 2 KW. 
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WAXS measurements and that the crystal- 
line fraction of Pd loading refers only to the 
largest metallic particles. 

Finally, the particle dimension depen- 
dent role of the Pd hydride phase has re- 
cently been stressed in hydrogenation pro- 
cesses (11, 27, 28). A larger content of 
dissolved HZ in the larger particles and the 
easier reversibility of the a-Pd + /3-Pd hy- 
dride reaction may, to some extent, facili- 
tate the reduction of the metallic surface 
oxidized by the nitro group dissociation. 

Effects of Substrate Nature 

In general, nitrocompounds are quite 
strong coordinating agents toward metals 
(29, 30); therefore, it seems unlikely that 
changes in the nature of the organic group 
may induce such differences in coordinat- 
ing the metal as to justify a different hydro- 
genation mechanism. In the hypothesis of a 
unique metal-nitrocompound interaction of 
the type 

Pd metal surface 
+ R-NO* + oxidized metal surface 

+ R-N(ads) (6) 

the quite different stability between alkyl 
and aryl nitrenes (31, 32) may effectively 
differentiate the kinetic behavior of nitro- 
compound hydrogenation. C6Hs-N may be 
stable enough to be directly hydrogenated 
to aniline, accounting for the kinetic pattern 
of nitrobenzene reduction. Interestingly, 
nitrosobenzene hydrogenation carried out 
with catalysts E and F at 25°C and 1 atm Pn2 
was still independent of substrate concen- 
tration and about 100 times faster than ni- 
trobenzene hydrogenation at 90°C. This 
fact agrees with reaction (6); in fact a less 
severe oxidation of the metallic surface 
may be envisaged with a concomitant in- 
crease in catalytic activity. 

In the cases of Et-NO2 and t-Bu-NO, , the 
nitrocompound may be involved in the sta- 
bilization of the corresponding nitrene in- 
termediates according to the reaction 

R-N(ads) + OzN-R --, 
I 

dimeric or oligomeric “R-N-O-” 
intermediates. (7) 

The tentative formulation of dimeric or oli- 

gomeric “R-A-O-” intermediates is con- 
sistent with nitrene reactivity; reaction (7) 
parallels the deoxygenation of nitroso and 
nitro compounds with phosphines where ni- 
trene intermediate reacts further with the 
phosphine to give condensation products 

(33). The hydrogenation of the “R-A-O-” 
species may positively compete with t-Bu- 
NO2 consumption according to reactions 
(6) and (7); therefore, the exponential pro- 
file of percent t-Bu-NO2 concentration vs 
time is not surprising, since reaction (6) be- 
comes inhibited or poisoned. 

In conclusion, nitroalkane hydrogenation 
appears to involve, as a crucial point, direct 
oxygen transfer from the nitro group to the 
metallic surface, so that the fundamental 
step consists in the reduction of the oxi- 
dized metallic surface rather than hydrogen 
transfer to nitrogen. This approach finds a 
leading precedent in the XPS study on ni- 
trobenzene-metallic film interaction (6), in 
the reaction of oxygen transfer from nitro- 
benzene to phosphine in Ni(phosphine)4 
complexes (34) where, as in our case, the 
proposed intermediate involves a net in- 
crease in the oxidation state of the metal 
ion. 
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