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Abstract

A series of ultafine Ni—P, Ni—B and Ni—P-B amorphous alloy catalysts with various atomic ratios was prepared by a
chemical reduction method. The catalysts were characterized with respect to nitrogen sorption, X-ray diffraction (XRD),
transmission electron microscopy (TEM), inductively coupled plasma-atomic emission spectroscopy (ICP-AES), X-ray
photoelectron spectroscopy (XPS) and hydrogenation activity. Conventional Raney nickel was included for comparison. The
Ni/P/B molar ratios in the starting materials significantly affects the concentration of boron and phosphorus bonded to the
nickel metal, subsequently affecting the surface area, amorphous structure and hydrogenation activity of the catalysts. The
prepared catalyst, although easily degraded by gaseous oxygen, did not ignite in the atmosphere due to the passivation by
phosphorus and boron. The hydrogenation of nitrobenzene to aniline catalyzed actively by the Ni—P-B, Ni—B and Ni—P
amorphous alloy catalysts, following the zeroth order with respect to nitrobenzene and first order with respect to hydrogen
kinetics. The specific activities per surface area catalyst are in the following order: NiggoPiso> Nizs5Pi21B13s>
Ni755P 0B os5 > Nivy 4Bog e > NizgsPs0B1ss > Raney nickel. The modified nickel catalysts by the different electron
transference, boron donates electrons to nickel and phosphorus draws electrons from nickel, depending on the different
function groups of the reaction compounds, dramatically reveals a markedly different property of catalysis. By regulating the
suitable P/B ratios, the ultrafine Ni—P—B amorphous alloy catalysts can be a very effective catalyst for the various liquid
phase hydrogenation reaction than Raney nickel. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction terest in recent years [1-11]. Previous investiga-
tors reported such a combination to create prop-
erties, particularly for catalytic and magnetic
recording applications [12—-14]. However, the

catalytic properties of these materials have sel-

The ultrafine amorphous aloy powders com-
bine the features of amorphous and ultrafine
powders, have more surface atoms and a higher

concentration of highly coordinated unsaturated
sites. Their unique isotropic structural and
chemical properties have attracted extensive in-
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dom been investigated. Okamoto et al. [13,28,29]
characterized the surface of Ni—-B and Ni—P
ultrafine catalysts prepared by a chemical reduc-
tion method with X-ray photoelectron spec-
troscopy (XPS), indicating that a variation in 3d
electron density on the nickel metal induced by
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boron or phosphorus would modify the activity
and selectivity of the nickel catalyst for hydro-
genation. Shen et al. [15] successfully prepared
Ni—P-B ultrafine amorphous particles by chem-
ical reduction methods. As generaly known,
boron or phosphorus will affect the surface
properties of these catalysts and, hence, their
catalytic properties. The Ni—P-B ultrafine
amorphous aloy powders, which consists the
effects of two metalloid elements (B, P) and the
feature of ultrafine amorphous structure, has
seldom been mentioned the property of reaction
and surface state. The determination of surface
stoichiometry and chemical states of the surface
plays a most important role in understanding the
activity of the catalysts. In our previous study, it
was found that the different electron transfer
between nickel metal and the metaloid ele-
ments in Ni—P and Ni—B powders, results in the
extremely different activity and selectivity for
the hydrogenation of furfural. By regulating
suitable P/B ratio, the ultrafine Ni-P—-B cata-
lyst appeared in the different surface electrons
states from Ni—P and Ni—B powders, and dra-
matically revealed a markedly higher hydro-
genation activity of furfural than Ni—P and Ni—
B. In this study, nitrobenzene hydrogenation
was chosen to further investigate the hydrogena-
tion capabilities and the surface properties of
these ultrafine Ni-P,—B, catalysts, including
Ni—P, Ni—-B and Ni—P-B.

