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Physicochemical and catalytic properties of iron-promoted
Raney-nickel catalysts obtained by mechanical alloying
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Raney-type catalysts were prepared by means of a two-step procedure: (i) mechanica aloying of the metas and (ii) akaine
aluminum leaching. Mechanica aloying is anovel aternative related to the synthesis of skeletal Ni catalysts. Catalysts characterization
was performed by atomic absorption, X-ray diffraction, electron microscopy, and Mossbauer spectroscopies. Textura studies were
aso carried out. Binary Al-Ni and ternary Al-Ni—Fe aloys were produced by mechanical aloying from pure metalic powders; in
particular, the intermetallic 8-(AINi) phase was formed with a fine microstructure as a non-equilibrium phase; then, auminum was
selectively removed. After dluminum leaching the 3-(AINi) phase was transformed into the more stable nickel fcc structure. The effect
of iron addition to the Ni—Al catalysts depends on iron concentration and reduction temperature; both parameters determine catalysts
composition and activity. This work reports physicochemical properties and benzene hydrogenation activity of these materials, compared

with conventional catalysts obtained by melting and leaching.
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1. Introduction

Raney-type catalysts were first introduced in 1924;
since then, these catalysts, both in powdered and granu-
lar form, have been widely applied in many commercial
processes, including hydrogenation of unsaturated organic
compounds, such as catalytic hydrogenation of adiponitrile
to hexamethylenediamine and of benzene to cyclohexane.
Also, Raney catalysts promote reductive reactions, for in-
stance, the alkylation of carbonyl compounds with amines,
the hydrogenolysis of esters and ethers, dehal ogenation re-
actions [1], as well as fuel cell electrodes [2].

Conventional Raney-Ni catalysts (with fcc structure) are
produced by removing the aluminum from binary Ni—Al al-
loys by leaching with an agueous alkaline solution. These
aloys are prepared by pyrometallurgical (PM) methods
generally in the proportion 50:50 wt%. By this method
a mixture of nickel aluminides (AlzNi, AlzNi,, AINi) and
Al-Al3Ni eutectic are obtained [3].

In contrast with conventional methods, mechanical a-
loying (MA) is a process used to produce alloys at room
temperature having a fine microstructure; furthermore, it
can be applied to aloy incompatible materials. Also, MA
is a promising route to synthesize structural intermetallics,
superplastic ceramic materials, modified semiconductor ma-
terials, protective coatings; in other words, materials with
unusual structural properties [4].

Ivanov et al. [5] reported that after leaching Al atoms
from $-AlNi structures of mechanically alloyed Ni and Co
auminides, the catalysts retained the metastable bce struc-
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ture leading to very active Ni and Co Raney-type catalysts.
The bee structure transforms into the more stable nickel
fcc structure at about 463 K. In this work, MA was ap-
plied to obtain Al-Ni and Al-Ni—Fe aloys from elemen-
tal metallic powder blends. The alloys, after akaline alu-
minum removal, were tested in the benzene hydrogenation
reaction and compared with a conventional Raney-Ni cat-
alyst.

2. Experimental
2.1. Catalysts preparation

Binary Al-Ni and ternary Al-Ni—Fe were prepared
from powder mixtures, with nominal atomic compositions
AlgsNiszs, AlgsNizgFes, and AlzsNisFer (|n atomic per-
Cent). Also Al7Nigz, AlzsNixgFes, and AlgsNissFerg SYyS-
tems were prepared. The mixtures were milled in an attri-
tor ball mill (Union Process, model 1-S), equipped with a
water-cooled jacket and a 3.8 | stainless-steel vessel con-
tainer. Stainless-steel balls (3.2 mm diameter) were used
as milling media. The attritor was operated for 120 h at
350 RPM under a continuous argon gas flow. The pow-
der charge was 100 g and the ball-to-powder weight ratio
was 30: 1. A volume of 20 ml of methanol was used as a
surfactant agent.

