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Dinickel phosphide, prepared by the reduction of nickel orthophosphate in excess hydrogen for 15.7 hours at 545°, was
found to be a surprisingly active heterogeneous catalyst for the vapor phase reduction of nitrobenzene with hydrogen to

aniline and water.

Yields of over 95 weight 9 aniline were obtained under the following conditions: pressure, atmospheric;

temperature, 360 to 420°; feed rate of nitrobenzene, 10 millimoles per hour per gram of NiPy.; catalyst; and mole ratio of

hydrogen to nitrobenzene in the feed, 11 to 23.

Introduction

Reduction catalysts usually are prepared by re-
ducing precipitated metallic hydroxides or oxides
with hydrogen. This Laboratory has been con-
cerned with a study of the effect on catalytic ac-
tivity of other anions as precipitating agents.!—?
Herein the nickel cation was precipitated with the
phosphate anion to prepare nickel phosphate octa-
hydrate which was reduced with hydrogen to obtain
a reduction catalyst identified as dinickel phos-
phide.

Previously, none of the crystalline phosphides of
nickel have been reported to be active catalysts.
However, there are several references to the use of
nickel phosphate as a heterogeneous catalyst under
conditions which might produce dinickel phosphide.
Denton and Bishop® have described the use of a
nickel phosphate catalyst for the production of ni-
triles from alkenes or alkylbenzenes and ammonia
at 465 to 580° and atmospheric pressure. Britton
and Dietzler’” and Heath?® describe a mixed calcium
and nickel phosphate catalyst for the dehydrogena-
tion of butene to butadiene at 600 to 700° and at-
mospheric pressure, Hutter® reports that nickel
phosphate reduced in hydrogen forms dinickel phos-
phide beginning at 450°, and that calcium phos-
phate is not reduced in hydrogen at 1000°. Therefore
it is possible that the active catalyst in each of the
above cases is a phosphide of nickel formed from the
phosphate by the reducing action of (1) ammonia,
(2) hydrocarbon or (3) by-product hydrogen. How-
ever none of these workers®~8 claimed a nickel phos-
phide catalyst.

An amorphous solid solution of phosphorus in
nickel has been described as a catalyst for the reduc-
tion of nickel ion by hypophosphite ion in aqueous
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solution. In the Kanigen!® chemical plating proc-
ess the nickel plate formed is an amorphous super-
cooled liquid solution of 7 to 10 weight 9% phos-
phorus in nickel!! which acts as an efficient catalytic
surface for continued deposition of a smooth, dense,
non-porous plate of any desired thickness.

Apparatus and Procedure,—The apparatus consisted of
an electrically heated, thermostatically controlled, vertical
cylindrical metal block furnace containing a 24-mm. bore
Pyrex reaction tube 30 inches long. Under a variable head
of mercury the 2,00-ml. samples of nitrobenzene were intro-
duced at a constant measured rate through a capillary at the
top of the furnace into a glass wool vaporizing zone. Excess
hydrogen gas flowing at a constant measured rate carried the
nitrobenzene vapors through the 6-inch catalyst column
(11.4 g. of NiPy.s4 catalyst mixed with 4 g. of shredded as-
bestos) where reaction occurred and swept all products out
through a gas scrubber containing 250 ml, of 1.2 N HCl
which removed the aniline formed. The aniline was ti-
trated with bromide-bromate solution according to the
method of Hull.!2 The catalyst efficiency was calculated
as the weight 95 yield of aniline. The temperature reported
was that of the metal block furnace.

The apparatus and procedure were checked (a) with a
copper catalyst of proven activity and (b) with all the
materials present except the catalyst. Part b yielded no
titratable conversion of nitrobenzene to aniline.

Dinickel Phosphide Catalyst Preparation.—Using the
method of Ephraim and Rossetti!? one gram-mole of freshly
precipitated nickel hydroxide was stirred into two liters of
boiling distilled water containing 50 ml. of 859, phosphoric
acid. The light-green, crystalline nickel phosphate octa-
hvdrate formed was filtered, washed, dried several days in
air, and weighed as 0.28 gram-mole of Nig(PO4).-8H,0 (859,
yield). The calculated percentage nickel is 34.519%,, that
found was 34.069,. An X-ray powder pattern checked that
of Niz(PO,)2-8H:0 as given by The Dow Chemical Co.!*

Nickel phosphate octahydrate was dried at 145° for 24
hours to a yellow powder!d containing 43.459, nickel and
15.09, phosphorus, thus having an atomic ratio of nickel to
phosphorus of 1.528. Twenty grams of this powder was
mixed with 4 g. of shredded asbestos and reduced for 15.7
hours at 545 = 10° with excess hydrogen. The X-ray
powder pattern of the reduced catalyst after 50 runs matched
that of dinickel plhiosphide as reported by Biltz and Heim-
brecht!® and Nowotny and Henglein,!7 and analysis showed
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only nickel (76.4897) and phosphorus (23.58%;) to be present
in the atomic ratio of Ni/P of 1.711. This is in keeping
with the findings of Hutter® who states that nickel phos-
phates of atomic ratios of Ni/P of (a) 1.49, ortho; (b) 1.02,
pyvro; and {(c) 0.50, neta, are all reduced with liydrogen to
dinickel phosphide with the reduction of the nickel ortho-
pliosphate starting at 450°.