Hydrogenation of nitrobenzene has been
known to be an important industrial process
[16-20]. It is usually catalyzed by two classes
of solids: noble metals, such as platinum, palla
dium, ruthenium, rhodium; and Raney metals,
such as Raney nickel. In this study, a series of
ultrafine Ni—P, Ni—B and Ni—P—B amorphous
aloy catalysts with various atomic ratios was
prepared. The catalysts were characterized with
respect to nitrogen sorption, X-ray diffraction
(XRD), transmission electron microscopy
(TEM), inductively coupled plasma-atomic
emission spectroscopy (ICP-AES), XPS and hy-
drogenation activity. Commercial Raney nickel
was included for comparison.

2. Experimental

2.1. Chemicals

Nitrobenzene, with a purity of > 99%, was
obtained from Merck (St. Louis, MO). High
purity hydrogen gas (> 99.99%) from Sanfu
Gas (Taiwan) was used without further purifica-
tion. Nickel acetate tetrahydrate (> 98%) was
supplied by Showa Chemicals (Tokyo, Japan).
Sodium hypophosphite (> 99%) was obtained
from Fisher (NJ, USA) Sodium borohydride
(> 98%) was purchased from Lancaster
(Morecambe, UK).

2.2. Catalyst preparation

A series of Ni—P-B catalysts with various
Ni /P/B molar ratios and Ni—B, Ni—P cataysts
was prepared by chemical reaction methods.
The Ni—P,—B,, amorphous aloy powders were
prepared by mixing an agueous solution of
nickel acetate (1000 ml, 0.1 M) and sodium
hypophosphite (1 M) at 30°C under ultrasonic
agitation. The solution of sodium borohydride
(0.1 M) was then added dropwisely into the
mixture. The black precipitates which subse-
quently formed were washed thoroughly with a
large amount of distilled water, followed by an
ethanol rinse, and soaked in 99% ethanol. The
Ni—B powder was prepared by a similar method
with the Ni—P-B powders in the absence of
sodium hypophosphite. The Ni—P powder was
prepared by heating up an agueous solution that
consists of 25.4 g nickel acetate and 31.8 g
sodium hypophosphite at 70°C with a vigorous
stirring. The pH value of solution was adjusted
to 11 using 30 wt.% NaOH agueous solution.
The NiP black precipitate was washed with 8 M
agueous ammonia, then washed with distilled
water and followed by ethanol, also soaked in
ethanol. The commercia Raney nickel was ob-
tained from Strem Chemicals. It has 85 wt.% Ni
and 15 wt.% Al.
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2.3. Catalyst characterization

Elemental analysis using ICP-AES (Jobin-
Yvon, France, JY-24) was performed on the
Ni—P-B materids. In general, the weighted
samples were dissolved in nitric acid and di-
luted with distilled water to the concentration
within the calibration range of each element.
The standard solutions purchased from Merck
were diluted and used to establish the calibra-
tion curves. Wavelengths in nm used for ele-
mental analysis were 231.604, 214.914 and
249.773 for Ni, P and B, respectively.

XRD measurements were taken using a
Siemens D5000 powder diffractometer with Cu-
Ka radiation (40 kV, 30 mA). The sample was
scanned over the range 260 = 5-80°C to identify
the amorphous structure. The morphologies and
particle sizes of the samples were determined by
TEM performed on a Jeol JEM-1200 EX |l
electron microscope operating 160 kV. After an
etching of the surface by Ar™ ions for 30 s, the
XPS spectra were recorded with a Perkin Elmer
PHI-1600 photoelectron spectrometer using Mg
Ka radiation (15 kV and 25 mA). The base
pressure in the analyzing chamber was main-
tained on the order of 10~° Torr. The spectrom-
eter was operated at 23.5 eV pass energy. The
catalyst sample was mounted quickly onto a
grid attached to a sample holder, keeping the
powder soaked in 99% ethanol to minimize the
oxidation of the powder by air. After evacuating
the ethanol, the sample was transferred to the
analyzing chamber. The BET surface area was
measured by nitrogen volumetric adsorption
(Micromeritics ASAP 2000) at —196°C. The
temperature of the liquid nitrogen bath was
checked by a thermistor probe.