Due to the pyrophoric properties of the alloyed material,
in order to prevent spontaneous ignition when it is recov-
ered from the attritor, the argon gas flow was stopped at the
end of each run, and atmospheric air was allowed to contact
the material; with this procedure, a ow surface oxidation
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is carried out “passivating” the aloy. For the passivation
step, the attritor rotation was lowered to 70 RPM.

The alloyed samples were then treated for 2 h with a
20 wt% KOH aqueous solution, held at its boiling point
(digestion), in order to selectively leach away aluminum
atoms; this reaction is exothermic. A passivation step as
described above was necessary because the Raney-nickel
catalyst thus obtained is also pyrophoric.

2.2. Characterization techniques

The bulk chemical composition of the materials was
determined by atomic absorption spectroscopy (AA) in
a Perkin—Elmer 1700 apparatus, surface composition,
by electron dispersion spectroscopy (EDS) applied to
large areas (250-300 1m), between 0.1 and 10 um depth
depending on electron energy [6]. The materias were
characterized by scanning electron microscopy (SEM) in
a Jeol JSM-6300 apparatus, X-ray diffraction (XRD) ex-
periments were carried out in a Shimadzu XD-3, using
Cu Ko radiation, nitrogen physisorption was determined
in an ASAP 2100 Micromeritics apparatus, operated at 0.2
relative pressure (p/po). Pore size was estimated by means
of the Kelvin eguation. Iron Mossbauer spectroscopy stud-
ies (MS), were performed on a constant acceleration Austin
Scientific Associates spectrometer. The ~-ray source was
57Co in a rhodium matrix. An iron foil was used as stan-
dard to evaluate Mosshauer parameters. Details are given
elsewhere [7].

Catalysts activity was measured in the benzene hydro-
genation reaction in a conventional continuous-flow mi-
croreactor system operated at 50°C and atmospheric pres-
sure with a GC on-line. Benzene was fed by saturation
a 24.7 mm Hg partia pressure, with hydrogen (15.8 I/h)
as carrier gas. The weight of catalyst was 0.04 g in all
cases. Catalysts activation was made by a reductive treat-
ment with hydrogen at 448 K for 10 h and at 773 K for
3 h. The lower value of reduction temperature (RT) was
chosen to preserve any bcc structure that could be present
in the catalysts [5].

Benzene conversion (X,) is defined as the percentage
of benzene converted to al products. The selectivity to
cyclohexane is defined as the amount of benzene converted
to cyclohexane divided by the amount of reactant converted
to al products, reported as mol%.

3. Results and discussion
3.1. Chemical composition (AA and EDYS)

The mean compositions of the AlgsNiss, AlesNisgFes,
and AlzsNisFeyg aloys, after auminum leaching and the
commercial Raney-Ni are indicated in table 1.

No evidence of iron contamination from the attritor wear
was observed in the binary samples.

Comparing the bulk (AA) and surface (EDS) analysis,
it can be seen that after leaching, nickel is homogeneously
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Table 1
Chemica composition (at%) of mechanically aloyed Al-Ni and Al-Ni—
Fe systems before and after alkaline duminum leaching compared with a
conventional Raney-Ni catalyst.

Sample AA (a%) EDS (%)

Al Ni Fe Al Ni Fe
AlgsNiss, leached 19 81 0 17 83 0
AlgsNizoFes, leached 14 69 17 12 70 18
AlssNisFer, leached 7 68 25 8 67 25

Conventional Raney-Ni 11 89 0 17 83 0

distributed between bulk and surface. There is no chemical
reaction between iron and the leaching akaline solution
because its relative amount remains constant; besides, it is
homogeneously distributed between bulk and surface.

3.2. Morphology of Raney-Ni catalysts (SEM)

SEM observations on the mechanical alloyed Raney-Ni
catalysts showed agglomerates nearly spherical, as atypical
sponge shape, with particle sizes ranging from 0.1 to 3 um.
The conventional Raney-Ni catalyst showed a linear-shaped
particle size ranging between 3 and 30 pum. These mor-
phologies are clearly depicted in figure 1: (&) for AlgsNizs
leached, (b) correspondsto AlgsNizgFes leached, compared
with (c) a conventional catalyst.