Results
Table I indicates the optimum furnace tempera-
ture to be approximately 374°, where NiPy.g5
catalvzes a 06.0 weight 77, vield of aniline. Table II

TABLE I

EFFECT OF FURNACE TEMPERATURE ON CATaLvsT KEFFI-

CIENCY

Weight of NiPj.s: catalyst, 11.4 g.; average feed rate of

nitrobenzene, 10 millinioles, hr.71, g. NiPpss:™l; average
mole ratio of Hy/CsHsNO; in the feed, 13.

Furnace block temp., Catalyst efficiency
+35°C. (weight S aniline)

335 93.7

360 95.6

374 96.9

406 96.2

421 95.3
TaBLE II

ErFreCT OF MOLE RATIO OF HYDROGEN TO NITROBENZENE IN
THE FEED UPON CATALYST EFFICIENCY
Weight of NiPy s catalyst, 11.4 g.; average feed rate of
nitrobenzene, 11 milliinoles, hr.7! g. NiPys:7l; average
furnace temperature, 380°,

Mole ratio
H:/CiHsNO2

Catalyst efficiency
(weight % aniline)

11.3 96.9
23.0 95.1
25.0 94.9
31.6 92.5

indicates that dilution of the feed streain with hy-
drogen beyond the miole ratio of hydrogen to nitro-
benzene of 11.3 adversely affects the yield of aniline.
Under the following rather broad condition
NiPg.5 catalyst effected yields in excess of 95
weight 9}, aniline: pressure, atmospheric; furnace
temperature, 350 to 420°; feed rate of nitroben-
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zene, 10 millimoles per hour per gram of NiPp;ss
catalyst; and mole ratio of hydrogen to nitroben-
zene in the feed stream, 11 to 23.

Discussion

Rooley, Rohrer and Brown® found that both
nickel molybdate and nickel chromate when re-
duced in hydrogen formed catalysts containing sig-
nificant amounts of nickel metal, and Rohrer, King
and Brown* discovered the same to be true for re-
duced nickel vanadate catalyst. However, the fol-
lowing evidence indicates that nickel phosphate is
reduced in hydrogen according to the reaction

8N13(PO4)2 + 64H2 = 12N12P + P4 + 64HQO

to form dinickel phosphide catalyst containing no
metallic nickel, 1. The method of preparation of
Ni,P was that of Hutter® and Rose.!® 2. The thir-
teen strongest lines in the X-ray powder diffraction
pattern of the catalyst correspond to those for Ni,-
P.1617 3. The insolubility of the catalyst in hydro-
chloric acid, its solubility in nitric acid to give
nickel and phosphate ions, and its gray-black color
correspond to the properties of Ni,P prepared and
described by Biltz and Heimbrecht.!® 4. Insuf-
ficient metallic nickel is present in the catalyst to
give a test for the nickel ion in the hydrochloric acid
solubility test. 5. It would be extremely difficult
to account for the rate at which aniline was pro-
duced by this catalyst if the catalytic activity were
due only to an immeasurably small trace of metallic
nickel possibly present. 6. When metallic nickel
is prepared as a catalyst for this reaction the opti-
mum operating temperature is 192°!% or lower,* de-
pending upon the method of preparing the catalyst,
whereas the optimum operating temperature for
Ni:P is 374.° 7. There 1s a slight excess of phos-
phorus over the stoichiometric Ni,P, 7.e., Ni.Py 150
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The aciditv constants of anthranilic acid, N-methylanthranilic acid, 2,2’-iminodibenzoic acid, 2,2’-hydrazodibenzoic acid,
N,N’-methylenedianthranilic acid, N,N’-trimethylenedianthranilic acid, N-(2-aminoethyl)-anthranilic acid, a-amino-o-
toluic acid, a-carboxy-o-anisic acid, N-(carboxyniethyl)-anthranilic acid, and N,N-bis-(carboxymethyl), anthranilic acid
were determined in 1:1 volume water—dioxane and the stabilities of the chelate compounds of cobalt, nickel, copper, zinc
and cadmium with eacl of these acids were obtained. The variations in tlie constants were related to the properties of the

metal ions and the structural differences in the ligand molecules.

The acidity constants of anthranilic acid and
some related compounds and the apparent forma-
tion constants for chelation of these substances with
the divalent cations of cobalt, nickel, copper, zinc
and cadmium in 1:1 volume water-dioxane have
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been studied. The method that was used is simi-
lar to that previously described for substituted an-
thranilic acids* and N,N’-ethylenedianthranilic
acid.?
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