2.4. Reaction setup

All the experiments were carried out in a
cylindrical stirred-tank reactor (Parr Instrument
Model 4842), with 150 mm height, 63.5 mm
internal diameter, and 300 ml capacity. A four-
bladed pitched impeller was placed for effective
agitation, and the agitator was connected to an

electric motor with variable speed up to 1700
rpm. A pressure transmitter and an automatic
temperature controller were also provided. The
gases were supplied from cylinders and intro-
duced to the base of the reactor, the entrance
tube also served as a sampling tube for the
liquid phase.

2.5. Reaction procedure

The catalytic activities of the samples were
tested by the hydrogenation of nitrobenzene to
aniline in cyclohexane solution. The reactor was
charged with 0.3 g catalyst, and 5 ml nitrobenz-
ene in 170 ml cyclohexane solution. Air was
flushed out of the reactor with nitrogen at room
temperature, hydrogen was then fed into the
reactor. Next, the inlet valve was closed and
heating commenced with stirring to avoid set-
tling of the catalyst. When the designated tem-
perature 125°C was reached, hydrogen was fed
to the predetermined pressure 100 psig (time
zero) which was maintained throughout the re-
action, the stirrer speed was 1700 rpm. During
the run, samples (0.5 ml each) were withdrawn
periodically and analyzed by a gas chromato-
graph. A gas chromatograph equipped with
flame ionization detector and a2 mx 1/8 in.
(1 in. =254 cm) stainless steel column packed
with 3% OV-17 on Chromosob W-HP (80-100
mesh) was used for sample anaysis. Nitrogen
was used as a carrier gas.

A polynomial equation was fitted to the con-
version data for each set of reaction conditions.
Differential of the best fit equation (the zero-
order reaction is linear equation) directly gave
the hydrogenation rate r (dx/dt). The value of
the initial rate was obtained by calculating the
rate at the zero time.

3. Results and discussion
3.1. Catalyst characterization

Table 1 lists the compositions, surface areas
and particle sizes of the cataysts samples. The
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compositions of the samples were determined
by XPS (surface atomic composition) and ICP-
AES (bulk atomic composition). The data indi-
cate that the surface stoichiometry were identi-
ca to the bulk for Ni—-B powder and Ni—P
powder, but the Ni—P—B powders are not. The
difference between surface stoichiometry and
bulk for Ni-B—P powders can be attributed to
the mechanism [15] of the two competing reac-
tions between metaloids (H,PO,, BH;) and
nickel ion (Ni*). In synthesis, the composition
was determined by the relative rates of reactions
(i) and (ii). Therefore, it is possible that the rate
of two reactions did not maintain constant
throughout the reaction process; however, the
difference were not great.

2H,PO, +2H,0+ Ni?* > Ni| +H, 1
+4H*+ 2HPOZ~
(i)
4BH, + 2Ni?*+ 9H,0 — Ni,B| + 3H,BO,
+125H,1 (i)

The surface compositions of the samples de-
termined by XPS were sample (A) Ni;; ,Bog,
(mole %) for Ni—B powder, sample (B)
Ni g oPi5 o (Mole %) for Ni—P powder and sam-
ple (C) Ni;,cP,oB,ss (mole %), sample (D)
Ni,gsPsoBiss (mole %), sample (E)
Ni, sP;, B34 (mole %) for Ni—P-B powders.