3.3. Nitrogen physisorption

Table 2 shows textural properties of the leached alloys
and the commercial catalysts obtained from nitrogen phy-
sisorption experiments. BET specific area of mechanically
alloyed samplesisamost three times greater compared with
the commercial catalyst, which can be strongly related to
the particle size distributions. On the other hand, pore size
is smaller for MA samples.

3.4. X-ray diffraction studies (XRD)

Both mechanically alloyed samples AlgsNiss and
AlgsNispFes produced similar diffraction patterns corre-
sponding to the bee structure of NiAl aloy (62), as shown
in figure 2(a). The formation of the 52 structure is proba
bly due to the introduction of defects by the MA process,
because their compositions were out of the range in which
this phase is present at equilibrium conditions.

Figure 2(b) shows X-ray diffraction patterns of the
AlzsNisFeo system at different reduction temperatures af -
ter removing part of the aluminum atoms by leaching, in-
cluding the conventional Raney-Ni catalysts. These cata-
lysts produced XRD patterns corresponding to nickel with
fce structure. After Al removal, the crystallographic struc-
ture of the material changed from bcc to fcc structure in
both binary and ternary alloys, in contrast to the results
obtained by lvanov et d. [5].

Concerning the effect of reduction temperature on the
phases present ordered in decreasing importance, table 3
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Figure 1. Scanning electron microscopy (SEM) images of mechanical a-
loyed cataysts: (a) AlgsNiszs, (b) AlsNijsFerp, compared with (c) a con-
ventional Raney-Ni catalyst.

Table 2
Textural properties of mechanically alloyed binary Ni—Al and ternary Ni—
Al—Fe catalysts, compared with a conventional Raney-nickel catalyst.

Sample Surface area Pore volume  Pore diameter
(m2/g) (cm®/g) A)
AlgsNigzs, leached 139 0.095 27
AlgsNispFes, leached 146 0.094 26
AlssNisFey, leached 163 0.129 32
Conventional Raney-Ni 56 0.076 54

shows a summary of XRD experiments for fresh and
hydrogen-treated samples.

As shown in table 3, reduction temperature (RT), plays
an important role on the composition of the catalysts. For
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Figure 2. (a) XRD patterns of some Al-Ni and Al-Fe-Ni mechanically
alloyed materias, showing the 3-AINi formation. (b) XRD patterns of
the leached Al75NijsFe;p system fresh and reduced at 448 and 773 K.

bimetallic catalysts (0 at% Fe), low reduction temperatures
promote Ni and hydrated Al-Ni compounds, which were
not observed at 773 K RT. Concerning the Ni-Fe-Al sys-
tem, the effect of RT depends on iron concentration. For
5 at% Fe, RT amost does not affect the phases present in
the catalysts, nickel being the main phase present; the for-
mation of FeNiz compounds is also reported. Considering
higher iron concentrations, low RT promotes the formation
of Ni and NiFeO, phases;, when 773 K (RT) is used, al
nickel present in the sample is transformed into the FeNis
phase. In addition the Fep gsO phase (wiistite) is observed
with corresponding reflections at 20 equal to 35.8°, 38.0°,
43.0°, 61.0°, and 64.5°, which overlaps with the NiFe;O4
reflection at 26 = 35.8°.
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Figure 3. Iron Mossbauer spectroscopy spectra of (a) and (b) (5 at% Fe) reduced at 448 and 773 K, and (c) and (d) (10 at% Fe) reduced at 448 and
773 K, respectively.

Table 3
Effect of reduction temperature on the phases detected by XRD on Ni-Al
and Ni-Al—-Fe catalysts, obtained by mechanical alloying.