The composition significantly influenced the
surface area of the sample. The sample (A)
Ni; 4B,ge for Ni—-B powder had the largest
surface area (38.8 m?/g). The sample (B)
Nigs oPiso for Ni—P powder had the smallest
surface area (3.3 m?/g). The sample (C)
Ni7,5P,0B2ss, sample (D) NizgshsoBiss and
sample (E) Ni,, 5Py, B34 for Ni—-P-B powders
had a middle surface area (22.7 m?/g, 32.1
m?/g and 15.1 m?/g, respectively) between
Ni—B powder and Ni—P powder. The surface
area of sample (F) Raney nickel Ni,,Al,; -
was 59.4 m?/g.

Owing to the different starting concentrations
of boron and phosphorous, the distinct differ-
ences of the morphology and particle size among
these samples were observed in TEM micro-
graph. The sample (B) Ni—P powder has a
spherical morphology, and the diameter is about
50-150 nm. The sample (A) Ni; ,B,g for
Ni—B powder and samples (C) Ni;, P, (B,
(D) NizgsP0Biss: (B) NiggsPy51B1gy for Ni—
P—B powders, have a markedly smaller size
than Ni—P, with a similar diameter ranging from
10 to 30 nm (Table 1). Furthermore, by assum-
ing that the sample particles are spherical and
nonporous, their average sizes can be estimated
by the formula d(nm) = (6/S;zr p)10° where
Sser denotes the surface area and p represents
the density of a particle using the value of 8.9
g/cm? (the density of nickel). Results of parti-

Table 1

The characteristics of the catalysts on the composition, surface area and particle size

Catalyst samples XPSP ICP¢ Bulk BET Particle size (nm)

(Ni:P:B mole ratio composition composition surface area TEM Estimated
initial prep.)? (atomic ratio) (atomic ratio) (m2/9) measured average size
(A) Ni-B (1:0:3) Ni;; 4Bogo Nigo 3B 307 388 10-30 17

(B) Ni-P (1:3:0) Nigs oPis o NigssPiss 33 50-150 204

(C) Ni—P-B (1:0.3:3) Niz 5P, 0Bos s Nigo 4Py 0B2os 27 10-30 30

(D) Ni—P-B (1:3:3) Nig.5Ps0Bis.s Nigo 7Ps0B113 321 10-30 21

(E) Ni-P-B (1:3:1) Niz, 5P 1B1ag NigsoPo1Bgg 15.1 10-30 45

#Ni:P:B mole ratio in the mother solution.
PNi:P:B atomic ratio in the surface of the ultrafine material.
°Ni:P:B atomic ratio in the bulk of the ultrafine material.
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cle size from TEM micrograph and estimated
value (listed in Table 1) resemble each other.
The XRD patterns of the prepared samples as
shown in Fig. 1 gave only a broad peak around
26 =45°. This was assighed to the amorphous
state of nickel-metalloid alloy [21]. Notably, the
patterns contained no distinct peak correspond-
ing to a crystalline phase. Comparing the XRD
patterns of Ni—P-B, Ni—B and Ni—P sample
reveals an obvious difference, indicating that
Ni—B powder has a wider disorder range than
Ni—P-B powder, and Ni—P-B powder than
Ni—P powder. Moreover, the extent of the wider
disorder range increased with a decrease of
phosphorus contents in the amorphous samples.
The XPS spectra of Ni—B, Ni—P and Ni—P-B
powders are shown in Fig. 2. The lep bind-
ing energy for al the Ni—-B, Ni—P and Ni—P-B
powders at 852.3—852.5 eV, comparing with the
spectrum of pure nicked metal 852.2 eV, is
ascribed to metallic Ni [13-15,28,29]. In the B,
level, there exist two kinds of boron species on
the surface of Ni—-B and all the Ni—P-B pow-
ders. The peaks at the lower and higher binding
energy are assigned to boron interacting with
nickel (187.9-188.1 eV, for the Ni-B and all
the Ni—P-B powders) and oxidized boron
(192.7-193.0 eV, for the Ni-B and al the
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Ni—P-B powders), respectively. The lower
binding energy at 187.9-188.1 eV shifted posi-
tively from elementary boron (186.5—-187.0 V),
it is concluded that the boron species interacting
with nickel are positively charged and the boron
donates electrons [13,14,28,29]. In the P, level,
two kinds of phosphorous species appeared on
the surface of Ni—P and all the Ni-P-B pow-
ders. The peaks at the lower and higher binding
energy are assigned to phosphorous interacting
with nickel (129.5-129.7 eV, for the Ni—P and
all the Ni-P-B powders) and oxidized phos-
phorus (133.3-133.6 €V, for the Ni—P and all
the Ni—P-B powders), respectively. The lower
binding energy peak at 129.5-129.7 eV shifted
negatively by 0.7—0.9 eV from red phosphorous
(130.4 eV), it is concluded that the phosphorous
species interacting with nickel are positively
charged and the phosphorus accepts electrons
[13,14,28,29], similar negative shifts have been
reported [30] for MnP (—0.8 eV), CrP (—1.3
eV) and CuzP (—0.4 eV). Furthermore, the
XPS data of Ni—P-B, Ni—P and Ni—B powders
reveal that the significantly different electron
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Fig. 3. Effect of agitation rate on the initial rate of hydrogenation
of nitrobenzene. (Reaction conditions: catalyst, Ni, 5P B 55,
0.3 g; temperature, 125°C; pressure, 100 psig.)

transference between nickel metal and the met-
aloids were existing among the ultrafine Ni—B,
Ni—P and Ni—P-B powders. Boron combined
with nickel metal in the Ni—-B powder was
found to donate electrons to the nickel metal,
whereas phosphorus bonded to nickel metal ac-
cepted electrons from the nickel metal. The
electron transference between nickel and metal-
loids in the Ni—P-B powder is complex; the
different electron transference between nickel
and metalloid elements, boron donates electrons
and phosphorus draws electrons, are existing at
the same time.

3.2. Mass-transfer considerations

The plot of initial reaction rate versus agita-
tion rate is shown in Fig. 3. The need for the
higher agitation rate (1700 rpm, the maximum
agitation rate for the reactor) may be due to the
different properties of hydrophillic catalysts and
oil solution, the hydrophillic catalysts were not
easily scattered in the oil solution (such as
cyclohexane). In this study, 1700 rpm was used
in al the reaction studies. Catalytic reactionin a
dlurry reactor involves processes such as gas
to-liquid mass transfer, liquid-to-particle mass
transfer, intraparticle diffusion, adsorption, sur-
face reaction, and desorption of products [22].

S-P. Lee, Y.-W. Chen / Journal of Molecular Catalysis A: Chemical 152 (2000) 213-223

To evaluate the extent of mass-transfer limi-
tation related to diffusion from the liquid
to the solid phase and within the catalyst parti-
cles, the methods introduced by Carberry [23],
Wheeler [24], and Weisz and Prater [25] have
been adopted. The Carberry number, Ca=
rons/ (Ki(6W/d,, p,)C), represents the extent of
external mass-transfer limitation and ranges
from zero to unity. A Carberry number smaller
than 0.05 indicates that diffusion retardation by
external mass transfer may be neglected The
Wheeler—Weisz group, me¢? = (dr,)/
4Dy V,C), represents the extent of pore diffu-
sion limitation and range from zero to infinity;
where r,,= observed rate (mol/s), k=
quuid/solid mass-transfer coefficient (m/s),

= catalyst weight (g), d, = mean particle size
(m) p, = catalyst apparent density (g/cm?),
C= solubrlrty (mol /cm®), Dy, = diffusion co-
efficient (m?/s), and V, = catalyst volume
(cm?®). A value of the group smaller than 0.1
means that pore diffusion limitation is negligi-
ble. These ultrafine catalysts have very small
particle size (d, < 100 nm). The Carberry num-