Sample Fe Reduction temperature  Phase identification,
(at%) (K) XRD
AlgsNiszs 0 448 Ni,
NisAl4011-18H50,
Fep.0s0
AlgsNizs 0 773 Ni, NiO
AlgsNizoFes 5 448 Ni, NiO, FeNis,
Feo.0s0
AlgsNizgFes 5 773 Ni, FeNiz, NiO,
NiFe;,O4
AI75N|15Fe10 10 448 NIFEZO4, NI,
Fep.0s0
AI75N|15Fe10 10 773 FeN|3
Conventional 448 Ni, NiO
Conventiona 773 Ni

3.5. Mosshauer spectroscopy

Before Mossbauer experiments, the samples were re-
duced at 448 K for 10 h and 773 K for 3 h. Mdsshauer
spectra are shown in figure 3. Figure 3 (a) and (b) cor-
responds to the low iron content samples (5 at% Fe) and
figure 3 (c) and (d) to the 10 at% Fe catalysts. All of them
show a central doublet near zero velocity.

Besides, NiFe,O, phase is developed (lateral peaks)
[8,9] considering an increasing iron content and reduction
temperature (figure 3 (a)—c)). Regarding the 10 at% Fe cat-
alysts, a total transformation into FeNis (IS = 0.070 mm/s
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Figure 4. Effect of reduction—activation time of AlgsNiss, leached cata
lysts on benzene hydrogenation conversion as function of time on stream.

relativeto a-Fe, QS = 0.040 mm/s) phase takes place when
they are reduced at 773 K (figure 3(d)). The experimental
magnetic field (H) value measured for FeNiz was 279 kOe
whereas for NiFe,O,4 the H values were 469 kOe for iron
in octahedral position and 440 kOe in tetrahedral positions,
respectively. These values were compared with the liter-
ature [10,11], where they were found to be 280 kOe for
FeNi3 and 548 and 506 kOe for pure NiFe,O, correspond-
ing to iron in both positions. When pure phases are con-
sidered, the agreement is better than those corresponding
to mixed phases.

The central doublet near zero velocity is dueto aFep gsO
species (wistite) with a not well defined structure repre-
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Figure 5. Benzene dehydrogenation conversion of AlzsNigs, AlzsNixFes, and AlsNijsFe;p compared with a conventional Raney-Ni catalyst.
Activation—reduction temperature (RT): (a) 448 and (b) 773 K.

senting almost half of the total iron present in the cata-
lysts [12,13].

In relation to the central doublet corresponding to fig-
ure 3(b), the decrease in intensity is probably due to
iron migration from Fep g0 phases to Ni phases to form
FeNis [14].

3.6. Catalytic activity

Effect of the reduction temperature and iron content on
the activity of binary and ternary catalysts

When the samples were reduced at 448 K, the reduction
process took 10 h; whereas at 773 K, the reduction time
was only 3 h, related to a complete catalyst activation. The
effect of catalyst reduction time on catalyst activity at 448 K
is shown in figure 4. The selectivity to cyclohexane was
equal to onein al the tests.

Reduction temperature and iron content are very impor-
tant: for low iron content catalysts (5 at% Fe), the reduction
temperature did not affect their activity. On the other hand,
when iron content was increased to 10 at% Fe, the most
active catalyst was obtained for low reduction temperature
(448 K), even more active than the conventional catalyst.
The high iron content catalysts lost their activity when they
were reduced at 773 K.

Binary Al-Ni catalysts are less active than the commer-
cia catalysts when they are reduced at 448 K; these cata-
lysts increase their activity when they are reduced at high
temperature (773 K) (figure 5 (a) and (b)).

4. Conclusions

Iron-promoted Raney-Ni catalysts were produced from
mechanically alloyed powders. The catalysts thus obtained
show a smaller particle size distribution than a conventional
catalyst obtained by pyrometallurgical methods, which can
generate higher surface aress.

Reduction temperature and iron content play an impor-
tant role related to surface chemistry and catalytic proper-
ties. Considering low iron concentration (5 at%), reduc-

tion temperature has a minor effect on hydrogenation ac-
tivity. In these catalysts iron produces nickel compounds
such as FeNiz and NiFe,O4 while a certain amount of free
Ni phases remains responsible of catalytic activity.

The most active catalyst was found to be the 10 at% Fe
reduced at low temperature (448 K); at this temperature the
formation of Ni and NiFe,O, is favored accompanied by a
promotional effect on the activity. When reduction temper-
ature is raised to 773 K, nickel is completely transformed
into FeNi3z, which is an inactive phase.
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