45
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Fig. 4. Effect of catalyst loading on the initia rate of hydrogena
tion of nitrobenzene. (Reaction conditions: catalyst, Ni;, s
P, 0B2s 5 temperature, 125°C; pressure, 100 psig; stirrer speed,
1700 rpm.)
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ber Ca and the Wheeler—Weisz group ne? are
directly proportional to d, and d?, respectively.
The values of Ca and ne? are very small
(Ca<0.05, ne?<0.1). In addition, These ul-
trafine catalysts are honporous as evidenced by
the low BET surface area. Therefore, the mass-
transfer limitations related to diffusion from the
liquid to the solid phase and within the catalyst
particles are neglected. The gas-liquid mass-
transfer limitation can be eliminated by the
proper stirring speed [26]. This can be verified
by a series of experiments carried out using
different amounts of catalysts [27]. Fig. 4 shows
the effect of catalyst loading on the initia rate
of hydrogenation of nitrobenzene at 125°C. The
rate is linearly dependent on the catalyst loading
with zero intercept. This observation suggests
that gas—liquid mass-transfer resistance is not
important under this condition. Therefore, one
can conclude that the reactions were carried out
under a kinetic-controlled regime.

3.3. Reaction kinetics

Typical plots of nitrobenzene conversion ver-
sus time are shown in Fig. 5. In this study,
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Fig. 5. Conversion-time curves for the disappearance of nitroben-
zene, catalyzed by the wet catalyst samples. O(C) Ni, 5P, ¢Bos s
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Fig. 6. The typical plot of the hydrogenation reaction rate of
nitrobenzene versus hydrogen partia pressure on the Ni-P,—B,
catalysts. (Reaction conditions: catalyst, Ni,, 5P, 0B s 5; tempera-
ture, 125°C; stirrer speed, 1700 rpm.)

aniline is the primary product. The selectivity to
aniline on all the catalysts was greater than
99%. In contrast, Burge et al. [19] reported a
significant amount of intermediates such as pre-
dominantly azobenzene and azoxybenzene was
produced on Raney nickel. The discrepancy is
due to the different solvent.

Fig. 5 shows that the reaction is zeroth order
with respect to nitrobenzene, while Fig. 6 shows
the reaction is first order with respect to the
partial pressure of hydrogen. Most of the results
of liquid-phase hydrogenation of nitrobenzene
in the literature [16—20] show that the reaction
is zeroth order with respect to nitrobenzene and
first order with respect to hydrogen. Our results
are in accord with this. The reaction kinetics
can be described as — I jiopenzene = KPy,, Where
—I'irobenzene 1S the disappearance rate of ni-
trobenzene, k is the rate constant, and Py, is
partial pressure of hydrogen. In a previous pa-
per, one of the authors [31] has concluded that
this reaction can be described by the
Langmuir—Hinshelwood model. The rate deter-
mining step is the surface reaction between
nitrobenzene and hydrogen, and two hydrogen
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atoms are involved in the surface reaction. Ara-
mendia et a. [17] and Metcalfe and Rowden
[20] reached the same conclusion. Therefore, the
reaction Kkinetics can be described as
—T'ivobenzene = K (8,)%, where K’ is the rate
constant and 6, is the surface coverage by
hydrogen atoms.

3.4. Catalytic hydrogenation activity

Table 2 lists the reaction activities of the
hydrogenation of nitrobenzene to aniline cat-
alyzed by ultrafine Ni—P-B, Ni—B and Ni—P
amorphous alloy catalysts. The order of cat-
aytic activity per weight of the catalyst was
sample (C) Ni,5P,oBss > sample (A)
Niy4Bogg > sample (E) NigygPy;1Bi5, >
sample (D) NizgsP;0B.55 > sample (F)
Ni,, Al -, (Raney nickel) > sample (B)
NigsoPiso- The specific catalytic activity per
surface area is in the order: sample (B)
NigsoPiso > sample (E) Niz, 5P 1Bz, >
sample (C) Ni,5P,oBss > sample (A)
Ni;i4Bogo > sample (D) NiggsPsoBiss >
sample (F) Ni,,;Al,,, (Raney nickel). The re-
sults demonstrated that Ni—P ultrafine materials
have a higher specific catalytic activity per sur-
face area in the liquid phase hydrogenation
reaction of nitrobenzene than Ni—P-B, and Ni—
P-B than Ni-B.

The differences among the catalytic activities
can be attributed to the difference of the elec-
tron density on the nickel metal among Ni—P-B,

Table 2
The initia activities of Ni—-P-B, Ni—P and Ni—B catalysts

Catalyst samples ~ Catalytic activities
mol -H,-(m? Cat.)~ 1 mol-H,-(gNi)~ -
S 1x10° S~ 1x102

(A) Ni,; 4Bogo 6.6 27.3

(B) Nigs oPiso 183 6.7

(C)NippsPyoBoss 10.9 30.9

(D) NizgsPsoB1ss 3.3 105

(E) Nigy 5Py Biay 122 19.8

(F) Niz 5Al 7 5 11 74

(Raney nickel)

Ni—P and Ni—B catalysts [13—15,28,29]. Com-
paring the XPS data of Ni—P-B, Ni—P and
Ni—B catalysts reveals that boron combined with
nickel metal in Ni—-B powder would donate
electrons to the nickel metal, resulting in elec-
tron rich nickel metal. Whereas phosphorus
bonded to nickel metal in Ni—P powder would
accept electrons from the nickel metal, causing
electron deficient metal. The significantly dif-
ferent transference between the nickel metal and
the metalloids, phosphorus draws electrons and
boron donates electrons, results in the markedly
different hydrogenation activity of nitrobenzene
(specific activity per surface area: Nigg oPygo >
Ni;; 4Bogg). In the Ni—P—B powder, the modifi-
cation of electron density on the nickel metal
was not the same with Ni—P and Ni—B pow-
ders. The different electron transference be-
tween nickel (Ni) and metaloids (B, P), boron
donates electrons to nickel and phosphorus
draws electrons from nickel, are existing at the
same time. The fact that the electron transfer-
ence between nickel and metalloids in the Ni—
P-B catayst is complex, reflecting why the
mechanism is till not completely understood.
However, the modification of boron and phos-
phorous on the hydrogenation activities of Ni—
P-B catalysts can be ascribed to the modifica
tion of electron density on the nickel metal. The
Ni—P-B powders reveal a markedly different
hydrogenation activity with the different P/B
ratios, but it had no regularization with the
contents of boron and phosphorus.

Considering the results of the other studies.
Okamoto et al. [13] indicated the specific activi-
ties for the hydrogenation of cyclohexene and
cyclo-octene, increasing with increasing surface
boron content in Ni—B catalysts, whereas they
decreased with increasing surface phosphorous
content in Ni—P catalysts. Deng et a. [14] indi-
cated that the specific activities per surface area
for the hydrogenation of 1,3-cyclopentadiene to
cyclopentene on Ni—B catalyst similar to that on
Ni—P catalyst, and further concluded that the
different electron transference between nickel
and metalloid elements (P, B) does not result in
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distinct change of the active site. In this study,
the experiment results show that the specific
activities per surface area for the hydrogenation
of nitrobenzene on these ultrafine Ni-P—B,
powders was Nigs P50 > Ni;, 4Boge, and the
ultrafine Ni—P—-B powders reveal a markedly
different hydrogenation activity with the differ-
ent P/B ratios. The discrepancy among these
studies may be due to the different interactions
between the different function groups of reac-
tion compounds and the modified nickel by
metalloids (P, B). Furthermore, in our previous
study in the selective hydrogenation of furfural
(C=0 and C=C) [33], the Ni—B had a higher
selectivity for the C=C bond in the furan ring
than the Ni—P, the result did not conflict with
the results of Okamoto et a. [13] which were
obtained in the hydrogenation of cyclohexene
and cyclo-octene (specific activity for C=C in
the ring: NiB > NiP). However, the ultrafine
Ni—-P—B, amorphous alloy catalysts, combin-
ing the effect of metalloid elements and the
features of utrafine amorphous structure,
demonstrate a markedly higher specific hydro-
genation activity in the liquid phase hydrogena
tion of nitrobenzene than Raney nickel. Depend-
ing on the different function groups of the reac-
tion compounds, by regulating the suitable P/B
ratios, the ultrafine Ni—P,—B, amorphous alloy
catalysts can be a very effective catalyst for the
various liquid phase hydrogenation reactions
than Raney nickel.

3.5. Catalytic surface degradation

Fig. 7 shows that when the catalyst was
exposed to air, the catalyst became less active
due to the formation of oxide layer on the
surface [32]. The conversion—time curves of the
oxidized catalysts, in which the curves in the
initial time slowly rise for a period and then
rapidly rise. This occurrence is attributed to that
gaseous oxygen degrades the hydrogenation ac-
tive sites on the oxidized catalyst surface, result-
ing in low initial reaction activity. However, the
presence of hydrogen throughout the reaction

100
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Fig. 7. Conversion-time curves for the disappearance of nitroben-
zene, catalyzed by the oxidized catalyst samples. —(E)
Nizg5P121B154. A(C) NigysPy0Bass. #(A) Nigy4Boge. O(B)
Nigs oPi5.0- O(D) NizgsPsoB1ss.

regenerates the degraded sites. Therefore, the
reaction activity rapidly increased from initial
low activity when the most degraded sites were
reactivated. Furthermore, the degraded extent of
the oxidized sites catalyst increasing with in-
creasing the time of the catalyst was exposed to
air, the seriously degraded sites were not easy to
be reactivated.

4. Conclusion

A series of ultrafine Ni—B, Ni—P and Ni—P-B
amorphous alloy catalysts with various Ni /P/B
ratios was prepared by chemically reacting
nickel acetate, sodium hypophosphite, and
sodium borohydride in agueous solution. Based
on the results presented herein, we could con-
clude the following.

(1) The initia Ni/P/B molar ratio of start-
ing materials affected the concentration of boron
and phosphorus bounded to the nickel metal,
resulting in the change of surface area, amor-
phous structure and hydrogenation activities of
the catalysts.
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(2) The hydrogenation of nitrobenzene to ani-
line catalyzed by the ultrafine Ni-P-B, Ni—-B
and Ni—P amorphous catalysts follows zero or-
der with respect to nitrobenzene and first order
with respect to hydrogen, which is the same as
that of Raney nickel catalyst.

(3) The specific catalytic activity per surface
area of the hydrogenation of nitrobenzene to
aniline is in the order: sample (B) Nigs P50 >
sample (E) Ni;,cP,,B5, > sample (C)
NizosP,0Boss > sample (A) Niyy4Byge >
sample (D) Ni,gsPsoBs5 > sample (F)
Ni, ;Al ,;; (Raney nickel). The modification of
boron and phosphorus on the hydrogenation
activity of these Ni—B, Ni—P and Ni—P-B cata-
lysts can be ascribed to the modification of
electron density on the nickel metal. In addition,
the change in electron density on the nickel
metal induced by boron and phosphorus modi-
fies the activity of nickel catalyst for hydrogena
tion reaction. Depending on the different func-
tion groups of the reaction compounds, by regu-
lating the suitable P/B ratios, the ultrafine Ni—
P,—B, amorphous aloy catalysts can be a very
effective catalyst for the various liquid phase
hydrogenation reactions than Raney nickel.

All the prepared catalysts are easily degraded
by gaseous oxygen. However, the presence of P
and B passivate the surface, therefore, the cata-
lysts did not ignite in the air.
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